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Editorial

Sustainable Fruit Growing: From Orchard to
Table-Editorial Commentary

Boris Duralija

Department of Pomology, Division of Horticulture and Landscape Architecture, University of Zagreb Faculty of
Agriculture, Svetošimunska cesta 25, 10000 Zagreb, Croatia; bduralija@agr.hr; Tel.: +385-1-2393726

Fruit production has faced many challenges in recent years as society seeks to increase
fruit consumption while increasing safety and reducing the harmful effects of intensive
farming practices (e.g., pesticides and fertilizers) [1]. In the last 50 years, the population
has more than doubled and is expected to grow to 9 billion people by 2050 [2]. Per capita
consumption of fruit is also increasing during this time and the global fruit industry is
facing a major challenge to produce enough fruit in quantity and quality. The need for
sustainable production of nutritious food is critical for human and environmental health.

Apple trees are grown on an area of about 4.6 million hectares and are the leading
temperate fruits, producing more than 85 million tonnes in 2020, which is more than 10 kg
for every single person in the world [3]. In the last 50 years (from 1970 to 2020), apple fruit
production has increased threefold (220%) compared to the area under cultivation (66%) [3].
This is mainly due to intensification through the use of high-yielding varieties on suitable
rootstocks, modern mechanization, synthetic fertilizers and pesticides. To be sustainable,
an apple farm must produce adequate yields of high quality, be profitable, protect the
environment, conserve resources, and be socially responsible in the long term [4,5]. For
example, the use of plastic in apple orchards can be reduced by using the material several
times in the same year or years, by using it in every other row, or by replacing it with
another reflective material-an important step toward environmentally friendly, sustainable
horticulture [6]. Thanks to the changes that have taken place in recent years in the field of
image analysis methods and computational performance, it is possible to develop solutions
for automatic fruit counting based on registered digital images and predict yield, which
contributes to better planning of harvest [7].

The results of the life cycle assessment (LCA) of three farms growing six types of
fruit showed that several production activities have a high impact on the environment: In
descending order of absolute value, fruit refrigeration, agronomic operations, irrigation,
and fertilizer use were found to have the greatest impact [8]. Other activities, such as the use
of agrochemicals, planting and the use of plastic in harvesting and packaging, had lower
overall impacts. The high environmental impacts associated with most production activities
underscore the need to make primary food production cleaner, more resource-efficient, and
less energy-intensive [8].

Climate change is more than ever an important issue for agriculture and fruit growers.
Many new threats arising from it are present in the area of existing orchards, such as the
accumulation of enough chill units, extreme low and high temperatures, droughts, storms,
floods, stronger winds, frost damage, hail, the appearance of new pests, etc. Temperature
is the most important environmental factor affecting fruit and nut trees and productivity
because it affects tree physiology and the susceptibility of flower buds, flowers, and young
fruits and nuts to low temperatures or spring frosts. Fruit and nut trees are at high risk
of having buds, flowers and young fruits and nuts vulnerable to low temperatures in
early spring because temperatures can still drop below 0 ◦C when ecodormancy ends
and flowering and young fruit formation begin. Severe weather conditions, especially
frost in winter and early spring, may pose a significant threat to sustainable nut and fruit
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production in some regions, while fruit and nut trees with high chilling requirements may
not be able to meet chilling requirements in some areas [9].

Some new pests, such as the brown marmorated stink bug (Halyomorpha halys Stål,
1855), an invasive polyphagous species, are emerging in traditional fruit growing areas in
the United States and Europe and threatening production. New safe insecticides should be
introduced into practice for sustainable fruit growing, which includes reducing chemical
pollution of the environment. Some new green insecticides whose use could increase safety
in fruit production need to be explored. Potential candidates with insecticidal activity
against the marmorated stink bug are microparticles loaded with leaves of Stevia rebaudiana
(Bertoni) [10].

Wild edible fruits have a much greater diversity of species and are sometimes ex-
tremely resistant to adverse environmental conditions [11]. If we look at wild fruit plants
that have grown without the help of humans, they can sustain themselves for centuries in
the same area. For example, wild Himalayan figs (Ficus palmata Forssk.) are well adapted
to local pedoclimatic conditions and, combined with easy propagation and production,
can contribute to the local economy and have a significant impact on the socioeconomic
and ecological balance. The results showed high variability in some of the studied traits of
35 accessions from different parts of northeast Pakistan, indicating their good potential for
further improvement and use in sustainable agricultural production [12]. Results from the
relatively limited number of sea buckthorn (Hippophae rhamnoides L. ssp. Caucasica Rousi)
genotypes from Turkey show promise traits for further improvement in both horticultural
and nutritional traits, indicating potentially even greater variability if more genotypes are
to be considered in the future [13].

Based on the research mentioned in this Special Issue, it can be concluded that edible
wild fruits may be an ideal model for how to approach modern intensive production and
the principle of sustainability.

Some fruit species are still in the early stages of domestication, such as Cornelian
cherry (Cornus mas L.), which has been grown wild in the Balkan Peninsula for centuries
with no apparent problems with disease or pests. For these reasons, it is necessary to
highlight the importance of local selection of cornelian cherries for sustainable cornelian
cherry production in areas where new orchards are planned [14].

For reasons of mixing genes in sexual propagation in breeding programmes or in the
wild, fruit plants are mainly propagated asexually in modern industrial production. When
apricot cultivars are propagated asexually over a long period of time, they can produce
interclonal variations that sometimes have better fruit characteristics than the original
plant. The results of the study in this Special Issue have shown that clones of the apricot
cultivar Sekerpare have a wide diversity of morphological characteristics and nutritional
and nutraceutical compositions even at a small single site [15]. The concept of sustainable
apricot production can be described as a “three-legged stool” whose legs are economic
viability, environmental sustainability and social acceptability. Communicating the health
benefits of apricots to consumers is essential for sustained demand for apricot products,
which is a prerequisite for sustainable apricot production [15].

The quality of fruits for fresh consumption is mainly determined by their flavour,
aroma, attractive appearance, and high content of bioactive compounds that play an
important role in human nutrition. Peaches can serve as a source of sugars, mainly sucrose,
as well as phenols, carotenoids and anthocyanins, and also provide valuable antioxidants.
In the study from the Czech Republic, the Czech cultivar ‘Krasava’ was found to have
a very high content of titratable acids, phenols, flavonoids and antioxidant capacity [16].
Pomological studies of fruit quality and consumer acceptance can give farmers clues as to
which species and cultivars they can grow to be more successful in the market.

People are now increasingly concerned about the sustainability of fruit production
and the fruit industry as a whole. Therefore, new studies that can take this into account
will be needed in the future.
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More than 15 years ago, I convened the meeting “Berry Plant Quality and Sustainable
Production” and was the guest editor of the Special Issue of the journal Agriculturae Con-
spectus Scientificus (ACS, Vol. 71, No. 4, 2006), in which 14 articles were published. Berries,
as one of the most intensively produced fruits in Europe, were discussed from different as-
pects, from the quality of the starting material to alternative production strategies towards
sustainability [17–19].

This time the Special Issue (SI) focused on different fruit species and aspects that can
promote more sustainable fruit growing in the future. The SI “Sustainable Fruit Growing:
From Orchard to Table” contains the following 11 commentary and research papers by
45 scientists from Australia, Bosnia and Herzegovina, Croatia, Czech Republic, Germany,
Italy, Montenegro, Pakistan, Poland, Turkey and the United States:

1. Sustainable Fruit Growing: From Orchard to Table-Editorial Comentary
2. Innovative Strategies for the Use of Reflective Foils for Fruit Colouration to Reduce

Plastic Use in Orchards [6]
3. Detecting Apples in the Wild: Potential for Harvest Quantity Estimation [7]
4. Interpreting Environmental Impacts Resulting from Fruit Cultivation in a Business

Innovation Perspective [8]
5. Chilling and Heat Accumulation of Fruit and Nut Trees and Flower Bud Vulnerability

to Early Spring Low Temperatures in New Mexico: Meteorological Approach [9]
6. Polyphenol-Based Microencapsulated Extracts as Novel Green Insecticides for Sus-

tainable Management of Polyphagous Brown Marmorated Stink Bug (Halyomorpha
halys Stål, 1855) [10]

7. Evaluation of the Characteristics of the Native Wild Himalayan Fig (Ficus palmata
Forsk.) from Pakistan as a Potential Species for Sustainable Fruit Production [12]

8. Main Agro-Morphological and Biochemical Berry Characteristics of Wild-Grown Sea
Buckthorn (Hippophae rhamnoides L. ssp. caucasica Rousi) Genotypes in Turkey [13]

9. Sustainable Cornelian Cherry Production in Montenegro: Importance of Local Genetic
Resources [14]

10. Assessment of Morphological Traits, Nutritional and Nutraceutical Composition in
Fruits of 18 Apricot cv. Sekerpare Clones [15]

11. Determination of Selected Beneficial Substances in Peach Fruits [16]

For this valuable collection of data, the editor would like to thank all the authors who
submitted their articles for this Special Issue and congratulate them on the publication
of their articles with Sustainability. This would not have been possible without the active
support of all the Academic Editors and the dedicated reviewers with their constructive
comments, for which I am very grateful. Last but not least, I would like to thank Prof. Dr.
Marc A. Rosen, the Editor-in-Chief of Sustainability, Ms. Zero Xing, the Managing Editor,
and the entire MDPI team for their support of this Special Issue.
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11. Li, H.; Bolarić, S.; Vokurka, A.; He, J.; Wang, D.; Li, X.; Mešić, A.; Wang, J.; Duralija, B. Genetic Variability and Structure of Fragaria
nilgerrensis Schlecht. Germplasm in Sichuan Province. Horticulturae 2021, 7, 353. [CrossRef]

12. Khan, M.R.; Khan, M.A.; Habib, U.; Maqbool, M.; Rana, R.M.; Awan, S.I.; Duralija, B. Evaluation of the Characteristics of Native
Wild Himalayan Fig (Ficus palmata Forsk.) from Pakistan as a Potential Species for Sustainable Fruit Production. Sustainability

2022, 14, 468. [CrossRef]
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16. Mrázová, M.; Rampáčková, E.; Šnurkovič, P.; Ondrášek, I.; Nečas, T.; Ercisli, S. Determination of Selected Beneficial Substances in

Peach Fruits. Sustainability 2021, 13, 14028. [CrossRef]
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Abstract: (1) Background: Plastic in fruit orchards represents an environmental issue due to large
CO2eq emissions associated with its production from fossil fuel and disposal (often incineration).
(2) Materials and methods: Apple cv. “Braeburn Hillwell” trees on M9 rootstocks under a hail net were
used at Campus Klein-Altendorf (CKA), Germany (50 ◦N) in 2018. In order to reduce the use of
plastics to improve the red colouration of fruit particularly under hail nets, three alternatives to the
current use of reflective mulch in each alleyway between the tree rows were explored, with uncovered
grass alleyways as control. About 2800 colour measurements were done in the four weeks prior
to harvest on 720 attached fruit below and above 1 m height in the field, and ca. 6900 additional
colour measurements were conducted at harvest. (3) Results: The underlying regulatory mechanisms
contrasted between the diffusive reflection of the white woven ground cover (such as LumilysTM

or ExtendayTM) in the alleyways and aluminium foil under the trees with regular (straight) light
reflection. Good fruit colouring and a plastic reduction were achieved (a) through spreading the
white woven ground cover in every other row, and (b) through substituting the white ground cover
with aluminium foil (80% recycled). Both methods can reduce greenhouse gas (GHG) emissions
(75–110 kg CO2eq/ha for the first option a). (4) Conclusion: Plastic use in fruit orchards can be
reduced by multiple use of the material in the same or several years, spreading it in every other row
or substituting it by another reflective material, a relevant step towards an environment-friendly
sustainable horticulture.

Keywords: anthocyanin; ExtendayTM; fruit colouration; light reflection; LumilysTM; plastic recycling;
reflective films; resource conservation; sustainable horticulture

1. Introduction

Criticism concerning food and fruit production at all stages of the supply chain
includes unnecessary waste from the field to wholesale, retail, restaurants and the con-
sumer [1–4]. The excessive use of plastic is criticised due to its fossil-fuel based,
non-renewable nature, which can constitute a major source of GHG emissions due to
production, pollution, waste and possibly micro plastics as important aspects for a sustain-
able, environment-friendly horticulture.

As a result of climate change and associated changes in the weather system, such as an
increase in hailstorms, protective hail nets have become more widespread [3]; the combina-
tion of the resultant lack of light under the hail net [5] and warmer autumn temperatures [6]
prevents the (red) colouration in many fruits and in many locations worldwide, from Brazil
to Chile, Washington DC to Ontario and Bonn to Bologna [3]. The consumer (and trade),
however, demands red-coloured fruit. In the consumer’s perception, the red colour is
associated with a ripe fruit, sweetness and good taste [3,7].

Hence, the objective of the present study was to investigate possible alternatives
or modifications to the use of reflective mulch for colouration of fruit such as apricot,
apple, (Anjou) pear, (red) grape berry, peach, persimmon (kaki), etc. In other words,
the stimulation of the anthocyanin synthesis [8–10] for sustainable cultivation of these fruit
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crops. Apple was chosen here due to its widespread cultivation in many countries with
temperate climate zones throughout the world [4]. With ca. 80 million metric tons annual
production (FAOSTAT [11]), it counts as the third largest fruit crop worldwide.

2. Materials and Methods
2.1. Location, Fruit Trees, Colour Measurement and Maturity Indexing

Nine-year-old cv. ‘Braeburn Hillwell’ apple trees on M9 rootstocks were cultivated
at Campus Klein-Altendorf (CKA), University of Bonn, Germany (50 ◦N). The trees were
trained to slender spindles and planted N-S to optimise light conditions (Jackson and
Palmer, 1972) [12]. Fruit colour was measured with a portable i1 Pro (Xrite, Michigan,
USA) in the lower third (<1 m tree height) and middle third (<1 m) of the trees, since fruit
in the shaded lower parts of the tree canopy (Figures 1 and 2) are particularly prone to
poor colouration. In these lower and middle parts of the tree, five fruits were marked in
the west and five in the east tree periphery. Colour was repeatedly measured four times
per fruit, i.e., every 90◦ around the fruit equator, on these still attached fruits and marked
spots, resulting in 2800 values, and averaged for Figure 3, while colour values measured
on the down-facing side of the fruit under 1 m height are presented in Figure 4. The second
round of colour measurements was on harvested fruit using automated machine grading
in an MSE 2000 (Greefa, Geldermalsen, Holland) with dedicated single fruit evaluation [13].
The 100 fruit samples for maturity indexing at two dates comprised ten apples per plot
and treatment, i.e., five fruits from the east side and five fruits from the west side of the
tree, and included the assessment of starch degradation, sugar content and fruit firmness,
using standard methods [5].

Figure 1. Different approaches using (a) (recycled) aluminium foil directly under the trees (left), or (b) Lumilys woven
textile both after 6 weeks exposure, both at the end of the experiment before harvest.

Figure 2. Pictorial representation of moving Lumilys mulch within the same row (“relocation”) in autumn 2018.

6



Sustainability 2021, 13, 73

Figure 3. Effect of plastic (closed circles) and aluminium (triangles) reflective mulches or chemical measures (Biostimulant
StimplexTM) relative to the control (open circles) on red colour formation (anthocyanin synthesis) at the fruit equator
as a decline in ◦hue colour angles for apple cv. ‘Braeburn Hillwell’ at Campus Klein-Altendorf in 2018 (n = 100 colour
measurements per treatment and date plus SEs at the 5% error level).

Figure 4. Hue colour angle of the bottom side of apples below 1 m height exposed to aluminium foil (triangle), LumilysR

reflective (plastic) mulch, LumilysR in alternating tree rows (closed circles), the biostimulant StimplexR, control/grass
(open circle) and relocation P.1 and P.2 for the four measurement dates (n = 10/per treatment and measurement day plus
SEs at the 5% error level for StimplexTM control, relocation P2 and P1 and aluminium foil).

2.2. Reflective Mulches and Biostimulants

Reflective white woven textile mulch type LumilysTM (100 g/m2; Beaulieu Textiles,
Belgium) [14] was spread on 30 August 2018, i.e., ca. five weeks prior to the anticipated
harvest (traditional way of using reflectors), with grassed alleyways without ground cover
as control. The 2.6 m wide white polypropylene mulch cloth leaves a ca. 50 cm wide gap
for soil respiration/aeration and water uptake close to the tree trunk.
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The innovative alternatives to the white reflective groundcover in every row included
(a) spreading only every other row (thereby saving 50% of the plastic) (Figure 2) and (b)
the substitution of the (diffuse) reflective mulch by aluminium foil (type Profissimo®,
dm pharmacies, Karlsruhe, Germany) (regular reflection) under the trees, leaving a 2.3 m
wide gap on the grassed alleyway 1; the foil used was made from 80% recycled aluminium.
The biostimulant Stimplex®/Acadian®, based on extracts of the brown algae (Ascophyllum
nodorum; Acadian Seaplants Co., Dartmouth, NS, Canada), was our third alternative
(Table 1).

Table 1. Experimental design to stimulate fruit colour at Klein-Altendorf in 2018.

Treatment
Spreading Time or

Treatment Date
Dosage/Relocation

Aluminium
Aluminium foil 30 August 2018 n.a.

Plastic
Lumilys every row (current

standard)
30 August 2018 n.a.

Lumilys in alternating rows 30 August 2018 n.a.

Lumilys relocation 1 30 August 2018 12 Sept.; 25 Sept.; 4 Oct. 2018

Lumilys relocation 2 30 August 2018 12 Sept.; 25 Sept.; 4 Oct. 2018
Control (untreated; grass, without groundcover)

Control 1 with uncovered
grass

n.a. n.a.

Control 2 with uncovered
grass

n.a. n.a.

Chemical alternative
Biostimulant Stimplex 1 14 Sept. and 1 Oct. 2018 4 L/ha

Biostimulant Stimplex 2 14 Sept. and 1 Oct. 2018 4 L/ha

Notes: n.a-not applicable.

The white woven reflective mulch (LumilysTM) was moved ca. every ten days in the
fruit colouration period of six weeks before the harvest. In this relocation trial, the reflective
mulch was spread in the alleyway either on the west side or the east side of the apple trees.

2.3. Statistics

The experiment comprised 80 apple trees. Each treatment consisted of ten trees plus
one border tree, and the plots were replicated. A hundred and forty maturity tests were
conducted at two dates on 10 apples per plot and treatment, i.e., five fruits from the east
and five fruits from the west side of the tree, and averaged. A total of 2800 colour angle
measurements were performed in the orchard on 560 attached fruits below and above 1
m height (Figure 3). All 5,515 apple fruits in the experiment were subjected to automated
grading for colour (Figure 4), ca. 700 apples per treatment. Data were checked for normal
distribution and homogeneity of variance, and then subjected to an analysis of variance
(ANOVA) using Excel’s statistical function and SEs at the 5% error level presented in
Figures 3 and 4.

3. Results and Discussion

Repeated non-destructive colour measurements on the attached fruit (Figure 3) show
the decline in the hue colour angle during fruit maturation, i.e., progressive development
of red (anthocyanin) colour formation of the apple cv. ’Braeburn Hillwell’ fruit. With about
63 ◦hue, the least red colouration was observed with the relocation of the reflective mulch
within the same row and the uncovered grassed as control (60 ◦hue; Figure 3).
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3.1. Development of Fruit Colouration on the Tree and Effect of Fruit Position in the Canopy
on Colouration

The best fruit colouration (55 ◦hue) was observed with reflective mulch every other

row/alleyway (“alternating rows”; Figures 2 and 3) and the aluminium foil under the trees

(53 ◦hue; values averaged over the east and west side and over <1 m and >1 m).
Both polypropylene mulch relocations in plot 1 and plot 2 (Figure 2) and their use in

every other row (“alternating”) provide a plastic reduction of 50%. The colour of the apple
fruit from relocation plot 1 (56 ◦hue) and relocation plot 2 (62 ◦hue) differed drastically,
particularly in the period during 28 September to 8 October, with an apparent discrepancy
between the decrease in the ◦hue colour angle of 9 ◦hue for apple in plot 1 and the 3 ◦hue
for relocation plot 2 (Figure 3). In plot 1 the relocation of the reflective sheets within the
same row had the strongest colouration effect, and the fruit were exposed longer to Lumilys
reflective mulch in the alleyway on the east side than in relocation plot 2. The reflective

mulch (Lumilys) appeared more effective on the less sunny east side of the apple tree

rows with north-south planting, especially in late autumn with a decreasing solar angle,

which has not been shown before, to our knowledge. Fruit on the west side of the trees
benefited from sufficient PAR and UVB radiation for colouration (anthocyanin synthesis).

The lower, more shaded and green side of the apple fruit, particularly in the bottom
of the tree canopy below 1 m, is severely affected by the lack of light. This bottom side

of the fruit below 1 m in the tree canopy benefited most, in terms of the best red colour,

from the aluminium foil directly under the tree (70.4 ◦hue) and LumilysR in every other

(“alternating”) alleyway (70.8 ◦hue) (Figure 4).
When the chemical biostimulant StimplexTM was applied, however, the colouration

on the lower side of apple fruits was not improved (99 ◦hue), relative to the untreated
control (grass; 89.4 ◦hue; Figure 4), and hence appeared unsuitable for this purpose.

The use of aluminium foil under the tree would mean a 100% reduction of plastic
for fruit colouration in the orchard. Other (organic) alternatives like fresh wheat straw,
which conveniently becomes available concomitantly, and bio-degradable white sports field
paint failed in previous studies in our location in the Northern hemisphere [8], as well as
evaporative cooling [15] and other biostimulants [15,16].

3.2. Colour Assessment—Automated Grading of Harvested Fruit

The colour threshold for the machine grading of all ca. 6900 harvested apple fruits
was set to >50% red peel colouration for the classification as premium fruit. Reflective
mulch every in other row (“alternating”) had the largest share, with 81% in this sorting
category (>50% surface red), followed by the aluminium foil, with 80% in relation to the
traditional design of the reflective mulch in every row (75%). Where Lumilys mulch was
relocated three times within the same row to save 50% of plastic, fruit from relocation plot 1
gained a similar hue value as Lumilys, with 73%, but that from relocation plot 2 exhibited a
much lower value, with only 59%, i.e., less red colour (Figure 2). This discrepancy between
fruit colour in plot 1 and plot 2 is in line with the results of the field colour measurements
with attached fruit (Figure 1a). The control with uncovered grassed alleyways showed only
65% fruit in this premium colour category, as with the biostimulant Stimplex (Figure 5).
The results of the colour sorting (Figure 5) correspond to the results of the colour angle
measurements in the field (Figure 3), which also showed the best red fruit colour in both the
application of the reflective mulch (LumilysR in alternating tree rows and the aluminium
foil directly underneath the trees). The results of the colour measurements of attached apple
fruits in the field (n = 3600 measurements) and of the automated sorting machine of ca.
6900 fruits show that the aluminium foil directly underneath the trees leads to apples with
a better red colouring, thereby substituting 100% of plastic mulch by (recycled) aluminium.
The reflective mulch (Lumilys) in the alleyway of every other row (“alternating”) provided
an equally good red colour, thereby reducing the plastic mulch input in the orchard by 50%.
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Figure 5. Effect of colour enhancing measures on the portion of apples with more than 50% red colour on their surface,
with SDs at the 5% error level from machine sorting results (n = 6900).

3.3. Maturity Indexing of Apple Fruit

The maturity indexing showed that the biostimulant StimplexTM accelerated ripening
(Table 2) and advanced fruit maturation by one week, causing it to ripen as early as
4 October 2018. The red colour of the apples was bright red, and they retained their
firmness (Table 4). An early harvest could lead to an increase in the sales price for apples
of an early variety (such as “Gala”) at an early location [13] (Table 2). All other treatments
with reflective mulches had no influence on fruit maturity and, above all, maintained
firmness as a pre-requisite for storability.

Table 2. Maturity indexing (Streif index) of apples on 4 October 2018 (n = 10 per treatment).

Treatment Streif Maturity Index Streif Expectation
Average SD Min Max

Control 1 +
2/grass

0.32 0.18 0.14 0.25

Aluminium foil 0.3 0.19 0.14 0.25
Lumilys every

row
0.3 0.05 0.14 0.25

Lumilys
relocation P. 1

0.26 0.08 0.14 0.25

Lumilys
relocation P. 2

0.26 0.07 0.14 0.25

Lumilys
alternating rows

0.39 0.22 0.14 0.25

Stimplex
biostimulant

0.2 0.06 0.14 0.25

In Table 2, grey colour background represents metal, blue plastic and green a chemi-
cal alternative.

3.4. Economics

The additional proceeds, as a result of the colour improvement, were calculated by
taking the percentage change of the apples with more than 50% red colour as compared
to the control. The price difference between fruits with > 50% red colour, which sell at an
average of 0.45 €/kg (€ 0.35–0.55), and those with less than 50% red colour, which sell at an
average of 0.08 €/kg, was multiplied by yields of 30 t/ha, 40 t/ha and 50 t/ha. The results
show that the largest financial gain was from well-coloured fruit from trees with reflective
mulch in every other alleyway (row), followed by aluminium foil (under the tree) and then
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Lumilys in every alleyway/row (“traditional” approach) and change P. 1. These results
confirm that Lumilys in alternating alleyways/rows and aluminium foil represent possible
alternatives to spreading reflective mulches like LumilysR in every row (Figure 1a).

The calculation is based on the cost for LumilysR reflective mulches (2700 m/ha),
at 50 cent/m2 (plus 240 €/ha hooks), and the recycled aluminium foil, at 51 cent/m2

(plus 328 €/ha sandbags), which hardly differed. The biostimulant StimplexR was more
economical due to the lower cost of 151 €/ha for two product applications (2 × 4 L/ha)
and a low workload. Annual costs were based on a 10-year lifespan for Lumilys and a
single or double use of the (recycled) aluminium foil.

A financial gain as a difference between gross income and cost was seen in the
reflective mulch in every other alleyway/row (“alternating”), aluminium foil (under the
tree), Lumilys and change P. 1, as compared to control/grass. Based on a yield of 50 t/ha,
a financial gain was achieved with (i) LumilysR in every row 1091 €/ha), (ii) LumilysR in
every other row (“alternating”) (2899 €/ha), and (iii) aluminium foil (1388 €/ha), while the
triple re-location of the LumilysR foil saves 50% in material costs but is not profitable due
to the insufficient red colour of the apples for marketing as premium fruit (Table 3).

Table 3. Financial gain of employing the four alternatives for fruit colouration.

Parameter Additional Revenue Per Hectare Cost/ha Financial Gain
Yield: 30 t/ha 40 t/ha 50 t/ha 30 t/ha 40 t/ha 50 t/ha

Control 0 0 0 0 0 0 0
Aluminium

foil
2171 €/ha 2895 €/ha 3619 €/ha 2231 €/ha −60 €/ha 664 €/ha 1388 €/ha

Lumilys 1689 €/ha 2253 €/ha 2816 €/ha 1725 €/ha −36 €/ha 528 €/ha 1091 €/ha
Relocation

P.1
1457 €/ha 1943 €/ha 2429 €/ha 1733 €/ha −276 €/ha 210 €/ha 696 €/ha

Relocation
P.2

−118 €/ha / / 1733 €/ha / / /

Alternating
rows

2335 €/ha 3114 €/ha 3892 €/ha 993 €/ha 1342 €/ha 2121 €/ha 2899 €/ha

Stimplex −534 €/ha / / 139 €/ha / / /
/ no colour improvement relative to the untreated control, red background indicates financial losses, green financial gains.

3.5. Sustainable Apple Colouration—Economic and Ecological Aspects

Current criticism in the public and media targets the excessive use of plastic in the
fruit supply chain [4,17–20]. The present study has shown that the use of plastics for
fruit colouration could be decreased in three ways. Both the plastic mulch (Lumilys) in
every other row and aluminium produced apple fruit with sufficient fruit colouration
for economic marketing as premium fruit in class I and saved 50% or 100%, respectively,
of plastic input in the orchard. The traditional use of plastic mulch in the alleyway in
every row [21,22] is associated with 2700 m rolls × 2.6 m width × 0.1 kg/m2 ⇒ 700 kg
polypropylene/ha. Using the emission factor of 2.2–3.2 kg CO2eq/kg PP (PlasticsEurope,
Brussels, Belgium, 2005) [23], this is equivalent to GHGs of 1.5–2.2 t CO2eq/ha for full
orchard coverage (100%). A reduction in the use of plastic mulch in every other row
(or translocation) would hence save 0.75–1.1 t CO2 eq/ha in the material alone, with a
multiple use, for ca. 10 years, of 75–110 kg CO2 eq/ha/year.

For one hectare, 108 kg of aluminium foil is required to substitute the plastic mulch
in every row. Aluminium production requires a high energy input of 13–16 kWh/kg
aluminium (Hydro Inc., Chicago, IL, USA, 2016) [24]. Hence, it often takes place where
energy is cheaply available, adding long-distance transport to the final validation. We used
aluminium for the first time, since recycled material became available, which contains
80% recyclat and requires only 20% of new aluminium for its production. Based on
the German electricity grid emission factor of 0.6 kg CO2 eq/kWh, the GHG emissions
associated with the production of primary aluminium are equivalent to 7.8–9.6 kg CO2
eq/kg aluminium. Per acreage, with a need for 108 kg aluminium per hectare, this amounts
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to 821–1037 kg CO2eq/ha. Since the employed aluminium foil was made of 80% recycled
aluminium with ca. 10% GHG of the primary aluminium (Hydro.com 2016), this results
in 223–290 kg CO2eq/ha. However, using aluminium foil made from 100% recycled
aluminium would reduce the value to 82–104 kg CO2eq/ha (Table 4). Even using the
aluminium foil twice could significantly reduce the CO2 load to between 112 and 145 kg
CO2 eq/ha. A combination of 100% recycled aluminium foil with a 2-year use would
reduce the CO2 burden to 41–52 kg CO2 eq/ha. The decisive factor is that the use of the
100% recycled aluminium foil is associated with less CO2 emissions, which makes its use
more sustainable.

Table 4. Greenhouse gas (GHG) emissions associated with different scenarios of employing mulches
for fruit colouration.

Material Material Input/ha
Lifespan
(years)

GHG Emissions
(kg CO2eq/ha &

year)
Lumilys

(polypropylene)
every row

700 kg PP/ha 10 150–220

Lumilys change and
alternating rows

350 kg PP/ha 10 75–110

Aluminium foil 80%
recycled aluminium

108 kg alu/ha 1 223–290 *

Aluminium foil 80%
recycled aluminium

108 kg alu/ha 2 112–145 *

Aluminium foil 100%
recycled aluminium

108 kg alu/ha 1 82–104 *

Aluminium foil 100%
recycled aluminium

108 kg alu/ha 2 41–52 *

* range originates from 7.8–9.6 CO2eq/kg aluminium (Hydro.com, 2016)]; plastic in blue, metal in
green background colour.

Both results of the colour measurements in the field (Figure 3) and machine grading
(Figure 5) show the large potential for colour improvement in situations with colouration
problems on the East side (morning sun, weak and short) and in the lower part (below 1 m)
of the tree canopy (Figure 3).

This environmental benefit is largely caused by the fact that the aluminium foil was
not laid out over the entire alleyway, due to its regular reflection property [25]. At present,
the single use of the aluminium foil in an orchard protected by a hail net may be extended
to two years, looking at the clean stage of the material at the end of its use in the or-
chard under our conditions (Figure 1a). The aluminium foil employed consisted of 80%
recycled aluminium and may be used for another year, depending on its contamination.
Meanwhile, there are also aluminium foils made of 100% recycled aluminium, which is
sustainable. The possibility of recycling the aluminium foil used depends on the degree of
contamination, and it may even be recycled again.

Despite its origin from fossil fuel, the use of reflective polypropylene (PP) mulches
such as LumilysTM is sustainable, when used repeatedly (7-years warranty—estimated
10-year lifespan) and properly disposed of. At the waste collection points, the plastic
material is washed, shredded and then melted—the PP pellets/granules are the source of
recycled plastics such as boxes or flower pots [17].

4. Conclusions

The sustainability aspect is judged here on the basis of a sufficient red colour of
the apples, which determines their sales price and orchard (bio-)economy. Short-lived
biodegradable plastic mulches [4] are not suitable for this purpose, if fossil-fuel based.
The use of aluminium foil made of 80–100% recycled aluminium is associated with con-
siderably lower CO2 emissions than new aluminium, with its high energy demand. Both
the recycled aluminium foil with single (or duplicate) use, and the Lumilys plastic mulch,
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a material with a long lifespan, used twice a year over several years and/or in every other
row, results in ecologically and economically sound horticulture and could be further
improved by recycling the fairly clean white single pure plastic polypropylene.
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Abstract: Knowing the exact number of fruits and trees helps farmers to make better decisions in
their orchard production management. The current practice of crop estimation practice often involves
manual counting of fruits (before harvesting), which is an extremely time-consuming and costly
process. Additionally, this is not practicable for large orchards. Thanks to the changes that have
taken place in recent years in the field of image analysis methods and computational performance, it
is possible to create solutions for automatic fruit counting based on registered digital images. The
pilot study aims to confirm the state of knowledge in the use of three methods (You Only Look
Once—YOLO, Viola–Jones—a method based on the synergy of morphological operations of digital
imagesand Hough transformation) of image recognition for apple detecting and counting. The
study compared the results of three image analysis methods that can be used for counting apple
fruits. They were validated, and their results allowed the recommendation of a method based on
the YOLO algorithm for the proposed solution. It was based on the use of mass accessible devices
(smartphones equipped with a camera with the required accuracy of image acquisition and accurate
Global Navigation Satellite System (GNSS) positioning) for orchard owners to count growing apples.
In our pilot study, three methods of counting apples were tested to create an automatic system
for estimating apple yields in orchards. The test orchard is located at the University of Warmia
and Mazury in Olsztyn. The tests were carried out on four trees located in different parts of the
orchard. For the tests used, the dataset contained 1102 apple images and 3800 background images
without fruits.

Keywords: computing image analysis; deep learning; yield mapping in an orchard; fruit counting;
computer vision

1. Introduction

The yield forecasting process can start in two stages. The first estimation may take
place during the flowering of trees, which is particularly important for the estimation of
future harvest [1,2]. The second stage, which was analyzed in the article, is counting the
fruit on the tree [3,4]. Naturally, the future income is correlated with the number, size
and quality of apples [5–7]. The fruit supply chain is long and complex, and numerous
stakeholders are involved, including farm input suppliers, orchardists, collectors, pack-
ing stations, transporters/shipping companies, retailers/food service providers and the
government and authorities, among others [8]. Several steps are included moving from up-
stream (production) to downstream (trade, storage, processing). In practice, the question of
harvest size is revealed at several production stages, which is necessary for the preparation
of the harvest itself and further affords the fruit commercial campaign. At this moment, the
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producer has to estimate the harvest size to contract the receipt of the fruit [7]. According to
data from the Central Statistical Office of Poland, in 2017, the area of agricultural land was
16,414,831 hectares, including 361,965 hectares of orchards (2.2%); a total of 156,995 farms
had orchards. Taking into account the existence of statistical systems for forecasting fruit
yields in individual countries and at the European level, counting fruit in orchards and
sending it to the central data exchange center would be an extremely good complement to
the data. Storage and packing stations and processing companies that sign contracts require
a forecast about the quantity of received fruit. For distribution planning, it is a requirement
to determine the number of transported products and their recipients early enough. The
optimization of fruit distribution will allow a change in the communication model of fruit
producers and consumers (distribution companies, refrigerators, supermarkets, etc.) [8,9].
The main problem is the current information about the yield forecast [10,11], and this
can lead to the conduction of transactions without mutual knowledge, which leads to
asymmetry in the decision-making process [12,13].

On a national scale, it is also important to forecast the quantities of apples produced on
the market. Estimating yields based on previous harvests is not particularly accurate. We
propose a solution called Fruit Calculation System (FCS). The first task is determining the
number of apples. In the next stages of the study, the possibility of forecasting yields based
on flowers and qualitative evaluation of apples (size, color, spots) should be examined.
It should be added, at flowering time, that yield forecast is strongly impaired by the
uncertainty of flower pollination, fruit set and further June drop.

Due to the possibilities for technical devices to be used by orchardists themselves,
in this research, a system based on independent digital image material acquisition and
transmission to a server was considered, where calculations will be carried out or the photo
materials will be collected by a trained local representative. The end-user will have access
to the final reports based on an application that communicates with the server that stores
estimated results. The article tests three methods of counting apples for use in FCS.

Estimating the number of fruits before harvesting provides useful information for
logistics. Although significant progress has been made in fruit detection, it is difficult to
estimate the actual number of fruits on a tree. In practice, fruits often overlap in the image
and are partially or completely hidden by leaves. Therefore, methods that detect fruits do
not offer a general solution for estimating the exact number of fruits [14]. In the typical
image classification process, the task is to specify the presence or absence of an object;
however, the counting problem requires one to reason how many instances of an object
are present in the scene. The counting problem arises in several real-world applications
such as cell counting in microscopic images [15], wildlife counting in aerial images [16],
fish counting [17] and crowd monitoring [18,19] in surveillance systems. Most modern
research focuses on one of the components of the proposed system, i.e., fruit counting on
the registered image. A non-destructive method was proposed to count the number of
fruits on a coffee branch by using information from digital images of a single side of the
branch and its growing fruits [20]. Recent years have seen significant advances in computer
vision research based on deep learning. The algorithm efficiently counts fruits even if they
are in the shade, occluded by foliage or branches, or if there is some degree of overlap
amongst fruits [21–23], fruit diseases or damage [24–26].

Taking into account the rapid technological development related primarily to the
miniaturization of measuring devices and the increase in computing power in mobile
devices, it is possible to undertake the task of creating an apple-counting system based
on a smartphone or an image obtained from a drone camera. To realize this hypothesis,
preliminary studies were carried out in the natural environment. To verify the hypothesis,
in our pilot study, was tested three methods of counting apples to create an automatic
system for estimating apple yields in orchards.
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2. Methods and Methodology

Detection of apple fruit by reference to color [27,28], shape [29], visibility [30] and
size requires the use of appropriate computer vision techniques [31–33]. The selection of
appropriate techniques depends on the goal to be achieved through the digital acquisition
of an apple image [9,34,35]. The goal may be to assess the number of fruits or estimate their
condition or their size [31,32]. Therefore, it is not easy to separate the obtained image of
an apple on sub-surfaces with pixels unequivocally (uniformly) connected with fruit and
other pixels (so-called background). Variable observation and environmental conditions
were indicated as the main reason. Unfortunately, none of the classic methods offer direct
high (satisfying) efficiency. The goal can be defined as two main tasks:

• fruit counting [36–41],
• information about chosen fruits, such as color and quality rate, resulting from the

counting.

Despite the impressive results achieved by these approaches, all of them need strong
supervision information during the training phase. Based on literature research, the
following groups of methods can be distinguished [27–33,38–41]:

• Convolutional Neural Networks (CNN)—This method is more accurate than the
latest one based on Gaussian Mixture Models (GMMs). The multi-class classification
approach used in this method provides an accuracy of 80% to 94% without the need
for any pre-or post-processing steps. The deep learning network reacts to different
fruit colors and lighting conditions. To check the suitability of the method for yield
estimation, tests were conducted. The described method allows the achievement of
approximately 96% accuracy concerning the actual number of apples [14].

• Deep Simulated Learning (DSL)—Automatic number of fruits alone estimation based
on robotic agriculture provides a real solution in this area. The network is fully trained
on synthetic data and tested on real data. To capture functions on multiple scales, a
modified version of the Inception-ResNet architecture was used. The algorithm counts
effectively even if the fruits are hidden in the shade, obscured by leaves or branches,
or if the fruits overlap to some extent. Experimental results show 91% average test
accuracy in real images and 93% in synthetic images. The proposed methodology
works effectively even if the variant has a lighting deviation [23].

• Mixed method—This method combines deep segmentation, frame-to-fruit tracking
and 3D location to accurately count the visible fruits in the image sequence. Segmen-
tation is performed on the monocular camera image stream, both in natural light and
under controlled night-time lighting. The first step is to train a fully revolutionary
network (FCN) and to divide the video frame images into fruit and fruit pixels. Then,
frame-by-frame fruit is tracked using a Hungarian algorithm, in which an objective
result is determined based on the improved Kalman filter, i.e., Kanade–Lucas–Tomasi
(KLT) [42].

Detection using the general descriptor YOLOv3-608 COCO TRAINVAL, although
effective, can be improved by creating a customized set of weights and classes based on a
specific spectrum of possible detection images. The Training Dataset contained 1102 apple
images and 3800 background images without fruit. Each picture, named after the source,
was pre-processed manually. Non-apple elements have been removed. The size of the
image was then changed to the box of the fruit in the image. Thanks to this, the parameters
for the proper scaling of the source image and its background were known. This allowed
for more flexible preparation of images for machine learning, which was performed by
overlaying the source images on any background—here, in the form of pictures of leaves,
branches, etc. As a result of such overlapping combined with the changing of the scales of
the vertical and horizontal axes, rotation, adding noise and blur, 16,530 images were created.

Despite the high performance of object detection using YOLO, it has been decided to
use it as a parallel solution—dividing the main image into smaller sections processed by
separate Central Processing Units or Graphics Processing Units.
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The actual number of apples on the tree was determined manually. This approach
has made it possible to establish a clear reference level. Each result obtained by the tested
methods was visually verified in the image. As part of the verification, it was checked
whether the counted objects are apples (which groups of pixels on the tested objects
qualified as apples).

Three methods of counting objects in photos were tested in the research.

2.1. The Use of Image Filtration and Hough Transform—Solution A

In this solution, several steps were taken to move from a simple picture of the fruit to
counting its shapes (Figure 1).

Figure 1. Steps are required to detect a number of fruit shapes from a digital image. Source: own study.

In this case, the color image (stored in RGB—Red, Green, Blue components) is trans-
formed to the HSV representation model (H—hue, S—saturation, V—value) [43–45].

The use of the HSV model makes it easier to indicate where the fruit pixels are by
using the HSV value (after blurring the images with a Gauss filter; Figure 2). Work began
in the autumn and these were the first attempts to acquire and process images.

Appropriately selected filter edge parameters narrow the search area even more. It is
possible to fit in circles (an approximation of apple shapes) by using the Hough transform
method, for example.

Previous research has made comparisons of edge detection and Hough transformation
techniques for the extraction of geologic features [46] or Msplit estimation [47,48].
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Figure 2. HSV (hue, saturation, value) filtration mode for mockups of an apple fruit image efficiency
ratio of 41% with many selection errors (Tree no. 1). Source: own study.

2.2. Viola–Jones Object Detection—Solution B

Another approach involves using an object detection framework and finding objects
by using a dataset of positive image objects (Figure 3) for training it. This process requires
training the classifier on thousands of images and searching these images for target objects.

 

Figure 3. Positive image samples for database training. Source: own study.

The Viola–Jones algorithm was used because it has several advantages, such as a
sophisticated feature selection and an invariant detector that determines scales. This results
in scaled functions instead of scaling the image itself [49].

The use of the Viola–Jones algorithm [50] is based on the description of features rather
than the pixels of the image directly. The analysis of the features proposed by Viola and
Jones is performed in random rectangles, as in Figure 4.
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Figure 4. Example rectangle features (based on the original article in [49]) are shown relative to the
enclosing detection window. The sum of the pixels that lie within the white rectangles is subtracted
from the sum of the pixels in the grey rectangles. Rectangle features can contain two sub-rectangles
(a), three rectangles (b), or four rectangles (c), and their size can be changed cascadingly.

Each feature result is a single value, which is calculated by subtracting the sum of
the values of the pixels under white rectangles from the sum of the pixels under black
rectangles.

Thanks to using such a generalization, it is possible to cascadingly increase the size
of black and white rectangles, thus allowing for studying and comparing images with
different scales.

Unfortunately, despite the promising initial assumptions, it turned out that the algo-
rithm (the Viola–Jones algorithm) is not suitable for generalizing the classification of objects
(creating classes)—it is used primarily to detect specific objects, which, in the case of apples,
turned out to be an erroneous assumption. Additionally, even when detecting specific
objects (not classes), it has a problem with torsion tilt and different lighting conditions.
Fruit count tests were also performed for the selected apple tree (Tree no. 1). An efficiency
of 55% was achieved. The result is presented in Figure 5.

 

Figure 5. Effective detection of apple objects using the Viola–Jones algorithm (Tree no. 1). Source:
own study.
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2.3. YOLO: Real-Time Object Detection—Solution C

The use of the modern real-time object detection system YOLO (You Only Look
Once) is the third solution assessed. YOLO uses a single ConvNet (or CNN, convolution
neural network) for classification and localizing by using bounding boxes. The advantage
of this solution, as the authors indicated, is the reconstruction of object detection to a
single regression problem, directly from image pixels to coordinates defining rectangular
envelopes, and the probability of the occurrence of appropriate classes of objects [51].

The YOLO algorithm can be described in a few steps. The input image is divided into
an SxS grid (Figure 6). Each cell in this grid is designed to predict the existence of only one
object in it.

 

−
−

−
−

−

−

Figure 6. An example of the division of an image into a grid in the YOLO algorithm. Source:
own study.

The blue line is the bounding box (bbox), which must be described by 5 components
related to the selected cell of the grid, and these coordinates must be normalized, i.e.,
defined within the range of 0–1. The following parameters describe each field:

• x blue box = (385 − 116)/2 = 135 but normalized and related to the corresponding
grid cell, here: (135 − 100)/100 = 0.35

• y blue box = (365 − 121)/2 = 122 but normalized and related to the relevant grid cell,
here: (122 − 100)/100 = 0.22

• w width blue box = (385 − 116)/500 = 0.54 (normalization in relation to the width of
the whole image)

• h height blue box = (365 − 121)/500 = 0.49 (normalization relative to the height of the
whole image)

• c confidence, which is the Intersection over Union (IoU) between the predicted box
and the ground truth (c = area of overlap/area of union).

It is assumed that only one type of class is assigned to one cell. The output vector is in
the form of a tensor SxSx(C + B × 5), where B stands for the number of blue boxes. The rest
looks like a normal CNN, with convolutional and max-pooling layers. All details can be
found in the source document [52].

The main goal of our solution was to use real-time detection with image acquisition by
a mobile device in practical implementation. Moreover, it was important to choose a neural
network dedicated to the performance of mobile devices. Each image was divided into
4 or 16 parts depending on the resolution of the image, and each analyzed fragment was
analyzed separately. This increased the digital detection of objects and reduced the memory
load of the algorithm. This gives an insight into the future possibilities of analyzing images
acquired in the form of video recordings as parallel, multithread computing.

3. Results

The use of YOLO allowed us to obtain better results than with other classifiers. At
the same time, the working time was much shorter with YOLO. To evaluate the work and
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results, a set of YOLOv3-608 scales trained at the COCO was used http://cocodataset.org/
accessed on 10 January 2021.

With confidence threshold = 10% and assuming a search only for 47 classes (apples in
the weighing file) and excluding overlapping of objects more than 30%, 66 objects were
found for the above image, which represents 67% of detectable objects in such an image
(Figure 7). This illustrates the multi-threaded detection of apple objects based on the
numerically corrected image with:

• change of the clarity in the arbitrary range from −18 to 18 levels,
• noise removal using the non-local means algorithm,
• Gamma correction from 1.1 to 1.6,
• Increase in the number of detectable items from 27% to 80% (Figure 8).

−

 

Figure 7. Example of YOLO (You Only Look Once) operation on the selected tree (a—original image, b—counted apples).
Source: own study.

−

 

Figure 8. Results of apple object detection based on the numerically corrected image (Tree no. 1).
Source: own study.
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Apple fruit detection, regarding their specific color (problem 1), shape (problem 2)
visibility and size (problem 3), requires the use of appropriate computer vision techniques.
The research carried out has led to the following conclusions:

1. The impact of the first problem can be significantly reduced by:

• Anti-noise filters: non-local means filters are suggested but it is possible to experiment
with local ones,

• Edge detecting algorithms, for example, operators based on the first derivative (Pre-
witt, Sobel, Canny, Scharr or Roberts) or second derivative (Marr–Hildreth algo-
rithms [10]),

• Use of a thermal imaging camera. The literature related to the subject of study includes
an effective attempt to use a thermal infrared camera; however, its cost is extremely
high, which limits the scale of the task, and the achievable resolution is still not
satisfactory.

2. The solution to the second problem is to adopt the circular shape of a standard
apple and use Hough transform or Msplit estimation to complement the incomplete shape
of the circle.

3. The different distances of apple fruits from the camera during the acquisition of a
digital image results in different sizes (numbers of pixels) of their digital representation.
While this is not important when assessing the number of fruits, it is of high importance
when it comes to interpreting fruit size or belonging to the examined apple tree. Hence,
it is important to know the size of the expected single apple in the picture. The goal
can be reached by using one of two methods separately or by compiling them. Using a
fixed focal length camera, the known location of the camera and the apple tree allows
for the approximation of the size of the fruit, and its assessment in terms of dimensions.
The stability of the focal length and the positions of the camera and the tree guarantee
a differential analysis of the development of inflorescence and, later, fruit; however, the
parameters of the camera should be selected individually. A synthetic comparison of the
three methods is presented in Table 1.

Table 1. Comparison of the systems used for object identification.

Method A Method B Method C

image filtration and
Hough transformers

Viola–Jones object
detection

YOLO: Real-Time Object
Detection

Color

The color of this
assumption is important.
Initial image filtration is
based on the ranges of

individual color
components.

Does not matter Does not matter

Shape Only shapes were
similar to circles.

A well-prepared
descriptor works

properly on different
shapes but you should

put them yourself in the
training set.

Using a well-trained
network or having
trained it with new

images, there is no need
to place fragments of the
image of the fruit if its

detection is desired. The
algorithm does it.

Size

Relaxation of the radius
causes considerable

elongation of the object
search operation.

Does not matter Does not matter

Processing time Very long Medium (not in
real-time) In real-time

Table 2 presents the results of fruit counting efficiency using three methods on four
test trees.
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Table 2. Results comparison of the systems used for object identification.

Tree No.
The Real

Number of
Apples

Hough Transform Viola–Jones YOLO

Detected
Apples

Effectiveness
[%]

Detected
Apples

Effectiveness
[%]

Detected
Apples

Effectiveness
[%]

1 220 90 41 121 55 176 80
2 82 25 30 40 49 73 89
3 52 15 29 29 55 43 83
4 30 14 46 19 63 26 84

Average 37 55 84

The reference number of apples on the tree was determined manually. The results
indicate the use of YOLO as an effective solution for counting the number of fruits on the
objects presented in the article. Limitations in detecting more apples resulted from physical
(partially overshadowing objects) and environmental conditions.

4. Discussion

Research work on issues related to fruit detection based on digital images has become
extremely popular in recent years. This is primarily related to the development of inno-
vative agricultural robots using modern image processing algorithms [52]. Concerning
the effects of research work on various approaches of automatic apple counting based on
images, the proposed approach has given satisfactory results. In terms of fruit detection,
the obtained accuracy ranges between 80% and 96%. Naturally, such an accuracy range
is related to the adopted method and the characteristics of the plants on which the fruits
grow. Linker et al. in their approach reached the estimation accuracy of 85% [53]. They
based their calculations on information about color and texture [1,54]. In the works of
Wei et al. and Payne et al., among others, the results are also influenced by sunlight and
color saturation [52,55]. Zhao et al. used a feature image fusion method to recognize
mature tomatoes obtained, with 93% detection [56]. A similar level (92.4%) was reached
by Qiang et al. [57]. Kelman et al. based their calculations on the shape of the detected
objects, which resulted in 94.4% fruit detection in the pictures [58]. Similar results to those
presented in the article were achieved by Kurtulmus et al. (84.6%) [59] and Yamamoto et al.
(80% and 88%) [60]. The apple-counting method based on YOLO has limitations due to the
operating algorithm. An erroneous definition of the detection bounding box causes a small
error in interpretation for a large box to be insignificant, but for a small box to increase in
insignificance. The biggest problem, regardless of the method, is that the fruit is covered
by leaves and two fruits are in close proximity, therefore the system can interpret them as
one object.

The process of forecasting the number of apples in the future harvest can be divided
into two basic stages. The first one is related to monitoring the condition of trees and
counting the number of flowers on the trees [1,2], and counting the ripening apples. From
the orchardists’ point of view, a special role is played by the possibility to determine the
size of the harvest [61], hence a large number of emerging scientific studies in this area [3–8].
In this study, several approaches to fruit (apple) number evaluation were analyzed in a
practical way, which allowed for the compilation of the results presented below.

Fruit images, including apples, are characterized by a high degree of texture irregular-
ities. The lack of surface uniformity results from the differences in fruit exposition and is a
natural consequence of the fruit location within the tree crown, occultation by branches,
leaves and others. Although the optimistic assumption of apple shape observation from
any position and camera angle indicates the approximation of the circular shape, the over-
lapping of fruit images and the mentioned covering of fruits with other elements recorded
in the images and with the shadows cast by them can also cause an unpredictable change
in the shape of a single fruit in an image [2]. A single fruit can also be interpreted as two
apples or more when the image of an apple is divided by a view of a branch.
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The whole process of fruit counting, when it comes to one tree, is based on taking a
series of pictures with the center of the projection shifted to a small longitudinal parallax.
This allows the obtainment of a smudged image of a single tree. In this way, a full picture
of the tree crown was obtained. A similar solution can be applied to the proposed schemes
of the material image acquisition from a drone or mobile device for the whole orchard.

From the technical side of the image processing system, it is necessary to collect
an appropriate number of apple images, on the basis of which the system can start its
calculations. Häni et al. adopted 1000 high-resolution images acquired in orchards, together
with human annotations of the fruit on trees. The fruits were marked with polygonal masks
for each object, which helped to precisely detect, locate and segment the object [61]. For
their research, Gao et al. authors acquired 800 images, which after processing gave a total
input of 12,800 images [6]. An analogous number of images (800 images) was used by
Fu et al. in their research using low-cost Kinect V2 sensors [7]. In this research, a similar
number of input photos were taken as taken by other researchers. Our input base was
1102 images. In the field, three photos were taken for each tree on one side.

After choosing the method of counting the apples in digital images, it is necessary to
propose the structure of the system for taking images in the orchard. The key assumption
of the proposed solution was to minimize the costs of its creation and use of the system.
Hence, it assumes the use of generally available mobile devices as a component of digital
image acquisition—georeferenced images (determined on the basis of Global Navigation
Satellite Systems (GNSS) technology). Such a solution offers the possibility of mass use
in horticulture.

5. Conclusions

The main objective of this study was to verify the optimal method for identifying
and counting apples on trees from photographs taken in the orchard. Based on the tests
performed, it can be concluded that the best results are obtained using the YOLO method.

The reduced number of trees accepted for the test allowed manual counting of the
number of fruits on each tree. With a larger test sample, without the ability to count
and determine a reliable number of reference fruits, the tests would have low reliability.
Therefore, for validation of individual object recognition methods, in the authors’ opinion,
the presented sample is sufficient. The adopted approach provided an unambiguous
reference number of counted fruits. It allowed to unequivocally determine the level
of counting accuracy. The obtained accuracy of individual methods was confirmed by
literature review and achievements of other researchers. After carrying out the pilot
experiments according to the assumptions presented above, the decision was made to
implement the task using smartphones equipped with a camera with the required image
acquisition accuracy and accurate positioning by GNSS (Figure 9).

Initially, a solution can be proposed based on the measurements with the mobile
device, because of its advantage over the classical methods, used mainly by mass users.

Regarding the considerations related to fruit counting, YOLO was chosen for its:

• efficiency,
• possibility of implementation on mobile devices,
• effectiveness,
• ability to increase the effectiveness by constantly supplementing the YOLO training

patterns requiring time for specific apple cultivars.

The main component obtaining the data is an orchardist or a person indicated by
him/her. The measurement is made according to the assumptions that were initially set
for the given orchard (depending on the way the trees are planted, density, number of
rows, etc.).
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Figure 9. The global scheme of the system functioning. Source: own study.

The mobile application made available to the orchardist allows the user to take images
with initial control.

The proposed solution preliminarily assesses the images in terms of chromatics, a
histogram and its alignment and width, which makes it possible to reject completely
incorrect photos (at the stage of acquiring them).
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Abstract: Sustainability of food production is a major concern today. This study assessed the
environmental impact of fruit production and discussed business implications for sustainability.
Data were collected from three agricultural enterprises growing six species of fruit, extending over
a total of 34 hectares, and producing roughly one thousand tons of fruit per year. The results
of the life-cycle assessment (LCA) showed that several production activities heavily impact the
environment: in descending order of absolute terms, fruit refrigeration, agronomic operations,
irrigation, and fertilizer use were recognized as the most impacting. Other activities, including
agrochemical applications, planting, and plastic use for harvesting and packaging, showed overall
lower impacts. The high environmental impact associated with most of the production activities
emphasizes the need to make the primary food production cleaner, more resource-efficient, and less
energy-intensive. Affordable incremental innovations able to reshape the way business is conducted
in the context of primary food production are proposed, mainly relying on process rationalization
and digital switchover. The analysis of the business path toward increased sustainability involves
strategic issues, ranging from the reshaping of production processes to relationships with consumers,
affecting value proposition, creation, and capture.

Keywords: business models; innovation; resource efficiency; sustainability; environmental
assessment; fruit production; cleaner production; life cycle assessment (LCA); carbon footprint

1. Introduction

The agriculture and food sector is of primary importance to human health and well-being.
On the other hand, it generates several adverse environmental effects that harm natural resources,
constituting the input of food production. These effects are the by-products of food production,
which are largely subjected to inefficiencies in processes, energy, and input use. The importance of
integrating sustainability into the production process has caught the attention of practitioners and
researchers, in several fields, over the last few decades [1]. The need for sustainable practices has been
recognized in the face of challenges, such as achieving cost-effective production and reducing energy
consumption [2].

This kind of issue was recently addressed in the context of a sustainable business model innovation,
in which scholars, practitioners, and, generally, food system stakeholders, started to pay attention in
the last decade [3]. This concept concerns the way business is performed by generating competitive
advantages while contributing positively to enterprises, the environment, and society [4]. Within such a
framework, it is widely recognized that positive business changes can be stimulated by adopting various
tools for sustainable business thinking. These tools include life-cycle assessment (LCA), as defined
by the International Organization for Standardization (ISO) [5,6], eco-design [7], eco-ideation [8],
the business model canvas, as readapted by Bocken et al. [9], and stakeholder analysis [10]. The adoption
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of these practices, especially in large manufacturing firms, has so far encompassed the elimination of
pollution from processes, the minimization of waste material, waste treatment, the reduction of energy
consumption, as well as the attraction of customers, and cost savings [11].

One of the peculiarities distinguishing primary food production from industrial processing is the
limited, but significant, scope related to sustainability innovations, as value proposition is essentially
based on natural products, with limited to no presence of industrial manufacturing. For this reason,
tools, such as LCA, designed to quantify the environmental burden associated to material and energy
consumption of a product across its entire life, and can provide exhaustive information to assess
current business environmental footprints, as well as production inefficiencies [5]. Besides giving an
overview of the existing production processes, LCA can be used to draw out possible solutions to
mitigate production impacts, offering a holistic perspective to conduct business model analysis for
innovation and pave the way for environmental and economic improvements. This use is especially
relevant for small and medium enterprises (SMEs), which generally lag behind large companies in
the implementation of sustainability management tools [12]. Facing this problem, we formulated the
following research question: which solutions may be implemented at the strategic level to mitigate the
environmental impact of production activities and achieve a higher level of sustainability?

In this work, we applied an LCA to fruit production to give a measure of the environmental
impact characterizing fruit production activities, while identifying inefficiencies, and finding room for
possible business model innovations. We selected a case study in the Emilia-Romagna region (northeast
Italy) represented by three large agricultural enterprises growing six species of fruit, extending over
34 hectares, and producing a total of roughly one thousand tons of fruit per year. The study is
relevant because, economically, fruit growing is one of the most important agricultural activities in
Emilia-Romagna, a region that is considered Italy’s main orchard. Fruit growing is also an intensive
crop in the area, and it is socially important because of its impact on job opportunities and cultural
elements. Its reach goes beyond the basic agricultural activity: once harvested, fruit produce is directly
available for consumption or can be further processed to obtain products, such as juices and fruit
preserves, an industry that is deeply rooted in the Emilia-Romagna region. The paper is organized
as follows. In Section 2, we describe the case study and apply the LCA methodology, reporting
the goal and scope definition, and the inventory analysis; LCA results are reported in Section 3.
In Section 4, we propose possible technological and process improvements, also discussing business
strategy implications. In Section 5, concluding remarks and indications for future research are outlined.

2. Materials and Methods

2.1. Description of the Case Study

Data were collected in 2019 from three agricultural enterprises in which the following fruit species
are cultivated: apricot, nectarine, pear, plum, apple, and kiwi. The orchards are located between Forlì
and Faenza, in the Emilia-Romagna region (northeast Italy). Telephone interviews and on-site meetings
with farm technicians during fruit cultivation were administered to collect qualitative information
and quantitative data. Table 1 summarizes the main characteristics of the orchards. The LCA was
performed to assess the environmental impact associated with the fruit production originating from
these orchards, measured according to the dedicated technical standard ISO 14040:2006 (principles
and framework) [5] and 14044:2006 (requirements and guidelines) [6], following the specified phases:
goal and scope definition, inventory analysis (life cycle inventory (LCI) phase), impact assessment
(life cycle impact assessment (LCIA) phase), and result interpretation.

2.2. Goal and Scope Definition

LCA was performed to measure the environmental impact characterizing the fruit produced
in the three agricultural enterprises, with the aim of identifying process inefficiencies and finding
room for possible ad-hoc innovations able to make production more efficient, less energy-intensive,
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and less dependent from non-renewable energy sources. In addition to this, LCA results will be used
for learning and educational purposes. The identification of inefficiencies throughout the production
process can make enterprise decision-makers aware of existing environmental burdens, with the LCA
itself representing a step towards the comprehension of sustainability management tools by technicians.
LCA results can also serve as decision support for individuals, both as citizens or consumers, potentially
directly entering in eco-labels or other consumer information from producers (e.g., printed on the
packaging) or indirectly through reporting research findings [13]. In this respect, LCA can effectively
support consumer decisions in choosing products with a lower environmental impact.

Table 1. Main characteristics of the orchards.

Apricot Nectarine Plum Pear Apple Kiwi

Variety Faralia Romagna Red September Yummy Abate Fetel Rosy Glow Hayward
Training system Vase Slender spindle Slender spindle Slender spindle Solax Pergola

Growing surface (ha) 0.35 1.20 7.70 1.16 1.04 22.95
Layout (m) 4.0 × 1.5 3.5 × 0.6 4.2 × 1.5 4.5 × 2.0 3.5 × 2.0 5.0 × 2.0

Plant density (trees/ha) 1666 4762 1587 1111 1428 1000
Year of establishment 2011 2012 2013 2010 2010 2017
Orchard life (years) 15 15 15 15 15 20
Yearly yield (t/ha) 21.6 27.5 59.9 22.9 58.6 16.1

The approach adopted for the estimation was cradle-to-farm gate, evaluating the impact of the
fruit produced, i.e., immediately available for direct sale or distribution. All of the input used for
production, particularly mass and energy flows, have been tracked, considering the following four
fruit life cycle phases: fruit cultivation, use of agricultural and energy inputs in agronomic activities,
fruit harvest, and fruit storage in cold rooms. Data were collected during 2019 until last harvests were
completed, concerning the season 2018–2019.

2.3. Functional Unit and System Boundaries

The functional unit (FU) relates to all inputs and outputs in the LCI and consequently, the LCIA
profile, defining what is being studied [6]. In this study, 1 kg of each fruit, packaged in a 14 g
polyethylene package, was chosen as FU, considering the yields in the season 2018–2019, as such,
unit lends itself to possible downstream consumer behavior analysis. Therefore, data provided by
enterprise technicians, expressed as unit per hectare of the orchard, were traced back to a yield
expression (kg per hectare) to make it consistent with FU. The system boundaries were defined,
as shown in Figure 1. In addition to the processes outlined in Figure 1, planting of fruit trees was
included within the system boundaries and weighted, considering a 15-year (20 years for kiwi) orchard
lifetime. The orchard end-of-life was modeled in the same way, considering the use of machinery for
tree pruning. The mass of tree by-products was assumed equal to 50 kg for apricot and plum, 70 kg
for nectarine, 20 kg for pear, 40 kg for kiwi, and 13 for apple, which is consistent with the tree mass
assessment reported in [14].

2.4. Inventory Analysis

The inventory analysis defines in detail data describing the production process and the flows of
materials and energy. In LCA, it is useful to distinguish between two types of data: foreground data
and background data. Foreground data refer in large part to primary data collected at the orchard
level, based upon information provided by enterprise technicians. The LCA software SimaPro v.9.0
accounted for the definition of background data and changes to the ecosphere, as a result of the
production activities performed within the system boundary (Figure 1).

2.4.1. Foreground Data

Foreground data are reported in Table 2. Information regarding fertilization and application of
agrochemicals were made available in orchard registers in which all cultivation measures along the
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production season were noted. Water use was registered both as cultivation measure (fertigation)
and as irrigation, monitored via dripper meters within drip irrigation systems at each sixth plant.
Boxes with a tare weight of 2 kg (gross approximately 16 kg) and bins with a tare weight of 33 kg
(gross approximately 230 kg) were used to collect fruit during the harvests. Both items are made of
high-density polyethylene, with an estimated useful life of 15 years.
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Figure 1. Main processes, input, and elementary flows included in the foreground system.

Enterprise technicians provided data regarding average fuel consumptions for agricultural
machines, and the number of operations occurred in the orchards during the season. This information
is summarized in Table 3. Pruning was carried out in a closed-loop cycle with biomass reintegrated,
with positive contributions to soil organic matter improvement. Yearly pruning residues were quantified
in the measure of 2 tons per hectare for every orchard and modeled as organic input to soil.

Electrical energy supplied from the national grid was used for irrigation and refrigeration;
the main obstacle in reporting information consisted of the fact that there was no explicit data on energy
consumption for the different production stages. For this reason, secondary data were estimated based
on the following information provided by technicians: electrical energy for irrigation was estimated
considering the water pump available of nominal power equal to 10.5 kW and average water mass
flow equal to 640 liters per minute. Once harvested, fruits were stored in cold rooms. Since it was
not possible to split energy data required for refrigeration by checking invoices, it was assumed
that a weekly demand of 0.1 kWh per kilogram of fruit stored from a similar context [15], over the
following average refrigeration time set out by farm technicians: 12.5 days for apricots, 4 for nectarines,
35 for plums, 90 for pears and kiwifruit, and 65 for apples. The refrigeration plants were ammonia
(NH3) based.

2.4.2. Foreground Data

Background data account for the production of input, energy, and waste management. They were
taken from the international databases Ecoinvent v.3.6 and Agri-footprint v4.0, which include inventories
of crop cultivation, data on transport, and agricultural input production for life cycle assessments.
Background data collection was enabled within SimaPro v.9.1.
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Table 2. Primary data collected.

Unit Apricot Nectarine Plum Pear Apple Kiwi

- Fertilizers
Growth regulators (kg ha−1) 7.01 3.65 11.35 28.80 2.26 8.20

N-based (kg ha−1) 331.19 - 137.40 - 148.97 1.50
N-P-K-based (kg ha−1) 534.49 0.55 119.48 - - 201.75
N-K-based (kg ha−1) 14.83 - - 17.10 - 7.02

Mg-N-based (kg ha−1) 19.65 - 107.53 - - -
Microelements (kg ha−1) 0.57 - 28.97 46.96 8.80 54.86

Compost (t ha−1) 20 20 20 20 20 20

- Agrochemicals
Insecticides (kg ha−1) 19.35 14.54 65.6 60.44 13.27 21.54
Fungicides (kg ha−1) 16.01 23.12 59.6 57.87 23.23 6.00
Herbicides (kg ha−1) 5.03 2.47 2.17 11.80 4.40 2.66

Other
agrochemicals (kg ha−1) - 29.87 - - 14.00 -

- Water use
Irrigation (m3 ha−1) 1633.33 2666.67 3266.67 3266.67 3984.00 4166.67

Treatments (m3 ha−1) 9.17 18.54 63.60 78.39 168.16 97.00

- Collection
Boxes (ha−1) 1413 - 3744 15 -
Bins (ha−1) - 120 - 99 303 89

Table 3. Use of agricultural machines in orchards.

Chopping Fertilization Pruning 1 Agrochemical
Application

Harvest

- Fuel consumption (L ha−1)
Tractor 6 3 3 8 3

+ harvester wagon - - 2.5 - 2.5
+ bin wagon - - - - 2.5

- No. orchard operations (year−1)
Apricot 12 10 1 10 1

Nectarine 12 3 3 16 1
Plum 7 13 3 21 1
Pear 7 22 1 30 1

Apple 10 9 3 35 1
Kiwi 10 14 4 10 1

1 1/15 operation was considered to model plant eradication at the end of life (1/20 for kiwi).

3. Results

The elementary flows emerged within the inventory analysis were assigned in SimaPro v.9.1 to
the following relevant impact categories: “Human health”, “Ecosystem quality”, “Climate change”
and “Resources” according to the substances” ability to contribute to different environmental impacts.
Particularly, the way environmental impact affects human health had been quantified with the metric
Disability-Adjusted Life Years (DALY), expressed as the number of years lost due to illness, disability,
or premature death [16]. “Ecosystem quality” encompasses multiple independent impact categories
such as eutrophication, acidification, ecotoxicity, land use and water use, and it is measured in Potential
Damage Fraction (PDF), defined as the fraction of species that have a high probability of not surviving
in the affected area due to unfavorable living conditions [17]. “Climate change” describes the potential
impact of different greenhouse gaseous emissions and it is measured in terms of carbon footprint
(kg CO2 eq.), while “Resources” models the primary energy needed (MJ) to made inputs available at
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the technosphere. All these categories had been modeled in SimaPro v.9.1 with the life cycle impact
methodology “IMPACT 2002+” [18].

3.1. Impact Assessment

The impact assessment was reported in terms of total environmental damage for humans according
to the most known impact categories, as reported within Section 3.1.1. Then, it was allocated to each
production activity considered (Section 3.1.2). The last Section 3.1.3, summarizes the impact for each
production activity regarding the category “Climate Change”.

3.1.1. Total Damage

The environmental impact of the four impact categories was normalized to depict a significant
overview of the LCA results. Normalization is helpful to understand the relative weight of each
category, making all units of measure compatible. As a result, total damage was split among impact
categories as follows: 34.7% human health, 26.8% resources, 26.6% climate change, and 12.0% ecosystem
quality (Figure 2). Human health was found to be the most impacting category for each type of
fruit. The impact for resources was slightly higher than climate change for nectarines, pear, apple,
and kiwi, but was lower, even in absolute terms, for apricots and plums. Ecosystem quality was the
least impacting category. This result can be reasonably associated with the fact that fruit cultivation
remains mostly a natural process characterized by relatively low industrialization. Overall, winter fruit
is characterized by a higher impact compared to autumn and summer fruit, mainly because of the
longer conservation time.
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Figure 2. Normalized impact categories of fruit production.

The impact categories considered in this LCA were further divided into relevant subcategories
(Figure 3). Other subcategories generally considered in environmental assessments, such as carcinogens,
ozone layer depletion, respiratory organics, aquatic ecotoxicity, terrestrial acidification, land occupation
and mineral extraction, resulted as not relevant.

3.1.2. Impact of the Production Processes

The processes considered in this LCA for the various fruits cultivated are characterized by
different environmental impacts (Table 4). Planting activity is below 5%, with the highest value for
nectarines. The impact of fertilizers is particularly high for apricots, while relevant for plums and
kiwifruit; in this regard, the impact of organic fertilizer (compost) is negligible. Irrigation has a
noticeable impact, with varying contribution between water and pumping energy, although energy
impact is generally lower than water. Regarding agrochemicals, the overall impact is low, except for
nectarines (6.41%) and apples (5.37%); insecticides and fungicides are likely to affect the environment
jointly much more relevantly than herbicides, whose contribution is generally negligible. The impacts
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associated with agronomic operations, due to consumption of fossil fuel, accounted for the highest
contributions, between 1/5 and 2/5 of the total damage. Contribution from plastic use (harvesting
boxed and packaging) was considered negligible, as roughly below 3%. It is evident that, for all fruit
stored for a long time in cold rooms, refrigeration is the most impacting activity, with a relative impact
up to half of the total damage for pears (53.55%).

−1

     

     

     10.99% 

0.00E+00

2.00E-05

4.00E-05

6.00E-05

8.00E-05

1.00E-04

Non-carcinogens

(Human Health)

Respiratory

inorganics

(Human Health)

Terrestrial

ecotoxicity

(Ecosystem

quality)

Global warming Non-renewable

energy

(Resources)

D
am

ag
e 

p
o

in
ts

 (
y

r-
1)

Apricot Nectarine Plum Pear Apple Kiwi

1.00×10-4 

8.00×10-5 

6.00×10-5 

4.00×10-5 

2.00×10-5 

0.00 

Figure 3. Normalized impact subcategories of fruit production.

Figure 4 shows the most impacting activities, thereby making it possible to identify the different
contribution by each fruit. The highest impact for winter fruit (pears, apples, and kiwifruit) was due to
refrigeration, while fertilizers for apricots and agronomic operations for nectarines, which is the least
impacting fruit.
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Figure 4. Most impacting processes for fruit production.
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Table 4. Normalized impact of fruit production processes (yr−1).

Apricot Nectarine Plum Pear Apple Kiwi

- Planting 0.82% 4.42% 1.87% 3.09% 1.66% 1.19%

Fertilizers (organic) 0.40% 0.65% 0.27% 0.29% 0.21% 0.39%
Fertilizers (inorganic) 26.83% 0.36% 7.73% 1.55% 2.38% 6.38%

- Fertilizers 27.23% 1.01% 8.01% 1.84% 2.59% 6.76%

Irrigation (water) 3.58% 9.43% 4.95% 5.26% 4.78% 8.93%
Irrigation (electricity) 0.84% 6.97% 1.15% 1.21% 1.08% 2.06%

- Irrigation 4.43% 16.40% 6.10% 6.48% 5.86% 10.99%

Fungicides, insecticides, 2.00% 6.16% 4.84% 4.84% 1.51% 1.50%
herbicides 0.31% 0.25% 0.09% 0.53% 0.14% 0.16%

- Agrochemicals 2.32% 6.41% 4.93% 5.37% 1.66% 1.66%

- Agronomic operations (fuel) 20.80% 39.97% 19.82% 27.71% 21.95% 21.64%

- Harvesting boxes 2.33% 1.53% 0.19% 1.13% 1.46% 0.04%

- Refrigeration (electricity) 7.27% 4.76% 38.48% 40.09% 53.55% 37.72%

- Packaging 0.82% 1.69% 1.56% 0.63% 1.17% 0.59%

3.1.3. Carbon Footprint

As highlighted within Section 2.3, the type of functional unit chosen (1 kg of fruit) is suitable for
consumer value interpretations, potentially supporting consumer decisions in choosing products with
lower environmental impact. Table 5 shows the carbon footprint associated with fruits considered.

Table 5. Carbon footprint (gCO2eq.)—functional unit (FU): 1 kg of fruit.

Apricot Nectarine Plum Pear Apple Kiwi

Planting 3 7 3 13 4 6
Fertilizers 322 5 50 29 21 110
Irrigation 27 57 19 51 25 91

Agrochemicals 17 23 19 52 9 17
Agronomic operations 62 59 31 109 46 90

Plastic use 46 34 29 40 36 29
Refrigeration 72 23 201 516 373 516

Remaining processes 1 0 1 3 0 4

Total 550 208 354 811 514 862

4. Discussion

In this section, we discuss the results in terms of possible innovations regarding the production
process (Section 4.1). Thus, we analyze the multiple ways in which value can be addressed under the
lens of business model innovation (Section 4.2).

4.1. Incremental Innovation at the Process Level

4.1.1. Mitigating the Impacts Associated with Refrigeration

The high impact accounting for fruit refrigeration emphasized the need to make the refrigeration
process more efficient, less energy-intensive, and less dependent on non-renewable energy sources.
Fruit depos in the case study were supplied by ammonia-based refrigeration plants, which constitute
the majority of cooling units in developed countries. Ammonia is a common choice of refrigerant
in large systems thanks to its thermo-dynamical properties that make it 3–10% more efficient
than other refrigerants [19], and plants based on ammonia are some of the most diffused [20].
This natural refrigerant is toxic and flammable in large concentrations. However, it causes no ozone
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depletion or global warming per se, unlike other refrigerants, such as chlorofluorocarbons (CFCs) and
hydrofluorocarbons (HFCs).

The issue of refrigeration can be handled within an agricultural enterprise in different ways.
One of the challenges in the refrigeration process is to use the already installed cooling capacity
more optimally. In the last years, significant efforts in making refrigeration units more efficient are
acknowledged. As an example, it was demonstrated that using closed coupled components in a
compact refrigeration package, and electronic refrigerant injection control technology, facility ammonia
charge could be reduced by more than 98%, with a related 7% reduction in energy and 3% reduction in
water usage [19]. Compressors’ optimal control was important to reduce refrigeration energy demand.
Optimizing compressors’ operation has led to minimizing power consumption while preserving the
total refrigeration load requirement. A yearly monetary saving between €30,000 and €50,000 euros
for eight refrigerating units, ranging in cooling capacity size from 180 kW to 795 kW, was estimated
in [21]. Possible strategies for limiting the supply of refrigeration energy from fossil fuels is utilizing a
combination of renewable energy sources, even limited to a portion of the refrigerating unit. Thermally
driven absorption chillers within ammonia-based refrigeration units can be powered by low-grade
heat or renewable energy resources. Such a practice can effectively represent a possibility to recover
and re-use amounts of waste heat deriving from other industrial processes, improving in turn process
efficiencies, and mitigating the associated environmental impacts. Significant industrial opportunities
for the utilization of lower temperature heat from various industrial processes and energy sources are
today available [22].

Another opportunity concerning sustainable energy concerns the integration of sustainable sources
like solar photovoltaic (PV). PV systems are attractive because of their simplicity and low maintenance
requirements [23]. They can be integrated directly into the unit they are providing power for, and can
be mounted on roofs, without taking away agricultural land.

All the aforementioned strategies implicate a re-design of the refrigeration process, taking action
on plants or plant portions, requiring business planning and investments over a low- to mid-term
period. Other aspects involve a socio-cultural perspective, dealing with consumer preferences and
choices. In the food sector, cold rooms are indispensable tools to ensure consumers with safe and
genuine products: temperature is an essential requirement for the conservation of fruit (but also
vegetables) and the preservation of nutritional properties. However, especially in case of extended
supply chains, this mechanism seems to be heavily overused since producers are forced to anticipate
the harvest, making fruit ripen in cold rooms. Furthermore, on the demand side, consumers are rather
accustomed to the almost constant availability of the most widespread fruit varieties during the year.
Mature consumers could perceive and evaluate seasonal fruit as more valuable of fruit ripened within
cold rooms for a long time, being aware of a reduced environmental impact characterizing short food
supply chain, in which production stage is more temporally and spatially close to consumption stage.
A change in the demand side, even driven by virtuous food producers, would be desirable. In this
regard, promising signs have been acknowledged in [24], in which it was observed that adopters of
sustainability practices generally rate the benefits (measured as satisfaction level) higher than the
investments in labor and financial resources.

4.1.2. Mitigating the Impacts Associated with Agricultural Operations

The high environmental impact of farming operations, from planting to harvesting poses a call for
rationalizing farm operations. Enhanced connectivity and advanced data management can support
substantial changes to increase efficiency. Since fuel consumption is proportional to in-field travelled
distance, the use of technologies like auto-steering and section control can help in reducing unnecessary
input applications, including fertilizers and agrochemicals, and thus fuel. Overlap reduction for
auto-guidance systems may fall within 3–7%, with a proportional amount of agricultural inputs saved
to the un-overlapped area [25]. In general, precision agriculture also encompasses a set of other novel
technologies (e.g., remote sensing, variable-rate technologies) able to make agriculture more efficient,
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thus mitigating the negative impacts of farming [26]. Information and Communication Technology
applied to agriculture has enabled rapid, precise, and localized collection and processing of large
pieces of data, generating suitable information for the daily operations of agricultural machinery.
Auto-steering and section control on fertilizer spreaders appear to be viable solutions for many
large-scale farms, and relevant economic benefits can arise from combining the use of the several
Precision Agriculture technologies [27]. Process rationalization and digital switchover open numerous
opportunities because they allow for process flexibility and manage complexity through data science.
Digitization has become a fundamental path also for agricultural enterprises facing the growing
complexity and uncertainty in their context. However, they represent changes in work culture rather
than just technology, as they affect every worker, from enterprise managers to operators.

A new frontier in farm mobility is represented by agricultural machines powered with electric or
hybrid motors. A wide number of agricultural machine manufactures are putting efforts on e-mobility
development, and on the normation side, a new ISO technical standard is currently in progress and
could be ready within the next three years. The adoption of electrical agricultural machinery will
contribute to switching the environmental burden from the agricultural fuel supply chain to electricity
generation and battery management. In this context, the possible advantages are twofold: on the one
hand, energy supply can be delegated to renewable sources, and on the other hand, energy efficiency
will be likely to increase, as the most diffused steel diesel engines show low overall energy efficiency
(about 20%) [28].

4.1.3. Water Use: Room for Reduction?

Despite impacts due to irrigation were not associated with relevant environmental damage,
the considerable amounts of irrigation water used is a relevant issue. The unit cost of water is low,
and this may lead to the opportunistic behavior of irrigating much more than necessary. A possibility
to come up with effective actions is to adopt comprehensive, integrated approaches for environmental
management of water, improving water control capability and enhancing water supply predictability.
Moreover, it would be appropriate to increase transparency and accountability in the context of
agricultural enterprise, with water pricing based on measured deliveries [29].

4.1.4. Reducing Inorganic Fertilizers Use

The overall impact of fertilizers in orchards can vary from season to season. For the case study
considered in this work, a particularly high impact was registered for the apricot orchard, while it is
lower but still substantial for plums and kiwifruit. On the contrary, the impact of organic fertilizer
(compost) was negligible for all orchards considered.

Farmers determine the amounts of nitrogen, phosphorous, and potassium fertilizers to be
applied over the fields based on both their experience and the amounts applied the previous season,
with maximum threshold levels based on worst environmental and climate situations delineated
by regional agricultural policy administration. Since fertilizers are relatively cheap, often farmers
prefer applying much more than required by fruit trees. Several negative effects on the environment
are the consequence: to name but the most acknowledged, air pollution due to nitrogen emissions,
water and soil degradation because of nitrogen leaching, eutrophication [26,30]. Precision agriculture
can mitigate those negative effects through site-specific mapping and variable fertilizer application
rates within plots. Satellite imaging or monitoring Unmanned Aerial Vehicles (UAVs) mounting
N-sensors or multi-spectral cameras can sense cultivated fields and crops, and the deriving information
can be processed to obtain fertilizer prescription maps, with the orchard divided into several areas
characterized by a precise amount of fertilizer to be applied (kg/ha). Monitoring technologies are
relatively cheap compared to traditional agricultural machines, and the information they make available
can help reduce the impact of agronomic operations.
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Other eco-sustainable solutions refer to conservation agriculture. The reduction of tillage and
other farming operations can increase soil organic matter, while reducing costs, and can be applied to
fruit growing, too.

4.2. Business Model Innovation

The use of the LCA framework has allowed highlighting several opportunities to make production
processes cleaner and to reduce input use. Moreover, these opportunities can reflect in the way the
agricultural enterprise addresses its own business canvas. All incremental innovations above described
contributing to enhancing the value proposition, creation, and capture. Concerning value proposition,
the proposed innovations for making production cleaner and more efficient can translate in a superior
value that is offered to customers, with positive impacts for the society and the environment that
can benefit from a reduced energy and input demand. In this way, the enterprise has the chance to
strengthen consumer relationship, and address consumer decisions in choosing products characterized
by a mitigated social and environmental burden.

Considering the definition provided in [31], meeting consumer expectations while reducing the
environmental impact of the organization can be viewed as green marketing [32,33]. This approach fits
particularly well with the context of fruit production, especially if the use of resources is reduced and
if the enterprises adopt plans to reduce waste and pollution. Moreover, market communication of
socio-economical aspects arising from LCA is viewed as part of sustainable marketing programs [11]
and is associated with competitive advantage [34]. The benefits of green marketing can even go beyond
the single company and embrace the whole value chain thanks to the reverse information flow and the
importance of added-value services provided by intermediaries [35].

Value creation is concerned with making production activities and resource use more efficient.
The call for agricultural inputs characterized by reduced impacts can, in turn, let suppliers and
other partners of the supply chain be more aligned with the proposed innovative business model.
Improvements in technical sustainability standards encourage quantification by the internal enterprise
accounting for the impacts on ecosystems [36,37]. Apparently, this sounds like a virtuous cycle:
sustainability assessments promote the internalization of ecosystems costs by embracing the growing
focus on quantification of product sustainability, thereby influencing the sustainability standards of
tomorrow. Value capture affects the enterprise cost structure and revenues. Economic benefits can result
from monetary savings due to reduced agricultural inputs and by higher prices that customers would
be willing to pay for more environmentally friendly products. These benefits must be counter-balanced
by investments to improve technical efficiency. The economic impact of innovation uptake is a current
research topic, with many promising findings highlighting the financial convenience, both on the
cost reduction [27,38], and increased revenues [39] sides. Regarding revenues, the success of more
environmental-friendly products depends on the adopted marketing policy able to satisfy and meet
consumers’ demand more effectively than competitors [39,40]. On the other hand, enterprises are
required to deliver clear and pertinent product information through labeling and packaging; thus,
increasing the perceived value and consumers’ interest in buying products characterized by a mitigated
environmental burden [11].

The above discussion shows that incremental innovations enhancing the environmental
performance can benefit not just the enterprise that can make production more efficient and adopt green
marketing strategies opening the possibility to increase in sales, but also the consumers themselves
and the surrounding environment.

5. Conclusions

One of the urgent changes required to make agriculture more sustainable is to make production
processes more efficient. The agricultural activities analyzed have highlighted several opportunities to
reduce the environmental impact associated with fruit production in terms of efficiency improvement
and input use reduction. Apparently, changes and improvements in production processes are
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significantly relevant for those producers that utilize large amounts of natural inputs like land and
freshwater, artificial inputs like inorganic fertilizers, and non-renewable energy sources.

Fresh food refrigeration is an urgent issue, especially for natural goods out of season. In addition,
it would be important to invest in more efficient machinery and processes. On the other hand, enterprise
communication strategies should encompass the lower environmental burden characterizing seasonal
products, educating the public to more responsible consumption.

At the same time, there is room to reduce agricultural inputs such as water and fertilizers,
as well as the energy required by in-field operations. However, we experienced in this case study that
successful technology adoption also passes from the development of workers and employees, who are
in the best position to identify the potential of technologies and direct them towards the optimization
of the enterprise. People’s skills, innovative capacity, and willingness to contribute are fundamental
elements of a successful technology uptake process [40]. Enterprise managers, on the other side,
have the delicate task of guiding technological change processes, triggering cultural transformation
and management models.

Quantifying the environmental profile of production processes represent the first step for
agricultural enterprises to reshape the business model and anticipate strategic business planning
compared to competitors. A cleaner and more efficient production process can translate in a superior
created value that is offered to customers, as well as a higher value captured by the enterprise. In most
cases, costs related to the implementation of innovative practices can be economically affordable even
for SMEs, and this can positively reflect into shared advantages with other food supply chain actors.
Tools, such as LCA, can pave the way to bridge the gap between producers and consumers, building
a strong relationship based on transparency and trust, and address consumer decisions in choosing
products, with lower environmental impacts.

Future studies may focus on extending the analysis to other crops with similar farming
and distribution characteristics, as well as on broader applications of environmental assessments,
covering impacts on the whole supply chain, business innovation practices and consumer relationships.
Another promising area of research is the analysis of other dimensions of sustainability, including
economic impact categories (not just costing) and social aspects.
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Abstract: Fruit and nut trees production is an important activity across the southwest United States
and this production is greatly impacted by the local climate. Temperature is the main environ-
mental factor influencing the growth and the productivity of the fruit and nut trees as it affects
the trees’ physiology and the vulnerability of flower bud, flowers, and young fruit and nut to the
low temperatures or spring frost. The objective of the present study is to estimate the chilling and
heat accumulation of fruit and nut trees across New Mexico. Three study sites as Fabian Garcia,
Los Lunas, and Farmington were considered and climate variables were collected at hourly time step.
The Utah model and the Dynamic model were used to estimate the accumulated chilling while the
Forcing model was used for the heat accumulation. The possible fruit and nut trees endodormancy
and ecodormancy periods were also determined at the study sites. The results obtained chilling
hours of 715 ± 86.60 h at Fabian Garcia, 729.53 ± 41.71 h at Los Lunas, and 828.95 ± 83.73 h at
Farmington using the Utah model. The accumulated chill portions during trees’ endodormancy was
3.12 ± 3.05 CP at Fabian Garcia, 42.23 ± 5.08 CP at Los Lunas, and 56.14 ± 1.84 CP at Farmington.
The accumulated heat was 8735.52 ± 1650.91 GDH at Fabian Garcia, 7695.43 ± 212.90 GDH at Los
Lunas, and 5984.69 ± 2353.20 GDH at Farmington. The fruit and nut trees are at no risk of bud flowers
vulnerability at Fabian Garcia while they are under high risk of bud flowers and or young fruit and
nut vulnerability to low temperatures early spring as hourly temperature can still drop below 0 ◦C
in April at the end of ecodormancy and flower blooming and young fruits and nuts development
stage at Los Lunas and Farmington. Severe weather, especially frost conditions during winter and
early spring, can be a significant threat to sustainable nut and fruit production in the northern New
Mexico while high chilling requirement fruit and nut trees might not meet chill requirements in the
southern New Mexico.

Keywords: fruit and nut trees; chilling; heat accumulation; modeling; New Mexico

1. Introduction

Temperate fruit trees production is an important activity which heavily depends on the
prevailing climatic conditions in the production area and air temperature is the main factor
controlling fruit trees phenology [1]. Under cold winter conditions, the temperate plants
go dormant to protect the fragile growing tissue from frost and preserve accumulated nu-
trients. When chilling requirements are not met for a fruit tree, crop growth, bud initiation,
flowering and fruit set are delayed in the following growing season [2,3]. On the other
hand, increasing air temperature may accelerate winter chill accumulation and advances
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crop growth and flowering dates [4–7]. In contrast, spring phenology of fruit trees is
delayed by warm winter [8–11]. Plants are affected by the winter temperature causing
chilling effects and spring temperature causing forcing effects and these two mechanisms
are determinant to spring phenology of the fruit trees [12]. Each fruit tree has accumulated
chilling requirements and goes dormant by releasing winter endodormancy and ecodor-
mancy [13,14]. Endodormancy is initiated by low temperature, whereas ecodormancy is
driven by heat [15,16]. There is also accumulated heat requirement for the fruit trees for
plant growth, leaf unfolding, bud burst initiation, and flowering [17]. The chilling and heat
requirements are considered as the driving factors in breaking endodormancy and ecodor-
mancy [16]. It is widely adopted that chilling period covers 1 November–30 April [12,18].
However, Guo et al. [19] found that chestnut chilling period covered from 14 September to
24 March, while the forcing period started on 4 January and ended on 23 May in Beijing,
China. On the 1963–2008 period average, the forcing period therefore overlapped with
the chilling period indicating that heat accumulation started when only about 50% of the
chilling requirement had been fulfilled [19]. Guo et al. [19] reported that for jujube, the forc-
ing phase begins when 55% of chilling requirements were fulfilled. While the occurrence
of freezing conditions induces variation in a possible chill effectiveness in Beijing [19],
that variation was also reported by Luedeling and Gassner [20] and Luedeling et al. [21]
in studies on walnuts in California where temperatures rarely drop below 0 ◦C.

The chilling and heat requirements of the fruit trees have been quantified and es-
timated by horticulturist using modeling tools: Chilling Hours Model [22], the Utah
Model [23], the Dynamic Model [24,25], Richardson-based Models, the North Carolina
Model [26], the Melo-Abreu Model [27], the Positive Utah model [28] and the Low Chill
Model [29], the Modified Utah Model (MUM) [30]. The North Carolina Model is an adapta-
tion of the Utah model with adjusted temperature ranges for apple trees. The Melo-Abreu
et al. [27] model is the generalization and simplification of the Utah Model which was
applied to olive trees with good performance. Among these models, the Chilling Hours
Model, the Utah Model, and the Dynamic Model are worldwide used with reasonably good
performance [2,4,16,31–44]. These models showed different performance across the globe
and the responses also vary with years, observation sites, and the growing regions [39,40].
Among the different chilling models, the dynamic model appears the most robust chilling
model [20,34,36,41,45]. Heat requirement of the trees is modelled by the Forcing model also
called the Growing Degree Hour model [46] which assumes heat accumulation starting
when air temperature falls between a base temperature and the critical temperature with
a maximum heat accumulation at the optimum temperature. The base temperature of a
plant species is the minimum threshold temperature at which plant growth starts and the
critical temperature is the upper threshold temperature at which all crop physiological
activities cease [47].

Chill requirements vary with tree species. In Alabama, chill requirements are 800–1100
for standard apple, 400–750 for Japanese plum, about 1000 for cherry, and 50–800 for
blackberry [48]. Luedeling et al. [43] found chill and heat requirements for cherry trees to
be 68.6 ± 5.7 chill portions (CP) equivalent to 1375 ± 178 chilling hours or 1410 ± 238 Utah
chill units and a heat requirement of 3473 ± 1236 growing degree hours in Bonn, Germany.
Chilling and heat requirements were 79.8 ± 5.3 CP and 13,466 ± 1918 GDH for chestnut
bloom in Beijing, 104.2 ± 8.9 CP and 2698 ± 1183 GDH for cherry bloom in Germany,
and 37.5 ± 5.0 CP and 11,245 ± 1697 GDH for walnut leaf emergence in California [43],
respectively. Chill portion and heat requirements of cherry cultivars varied from 30.4 to
57.6 CP and from 7326 to 9450 GDH, in Spain, respectively, [49]. Chilling requirements of
15 peach cultivars ranged between 263 and 2123 chill hour (CH), 377 and 1134 chill unit
(CU), and 21.3 and 74.8 CP and the heat requirements varied from 4824 to 5506 GDH in
Korea for the 1919–2018 period [50]. Local almond cultivars chilling and heat requirements
ranged from 3.4 to 15.5 CP and between 3962 and 8873 GDH, respectively, while the
corresponding values for foreign cultivars varied from 6.7 to 22.6 CP and from 2894 to
10,504 GDH, respectively, in Tunisia [51].
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Fruit and nut trees are a rewarding addition to backyard landscapes beside the
medium to large commercial fruit and nut trees fields across New Mexico where the
climatic conditions are variable. Different fruit crops are grown over 1206.37 ha and nut
trees grown over 20,769.28 ha across New Mexico with the market value of $210.253 mil-
lion [52]. Fruit and nut trees such as Apricots, plums, apples, cherries, peaches, pears,
grapes, persimmons, figs, pecans, pistachios, almonds, jujubes, blueberries, and different
berries are produced across New Mexico. The late-blooming and non-uniform varieties
with some late flowers have a better chance to produce than uniform and early blooming
varieties [53]. Apples (466.60 ha), grapes (518 ha), peaches (62 ha), apricots (41.68 ha),
pears (40.47 ha), and sweet cherries (33.18 ha) are the main fruit trees while pecan trees are
the main nut trees grown in New Mexico [52]. The State of New Mexico is characterized by
recurrent occurring late spring frosts across the state, injuring the flowers and young fruits
of early flowering species [53]. The recurrent question growers ask the extension agents
is related to fruit and nut tree species and cultivars choice with reference to their local
environmental or climatic conditions. While the answer is not straightforward, very limited
information exists on the chill and heat requirements of different fruit and nut trees across
the main agroecological zone in New Mexico. Therefore, it is critical to estimate the chill
portions and chill units in different parts of the state to assist growers with tree species
and cultivars selection for each location for sustainable and profitable fruit production.
The objective of this study is to help growers in decision-making regarding the fruit trees
choice depending on their chill and heat requirement at different parts of the state of New
Mexico, USA.

2. Materials and Methods
2.1. Study Sites and Data Collection

This study is focused on the State of New Mexico. Three locations were chosen as
Fabian Garcia (32.28◦, −106.77◦, elevation 1186.0 m), Los Lunas (34.77◦, −106.76◦, eleva-
tion 1476.0 m), and Farmington (36.69◦, −108.31◦, elevation 1720.0 m) and are situated in
the southern, central, and northwestern New Mexico, respectively, and where fruit and
nut production is the predominant agricultural activity. New Mexico is characterized by
a semiarid climate at the eastern and southern regions while the central, the northern,
and western regions are characterized by arid climate. All climatic variables were moni-
tored on an hourly basis at each site using an automated weather station. For the present
study, only hourly and daily average temperatures were used.

2.2. Data Management

In this study, the following calendar was adopted: for the fruit trees across New
Mexico. The dormancy season is assumed to start on 1 July and ends on 30 June of the
following year. The period of July 2015 to June 2020 at Fabian Garcia, July 2017 to June 2020
at Los Lunas, and July 2015 to June 2020 at Farmington were considered under the present
study due to data availability with no gap or periodic missing data. The time series data
were checked for quality control following the methodology described by Allen et al. [54]
and the abnormal data point were removed before the analysis.

2.3. Estimation of the Heat and Chilling Accumulation: Heat and Chilling Model

Among the numerous models developed and evaluated for chill and heat accumu-
lation by fruit trees, the Forcing model [46], the Utah Model [23], and the Dynamic
Model [24,25] are the most used across the globe. The Forcing model revealed to be
accurate with high precision. Similarly, the Utah model and the Dynamic model are the
most used and the most precise chill accumulation models. For the present study we
consider the three models to estimate the potential heat and chill accumulation at the three
research stations. The chilling requirement was calculated each year as the sum of hourly
chilling units (CU) from endodormancy onset until the transition from endodormancy to
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ecodormancy. Similarly, the heat requirement is the sum of the growing degree hours from
the onset to the end of the ecodormancy.

• Forcing model: Growing Degree Hour (GDH) Model

The Forcing model is the Growing Degree Hour (GDH) Model [46]. The GDH Model
equivalent to the thermal unit accumulation model assumes heat accumulation when the
actual hourly temperature (Ti) is between the fruit trees base temperature (Tb) which is
the lowest temperature threshold and the critical temperature (Tc) which is the upper
threshold temperature, and the optimum temperature (Tu) at which the maximum heat
accumulations occurs. The GDH function is described below:

GDH =















F
(

Tu−Tb
2

)

(1 + cos
(

π+ π(Ti−Tb)
Tu−Tb

)

; Tu ≥ Ti ≥ Tb

F(Tu − Tb)(1 + cos
(

π

2 + π(Ti−Tu)
2(Tc−Tu)

)

; Tc ≥ Ti ≥ Tu

0; Ti > Tc or Ti < Tb

(1)

F is a plant stress factor that is commonly set to 1, if no particular stress exists. Tb, Tu,
and Tc were set to 4, 25, and 36 ◦C, respectively, as suggested by Anderson et al. [46] for
fruit trees.

• Chilling requirement of fruit trees: The Utah Model [23]

The Utah Model attributes the weighing parameter as function of actual temperature
to determine the effectiveness of chilling. The Utah Model introduces the concept of
negative chill accumulation and the chilling effectiveness. Thus, the temperature ranging
between 0 and 16 ◦C promotes the breaking rest while all temperature greater than 16 ◦C
accounts for negative chill. The chilling accumulation is effective at 7 ◦C. The distribution
of chill accumulation as function of temperature is presented in Table 1.

Table 1. Temperature conversion to chill unit factor.

Temperature (◦C) Chill Unit Accumulated

<1.4 0.0
1.5–2.4 0.5
2.5–9.1 1.0

9.2–12.4 0.5
12.5–15.9 0.0

16–18 −0.5
>18 −1.0

• The dynamic model [24,25]

The dynamic model developed in Israel assumes winter chill accumulation as a result
of two-step process: production of intermediate chilling products which are destructible by
the high temperatures, and the conversion of the intermediate products into permanent
chill portions under moderate temperatures. The chill portions are accumulated and
summed throughout winter. The detailed description of the dynamic model with all the
used equations is presented in Fishman et al. [24,25], Luedeling et al. [2], Darbyshire
et al. [55], and Luedeling and Brown [4].

The chilling portions, chilling hours, and heat requirement were estimated using
the diagram presented in Figure 1 while the bud and flowers and or young fruit or nut
vulnerability to low temperatures early spring was computed through the frequency of
occurrence and or exposure to the below zero degree Celsius and below the killing freezing
temperature of −2 ◦C using the daily average temperature and the hourly temperature
from January to the end of April of each year.

48



Sustainability 2021, 13, 2524 −

 

−

−

− − −
− −

− − − −

Figure 1. Schematic illustration of chilling and heat accumulation during the dormancy period as a
function of time, under the assumption that chilling and heat are accumulated sequentially [2].

3. Results
3.1. Variation in Air Temperature at Fabian Garcia, Los Lunas, and Farmington

Air temperature increased at Fabian Garcia from 1.6 ◦C early January to the maximum
daily average temperature of 30 ◦C late June–early July and decreased thereafter (Figure 2a).
On average, chilling accumulation period by the Utah Model (1.5 < temperature < 12.4)
started from 8 November and ended late February. Daily average temperature was never
negative according to our study period. For the period from October to March, average
daily temperature was 11.3 ± 3.0 ◦C while the average temperature for the rest of the year
was 24.7 ± 2.2 ◦C. Average annual temperature was 18.0 ± 2.6 ◦C.

At the Los Lunas site, daily average temperature was maximal at mid-July and mini-
mal late December–early January and varied from −3.4 to 28.6 ◦C (Figure 2b). Annual daily
temperature was 8.0 ± 1.3 ◦C. Daily average temperature fell within the range [1.5, 12.4]
during the period from 8 October to 14 December and from 6 January to 23 March on
average. For the period from October to March, average daily temperature was 6.2 ± 2.8 ◦C
while the average temperature for the rest of the year was 21.7 ± 2.0 ◦C.

Daily air temperature at Farmington varied from −4.3 ± 6.4 ◦C early January to
25.6 ± 1.6 ◦C late June and the annual average air temperature was 11.7 ± 3.1 ◦C for the
period of 2015 to 2020 (Figure 2c). Seasonal average air temperature for the period of
October–March was 6.5 ± 3.6 ◦C while the average temperature from April to Septem-
ber was 19.2 ± 2.6 ◦C. The appropriate period for chilling accumulation at Farmington
(1.5 < temperature < 12.4) varied from 4 October to 27 November and from 30 January to
9 May.

On annual basis, annual air temperature is 10.0 ◦C and 6.3 ◦C lower at Los Lunas and
Farmington than the air temperature at Fabian Garcia, respectively. In the October–March
period average air temperate was 5.1 ◦C and 4.8 ◦C lower at Los Lunas and Farmington
than the air temperature at Fabian Garcia and there is more chance for greater chilling
accumulation at Farmington and Los Lunas than at Fabian Garcia. In other words, greater
chilling requiring fruit and nut trees are recommended at Los Lunas and Farmington than
at Fabian Garcia.

Long-term monthly absolute minimum and maximum temperatures and average
monthly minimum and maximum temperatures at Fabian Garcia, Los Lunas, and Farming-
ton for the 1985–2020 period are presented in Table 2. The long-term February absolute
minimum temperature was −13.9 ◦C at Fabian Garcia, −18.4 ◦C at Los Lunas, and −19.3 ◦C
at Farmington. March and April absolute minimum temperatures were −7.4 and −2.7 ◦C
at Fabian Garcia, −7.7 and −5.4 ◦C at Los Lunas, and −11.5 and −7.4 ◦C at Farmington,
respectively, (Table 2). These early spring absolute minimum temperatures demonstrate
the high probability of bud, flowers, and young fruit and nut vulnerability and exposure
to early spring frost mostly at the Farmington area. Long-term summer period June, July,
and August absolute maximum temperatures were quite high as 43.4, 42.5, and 40.8 ◦C at
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Fabian Garcia, 40.5, 40.3, and 37.6 ◦C at Los Lunas and 37.9, 39.0, and 37.0 ◦C at Farmington
(Table 2) and which might expose the fruit and nut trees to heat stress.
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Figure 2. Daily average air temperature with standard deviation from 1 July to 30 June for the 1 July 2015 to 30 June 2020
period at (a) Fabian Garcia and (b) Los Lunas, and (c) Farmington.

3.2. Variation in Daily Chill Portion and Seasonal Total Chill Hours for the Period of 2015 to 2020
at Fabian Garcia, Los Lunas, and Farmington

Chill portion estimated by the Utah model at all three study sites is presented in
Figure 3. Daily chill portion was null or negative from the beginning of June to the end of
September at Fabian Garcia (Figure 3a). Chill portion varied with years and became positive
early October, increased and was equal to unity during few days mostly in December and

50



Sustainability 2021, 13, 2524

January, and decreased toward the end of April. The 2005–2020 period chill portion
increased from early October, reached a maximum average chill portion value of 0.55 from
early December to mid-January, and it decreased and became null by the end of April.

 

 

 

Figure 3. Daily chill portion for the 2015–2020 period at (a) Fabian Garcia, (b) Los Lunas, and (c) Farmington (Utah model).

At Los Lunas, chill accumulation was effective from the beginning of October to the
end of May. While it averaged 0.4 on the daily time step, it varied from 0.1 to 1 with few
days’ chill portion of 0.9 (Figure 3b). There was abrupt drop in chill portion to null at the
end of December with the lower daily average temperature of −3.5 ◦C. Daily chill portion
was null or negative from the beginning to mid-August. The variation in the chill portion
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during the effective period is due to the variation in hourly and daily air temperature at
Los Lunas.

Chill portion by the Utah model at Farmington was slightly negative from 1 June to
15 September. Chill portion varied between 0 and 1 during the period of 15 September to
30 May, and averaged 0.4 during the favorable chilling accumulation period (Figure 3c).
Overall, chill portion increased from mid-September and reached an average maximum of
0.5 early November and decreased thereafter up to 0.1 at the end of December. It increased
again up to 0.7 on average at mid-March and decreased again until late May.

With reference to Figure 3, the chill hours’ values recorded at Fabian Garcia were
689.06, 660.84, 617.82, 791.10, and 820.64 h for the consecutive seasons from 2015–2016 to
2019–2020 seasons, respectively (Table 3). The recorded seasonal chill hours were 686.08,
733.26, and 760.24 h at Los Lunas for the 2017–2018, 2018–2019 and 2019–2020 seasons,
respectively. In Farmington, the chill hours were higher than that at Los Lunas and Fabian
Garcia and varied from 750.50 to 964.04 h. The endodormancy accumulated chill hours
averaged 715 ± 86.60, 729.53 ± 41.71, and 828.95 ± 83.73 h at Fabian Garcia, Los Lunas,
and Farmington, respectively. There was 1.9 and 16% more chill hours at Los Lunas and
Farmington compared to Fabian Garcia. In other words, chill hour increased with latitude
across the state of New Mexico.

3.3. Variation in Daily Growing Degree Hours and Seasonal Total Heat Accumulated from 2015 to
2020 at Fabian Garcia, Los Lunas, and Farmington

The variation in the daily growing degree hours by the Forcing model at Fabian Garcia,
Los Lunas, and Farmington is presented in Figure 4. Considering the fruit and nut trees
growing season that covers the period from 1 July to 30 June, the daily growing hours at
Fabian Garcia increased from 1 July to 30 September and decreased until its minimum
value was close to zero at the end of December, increased again up to the end of April
and decreased toward the end of June (Figure 4a). Daily growing degree hours ranged
from 0 to 480 GDH and showed two peaks at the end of September and at the end of
April. The most important part of the growing degree hour curve is the increasing section
from January to April which represents the accumulated heat during the ecodormancy
phase of the fruit and nut trees after the endodormancy had been accomplished. Therefore,
daily heat accumulation increased from January to April with an abrupt decrease during
the second half of February (Figure 4a). With the overall ecodormancy period covering
early January to 18 March, the accumulated heat values at Fabian Garcia varied from
6947.58 to 11,352.27 GDH and averaged 8735.52 ± 1650.91 GDH (Table 3).

At Los Lunas, the daily heat varied from 0 to 480 GDH (Figure 4b). It slightly increased
during July and August and decreased from the beginning of September to early December
and stayed at its lowest level in December and January and increased thereafter. There were
some regular drops in the growing degree hours in February, March, and April (Figure 4b)
due to the changes in the hourly average temperature during the period of February-April
at Los Lunas. While the ecodormancy period covers the period from early January to
8 April, the possible total accumulated heat by fruit and nut trees varied from 7544.88 to
10,748.86 GDH and averaged 7695.43 ± 212.90 GDH (Table 3).

Daily growing degree hours varied from 0 to 450 GDH with few days when the
daily heat was 580 GDH at Farmington (Figure 4c). Overall, daily heat decreased from
an average of 350 GDH late August to 0 by the end of November and remained stable at
the minimum value during December and January. Heat started to accumulate from the
beginning of February to end May at 360 GDH a day. The possible total accumulated heat
varied from 4007.80 to 9894.20 GDH and averaged 5984.69 ± 2353.20 GDH (Table 3) during
the ecodormancy period that covers early January to late April at Farmington.

The accumulated heat during trees ecodormancy varied greatly with location and
decreased from the southern to the northern New Mexico. This change in the heat is
due to the severity of the winter weather with latitude. There were 11.9 and 31.5% less
accumulated heat at Los Lunas and Farmington, compared to the accumulated heat at
Fabian Garcia during the ecodormancy respectively.
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Table 2. Long-term monthly absolute minimum and maximum temperatures and average monthly minimum and maximum temperatures at Fabian Garcia, Los Lunas, and Farmington
for the 1985–2020 period.

Months
Fabian Garcia Los Lunas Farmington

Abs. Tmin Ave. Tmin Abs. Tmax Ave. Tmax Abs. Tmin Ave. Tmin Abs. Tmax Ave. Tmax Abs. Tmin Ave. Tmin Abs. Tmax Ave. Tmax

January −7.7 −0.7 ± 1.0 24.0 13.1 ± 1.9 −15.2 −3.7 ± 1.1 21.1 9.2 ± 2.0 −19.4 −5.7 ± 1.8 15.9 5.2 ± 1.8
February −13.9 1.2 ± 1.4 27.1 16.2 ± 1.8 −18.4 −2.3 ± 1.1 24.1 12.3 ± 1.9 −19.3 −4.1 ± 1.3 20.7 7.9 ± 1.8

March −7.4 4.3 ± 1.5 30.9 20.6 ± 1.7 −7.7 0.4 ± 1.3 27.6 17.0 ± 1.7 −11.5 −1.4 ± 1.2 25.5 12.9 ± 1.8
April −2.7 8.1 ± 1.5 35.3 25.4 ± 1.6 −5.4 3.9 ± 1.4 31.8 21.6 ± 1.7 −7.4 1.7 ± 1.4 28.5 17.6 ± 1.6
May 3.1 13.2 ± 1.1 39.3 30.4 ± 1.6 −1.4 9.2 ± 1.3 37.9 26.8 ± 1.9 −4.0 6.9 ± 1.5 36.2 23.3 ± 2.0
June 10.7 18.9 ± 1.3 43.4 35.5 ± 1.6 5.4 14.9 ± 1.3 40.5 32.8 ± 1.6 2.3 12.8 ± 1.4 37.9 30.1 ± 1.7
July 14.9 21.1 ± 1.0 42.5 34.5 ± 1.6 10.6 18.1 ± 1.0 40.3 32.7 ± 1.5 7.9 16.5 ± 1.0 39 31.7 ± 1.5

August 14.1 20.2 ± 1.1 40.8 33.3 ± 1.7 9.8 17.1 ± 1.1 37.6 31.3 ± 1.6 5.9 15.5 ± 1.1 37.0 29.9 ± 1.6
September 6.7 16.5 ± 1.4 37.9 30.5 ± 1.7 0.7 12.8 ± 1.4 36.2 28.1 ± 1.5 −1.1 10.8 ± 1.4 35.4 26.0 ± 1.5

October −3.5 10.2 ± 1.3 35.1 25.4 ± 1.5 −7.1 6.1 ± 1.4 31.9 22.1 ± 1.6 −9.8 4.1 ± 1.5 29.7 19.1 ± 1.7
November −7.0 3.6 ± 1.7 28.7 18.2 ± 1.9 −8.4 −0.2 ± 1.5 24.7 14.6 ± 2.0 −12.5 −1.9 ± 1.4 22.6 11.2 ± 2.2
December −8.3 −0.5 ± 1.1 24.3 12.8 ± 1.5 −17.6 −3.6 ± 1.1 20.3 8.9 ± 1.6 −23.2 −5.5 ± 1.4 17 5.1 ± 1.5

Abs. Tmin is absolute minimum temperature; Abs. Tmax is absolute maximum temperature; Ave. Tmin is average minimum temperature; Ave. Tmax is average maximum temperature.

Table 3. Estimated chill portion, chilling hours and heat accumulation at Fabian Garcia, Los Lunas, and Farmington for the 2015–2020 period.

Sites Fruit Tree Growing Seasons Endodormancy Period Ecodormancy Period Chill Portions Chilling Hours Accumulated Heat (GDH)

Fabian Garcia

2015–2016 20 October–31 December 1 January–10 March 33.8 689.06 8855.81
2016–2017 6 November–30 December 31 December–27 February 0 660.84 6947.58
2017–2018 21 October–31 December 1 January–18 March 1.6 617.82 11,352.27
2018–2019 24 October–31 December 1 January–8 March 5.9 791.1 7817.70
2019–2020 18 October–31 December 1 January–14 March 3 820.64 8702.91

Los Lunas
2017–2018 6 October–01 January 2 January–8 April 36.4 686.08 10,748.86
2018–2019 5 October–03 January 4 January–7 April 45.7 733.26 7845.97
2019–2020 4 October–01 January 2 January–1 April 44.6 760.24 7544.88

Farmington

2015–2016 7 October–17 January 18 January–13 April 53.5 750.50 6316.67
2016–2017 26 October–29 January 30 January–29 March 57.9 781.46 4475.90
2017–2018 24 October–11 January 12 January–28 April 57.9 964.04 9894.20
2018–2019 1 October–6 January 7 January–9 April 55.1 798.50 4007.80
2019–2020 5 October–6 January 7 January–15 April 55.7 850.24 5228.87
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Figure 4. Daily growing degree hours for the 2015–2020 period at (a) Fabian Garcia, and (c) Farmington and for the
2017–2020 period at (b) Los Lunas.

3.4. Variation in Daily Chill Portion and Seasonal Total Chill Portion during Fruit and Nut Trees
Endodormancy at Fabian Garcia, Los Lunas and Farmington during the 2015 to 2020 Period

The Dynamic model estimated chill portion during the fruit and nut trees growing
season is presented in Figure 5. On average according to the Dynamic model, the chill
portion started accumulating as late as the end of December at Fabian Garcia while it started
accumulating by early to mid-October at Los Lunas and Farmington (Figure 5). The total
growth season chill portion varied from 58 to 85 chill portions and averaged 68 chill portions
at Fabian Garcia (Figure 5a). It varied from 87 to 107 chill portions and averaged 98 chill
portions at Los Lunas (Figure 5b) while it varied from 108 to 128 chill portions and averaged
118 chill portions at Farmington (Figure 5c). However, the magnitude of the total chill
portions of the trees during the growing season are not ergonomically and physiologically
important for fruit and nut trees production at the study sites. In contrast, the accumulated
chill portions during trees endodormancy are physiologically most important for tree
production. As the endodormancy period of the fruit and nut trees varied with the study
site, the physiologically possible chill portions at Fabian Garcia, Los Lunas, and Farmington
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are presented in Table 3 and varied from 0 to 33.8 CP and averaging 9.26 ± 13.9 CP at Fabian
Garcia, from 36.4 to 45.7 CP and averaging 42.23 ± 5.08 CP at Los Lunas, and from 53.5 to
57.9 CP and averaging 56.14 ± 1.84 CP at Farmington. It is important to indicate that the
effective chill portions at Fabian Garcia were as low as 5.9 CP during four growing seasons
out of five (80% of seasons) and averaged 3.12 ± 3.05 CP and should be considered for
decision-making regarding tree species and cultivars choice by fruit and nut producers to
minimize the risk of non-productive fruit trees which will never meet their chill requirement
in Fabian Garcia region.

 

 

 

−

−
−

Figure 5. Accumulated chill portions estimated by the Dynamic model for fruit trees growing seasons and the average
accumulated chill portions at (a) Fabian Garcia, (b) Los Lunas, and (c) Farmington for the 2015–2020 period (dynamic model).
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3.5. Vulnerability of Flower Bud to Early Spring Low Temperatures at Fabian Garcia, Los Lunas,
and Farmington

The ecodormancy basically ends at the latest by mid-March with flower blooming and
fruit formation and development in Fabian Garcia area. The daily average air temperature
never reached the kill freezing temperature of −2 ◦C at Fabian Garcia. It increased and
remained above 4 ◦C at the beginning of February, above 9 ◦C from 16 February toward
the end of April (Figure 6c). Therefore, there is no risk of frost damage on the flower bud
of fruit and nut trees in the Fabian Garcia area. However, due to the variability of climate
and hazardous abrupt change in climate variables, we considered looking into the hourly
air temperature during early spring period. Figure 7 presents the changes in the hourly air
temperature at Fabian Garcia. Hourly air temperature fell below 0 ◦C the latest around the
last week of February during the 2015–2020 period at Fabian Garcia and there is a minimal
risk of frost damage on the bud and flower and young fruits and nuts.
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Figure 6. Variation in the daily air temperature from 1 January to 30 April during the 2016–2020 period at (a) Fabian Garcia,
(b) Los Lunas, and (c) Farmington.
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4. Discussion

The present study simulated the chilling and heat that the fruit and nut trees could
possibly accumulate at Fabian Garcia, Los Lunas, and Farmington during the 2015–2020
period. As summarized in Table 3, chill accumulation was very low as 3.12 CP at Fabian
Garcia and 42.23 and 56.14 CP at Los Lunas and Farmington, respectively. This study
provided the small and commercial fruit trees and nuts producers as well as urban back
yard gardeners with the basic information for fruit trees choice with reference to their
locations and the chill and heat requirements as compared to the values in Table 3. As an
example, the Table 4 gives some fruit and nut trees chill and heat requirements across the
globe and we strongly recommend reader, decision-makers, and fruit trees growers to refer
to a larger study record across the literature as the heat and chilling requirements vary
greatly within the same tree species.

While other sources of fruit and nut trees phenology data could be used in the present
study to validate the selected models, fruit and nut trees orchards create a microclimate
specific plant growth environment and the climatic conditions in the leaf canopy is usually
influenced by light intensity, temperature, and relative humidity. Several satellites are used
for terrestrial vegetation phenology monitoring, however, a strong deviation of ground
base phenology data from the satellite-based data is observed and the relationship is stage
dependent [57,58]. Fan et al. [59] pointed that remote sensing observations are at the plant
population or plant community level and ground observations are at the level of individual
species and differences in phenological observations may result from the difference in
observation scales. Therefore, ground-observed phenology might offer a better and accurate
data set with high temporal resolution and detailed information about individual fruit
and nut tree species [60]. Schwartz et al. [61] indicated that satellite remote sensing allows
exploration of landscape phenological events while ground phenological performance
observations are plant species specific during the vegetation period. Nezval et al. [62]
demonstrated that the modern method of phenological observation by phenocameras is
suitable for mixed forests, but classical ground-based observations by a phenologist are
still crucial in order to verify the simulated results using the meteorological approach.

In New Mexico, the timing of fruit and nut trees flowering is critical for the yield
and the profitability and early emergence is risky and put crop growth and reproduction
under early spring frost conditions. There is greater risk or flower bud vulnerability to
low temperature in early spring at Farmington and Los Lunas than at Fabian Garcia as
shown by Figures 7–9 and the long-term absolute minimum temperature and average
temperature data presented in Table 2. Rodriido [63] reported that the buds lose their
cold tolerance ability at the onset of swelling. Frost is the main cause to economic losses
in fruit production across the United States [64]. Frost has multiple effects as it can
physically damage plant tissue [65,66], cause cellular deshydratation with development of
ice crystals [67], diseases infestation through cellular lesions and loss of buds and shoots
from 60 to 100% during seven seasons out of eight [66]. Salazar-Gutiérrez et al. [68,69]
reported that early spring frosts cause significant injury to floral tissue of sweet cherry
and apples and is a resinous problem for fruit trees growers and commercial producers
in the Pacific Northwest and other regions of the United States. The risk reported in the
present study might be greater for the fruit trees planted in the valley and flood plains in
New Mexico. In fact, air temperature is usually lower in the valley and flood plains than
on the plateaus during winter time. The research sites under this study are located on the
plateaus. Personal communication with fruit trees growers in Farmington area indicated
75% of production loss due to the impact of spring frost on buds, flowers, and young fruits
such as apples, sweet cherries, plums, apricots, and peaches.

While this study might provide some guidelines for fruit and nut trees production
across the state of New Mexico, it is lacking real field data to confirm the models’ per-
formance. Across New Mexico, apples are much more grown in Bernalillo, Rio Amba,
Santa Fe, Sandoval, Taos, San Miguel, Dona Ana, and San Juan counties; apricots in
Bernalillo, Rio Amba, Otero, and Santa Fe, Taos, and Valencia counties; cherries in Bernalillo,
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Rio Amba, Otero, Mora Taos, Valencia counties; grapes in Cibola, Dona Ana, Lincoln, Otero,
Rio Amba, Sandoval, San Juan, San Migel, and Socorro counties; pomegranates in Otero,
Sierra, and Dona Ana counties; and the nuts (pecans, almonds, chestnuts, walnuts, hazel-
nuts, and pistachios) are grown in Dona Ana, Eddy, Chaves, Otera, Bernalillo, Lea, Grant,
Luna, Sandoval, Sierra, and Valencia counties [52]. It is therefore critical to estimate the
chilling and heat requirements for the grapes, cherries, apples, apricots, plums, almonds,
peaches, pecans, and other fruit and nuts trees grown across New Mexico for fruit and nut
tree production viability and for the profitability of the production system for increasing
the revenue of fruit and nut tree growers.

With the global combined ocean and air temperature increase of 0.65–1.06 ◦C during
the 1880–2012 period [70] in general and with the overall increase in annual maximum
temperature at the rates that varied from 0.6 to 3.1 ◦C per century and the increase in
the minimum temperatures at the rates that varied from 0.1 to 8 ◦C over the last century
across the southwest Unites States [71], there could be a shift from plant vegetative to
reproductive phase in response to the elevated temperature [72]. Campoy et al. [3] indicated
that climate change may significantly alter fruit and nut trees growth and reproduction
with a reducing impact of the production. Santos et al. [73] projected increase in heat
accumulation and decrease in chilling accumulation in Portugal. Lagave et al. [74] and
Guo et al. [75] reported anticipated plant phenological timing in fruit trees. Projections
showed advancing trends in bloom dates of different fruit and nut trees with changing
dormancy breaking processes [76,77]. The shift in air temperature could be beneficial or
detrimental to the fruit quality depending on the chilling and heat requirements of the
fruit tree species [74,78] which affect budburst, flowering, and fruit maturation [79,80].
With the elevated temperature conditions, chilling accumulation is expected to start later
and end earlier with lengthening effect on the endodormancy but shortening chilling
accumulation period [81] and this phenomenon will be more pronounced in the regions
with mild winter [82,83]. At Fabian Garcia where chill portion is almost null, chilling
accumulation risks do not exist and some fruit and nut trees species and cultivars may
not be viable at Fabian Garcia while the bud or flower or young fruit vulnerability may be
increased at Farmington and Los Lunas. This aligned with Wang et al. [84] who suggested
that with the global warming, southward planting has become difficult than the northward
planting in the northern hemisphere. Luedeling [16] reported that projections of future
chill indicate substantial losses for the warmest growing regions, while temperate regions
will experience relatively little change, and cold regions may even see chill increases.
Benmoussa et al. [85] reported a decline in the projected winter chilling accumulation by
almond, pistachio, and peach cultivars in Tunisia and by the year 2100, pistachios and
peaches may experience alarming chill shortfalls and only almonds may remain viable.
However, the major source of variation and inaccuracy in chilling assessments is the choice
of the chill model used to make the assessment [16,86,87].

Table 4. Some examples of estimated chill portions, chilling hours, and heat requirement by different fruit trees across
the globe.

References Locations Tree Species Chill Portions Chilling Hours Heat Requirement (GDH)

Bailey et al. [88] New Jersey, USA Apricots 873–1343
Anderson et al. [46] Sour cherry 954 6130

Linvill [30] South Carolina, USA 65
Kuden et al. [89] California, USA Pistacho 600–1050
Dokoozlian [90] California, USA 50–400
Egea et al. [91] Santomera, Spain Almond 266–996 5942–7577

Alonso et al. [92] Spain Almond 400–600 5500–9300
Ruiz et al. [34] Calasparra, Spain Apricots 596–1266 4078–5879
Okie et al. [93] Plums 450

Alburquerque et al. [49] Murcia, Spain Sweet cherry 30.4–57.6 335 ± 38–1323 ± 68 7326–9450
Luedeling et al. [40] Walnuts 53.3–79.5 700

Rahemi and Pakkish [94] Iran Pistachio 750–1400 8 852–15 420
Schalau [95] Yavapai, Arizona Fruit trees 500–1000

Chaar and Astorga [96] Junín, Argentina Peach 2177–6490

Luedeling [16] Klein-Altendorf,
Germany Cherry 68.6 ± 5.7 1375 ± 178 3473 ± 1236
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Table 4. Cont.

References Locations Tree Species Chill Portions Chilling Hours Heat Requirement (GDH)

Campoy et al. [97] Western Cape,
South Africa Apricot 26.6–57.2 312–1022

Campoy et al. [97] Murcia, Spain Apricot 31–51.8 4605–6247
Luedeling et al. [21] Beijing, China Chestnu 79.8 ± 5.3 13466 ± 1918

Luedeling et al. [21] Klein-Altendorf,
Germany Cherry 104.2 ± 8.9 2698 ± 1183

Prudencio et al. [98] Spain Almonds 49–66 308–843 32,225–36,087
Raminrez et al. [99] Chile Almonds 23–32 220–440 5814 ± 669–12,341 ± 637
Elloumi et al. [100] Tunisia Pistachio 36 206

Ikinci et al. [101] Tuekey Pomegranate 25,000–88,052
Guo et al. [19] Beijing, China Jujube 89 ± 6 13,619 ± 2033
Guo et al. [19] Beijing, China Chestnut 93 ± 6 17,418 ± 1983

Scott Clark [102] Pecans 17–83 200–1000
Funes et al. [103] Girona, Spain Apple 62.5–68.4 7416.2 ± 687–10,272.5 ± 1032

Yaacoubi et al. [104] Palmas, Brazil Apple 20.3–30.8 6893
Yaacoubi et al. [104] Marsillargues, France Apple 39.1–70.8 9443
Yaacoubi et al. [104] Ain Taoujdate, Morocco Apple 64.2–67.2 5985
Yaacoubi et al. [104] Ain Taoujdate, Morocco Almonds 12.4–16.4
Zhuang et al. [105] Nanjing, China Japanese apricot 24–82 691.9–2634.7

Benmoussa et al. [51] SfaxEl-Maou, Tunisia Local almond 3.4–15.5 3962–8873
Benmoussa et al. [51] SfaxEl-Maou, Tunisia Foreign almond 6.7–22.6 2894–10,504
Measham et al. [106] Western Australia Cherries 30.4–61.7

Thomppson [107] Georgia, USA Peach 800
Montazeran et al. [108] Iran Barberry 1400 2904–3432

Gaeta et al. [109] Italy Almond 24–62 3263–6699
Chavez et al. [110] Georgia, USA Japanese plums 500–900
Chavez et al. [110] Georgia, USA Europian plums 700–1000

Díez-Palet et al. [111] Egypt Almond 8.40 ± 3.8–52.85 ±

6 6232 ± 1221–10,201 ± 1834

Díez-Palet et al. [111] Egypt Apple 37.8 ± 2.7–54.4 ± 3 7471 ± 1191–9501 ± 1556
Kaufmann and Blanke [112] Sweet cherries 400–750 4000–13,000

Parkes et al. [113] Australia Apple 57 ± 2.9–77 ± 1.5 662 ± 44.5–908 ± 23.3

Yang et al. [114] Heilongjiang province,
China Ulmus pumila 86 5853

Yang et al. [114] Heilongjiang province,
China Populus simonii 86 5853

Yang et al. [114] Heilongjiang province,
China Syringa oblata 86 5853

Nasrabadi et al. [115] Iran Pomegranate 605.56–700 7750–9000
Kwon et al. [50] Republic of Korea Peach 21.3–74.8 377–1134 4824–5149

Camargo-Alvarez et al. [116] Washington State, USA Grapevines 947–1162

5. Conclusions

The Utah model and the Dynamic model were used to estimate the accumulated
chill portions while the Forcing model was used for the potential heat accumulation by
fruit and nut trees at Fabian Garcia, Los Lunas, and Farmington in the State of New
Mexico (USA). Reasonable chill portions might have been accumulated by the fruit and
trees at Los Lunas and Farmington and negligible to very low chill portions occur to be
accumulated at Fabian Garcia in the Southern New Mexico. The accumulated heat during
trees ecodormancy varied with locations and is not a constraint for fruit and nut production
across the study area. While the results of the present study are from the meteorological
approach, they could help tree growers, crop consultants, and university researchers in
understanding the present trend in fruit and nut trees phenology and production across
the study areas. These findings may help in the choice of fruit and/or nut trees species and
cultivars across New Mexico with regards to the chilling and heat requirements of the tree
species or cultivars for endodormancy and ecodormancy versus the potential accumulation
of chilling and heat by the trees and reducing the risk of nonproductive fruit and nut trees
under certain environment. They might also be a valuable resource for the adoption of
adaptation and mitigation strategies under global warming and improve the resilience of
fruit and nut trees production in New Mexico and cope with climate change. With the high
probability of bud, flower, and young fruit and nut vulnerability to low temperatures early
spring in Farmington and Los Lunas areas, more cold-tolerant cultivars should be adopted
for the production sustainability and profitability in those areas. For the future research,
in situ observation data should be collected and used to validate the applied models and to
develop decision-making tools for fruit and nut trees phenology prediction across New
Mexico and the neighboring regions.
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Abstract: The brown marmorated stink bug (Halyomorpha halys Stål, 1855) is an invasive polyphagous
species that threatens fruit growing both in the United States and Europe. Many pesticide
active ingredients have been studied in H. halys management, but for sustainable fruit growing,
which implies the reduction of chemical harm to the environment, new safe insecticides should be
implemented into the practice. For this purpose, novel green insecticide based on natural polyphenols
of species Stevia rebaudiana (Bertoni) Bertoni and Aronia melanocarpa (Michx.) Elliott 1821 was
developed. Stevia leaves (SLE) and Aronia pomace (APE) aqueous extracts were prepared using
the ultrasound-assisted extraction method. Optimal extraction conditions for bioactive compounds
(total polyphenols, flavonoids, anthocyanins, and flavan-3-ols, respectively) and antioxidant activity
were determined using response surface methodology. Bioactive compounds rich SLE and APE
were encapsulated in calcium alginate microparticles by the ionic gelation method. Physicochemical
characteristics (morphology, size, encapsulation efficiency, loading capacity, and swelling) of
microparticles showed very good properties with especially high encapsulation efficiency. Fitting to
simple Korsmeyer–Peppa’s empirical model revealed that the underlying release mechanism
of polyphenols is Fickian diffusion. SLE loaded microparticles showed very good pesticidal
efficiency against Halyomorpha halys, especially on younger larval stages after both contact and
digestive treatment. Microparticles loaded with APE did not achieve satisfactory digestive efficiency,
but a certain toxic impact has been observed at contact application on all H. halys growth stages.
Microparticles loaded with SLS exhibited prolonged insecticidal action against H. halys and could be
a potential candidate as a green insecticide whose application could increase fruit growing safety.

Keywords: stevia leaves; aronia pomace; encapsulation; polyphenols; Halyomorpha halys; green insecticides

1. Introduction

An insect that has caught a lot of attention from many scientists in the last several years is the
brown marmorated stink bug (Halyomorpha halys Stål, 1855; Hemiptera: Pentatomidae). Native to
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Eastern Asia, it was introduced to North America [1] and most recently Chile [2]. On the European
continent, it was first recorded in Switzerland in 2007 and soon after in Germany, France, Italy, Greece,
and Hungary. More recently, it had spread to the rest of Europe, including Croatia [1,3,4]. Pathways
of movement of H. halys are human-mediated and adults have been found as stowaways in cargo,
packing crates, aircraft, machinery, vehicles, and personal luggage [5,6].

Halyomorpha halys is polyphagous and feeds on a wide range of plant species (>170 plant species),
including economically important plants and crops [4,7]. In its native and newly invaded range,
H. halys can cause 100% crop loss in fruit and corn production [1,8,9]. Damage on plants caused by
H. halys is made by inserting their feeding stylets into fruits, seeds, or pods, which leads to scarring,
pitting, faded sunken areas, and deformation [5,9,10]. Halyomorpha halys can also transmit different
pathogenic bacteria and yeasts to the plants they infest [11]. Moreover, this insect is a human nuisance
pest, as adults are known to overwinter inside protected environments (houses) and disturb people in
their daily activities [6]. Although H. halys does not attack humans, adults release chemical defense
compounds that are classified as a clinically significant indoor allergen, which can induce allergic
sensitization like rhinitis or conjunctivitis in humans [12].

In the last decade, effectiveness of many pesticide active ingredients in the management of H. halys

has been studied [7,13–17]. The best effect has been established for several pyrethroids, neonicotinoids,
carbamates, some organophosphates, and organochlorines [16]. Till today, no resistance to insecticides
has been detected in the management of H. halys [17,18]. However, chemical substances often used
in the suppression of H. halys can harm beneficial arthropods and could cause increasing in pest
outbreaks. Moreover, it is the unclear genetic structure of H. halys and possible resistance response to
this extensive chemical control.

Natural sources of polyphenolic compounds are used in a wide range of industrial applications,
as well as traditional medicine and a healthy diet. Polyphenols encompass several classes of structurally
diverse natural products biogenetically arising from the shikimate-phenylpropanoids-flavonoids
pathways. These compounds are necessary for plant growth, pigmentation, reproduction, resistance to
pathogens, and other functions. These adaptive characteristics are a result of natural selection during
evolution. Plants can respond this way to diverse enemies (e.g., pests) and stressors, thus making them
more resistant [19–21].

Stevia (Stevia rebaudiana (Bertoni) Bertoni) [22] and Aronia (Aronia melanocarpa (Michx.)
Elliott 1821) [23] are mass cultivated plants with relatively high total polyphenolic compound
contents. As such, they represent a convenient and economical source of polyphenolic compounds
and could be used in the form of simple extract to control insects. It is well documented that
polyphenols are used as a repellent to reduce insect infestation through their deterrent properties
or anti-feeding effects [24]. A large range of insects belonging to different orders appears to have a
sensitivity to polyphenols including, Hemiptera (Homoptera) [25], Lepidoptera [26], Orthoptera [27],
and Diptera [28]. While chemical composition and potential beneficial effects on human health of
A. melanocarpa are well-known [29], the influence of S. rebaudiana extract on various insects is not well
documented in the literature.

Polyphenols are very sensitive to heat and light, so it is very important to preserve their effectiveness
during storage and application. Encapsulation in biopolymeric matrices via the ionic gelation method
has been recognized as an effective method in preserving functionality, stability, and bioavailability of
polyphenols allowing their controlled release [30]. Furthermore, this method is sustainable, economical,
and uses nontoxic biodegradable natural materials, like sodium alginate [31–35]. To suppress the initial
repellent properties of polyphenolic compounds, the encapsulation method represents a convenient
way of targeted delivery to invasive pests.

Here, we test the potential of natural extracts on the invasive H. halls. Our objectives were to (1)
optimize the extraction procedure of polyphenols from stevia leaves and black chokeberry pomace with
only water as a solvent, (2) formulate microparticles loaded with extracts rich in bioactive compounds,
(3) evaluate contact and digestive toxicity of the encapsulated natural extracts on H. halys.
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2. Materials and Methods

All chemicals used for the experimental procedures were of analytical grade.

2.1. Preparation of Stevia Leaves Extract (SLE)

Optimization of the extraction procedure was performed using DesignExpert 7.0 program
(Response surface methodology design, Box–Behnken design) and was used to determine optimal
conditions for stevia leaves extraction in terms of total polyphenolic compounds, total flavonoids,
and antioxidant activity. Commercially available dry stevia leaves were powdered using FOSS
homogenizer 2094 (Hillerød, Denmark) to a mesh size <450 µm, and were weighed out and mixed
with 100 mL of distilled water. The extraction of polyphenols from stevia leaves was performed
using an ultrasound-assisted extraction (UAE) technique (Hielscher UP200St-G-Ultrasonic generator,
Sonotrode S26d14). Optimization of the extraction procedure was based on the following parameters:
(i) concentration: 2–6 g/L; (ii) amplitude: 25%–75%; and (iii) time: 3–9 min (Table A1).

2.2. Preparation of Aronia Pomace Extract (APE)

Aronia (Aronia melanocarpa, cv. ‘Nero’) pomace was obtained from field-collected samples.
After the processing of the Aronia sample to produce juice, the dried “spent” pomace was
used for further extraction. The extraction procedure was optimized using the DesignExpert
7.0 program (Response surface methodology design, Box–Behnken design) to maximize the yield
of polyphenolics and anthocyanins and obtain the highest antioxidant activity for the plant extract.
Herein, based on our pre-trials and the literature, the temperature of extraction was taken into
consideration since anthocyanins are susceptible to thermal degradation at temperatures above
60 ◦C and are more stable below this threshold [36]. APE was milled into the powder using
FOSS homogenizer 2094 (Hillerød, Denmark) to a mesh size <450 µm and was subjected to UAE
in distilled water (100 mL). The extraction of polyphenols from Aronia pomace was performed
using an ultrasound-assisted extraction (UAE) technique (Hielscher UP200St-G-Ultrasonic generator,
Sonotrode S26d14). Optimization of the extraction procedure was based on the following parameters:
(i) concentration: 10–30 g/L; (ii) amplitude: 25%–75%; and (iii) time: 1–3 min (Table A3).

2.3. Determination of Total Polyphenolic Content (TPC)

The modified Folin Ciocalteu’s method [37] was used for the determination of TPC. A mixture of
0.1 mL extract (SLE or APE) with 7.9 mL distilled water and 0.5 mL Folin Ciocalteu reagent (diluted with
distilled water in 1:2 ratio) and 1.5 mL 20% Na2CO3 was left for 2 h to react. The intense blue color was
developed and the optical absorbance was measured at 765 nm using a UV−vis spectrophotometer
(UV-1700, Shimadzu, Japan) [38]. The calibration curve was plotted using standard gallic acid and the
data are expressed as mg gallic acid equivalents (GAE) per L of extract.

2.4. Determination of Total Flavonoids (TF)

The total flavonoids (TF) were determined as reported by Ivanova et al. [39]. One mL of extract
was added in a 10 mL volumetric flask containing 4 mL of distilled water. The volume of 300 µL
of NaNO2 (0.5 g/L) solution was added to the suspension and after 5 min, 300 µL of AlCl3 (1 g/L),
respectively. After 6 min, 2 mL of NaOH (1 mol/L) was added to the mixture. The final volume was
set to 10 mL with the addition of distilled water. The optical absorbance was measured at 360 nm
against the blank (distilled water) using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan).
The calibration curve was plotted using the quercetin standard and the data are expressed as mg
quercetin equivalents (QE) per L of extract.
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2.5. Radical Scavenging Assays (ABTS and DPPH)

The antioxidant activity (AA) of the extracts was determined via 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) methods, according to the
well-known procedures [40,41], respectively. Briefly, for the DPPH method, a volume of 3.9 mL of
methanolic DPPH solution was added to 100 µL of a sample. The free radical-scavenging capacity of
the sample was determined by measuring the absorbance decrease at 517 nm after 30 min of incubation
against the blank sample. For the ABTS method, an amount of 40 µL of the extract was added to 4 mL
of the ABTS radical solution, and the absorbance readings were taken after exactly 6 min against the
appropriate reagent blank instead of the sample. Measurements were performed using a UV−vis
spectrophotometer (UV-1700, Shimadzu, Japan). For both methods, a water-soluble vitamin E analog,
Trolox (100–1000 µM) was used to plot the calibration curve, and the data obtained are expressed as
mmol Trolox equivalents (TE) per L of extract.

2.6. Determination of Total Anthocyanins (TA)

TA was determined using a modified method with 1% (v/v) hydrochloric acid in 70% EtOH
solution [42]. Juice samples were diluted, added to the extraction solution and absorbance was
measured at 525 nm. Results were calculated as per the equation:

Total anthocyanins =
A525 ×Mrmalvidin 3−glucoside × 1000

ε× 5
(1)

Measurements were performed using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan).
Results are expressed as mg malvidin 3-glucoside equivalents (M3GE) per L of APE.

2.7. Encapsulation of Bioactive Compounds Using Ionic Gelation Method

Obtained extracts (SLE or APE) were loaded into biopolymeric microparticles. Sodium alginate
(1.5% w/v) and CaCl2 (2% w/v) solutions were prepared by dissolving the latter, separately in the extracts
obtained (SLE or APE). Encapsulation was performed with Büchi—Encapsulator B-390 (Switzerland)
via ionic gelation method by dropwise addition of sodium alginate (carrier) enriched with bioactive
compounds into the calcium-containing extract solution (cross-linking solution). Conditions of the
encapsulations were: Nozzle size 300 µm, frequency of 600 Hz (amplitude 3), and the pressure of 0.4 bar.
Microparticles (MPs) were stored overnight in the extract containing Ca2+ ions to harden. Two types
of microparticles were obtained: (1) MPs containing SLE (Ca-Alg/SLE) and (2) MPs containing APE
(Ca-Alg/APE). MPs were air-dried for 24 h until a constant mass was achieved and stored in a
sealed container.

2.8. Physicochemical Characterization of Microparticles and Total Polyphenols Release Kinetics

The size of MPs (µm) was determined using optical microscopy (OM) (Leica MZ16a
stereomicroscope, Leica Microsystems Ltd., Switzerland). For the determination of encapsulation
efficiency, loading capacity, and swelling degree of dry MPs, detailed methods are described in our
previous publications [31,33]. The loading capacity of TPC in MPs was determined by dissolving
10 mg of dry microparticles in 5 mL of a mixture of 0.2 M NaHCO3 and 0.06 M Na3C6H5O7 × 2H2O
at pH 8 [31]. Results are presented as mg GAE g−1 of dry MPs. Release kinetics were observed as
a cumulative release (%) of TPC from prepared MPs. To observe the release profile of TPC from
MPs loaded with SLE or APE for up to 120 h, 5 g of dry microparticles Ca-Alg/SLE, or 6 g of dry
microparticles Ca-Alg/APE was put into 100 mL distilled water [41].
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2.9. Preparation of Viscous Solution for the Application of Microparticles

MPs were added to the sodium alginate (0.2% w/v) solution (5 g/100 mL SLE or 6 g/100 mL APE).
The suspension was stirred for 5 min and used as a dipping medium for soybean leaves and pods [43].
Dipping was performed with submersion of leaves/pods and transfer to the Petri dishes.

A laboratory trial was set up in autumn 2019 with adults and third and fourth larval stages
of H. halys collected in a soybean field in the vicinity of Šašinovec (middle Croatia, 45◦50′13.9” N
16◦11′38.9” E). Collected insects were kept in entomological cages to recover overnight before testing,
without additional feeding and previous contact with insecticides. From the same soybean field,
leaves and pods have been collected for a digestive experiment.

In two experiments, the contact and digestive efficacy of two encapsulated extracts (SLE or APE)
were evaluated. Investigated ingredients and doses are shown in Table 1. Each type of prepared
microparticles was evaluated for contact and digestive action.

Table 1. Treatment labels, insect stages, investigated actions, and applied dosage.

Treatment Stage of Insect Action Investigated
A Dose of a.i. Applied

per Repetition (mg)

Ca-ALG/SLE

adults
contact

150
digestive

3rd larval stage
contact

150
digestive

4th larval stage
contact

150
digestive

Ca-ALG/APE

adults
contact

180
digestive

4th larval stage
contact

180
digestive

Untreated

adults
contact

water

digestive

3rd larval stage
contact

digestive

4th larval stage
contact

digestive

For all treatments, ten adult or larvae (depending on variant) of H. halys were placed in a Petri
dish (r = 90 mm). Contact action was evaluated by applying encapsulated ingredients on the bugs
in the Petri dishes (r = 90 mm) by spraying 0.2% sodium alginate solution containing MPs using
a laboratory sprayer in a volume of 3 mL per Petri dish. One Petri dish represented one replicate.
Digestive action was evaluated by placing H. halys into Petri dishes in which treated soybean leaves
and pods were placed. The untreated control for all experiments included a treatment in which bugs
were placed into Petri dishes treated with water or, in case of digestive action, they were fed with
soybean leaves and pods treated with water. Each application and the investigated action of tested
ingredients occurred in four replicates. Each replicate had ten individuals of a specific life stage of
H. halys. In total 16 different variants were tested on 640 H. hyalis individuals.

2.10. Efficacy Assessment and Data Analyses

The number of dead H. halys in each Petri dish was determined every 24 h for three days. Based on
the number of dead H. halys found in the treatment and the untreated control, the efficacy of the ingredients
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was determined according to Abbott’s formula. Statistical data analysis (one-way ANOVA, Kruskal Wallis
test) was performed using ARM 2019® GDM software (Gylling Data Management, 2019) [44].

3. Results and Discussion

3.1. Optimal Extraction Parameters for SLE and APE

Optimization of ultrasound-assisted extraction was performed to achieve an economical method
of extraction using only water as a solvent. For SLE, optimal values were found to be at maximum
investigated values concentration: 6 g/L, amplitude: 75%, and time: 9 min. (Tables 2 and A2).
In this case, increased temperatures did not significantly decrease polyphenols extraction (Figure A1).
APE optimal values were found to be at 10.23 g/L, 74.13% amplitude, with 2 min and 55 s of extraction
time (Tables 3 and A4). For APE, in our preliminary trials (data not shown), we observed degradation
of some polyphenolic compounds (anthocyanins) at higher temperatures, so the maximum temperature
threshold was set to ~55 ◦C (Figure A2) and this was also reported in the literature [36]. The end time
of the extraction procedure was significantly lower compared to the optimal SLE. Thus, we observe
higher values in terms of total polyphenols in SLE (approx. 2.7×), respectively to the APE, but with
significantly higher input in energy and time. Lower TPC in APE may also be ascribed to the fact that
“spent” pomace was used in the extraction procedure, where most of the compounds were released
from the cells in the process of the juice production. Results for TF/TA and AA were in high correlation
(above 0.94). Predicted values were following experimental values, with a relative error for TPC of
0.0694%–0.589%. In the case of TA, a higher relative error value (7.9%) can be observed, which may be
ascribed to the relative instability of these compounds during and after the processing (Table 3).

Table 2. Optimal variable setup with predicted-optimal vs. actual-experimental responses for SLE.

Variables Amplitude (%) Concentration (g/L) Time (min) Desirability

Optimal values 75 6 9 0.984
Responses TPC (mg GAE/L) TF (mg QE/L) ABTS (mmol TE/L) DPPH (mmol TE/L)

Predicted (Opt.) 465.162 49.061 2.369 3.104
Actual (Exp.) 467.926 49.639 2.416 3.036

Relative error % 0.589 1.164 1.957 2.229

Table 3. Optimal variable setup with predicted-optimal vs. actual-experimental responses for APE.

Variables Amplitude (%) Concentration (g/L) Time (min) Desirability

Optimal values 70.18 11.52 2 min 55 s 1.000
Responses TPC (mg GAE/L) Anthocyanins (mg M3GE/L) ABTS (mmol TE/L) DPPH (mmol TE/L)

Predicted (Opt.) 174.3529 12.4934 0.9170 0.8018
Actual (Exp.) 174.2319 11.5050 0.9055 0.7672

Relative error % 0.0694 7.9112 1.2571 4.3113

3.2. Physicochemical Characteristics of Microparticles Loaded with SLE or APE

Morphological characteristics of microparticles are important parameters that should be considered
in the formulation and subsequent application of it to pest control, as spherical beads with uniform
size distributions are preferable in the delivery of active functional ingredients [45]. The size
and shape analysis of microparticles Ca-Alg/SLE and Ca-Alg/APE was undertaken after the
encapsulation procedure. In general, both prepared wet microparticles showed similar narrow
size distributions (Table 4). There were visible dry extract particles entrapped into the Ca-alginate
matrix. The color of prepared formulations was either slightly green (Ca-Alg/SLE) or red (Ca-Alg/APE).
This occurred because of the natural colors present in the stevia leaves (chlorophylls) and Aronia
pomace (anthocyanins). The prepared MPs were almost spherical, but after drying to constant
mass (approximately four weeks on air at room temperature), their sphericity was lost (Figure 1).
Stabilization was achieved since we have not observed the degradation of the bioactive compounds
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for six months when samples were kept under room temperature in the dark chamber (data not
shown). The surface of dried MPs is not smooth and rounded anymore. During the drying process,
Ca-Alg/SLE and Ca-Alg/APE MPs significantly decreased in size. The decrease in size was ~45%,
resulting from the high-water content in microparticles. There is a loss of irregularity on the surface and
shape, which could be explained as a consequence of the water and gel network collapsing during the
drying process [46].

Table 4. Physicochemical characteristics of microparticle formulations, Ca-Alg/SLE, and Ca-Alg/APE.

Sample
Size of Dry

Microparticles
(µm)

Encapsulation
Efficiency
(%)—TPC

Loading Capacity
(mg TPC/g Dry
Microparticles)

Swelling Degree
(%) of Dry

Microparticles

Ca-Alg/SLE * 220.121 ± 48.235 112.229 ± 1.315 2.586 ± 0.178 123.225 ± 1.385
Ca-Alg/APE ** 218.657 ± 62.147 111.021 ± 4.521 1.017 ± 0.068 60.111 ± 18.018

* SLE—stevia leaves extract; ** APE—Aronia pomace extract.

  

μ

Figure 1. Dry Ca-Alg/SLE microparticle under the light microscope (left) and Ca-Alg/APE microparticles
under the phase-contrast light microscope (right). Scale bars are indicated.

Encapsulation efficiency (EE%) of TPC in Ca-alginate microparticles tends to depend on the
physical properties of particles (i.e., structure), and the type of encapsulation process. To overcome
polyphenolic losses by diffusion and to maximize encapsulation efficiency during the encapsulation
process, extracts were also added to the cross-linking solution. Because of the significant diffusional
migration of polyphenolic compounds in and out of the microparticles during the ionic gelation process,
the same concentration of solutions (extracts) was prepared both for the carrier (sodium-alginate)
and cross-linking-solution (CaCl2). This was undertaken to overcome polyphenolic losses by
diffusion and to increase the EE% [45]. High EE% values (over 110%) were then observed (Table 4).
Furthermore, others have shown that the drying process also has a significant impact on quality
parameters and the content of bioactive compounds encapsulated in microparticles [47].

Swelling of microparticles occurred by water absorption, which loosens the networks of gel
structure, resulting in the accelerated release of polyphenol from prepared microparticles [48].
When particles are exposed to continuous water absorption, gel particles erode through excessive
swelling. For Ca-alginate microparticles, alginate influenced the density of the gel particle structure,
while Ca2+ influenced the cross-linking strength [49]. The swelling degree of Ca-Alg/SLE microparticles
was almost 50% higher than the swelling degree of Ca-Alg/APE microparticles (Table 4). This could be
explained by the variety of present polyphenolic compounds influencing the gel structure firmness.
The penetration of water into the denser network with high cross-linking density is difficult, that is,
swelling is limited by cross-links and the swelling can be used as a measure of the extent of
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cross-linking [50]. Accordingly, loading with SLE indicated a lower cross-linking degree of Ca-Alg/SLE
in comparison with Ca-Alg/APE.

Physicochemical characterization revealed good morphological properties, loading capacity,
and swelling degree, especially EE% of microparticles loaded with either SLE or APE.

3.3. In Vitro Release of Total Polyphenols from Microparticles Loaded with SLE and APE

Microparticles loaded with SLE or APE prepared by the ionic gelation method through extrusion
dripping are reservoirs of bioactive components surrounded by a wall that can control the release.
The release profiles for SLE and APE are presented in Figure 2. Both release profiles are characterized
by rapid initial release followed by a slower release (obeying the power law equation). A plateau was
reached after about 20 min, which leads to quick initial efficiency. SLE release fraction is higher than
APE which is following a higher degree of swelling. Moreover, the loading capacity of polyphenols in
Ca-Alg/SLE microparticles was relatively higher than in the Ca-Alg/APE microparticles, so the higher
fraction of release in the latter could also be explained by this result.

–

𝑓 =  𝑘𝑡௡

Figure 2. The release profile of total polyphenols from dry microparticles loaded with SLE or APE as
the cumulative release (%) over time (min).

To explain and understand the kinetics and type of mechanism involved in the release of
total polyphenolic compounds from microparticles, the Korsmeyer�Peppas model was applied [51].
According to this model, different controlling mechanisms may be distinguished by a simple
empirical equation:

f = ktn (2)
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where f is cumulative release at time t, k is a kinetic constant characteristic for a particular
system considering structural and geometrical aspects, n is the release exponent representing the
release mechanism.

The values of the release constants k, and exponents n obtained by fitting the release curves are
listed in Table 5. Lower n values than 0.43 indicate that the release process of polyphenols is controlled
by diffusion through microparticles. Differences in microparticle composition (i.e., type of extract) do
not affect the controlling release mechanism. The values of kinetic constant (Table 5) indicated that the
release rate of APE is slower than of SLE. Slower APE diffusion through the alginate matrix could be
ascribed to the denser Ca-Alg/APE structure in comparison Ca-Alg/SLE.

Table 5. Variation of the release constant (k/h), exponent (n), and correlation coefficient (R2) of
polyphenols released from microparticles loaded with SLE and APE.

Dry Microparticles k/h n R2

Ca-Alg/SLE 50.560 0.0944 0.9989
Ca-Alg/APE 45.127 0.1044 0.9981

Generally, it has been shown that of primary importance in the release of loaded compounds
are (i) the calcium alginate network structure, (ii) steric reasons due to the existence of physical
entanglements of cross-linked calcium alginate, and (iii) specific interactions between loaded
compounds and calcium ions [52]. Polyphenols structure and size of molecules also play a role
in possible interactions with alginate residues, all of which are factors that affect release kinetics.
This may also explain the possible soldering of specific polyphenols [53].

The underlying mechanism of polyphenols release is diffusion through the alginate gel matrix.
This has also been reported for other low-molecular-weight compounds [54]. It means that the rate
of polyphenols diffusion is much less than that of polymer swelling and relaxation. Equilibrium of
absorption in the surface exposure of the polymeric system takes place rapidly, leading to conditions
of time-dependent links. The kinetics of this phenomenon are characterized by diffusivity. The values
of kinetic constant (Table 5) exhibited that the release rate of APE is slower than of SLE. Slower APE
diffusion through the alginate matrix could be ascribed to the interaction’s denser Ca-Alg/APE structure
in comparison to Ca-Alg/SLE. From these results, it could be concluded that Ca-alginate microparticles
act as a barrier for polyphenol release [46,55,56].

3.4. The Efficiency of Plant-Based Microparticles on H. halys

Results in Table 6 show that stevia-based microparticles have certain efficiency against H. halys,
especially on younger larval stages (third stage) and that the main efficiency is achieved after contact
(73%) but also very good efficiency after digestive (60%) treatment. Older H. halys larvae (fourth
stage) and adults showed some efficiency only when microparticles have been applied for contact
action. Application based on microparticles loaded with APE did not reach the level expected,
however, some efficiency has been observed at contact application on both investigated H. halys

growth stages.
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Table 6. Mortality (%) of encapsulated natural extracts in the experiment.

Treatment A Dose of a.i. Applied
per Repetition (mg)

Growth
Stage

Investigated
Action

Days After the Treatment

1 2 3

Ca-Alg/SLE

150 adults
contact 20 ab+ 20 bc 20 c

digestive 0 c 0 d 0 c

150 3rd larval
stage

contact 25 a 75 a 75 a

digestive 0 c 60 a 60 ab

150 4th larval
stage

contact 0 c 30 b 47.5 b

digestive 0 c 5 cd 5 c

Ca-Alg/APE

180 adults
contact 10 bc 10 cd 10 c

digestive 0 c 0 d 0 c

180 4th larval
stage

contact 5 c 5 cd 5 c

digestive 0 c 0 d 0 c

Bartlett’s X2 5.85 9.14 12.55

P(Bartlett’s X2) 0.016 * 0.027 * 0.006 *

P(Kruskal�Wallis X2) 0.006 0.001 0.001
+ Mean values of the same column followed by the same letter are not significantly different (* p ≥ 0.05; LSD test).

It is interesting that in all variants, except the third larval stage in the SLE microparticles variant,
significant efficiency occurred on the first day after application and did not increase over time.
Considering polyphenolic compound release (Figure 2), it is obvious that SLE and APE both had quick
initial insecticidal activity, with prolonged SLE insecticidal action in the following days, and without the
further insecticidal activity of APE compounds. In the untreated control, all tested individuals survived.

The insecticidal effect of non-nutritive sweetener Truvia and other sweeteners like mannose
has already been proven for some insects. Baudier et al. [57] investigated the effect of Erythritol,
non-nutritive sugar alcohol, on species Drosophila melanogaster and noted its toxic effect on its movement
and life span. Erythritol is the mortality-causing agent within Truvia. The same authors have also
emphasized that consumption of Erythritol is safe for humans, even when consumed at high levels,
suggesting its use as a novel, human-safe insecticide, which could be applied in urban pest control.
Although mannose is toxic to a very important representative of Hymenoptera species (e.g., honeybee),
the same effect was not observed for some Dipteran species (e.g., D. melanogaster and Ceratitis capitata).
Erythritol toxicity needs to be inspected in other insect species [56]. Ahmad et al. [58] investigated
ethanolic and methanolic extracts and dichloromethane extract of S. rebaudiana, Ginkgo biloba,
and Parthenium hysterophorous against insect species Anopheles stephensi. It was observed that S. rebaudiana

methanolic extract caused high larvicidal activity. S. rebaudiana can also be used as a repellent plant as
its repulsive effect was observed at coffee plantations on coffee berry borer, Hypothenemus hampei [59].
Results from our study also demonstrated a potentially good insecticidal effect of S. rebaudiana against
the third larval stage of invasive H. halys. This nuisance pest causes discomfort in humans and causes
some health risks, so its suppression needs to be carefully planned to avoid additional side effects on
human health. Based on this study SLE loaded microparticles could be promising candidates for urban
control of this pest. The insecticidal effect of A. melanocarpa on insect species is not known in scientific
research, therefore, these results provide the first insights into the effect of APE on insects.

Further tests using SLE- or APE-loaded microparticles, other insects, and other methods of
application are needed to determine the full capacity of these potential “green” insecticides. For field
applications, phototoxicity, photodegradation, and dispersal ease (among many others) of polyphenolic
compounds are necessary to determine the effectiveness of the compounds as a potential bio-pesticide.
Additionally, determining the exact mode of action may better facilitate the reduction of the lethal
concentration to be comparable to some of the other (bio) insecticides on the market.
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4. Conclusions

Ultrasound-assisted extraction presents an economical and effective extraction method for
bioactive compounds from stevia leaves and black chokeberry pomace using only water as a solvent.
Furthermore, to stabilize natural extracts and make application easier, we have prepared Ca-alginate
microparticles loaded with SLE or APE. In the end, a sufficient number of polyphenolic compounds to
achieve the desired insecticidal effect was obtained. SLE microparticles showed pesticidal efficiency
against H. halys, especially on younger larval stages. Very good efficiency was achieved after contact,
while lower but still satisfactory efficiency was achieved after digestive treatment. Microparticles
loaded with APE did not achieve satisfactory efficiency, probably due to the significantly lower total
polyphenolic content, but a certain toxic impact has been observed at contact application on all H. halys

growth stages. These results provide the first insights into the effect of microencapsulated SLE and
APE in insect pest suppression and could be a promising tool in the sustainable management of this
invasive species, especially in urban areas and home applications.
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Appendix A. (Stevia Leaves Extract)

Table A1. Response surface methodology design (Box–Behnken design) for stevia (Stevia rebaudiana

(Bertoni) Bertoni) leaves extract preparation (random generation).

Std Run Amplitude (%) Concentration (g/L) Time (min)

10 1 75 4 3
6 2 50 6 3

12 3 75 4 9
13 4 50 4 6
16 5 50 4 6
5 6 50 2 3
7 7 50 2 9
3 8 75 2 6

11 9 25 4 9
9 10 25 4 3
1 11 25 2 6

17 12 50 4 6
2 13 25 6 6

14 14 50 4 6
15 15 50 4 6
4 16 75 6 6
8 17 50 6 9
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Table A2. Sequential Model Sum of Squares [Type I].

Response Source
Sum of
Squares

df
Mean

Square
F

Value
p-Value
Prob > F

TPC Quadratic vs. 2FI 1575.52 3 525.17 5.52 0.0291
ABTS 2FI vs. Linear 0.30 3 0.10 4.17 0.0372
DPPH Linear vs. Mean 5.03 3 1.68 10.05 0.0011
Flavon. Linear vs. Mean 1456.94 3 485.65 77.31 <0.0001

Figure A1. The temperature profile of ultrasound-assisted extraction at optimal variables.

Appendix B. (Black Chokeberry Pomace Extract)

Table A3. Response surface methodology design (Box–Behnken design) for Aronia (Aronia melanocarpa

(Michx.) Elliott) pomace extract preparation (random generation).

Std Run Amplitude (%) Concentration (g/L) Time (min)

8 1 75 20 3
17 2 50 20 2
7 3 25 20 3
11 4 50 10 3
16 5 50 20 2
12 6 50 30 3
2 7 75 10 2
13 8 50 20 2
9 9 50 10 1
10 10 50 30 1
15 11 50 20 2
6 12 75 20 1
14 13 50 20 2
3 14 25 30 2
1 15 25 10 2
4 16 75 30 2
5 17 25 20 1
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Table A4. Sequential Model Sum of Squares [Type I].

Response Source
Sum of
Squares

df
Mean

Square
F Value

p-Value
Prob > F

TPC 2FI vs. Linear 18.09 3 6.03 12.75 0.0009
ABTS 2FI vs. Linear 3.264 × 10-4 3 1.088 × 10-4 6.33 0.0111
DPPH 2FI vs. Linear 2.463 × 10-4 3 8.210 × 10-4 5.46 0.0175

Anthocy. 2FI vs. Linear 0.11 3 0.036 65.83 <0.0001

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. The temperature profile of ultrasound-assisted extraction at optimal variables.
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Abstract: Wild Himalayan figs (Ficus palmata Forsk.), native to East Asia and the Himalayan region,
are closely related to the well-known cultivated fig (Ficus carica L.), which is grown mainly in the
Mediterranean region. The Pakistani state of Azad Jammu and Kashmir has a rich variety of figs.
However, no comprehensive study has been carried out to utilise the diversity of these wild figs for
possible use in sustainable fruit production. Therefore, the present study was designed to assess the
variability of 35 wild fig accessions using quantitative and qualitative traits. Descriptive statistics
were used to measure quantitative characteristics, while the coefficient of variance (CV %) was
analysed using SAS® version 9.1. A principal component analysis (PCA) and multivariate analysis
were performed using R Studio (v1.1.4). Pearson correlation coefficients between characteristics were
obtained using SPSS software. The studied accessions showed high variability and the coefficient
of variation (CV) ranged from 4.46–14.81%. Days to maturity varied from 71 to 86, leaf area from
38.55 to 90.06 cm2. The fruit length, fruit diameter and fruit weight ranged from 11.25 to 29.85 mm,
11.85 to 27.49 mm and 2.65 to 9.66 g, respectively. The photosynthetic activity and total chlorophyll
content also varied from 7.94 to 10.22 µmol CO2 m−2s−1 and 37.11 to 46.48 µgml−1. In most of the
fig accessions studied, apical dominance was found to be ‘absent’ while fruit shape was observed to
be ‘globular’. A strong correlation was observed between all the studied characteristics. In the PCA
analysis, all 35 fig accessions were distributed in four quadrants and showed a great diversity. This
could be a valuable gene pool for future breeding studies and provide improved quality varieties.
Wild Himalayan figs from the wild are well adapted to local pedoclimatic conditions and, combined
with easy propagation and production can contribute to the local economy and have a significant
impact on the socio-economic and ecological balance. The results of this study show high variability
in some of the studied traits of 35 accessions from different parts of Northeast Pakistan, indicating
their good potential for further enhancement and utilisation in sustainable agricultural production.

Keywords: native germplasm; temperate fruit; wild fig; biodiversity; conservation

1. Introduction

Figs are one of the oldest domesticated fruits of the Mediterranean region [1] and are
native to western Asia and eastern parts of the Mediterranean countries [2]. They were
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domesticated five thousand years earlier than millet and wheat [3]. Based on historical
facts, scientists are very interested in exploring the genetic diversity of these species [4].
Figs are gynodioecious species and are pollinated by the wasp (Blastophaga psenes L.) [4,5].
The edible part of figs is the fruit, which is fleshy, hollow and receptive [6]. There are
three types of figs, depending on how they are grown, e.g., the Common type, the Smyrna
type and the San Pedro type. The Common type produces parthenocarpic fruit without
pollination for either the breba (first) or the main crop. The Smyrna type, on the other
hand, requires caprifig for pollination, while the San Pedro type produces the first fruit
without pollination while the second fruit requires caprifig for pollination [7]. Fig types
have generally adapted to different soils and climatic conditions and are therefore widely
grown in many regions of the world.

Fig fruits are a good source of minerals and bioactive compounds. They are considered
healthy fruits because they are a rich source of minerals (iron, calcium, potassium), amino
acids (aspartic acid, glutamine) fiber and carotenoids such as lycopene, cryptoxanthin
and β-carotene [6,8]. Fresh figs provide a large amount of antioxidants, polyphenols and
flavonoids (catechin, epicatechin) [9]. In addition, figs are free of fats and cholesterol and
are a good source of sugars (fructose, glucose), organic acids and volatile compounds that
enhance the flavour of the fruit [8,9]. In addition, fig fruits are a rich source of phenolic
compounds that effectively contribute to colour formation, flavour and aroma [10,11].
Moreover, the colour of the flesh and skin affect the accumulation of phenolic compounds
and the antioxidant capacity in fruits [12]. Recently, several studies have shown that
fig cultivars and growing locations influence antioxidant potential and other chemical
properties such as total soluble solids, sugars, and organic acids [8,12]. It has also been
reported that fig fruits, roots and leaves are used in various conventional medicines that
are effective against certain ailments such as gastrointestinal, respiratory, cardiovascular
and anti-inflammatory problems [13].

The genetic diversity of fruit plant species is under threat by commercialization, which
must be preserved using existing genetic resources. This will not only ensure the survival
of such species for long term studies but also ensure sufficient variability among species
for future breeding programs. It is well known that wild species such as Ficus palmata in
northeastern Pakistan are well adapted to local pedoclimatic conditions and, combined with
easy propagation and production can contribute to the local economy and have a significant
impact on socioeconomic and ecological balance. Farmers have good opportunities in this
region to use wild figs to increase and secure their income and provide a sustainable food
source by using indigenous wild fruit species [14,15].

The unripe fruits and young shoots are cooked and eaten as a vegetables [16]. The
leaves of some forage plants are fed to animals in the acute winter season, and F. palmata
is one of the most important winter forage trees in some areas [17]. Energy plantations
have proven to be a viable agroforestry system for the hills and F. palmata has proved to
be suitable for energy plantations [18]. F. palmata biomass is an excellent source of milk-
coagulating enzymes [19]. Some studies provide a pharmacological basis for the traditional
use of the fruits of F. palmata in the treatment of pain and indicate the future prospects of
the wild fig in the medicinal industry [20].

In Azad Jammu and Kashmir, most of the edible fruit species are not properly con-
served. However, a few species of figs are cultivated by the local population, which reduces
the threat to the rare wild edible fruit trees found in the region. The state of Azad Jammu
and Kashmir is part of the Lesser Himalayan mountain ranges in north-eastern Pakistan,
extending from the low subtropical plains in the south to high alpine slopes with altitudes
of 3000 m or more in the north [21]. Topographic variations, altitudinal aspects and vege-
tation cover have a great influence on the climatic conditions of the mountain ranges of
the Lesser Himalaya. Therefore, the inner and outer parts of the ranges differ greatly in
terms of rainfall, snowfall and temperature, which in turn affect the production of wild
edible fruits [22]. In Azad Jammu and Kashmir, edible figs are generally grown in natural
forests and marginal lands, with very low economic returns as most of the fruit is consumed
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locally. The total area under fig cultivation is 125 hectares and the production is 500 tonnes
in Pakistan, which is very low compared to the rest of the world [22].

Since figs are perishable, they are dried naturally under sunlight in Kashmir [23]. Figs
produced in central Kashmir have a very high fiber content. They are also reported to be
a very good source of calcium and potassium [23]. Dried Kashmiri figs contain omega-3
and omega-6 fatty acids, which are considered useful for preventing heart disease and can
cure sore throats due to their high mucilage content [23]. Due to their delicious taste and
freshness, the dried figs enjoy high demand from customers within and outside Kashmir. In
Azad Jammu and Kashmir, Pakistani fig species, particularly F. palmata, have a large number
of accessions, which are under threat of genetic erosion. Furthermore, no comprehensive
study has been conducted to exploit the diversity of these wild figs for possible use in
sustainable fruit production. Therefore, the present study was undertaken as an initiative
measure to assess the morphological and pomological diversity of the existing germplasm
of wild edible fig in Azad Jammu and Kashmir and to identify promising trees with high
fruit quality.

2. Materials and Methods

Thirty-five wild figs (Ficus palmate Forsk.) were collected from 10 districts [Mirpur
(MP), Bhimber (BH), Kotli (KT), Sudhnuti (SD), Poonch (PN), Bagh (BG), Haveli (HV),
Muzaffarabad (MZ), Jhelum Valley (JV), Neelum (NL)] representing three divisions, i.e., Mir-
pur, Poonch and Muzaffarabad of Azad Jammu and Kashmir, Pakistan (Table 1, Figure 1).

For data analysis, 10 mature leaves and 10 mature fruits were taken randomly from
each tree and 10 trees were used per replicate. A total of 33 traits (13 qualitative and
20 quantitative) were examined. A digital caliper (model: 0–150 mm; MC China) with an
accuracy of 0.10 mm was used to measure petiole length, petiole thickness, fruit length,
fruit diameter, fruit petiole length, petiole width, and fruit skin thickness. The weight of
the fruit was determined with the help of an electric balance. Penetrometer (Willowbank
Electronics, Waiohiki, New Zealand) was used to determine fruit firmness, while fruit
colour was measured using chromameter (model: CR-400, Konica Minolta, Inc., Tokyo,
Japan). Portable photosynthetic apparatus CIRAS-3 (PP Systems, Amesbury, MA, USA)
was used to measure photosynthetic activity while total chlorophyll content was measured
by Arnon’s method [24] using spectrophotometer (Model: SP -3000 Plus Optima, Tokyo,
Japan) in postharvest laboratory of Department of Horticulture, PMAS Arid Agriculture,
Rawalpindi, Pakistan.

2.1. Evaluation of the Qualitative Characteristics

Thirteen qualitative characteristics, i.e., tree growth habit (TGH), tree vigour (TVg),
relative degree of branching (RDB), apical dominance (ADm), leaf colour (LCl), leaf shape
(LSh), leaf base shape (LBS), leaf margin (LMr), leaf margin serration (LMrS), leaf veining
(LVn), fruit shape (FSh), flesh colour (ClF) and peelability (Pe) were visually recorded to
assess diversity using fig descriptors provided by IPGRI and CIHEAM [25].

2.2. Assessment of Quantitative Traits

Twenty quantitative traits, i.e., days to maturity (DtM), shoot length (SLn), number
of leaves per shoot (nLS), leaf length (LLn), leaf width (LWd), leaf area (LAr), leaf petiole
length (LPLn), leaf petiole thickness (LPTh), number of fruits per shoot (nFS), fruit length
(Fln), fruit diameter (FDm), fruit stalk length (FSLn), fruit weight (FWt), ostiole width
(OWd), fruit skin thickness (FSTh), fruit firmness (FFn), colour L* [(ClL*), white (100) to
black (0)], colour a* [(Cla*), green (−) to red (+)], photosynthetic activity (PAc) and total
chlorophyll content (TCC) were observed to analyse diversity among 35 wild fig accessions.
DtM means maturity of fruits of the current year calculated from the time of fruit set to the
time of fruit maturity.
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Figure 1. Collection sites of fig accessions in Azad Jammu & Kashmir, Pakistan.

2.3. Statistical Analysis

For the statistical data analysis, average values obtained from 35 wild fig accessions re-
garding phenotypic measurements linked to 33 characteristics were used. Means, minimum
values, maximum values, standard deviation (SD) and coefficient of variance (CV%) were
analysed for all the parameters using SAS® version 9.1, while the frequency distribution of
qualitative characteristics was analysed using Microsoft Excel 2016. Principal component
analysis (PCA) and multivariate analysis were performed using R Studio (v1.1.4) statistics
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software. Pearson’s correlation coefficients between the characters were determined using
SPSS software.

Table 1. Detail of 35 wild fig (Ficus palmata) accessions from Azad Jammu and Kashmir, Pakistan.

Accession ID Collection Site Latitude (N) Longitude (E) Elevation (m.a.s.l)

MP3 Chakshawari 33◦15.685 73◦46.813 438
MP4 Chakshawari 33◦15.651 73◦46.880 373
MP5 Dadyal 33◦20.689 73◦46.739 413
BH1 Dabal Poona 33◦10.074 73◦57.524 506
BH3 Chadroon 33◦08.739 74◦01.013 582
BH4 Samahni 33◦05.139 74◦08.067 595
KT2 Tanyote 33◦24.933 73◦59.468 621
KT4 Dhongi 33◦24.623 73◦58.027 766
KT5 Supply Nakyal 33◦28.968 74◦02.202 595
KT6 Kotli City 33◦28.656 73◦54.557 642
KT7 Kotli City 33◦28.656 73◦54.565 629
SD1 Kotara 33◦47.118 73◦46.635 1843
SD2 Kotara 33◦46.219 73◦47.045 1726
SD3 Palandri 33◦43.334 73◦40.836 1361
SD4 Sawa Cross 33◦45.244 73◦36.919 742
PN1 Kot Maty Khan 33◦50.339 73◦42.809 1989
PN2 Namnota 33◦51.479 73◦50.311 1937
PN3 Khaigala 33◦50.925 73◦49.341 1733
PN4 Lowar Parat 33◦53.563 73◦44.648 1121
BG1 Mallot 34◦00.872 73◦41.011 1734
BG2 Jaglari 33◦59.402 73◦42.637 1561
BG7 Paddar 34◦00.459 73◦46.456 1232
HV1 Halan North 33◦55.278 74◦05.663 1743
HV2 Halan North 33◦55.271 74◦05.669 1742
HV3 Halan South 33◦54.026 74◦06.574 1555
HV4 Kahuta City 34◦53.703 74◦06.708 1408
MZ2 Mang Umer Khan 34◦20.795 73◦31.024 950
MZ4 Langarpura 34◦19.771 73◦31.843 876
MZ5 Subri 34◦18.904 73◦31.657 850
JV1 Jigal 34◦10.292 73◦45.460 972
JV2 Goharabad 34◦10.841 73◦46.863 1089
JV3 Dhani Shadra 34◦09.862 73◦44.972 1125
NL2 Barrian 34◦26.358 73◦48.574 1147
NL3 Jura 34◦29.303 73◦49.863 1239
NL4 Athmuqam 34◦35.287 73◦54.483 1460

m.a.s.l: Meter above sea level.

3. Results
3.1. Descriptive Results for Qualitative Characteristics

The results of the qualitative traits including tree, leaf and fruit characteristics are
summarised in Table 2. A high variability was observed in all the traits studied except
for ease of peeling. Of the two growth forms observed, ‘semi-erect’ growth form was the
predominant (77.14%) while 22.86% of the fig accessions (BH3, SD2, PN2, BG2, MZ2, NL2)
had ‘spreading’ growth form. Most of the fig accessions (74.29%) had ‘high’ vigour while
the remaining 25.71% (MP3, BH4, KT2, KT4, SD4, PN2, BG2, MZ2, NL4) had ‘intermediate’
tree vigour. Regarding the relative degree of branching, 77.15% of the fig accessions had
‘dense’ branching, while 22.85% of the fig accessions (MP5, BH4, KT2, PN4, BG7, HV4, MZ5,
NL4) had ‘intermediate’ branching type. No apical dominance was observed in 74.28%
of the fig accessions, while apical dominance was present in 25.72% of the fig accessions
(BH1, BH4, KT7, SD3, PN4, HV4, MZ5, JV3, NL4). Out of 35 fig accessions, 60% possessed
green leaf colour while 40 accessions had dark green leaf colour (SD1, SD3, SD4, PN1, PN2,
HV1, MZ2, MZ4, MZ5, JV1, JV2, JV3, NL3, NL4). Of the 35 fig accessions, 91.24% of the
accessions had non-lobed leaves, 5.71% of the accessions (KT7, HV2) had calcareous lobed
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leaves at the base, while 1 accession (SD2) had cordate trilobed leaves at the base. Most
of the fig accessions (71.42%) had round leaf base, while 28.57% of fig accessions (MP3,
MP4, MP5, KT7, SD2, BG1, BG2, BG7, HV2) had cordate-shaped leaf base. Regarding leaf
margin, 48.57% of the 35 fig accessions had serrated leaf margin, 40% of the fig accessions
had serrated leaf margin and the remaining 11.42% of the fig accessions (SD2, SD3, PN4,
HV2) had crenate leaf margin. Most of the fig accessions (91.42%) had leaves with fully
dented lobe sides, while 8.58% of the fig accessions (SD2, HV2, JV3) had dented leaves at
the upper margin. In leaf veining, 88.58% of the fig accessions examined had visible leaf
veining while 11.42% of the fig accessions (PN1, PN2, PN3, PN4) had slightly visible leaf
veining. A wide variation was observed in the fruit shape of the collected fig germplasm.
Out of the 35 fig accessions, 71.42% had globular fruit shape, 25.71% (KT4, KT5, KT6, KT7,
SD1, SD2, PN2, HV3, HV4) had an oblate shape and 2.85% (KT2) had an oblong fruit shape.
A wide variation in flesh colour was observed in all the fig accessions studied. Of the 35 fig
accessions, 40% had amber flesh colour, 37.14% of the accessions were red, while 22.86% of
the accessions (SD3, SD4, PN1, PN2, PN3, PN4, BG1, BG2) had pink flesh colour. All 35 fig
accessions were difficult to peel.

3.2. Descriptive Results for Quantitative Characteristics

The descriptive statistics of minimum, maximum, means, standard deviations and
coefficients of variation (CV) for 20 quantitative traits are presented in Table 3. The results
showed a wide range of morphological variability in leaf and fruit traits. Several traits
such as leaf width (14.81%), petiole length (14.77%), photosynthetic activity (14.02%), total
chlorophyll content (13.43%) showed highest CV while lowest CV was recorded for fruit
firmness (4.46%). Days to maturity ranged from 71.00–86.00 for accession KT6 and NL4,
respectively. Shoot length varied from 7.69–21.52 cm for NL4 and JV2, respectively. The
number of leaves per shoot was different for KT5 and PN3 (7.65–10.30). Leaf length ranged
from 7.19–12.89 cm in NL4 and MZ2. Leaf width ranged from 6.47 cm (MP4) to 10.12 cm
(BH4). Leaf area varied between 38.55–90.06 cm2 for accessions MP5 and BG1. Petiole
length was different for NL4 and MZ2 (17.49–38.28 mm). Petiole thickness ranged from
1.33–2.99 mm for BG7 and BH3. The number of fruits per shoot varied between 3.60–6.70
in SD4 and BG1. Fruit length was different in HV4 and BG1 (11.25–29.85 mm). Fruit
diameter ranged from 11.85–27.49 mm in MP3 and NL4. The fruit stalk length ranged
from 5.22–22.38 mm for accession KT6 and BG1, respectively. Fruit weight varied between
2.65 and 9.66 g for BH3 and BG1, respectively. The width of the ostioles was different in
NL4 and BH1 (2.17–4.84 mm). The thickness of the fruit skin ranged from 0.10–0.76 mm
at KT7 and BG2. Fruit firmness was low in SD1 and high in BH1 (0.46 and 0.69 kgcm2),
respectively). The colour value L* ranged between 24.72–59.24 for MP5 and BH3. The
colour value a* ranged from 1.14 to 9.51 for NL3 and BH3, respectively. Photosynthetic
activity ranged between 7.94–10.22 µmol·CO2·m−2s−1 for BG3 and NL3. Total chlorophyll
content ranged from 37.11–46.48 µg ml−1 for BG3 and NL3, respectively. Accessions with
high fruit weight, low ostioles width and good fruit firmness with dark colour are preferred
for fresh market.

3.3. Correlation for Quantitative Characteristics

A strong correlation was found for all of the quantitative traits studied (Table 4). The
highest positive correlation was found for photosynthetic activity and total chlorophyll
content (0.85). Additionally, positive correlations were examined between leaf length and
leaf width (0.78), fruit length and fruit diameter (0.75), fruit weight and fruit length (0.73),
and fruit weight and fruit diameter (0.72). In contrast, negative correlations were observed
for quantitative traits such as the leaf petiole thickness and fruit skin thickness (−0.25), leaf
area and chlorophyll content (−0.22), ostiole width and total chlorophyll content (−0.20),
leaf petiole thickness and photosynthetic activity (−0.17), and ostiole width and fruit skin
thickness (−0.15). The study of these traits is helpful in the selection of fig germplasm
for documentation.
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Table 2. Description of qualitative characteristics of 35 wild fig (Ficus palmata) accessions from Azad Jammu and Kashmir, Pakistan.

Accession ID TGH TVg RDB ADm LCl LSh SLB LMr LMrD LVn FSh ClF EPl

MP3 Semi erect Intermediate Dense Absent Green Not lobed Cordate Serrate Lobe sides completely dented Apparent Globose Red Difficult
MP4 Semi erect High Dense Absent Green Not lobed Cordate Serrate Lobe sides completely dented Apparent Globose Red Difficult
MP5 Semi erect High Intermediate Absent Green Not lobed Cordate Serrate Lobe sides completely dented Apparent Globose Red Difficult
BH1 Semi erect High Dense Present Green Not lobed Round Serrate Lobe sides completely dented Apparent Globose Red Difficult
BH3 Spreading High Dense Absent Green Not lobed Round Serrate Lobe sides completely dented Apparent Globose Red Difficult
BH4 Semi erect Intermediate Intermediate Present Green Not lobed Round Serrate Lobe sides completely dented Apparent Globose Red Difficult
KT2 Semi erect Intermediate Intermediate Absent Green Not lobed Round Serrate Lobe sides completely dented Apparent Oblong Red Difficult
KT4 Semi erect Intermediate Dense Absent Green Not lobed Round Serrate Lobe sides completely dented Apparent Oblate Red Difficult
KT5 Semi erect High Dense Absent Green Not lobed Round Serrate Lobe sides completely dented Apparent Oblate Red Difficult
KT6 Semi erect High Dense Absent Green Not lobed Round Serrate Lobe sides completely dented Apparent Oblate Red Difficult

KT7 Semi erect High Dense Present Green
Base

calcarate
lobe lyrate

Cordate Serrate Lobe sides completely dented Apparent Oblate Red Difficult

SD1 Semi erect High Dense Absent Dark
green Not lobed Round Serrulate Lobe sides completely dented Apparent Oblate Red Difficult

SD2 Spreading High Dense Absent Green
Base

cordate 3
lobe

Cordate Crenate Upper margin dented Apparent Oblate Red Difficult

SD3 Semi erect High Dense Present Dark
green Not lobed Round Crenate Lobe sides completely dented Apparent Globose Pink Difficult

SD4 Spreading Intermediate Dense Absent Dark
green Not lobed Round Serrulate Lobe sides completely dented Apparent Globose Pink Difficult

PN1 Semi erect High Dense Absent Dark
green Not lobed Round Serrulate Lobe sides completely dented Slightly

apparent Globose Pink Difficult

PN2 Semi erect Intermediate Dense Absent Dark
green Not lobed Cordate Serrulate Lobe sides completely dented Slightly

apparent Globose Pink Difficult

PN3 Spreading High Dense Absent Green Not lobed Round Serrate Lobe sides completely dented Slightly
apparent Oblate Pink Difficult

PN4 Semi erect High Intermediate Present Green Not lobed Round Crenate Lobe sides completely dented Slightly
apparent Globose Pink Difficult

BG1 Semi erect High Dense Absent Green Not lobed Cordate Serrulate Lobe sides completely dented Apparent Globose Pink Difficult
BG2 Semi erect Intermediate Dense Absent Green Not lobed Cordate Serrulate Lobe sides completely dented Apparent Globose Pink Difficult
BG7 Semi erect High Intermediate Absent Green Not lobed Cordate Serrate Lobe sides completely dented Apparent Globose Amber Difficult

HV1 Semi erect High Dense Absent Dark
green Not lobed Round Serrulate Lobe sides completely dented Apparent Globose Amber Difficult

HV2 Semi erect High Dense Absent Green
Base

calcarate
lobe lyrate

Cordate Crenate Upper margin dented Apparent Globose Amber Difficult

HV3 Spreading High Dense Absent Green Not lobed Round Serrulate Lobe sides completely dented Apparent Oblate Amber Difficult
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Table 2. Cont.

HV4
Semi
erect

High Intermediate Present Green Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Oblate Amber Difficult

MZ2 Spreading Intermediate Dense Absent
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

MZ4 Spreading High Dense Absent
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

MZ5
Semi
erect

High Intermediate Present
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

JV1
Semi
erect

High Dense Absent
Dark
green

Not lobed Round Serrate
Lobe sides completely

dented
Apparent Globose Amber Difficult

JV2
Semi
erect

High Dense Absent
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

JV3
Semi
erect

High Dense Present
Dark
green

Not lobed Round Serrulate Upper margin dented Apparent Globose Amber Difficult

NL2 Spreading High Dense Absent Green Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

NL3
Semi
erect

High Dense Absent
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

NL4
Semi
erect

Intermediate Intermediate Present
Dark
green

Not lobed Round Serrulate
Lobe sides completely

dented
Apparent Globose Amber Difficult

Tree growth habit (TGH), tree vigour (TVg), relative degree of branching (RDB), apical dominance (ADm), leaf colour (LCl), leaf shape (LSh), shape of leaf base (SLB), leaf margin (LMr),
leaf margin dentation (LMrD), leaf venation (LVn), fruit shape (FSh), colour of flesh (ClF) and ease of peeling (EPl).
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Table 3. Descriptive statistics for quantitative characteristics of 35 wild fig (Ficus palmata) accessions
from Azad Jammu and Kashmir, Pakistan.

Characteristics Min Max Mean SD CV (%)

Days to maturity 71.00 86.00 67.70 0.57 11.02
Shoot length (cm) 7.69 21.52 14.60 0.90 9.62

Number of leaf per shoot 7.65 10.30 7.24 0.36 7.83
Leaf length (cm) 7.19 12.89 10.04 0.55 12.44
Leaf width (cm) 6.47 10.12 8.29 0.54 14.81
Leaf area (cm2) 38.55 90.06 64.31 5.45 10.63

Petiole length (mm) 17.49 38.28 27.88 2.26 14.77
Petiole thickness (mm) 1.33 2.99 2.16 0.10 11.34

Number of fruits per shoot 3.60 6.70 5.15 0.27 7.02
Fruit length (mm) 11.25 29.85 20.55 1.17 12.60

Fruit diameter (mm) 11.85 27.49 19.67 1.07 11.74
Fruit stalk length (mm) 5.22 22.38 13.80 0.92 7.86

Fruit weight (g) 2.65 9.66 6.15 0.57 9.57
Ostiole width (mm) 2.17 4.84 3.50 0.22 7.14

Fruit skin thickness (mm) 0.10 0.76 0.43 0.03 5.62
Fruit firmness (kgcm2) 0.46 0.69 0.71 0.04 4.46

Colour L* value 24.72 59.24 41.98 3.53 8.70
Colour a* value 1.14 9.51 5.32 1.41 6.42

Photosynthetic activity (µmol·CO2·m−2s−1) 7.94 10.22 9.08 0.46 14.02
Total chlorophyll content (µg·ml−1) 37.11 46.48 41.80 0.67 13.43

Table 4. Correlation coefficients among selected quantitative characters in 35 wild fig (Ficus palmata)
accessions from Azad Jammu and Kashmir, Pakistan.

LLn LWd LAr PLn PTh FWt Fln FDm FSLn OWd FSTh PAc TCC

LLn 1
LWd 0.78 ** 1
LAr 0.67 ** 0.70 ** 1
PLn 0.62 ** 0.54 ** 0.47 ** 1
PTh 0.59 ** 0.44 ** 0.46 ** 0.42 * 1
FWt 0.43 * 0.46 ** 0.54 ** 0.30 0.12 1
Fln 0.56 ** 0.39 * 0.33 * 0.39 0.39 * 0.73 ** 1

FDm 0.45 * 0.36 * 0.40 ** 0.40 * 0.19 0.72 ** 0.75 ** 1
FSLn 0.31 0.25 * 0.20 0.37 0.14 0.44 0.36 * 0.31 1
OWd 0.29 0.40 * 0.36 0.34 0.42 * 0.12 0.08 0.07 0.17 1
FSTh 0.11 0.09 0.13 0.02 −0.25 0.58 ** 0.45 0.50 ** 0.55 ** −0.15 1
PAc 0.03 0.25 −0.07 0.08 −0.17 0.50 0.31 0.26 0.18 −0.14 0.34 1
TCC −0.03 0.09 −0.22 −0.03 −0.14 0.34 0.23 0.14 0.13 −0.20 0.22 0.85 ** 1

** is highly significant at p ≤ 0.01; * is significant at p ≤ 0.05. Abbreviations: Leaf length (LLn), Leaf width (LWd),
Leaf area (LAr), Petiole length (PLn), Petiole thickness (PTh), Fruit weight (FWt), Fruit length (Fln), Fruit diameter
(FDm), Fruit stalk length (FSLn), Ostiole width (OWd), Fruit skin thickness (FSTh), Photosynthetic activity (PAc)
and Total chlorophyll content (TCC).

3.4. Principal Component Analysis (PCA) for Quantitative Characteristics

A PCA plot was created based on the first two components. In the individual plots,
all 35 fig accessions were distributed in four quadrants, showing great diversity (Figure 2).
For example, five accessions (BG1, NL4, NL3, NL2, BG2) with the highest leaf length, leaf
width, leaf area, leaf petiole length, leaf petiole thickness, fruit length, fruit diameter, fruit
weight, ostiole width and fruit firmness were located away from the axis centre on the
upper plane. Similarly, fig accessions BH4, BH3 and BH1 had the smallest leaf length, leaf
width, leaf area, leaf petiole length, leaf petiole thickness, fruit length, fruit diameter, fruit
weight, ostiole width and fruit firmness, and were located at the lower level away from the
axis centre.
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Figure 2. Distribution of 35 wild fig (Ficus palmata) accessions in quadrants showing phenotypic variation.

4. Discussion
4.1. Qualitative and Quantitative Characterization

In the present study, the quantitative and qualitative differences among 35 wild fig
accessions from Azad Jammu and Kashmir, Pakistan were described to identify unique
ecotypes. This study will not only help to understand more about these fig accessions but
also help to improve their conservation, management for breeding and organisation of their
orchards to achieve high yields. In a recent study by Hssaini et al. [26], it was found that
such characterization studies have also proved useful for genetic identification in other fruit
crops. Traits related to tree growth habit, leaf length, leaf width, fruit shape, fruit colour,
flesh colour, photosynthetic activity and total chlorophyll content were reported to be very
important for economic studies. Moreover, these traits can be used by fig breeders and
fig farmers. The diversity assessment studies are always a good support for the survival
of a population in the face of many natural disturbances and climatic problems [27]. The
results of this study will be helpful to understand the morpho-pomological contents of
the fruits which could be used to distinguish between cultivars as well as to estimate the
genetic affiliation of different fig accessions. Similar studies conducted previously also
mentioned the importance of both quantitative and qualitative traits for identification
and evaluation of fig germplasm [4,5,26,28]. Based on significant differences between
quantitative and qualitative characteristics, many conclusions have been drawn and fruit
germplasm has been classified into different groups. In this context, many researchers
around the world {Turkey [12,29], Iran [4,30], Malaysia [31], Morocco [2,8], Tunisia [32,33],
Spain [34,35], Jordan [36], Algeria [37]} and Kashmir [23,28] have also worked on fig
germplasm and reported variabilities in morphological and pomological characteristics.
The current results are sufficiently informative and could be used to exploit diversification
among the accessions studied. In addition, these results could also lead to the exploration
of new potential areas of interest such as breeding and genetics research, domestication
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and the commercialization of selected wild fig accessions. In addition, based on the results
of this study, various targeted breeding programmes could be initiated to improve fruit
quality and fruit size. It is known that fig plants have a wider distribution range, so it is
very likely that new ecotypes could be developed [26]. The results also showed that fruit
size and flesh colour were highly variable among wild fig accessions. These variations
among fig accessions grown in the same geographical regions could be due to differences
in genetic makeup or environmental conditions [38,39]. Similar results were reported by
Sezen et al. [40], who found that there was a great diversity among fig accessions in terms
of fruit size and yield and also for flesh colour. They also found that these traits are usually
controlled by the action of additive genes and could be useful for cultivar selection. It is a
fact that accessions with larger fruits are suitable for fresh consumption, while accessions
with smaller fruits are suitable for processing. Variations in fruit size of figs have also been
reported by Simsek et al. [41] and Caliskan et al. [42].

Variations in fruit length and width have also been noted and are considered important
traits for breeding programmes. Fruit dimension studies are crucial for the evaluation
of packing and shipping [40,41]. Significant variations were observed in leaf length and
width among the accessions studied. Leaves are the most important plant parts as they
help to absorb sunlight for photosynthesis. Thus, as the leaf size increases, the leaf area
also increases, which contributes to an effective supply of primary metabolites for the
production of secondary metabolites [43]. Skin colour, flesh colour and fruit firmness are
also important traits for commercial purposes. However, among these traits, fruit firmness
is most commonly used in research as it helps to assess fruit maturity and quality. Most
growers also use fruit firmness as one of the criteria for assessing fruit maturity and quality,
as it is directly related to fruit storability. Fruit firmness was determined for the first time
in selected fig accessions, and it was found that the values were low in all fig accessions.
Skin colour is also an important ripening criterion and a commercially used parameter that
could be helpful in the classification and selection of cultivars [40].

A wide phenotypic diversity was also observed in qualitative traits. In the selection of
fig cultivars for commercial cultivation, traits such as tree growth habit and type of fruiting
are considered very important. Semi-erect growth habit was observed in wild germplasm as
it is mostly found in temperate climates with abundant rainfall. Caliskan and Polat [29] and
Mir et al. [23] also reported the semi-erect growth habit and fruiting on current year shoot.
The most important traits affecting the commercial value of the crop for fresh consumption
are fruit shape, fruit weight, length and width [26,28,30]. These traits are polygenic in
nature. Fruit shape has been described as oblate, oblong and globose. Most of the wild
germplasm studied was accounted with globose fruit shape. Such variations in fruit shape,
fruit size and flesh colour were also reported by Mir et al. [23] in central Kashmir and
Khadivi et al. [4] in Iran. Fruit ribs varied in morphology from intermediate to none, in
addition to prominent ribs [44]. Significant genotypic differences were found by Simsek
et al. [41] and Fatahi et al. [30] in the absence of fruit pedicel and ease of peeling. These types
of variations may be due to differences in genetic makeup and ecological conditions [40].
All fig accessions studied were sweeter in taste, which can be recommended for fresh
fruit consumption. In this study, a wide variation in morphological parameters such as
shape, colour and size of fruits was detected. In Azad Jammu and Kashmir, Pakistan,
fig growers have given names to different accessions based on their fruit characteristics
and their growing locations. Based on these characteristics, local farmers have named fig
accessions as Pagwhara (flattened shape, smaller size, dark purple colour).

4.2. Quantitative Correlations

Using a simple correlation coefficient analysis, significant correlations were found
between the quantitative characteristics. The strongest positive correlation was found for
photosynthetic activity and total chlorophyll content. In addition, positive correlations
were examined between leaf length and leaf width, fruit length and fruit diameter, fruit
weight and fruit length, and fruit weight and fruit diameter. These results are in agreement
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with those of Khadivi-Khub and Anjam [43] and Khadivi et al. [4]. The presence of
strong positive correlations between leaf characteristics and photosynthetic activity and
total chlorophyll content indicates that larger leaf area leads to higher photosynthetic
activity [45]. Negative correlations were also found for quantitative traits such as leaf
petiole thickness and fruit skin thickness, leaf area and chlorophyll content, ostiole width
and total chlorophyll content, leaf petiole thickness and photosynthetic activity, and ostiole
width and fruit skin thickness. The study of these traits is helpful in the selection of fig
germplasm for documentation. The presence of negative correlations between leaf area
and total chlorophyll content suggests that a greater leaf area should result in lower total
chlorophyll content at the fruit maturity stage.

Similar PCA studies have been previously conducted to evaluate the differences among
fruit tree species such as apricot [46], cherry [47,48], ber [49] and jaman [50]. Diversity
depends on the variations present in the populations under study. Heterosis is generally
measured by the degree of genetic diversity between parental combinations. Therefore,
traits with high correlations could be useful for future analysis of fig accessions.

4.3. Perspectives of Gene Bank Conservation

Figs are highly nutritious fruits and given the circumstances of malnutrition in the
world, they are considered a boon as they can combat the problem of malnutrition to
some extent [38]. However, fig borers, mealy bugs and scale insects are important pests
while fig mosaic disease and fig rust are important diseases reported to cause heavy
losses in fig orchards [51–53]. Modern techniques of selection and breeding of improved
cultivars have greatly reduced the diversity of many fruit crops [49,50,54]. This narrowing
of plant diversity has resulted in the disappearance of many plant species and has had a
negative impact on biodiversity [55]. The accessions collected in this study had a great
diversity in quantitative and qualitative traits and a high degree of variation among traits,
indicating that these accessions have great strength and potential for further exploitation.
Many countries have similar germplasm collections for other minor fruits such as ber,
pomegranate, litchi, jaman, etc., consisting of most of the possible varieties of these fruits
in these countries. Similarly, fig collections have been reported from different countries
such as Tunisia [32,33], Turkey [12,29,56], Morocco [8,57,58], Spain [35,59], Lebanon [60],
Iran [4], Kashmir [23,38] and Jordan [36]. These studies have shown that the diversity of
morphological and pomological characters could be useful for an efficient marker system
to distinguish between different fig genotypes.

The current results support the idea that morphological and pomological traits are
reliable parameters to estimate the genetic relationships among fig accessions and can
be effectively used to discriminate among different fig accessions. Similarly, many stud-
ies [4,26,61,62] have shown that morphological and pomological characters are very helpful
in identifying and evaluating fig germplasm. In Azad Jammu and Kashmir, Pakistan, fig
is widely distributed in wild and cultivated form and shows very high diversity among
different accessions. However, very little attention has been paid to the characterization
and conservation of local fig germplasm. This is the first comprehensive study of its kind
on the characterization and conservation of 35 wild fig accessions. Thus, the germplasm
conserved in this study could be used as source material for future biotic and abiotic studies
and also for breeding programs [49].

4.4. Perspectives of Breeding

The basic objective of breeding is to combine the most desired traits in a single va-
riety [63]. In order to exploit the potential of a native crop in a particular area, extensive
characterization studies must be conducted [64]. These studies, along with breeding pro-
grammes, can result in varieties with better yields, good quality and higher nutritional
value of fruits. Pakistan is blessed with rich resources and considerable variability for
figs. A little research on characterization, breeding and commercialization can lead to the
development of valuable products and in return, rural people can earn a better living.
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In our research, correlations were found between the traits studied, which could play
an important role in improving fruit yield and quality. Large fruits of wild fig accessions
(BG1, NL3, MZ2, BG2) can be crossed to produce high yielding and high quality cultivars.
Flesh colour is an important criterion for consumer acceptance, and in our study it ranged
from red to pink to amber. Therefore, fig accessions (MP3, MP4, MP5, BH1, BH3, BH4,
KT2, KT4, KT5, KT6, KT7, SD1, SD2) with a red flesh colour can be used to produce fruit
varieties with red flesh colour. Such types of accessions are good for fresh consumption
and can contribute to the improvement of fresh fruit market. Similarly, several promising
accessions such as ML-G-17, AH-S-06 and DH-S-04 have been identified by researchers in
central Kashmir in the north-western Himalayan region [23] based on flesh colour, external
fruit colour and fruit shape.

Diversity between accessions located in the same cluster is minimal and few segre-
gates are possible through hybridization [65]. Therefore, accessions belonging to different
clusters should be crossed, as they will produce hybrids with higher heterosis and ge-
netic recombination. Environment can also play an important role in breeding different
accessions [66]. So, in order to achieve the best breeding results, the environmental effects
must be minimised. In the present study, accessions that have great diversity and are well
adapted to the local environment were selected. Thus, in hybridization, the environmental
influences could be minimised by selecting those accessions which are considered to be
very stable in terms of trait expression [67]. The extent of genetic variation can also be
determined using genetic markers for genetic analysis [54]. To utilise the diversity of
collected fig germplasm from Azad Jammu and Kashmir, Pakistan, it is proposed to use
genetic markers for further confirmation.

5. Conclusions

Significant differences in quantitative and qualitative traits were found in 35 wild fig
accessions. The results show that each accession has its own individual characteristics
and identity. Studies related to characterization could be useful to identify diversity and
highlight the most appropriate variables. Moreover, these studies are of great help in the
development of new varieties, either through genetics or breeding programmes. The results
of the present study could also be useful in future for conservation of germplasm resources,
biochemical studies and other studies for the development of cultivars with large fruits,
seedless fruits, fruits with red flesh colour and sweeter taste. The limitation of this study is
that it only considers qualitative and quantitative characteristics of plants without genetic
studies and collecting chemical data on fruit quality. However, for accurate description of
fig germplasm from Azad Jammu and Kashmir, Pakistan, future studies should be carried
out for molecular evaluation and biochemical characterization. The traits studied are of
importance to further the existing knowledge about native wild figs, which can improve
the sustainability of local communities.
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Abstract: Sea buckthorn (Hippophae rhamnoides L. ssp. caucasica Rousi) is one of the most important
wild edible fruits, grown in Turkey for centuries without any chemical treatments. The plant is
extremely resistant to adverse environmental conditions. In this study, the main agro-morphological
and biochemical berry traits and, to a lesser extent, other plant morphological traits of 10 sea
buckthorn genotypes sampled from the eastern Anatolia (Sivas province) region were assessed.
Among the 10 genotypes, five of them presented a shrub growth habit, whereas five of them presented
tree growth habit, with leaf area ranging from 2.56 to 4.22 cm2. The majority of genotypes had an
oblong berry shape with variable berry skin color ranging from dark orange to orange, light orange,
and yellow. The weight of 100 berries varied from 13.85 to 23.87 g, while juice yield and vitamin C
content was found to be 44.87–57.15% and 37.45–62.85 mg/100 g fresh berry base, respectively. Soluble
solid content (SSC) was in the range of 12.56–14.67%. The genotypes exhibited a great variability
in total anthocyanin content (from 9.1 to 38.7 mg/L), with relatively dark-orange sea buckthorn
berries containing more anthocyanin than orange, light-orange, and yellow berries. Linoleic acid was
the main fatty acid detected in the pulp of sea buckthorn berries, ranging from 24.11% to 36.37%,
depending on the genotype. Investigated genotypes proved also to be rich in total phenolic content,
showing at the same time great variability in this trait. The results obtained from the relatively
limited number of genotypes show promising traits for further valorization of both horticultural and
nutritional traits, suggesting potentially even higher variability, if more genotypes are going to be
considered in the future.

Keywords: sea buckthorn; biodiversity; biochemical composition; underutilized fruit

1. Introduction

Wild edible fruits have attracted great attention in recent years. They include a large
number of species and genotypes and exhibit a rich biodiversity. The fruits of these species
are very rich in terms of vitamins, minerals, dietary fibers, anthocyanins, phenolics, etc.
Moreover, for centuries, particularly in rural areas, people used stems, leaves, flowers, and
roots of wild edible fruits because of their high potential in traditional medicine [1–3]. More
recently, the majority of wild edible fruits, including sea buckthorn, have been labeled as
functional foods, which denotes foods used not only for nutrition but also for prevention
and cure of various diseases [4–6].

Turkey is accepted as one of the richest countries in wild edible fruits, which played
an important role in rural people’s life for centuries. Rural communities used wild edible
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fruits not only fresh but also processed into several natural products such as molasses,
syrups, jams, candied peels, and vinegars [7,8]. In Turkey, it is estimated that there are over
100 wild edible fruit species, and it is well known that they are an integral part of everyday
life of Turkish people [9]. In Turkey, nearly one-quarter of the total population lives in
rural areas where food shortages are frequent, even in close history, and a large number
of these agricultural communities still retain a habit of using wild edible fruits. The rural
areas are frequently characterized by harsh climatic conditions coupled with poor crop
harvests. Thus, the wild edible fruits are vital for the existence of rural people, and they
are frequently educated to rely on wild edible fruits for survival [10–12]. Sea buckthorn
shows great diversity in Turkey’s flora, and, in general, it occurs in natural stands, mainly
in inner, northern, and eastern Anatolia [13].

Sea buckthorn (Hippophae rhamnoides L.), which grows in a form of a tree or a shrub,
belongs to the Oleaster family (Eleagnaceae) and is mostly found in a broad area of
eastern and western Asia, eastern, central, and northern Europe, from the Caucasus to
the Carpathian Mountains and northern America including Canada [14–16]. In general,
it is found as wild in the fields; however, in some countries such as Sweden, Finland,
China, Poland, Romania, Ukraine, Germany, Hungary, Belarus, Russia, Azerbaijan, Czech
Republic, and Canada, it was domesticated in the last few centuries due to its valuable
horticultural and multiple-use berry characteristics [11,17]. Subspecies, H. rhamnoides L. ssp.
caucasica Rousi is the only Hippophae species growing in Turkey and is generally considered
as morphologically quite variable [18,19].

All parts of the sea buckthorn plant have broad application. Due to its diverse and
attractive shrub and tree characteristics, colorful berries, and narrow silvery leaves, it
has considerable ornamental value. Because edible berries are consumed by animals, sea
buckthorn is also used for enhancing wildlife habitats. The plant has a great environmental
plasticity; thus, it can be used for afforestation and wasteland management, which has led
to its large-scale planting. It is resistant to urban conditions. Furthermore, as a xerophyte
species, it tolerates drought, cold (up to −40 ◦C), heat (up to 40 ◦C), soil salinity, and air
pollution [16,20]. Sea buckthorn is a fruit species with a high nitrogen fixation capacity,
thus improving soil quality; moreover, because of its extensive root system, it exhibits
soil-binding properties [21,22].

Sea buckthorn berries are accepted as a “super food” or “powerful food”. The berries
have a high amount of proteins, fibers, antioxidants, vitamins (A, C, E), minerals, flavonoids
(flavanas), ether oil, organic acids, saponin, and sugar. Berries of sea buckthorn are also
used in plant-based medicines because of their valuable contents [23,24]. The leaves,
flowers, seeds, and berries of sea buckthorn are used for medicinal purposes [25]. Sea
buckthorn boasts all the omega (3, 6, 9 and rare omega-7) essential fatty acids. Furthermore,
the pulp of sea buckthorn berries is one of the richest plant sources in the world of omega-7
essential fatty acids [26–28]. The attractive orange color of sea buckthorn berries can be
attributed to beta-carotene, a type of carotenoid. Beta-carotene is the most common type of
pro-vitamin A found mainly in plant-based foods [15].

Sea buckthorn genotypes have diverse morphological, biochemical, and phenological
characteristics, and these characteristics differ from one genotype to another one due to
dioicous flowering biology. Each seed-propagated genotype has its own characteristics,
and these agro-morphologic and biochemical properties are the basic criteria used to define
the genotypes; agro-morphological and biochemical characterizations have been used for a
long time, particularly by the breeders [11,15,16,22].

More recently, the use of wild-grown plants as food sources has been a hot topic
for researchers globally, and the traditional use of natural plant resources, with minimal
ecosystem alteration, is the preferred, emerging approach. Therefore, in this study, we
attempted to determine the basic agro-morphological and biochemical traits of 10 seed-
propagated sea buckthorn genotypes that grow naturally in the flora of Sivas province,
located in eastern Anatolia. To our knowledge, the scientific literature available related to
the agro-morphological and biochemical traits of this wild edible fruit grown in Turkey is
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scarce. We assume that the obtained results may support breeders’ efforts with improved
knowledge about the agro-morphological and detailed biochemical properties of diverse
sea buckthorn genotypes that could be integrated in future breeding programs of this
prominent, but still less utilized species.

2. Materials and Methods
2.1. Plant Materials

Ten promising genotypes of Hippophae rhamnoides L. ssp. caucasica growing in Sivas
province, located at 37◦01′ east longitude, 39◦75′ north latitude, were chosen according
to field observations on the basis of high yield capacity, pest and disease resistance, and
attractive berries. In fact, sea buckthorn plants are constantly selected in the fields by
farmers who eliminate the bad ones, leaving only the superior plants. Thus, 10 buckthorn
genotypes, previously “farmer-selected”, were chosen for analysis, each represented with
one plant (tree or shrub). All the plants were growing at a similar altitude of 1000 ± 50 m
above sea level (a.s.l.).

Sivas province has a continental climate (Köppen climate classification: Dsb) with
warm dry summers and cold and snowy relatively long winters. Sea buckthorn plants are
abundant in the province and create an important part of the natural landscape of Sivas
territory. Local communities have used them for centuries, both as food and in traditional
medicine.

In total, 400 g of berries and 100 leaves per genotype were randomly harvested from
different parts of the crown and divided into an appropriate number of replicates for
different agro-morphological or biochemical analyses.

The berries were harvested in the field when fully ripened, i.e., when they reached
their characteristic mature berry skin color and possessed enough sweetness and softness
to make them more palatable. The berry and leaf samples taken from each of the sea
buckthorn genotypes (trees or shrubs) were labeled, placed into appropriate containers,
and immediately transferred to the laboratory. The agro-morphological measurements
were done immediately, while the berry samples to be used for biochemical analysis were
kept in ultra-low-temperature freezers at −80 ◦C until analysis.

2.2. Agro-Morphological Measurements

In the field, the growth habit and presence of thorns were determined. In the labora-
tory, the berry skin color, 100-berry weight, berry shape, and leaf area (cm2) of 10 genotypes
were determined by using 100 leaves and 100 berries per genotype, which were divided
into replicates (20 berries per replicate). A trained panel of five experts evaluated visible
berry skin color for each genotype. The 1–5 bipolar hedonic scale was used to describe
berry skin color [2,3], which was rated as light yellow, yellow, light orange, orange, or dark
orange. Berry weight was measured on 100 berries per genotype using a digital balance
with a sensitivity of 0.001 g (Scaltec SPB31). Berry length and berry diameter were mea-
sured using the digital caliper gauge, once after the harvest, on the longest and the widest
point of the berry. The berry shape was determined by using the berry diameter-and-length
ratio. Leaf area was measured with a portable laser leaf area meter (Area meter CI 201,
Li-Cor Biosciences, Lincoln, NE, USA).

2.3. Juice Yield, SSC (Soluble Solid Content), Vitamin C, Protein, and Lipid

Juice yield, SSC, vitamin C, protein, and lipid content was determined on 100 g of
berries per genotype, divided into four replicates (25 g per replicate). Juice yield in the
berries of the 10 sea buckthorn genotypes was determined by using pressure extraction,
calculated according to Tiitinen et al. [29]. Fruit juice soluble solid content (SSC) was
determined using a digital refractometer (Kyoto Electronics Manufacturing Co. Ltd., Kyoto,
Japan, Model RA-250 HE). The titratable acidity and vitamin C content of sea buckthorn
berries was determined using a RQFlex 10 Reflectometer (Merck, Darmstadt, Germany).
The total protein and lipid content of genotypes was determined by AOAC [30]. The
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Kjeldahl method was used for total protein content determination of sea buckthorn berries,
and Soxhlet extraction was used for lipid determination.

2.4. Extraction and Determination of Specific Sugars

For determination of specific sugars, the procedure of Melgarejo et al. [31] was fol-
lowed. A total of 10 g of each sea buckthorn berry sample was centrifuged at 12,000 rpm
for 2 min at 4 ◦C. Afterward, the supernatant was filtered with a SEP-PAK C18 cartridge
and transferred into a vial for analysis. The standards were used for quantification of the
concentrations. Analysis of sugars was performed by HPLC (isocratic program) with a
Bondapak-NH2 column (µg Bondapak/carbohydrate) and a refractive index (RI) detector
using 85% acetonitrile as a mobile phase. The calculation of concentrations was based on
standards prepared in the laboratory. The mobile phase was acetonitrile/water (85/15)
with a flow rate of 1 mL/min, at ambient temperature. Sugars were detected at 210 nm.
In calibration curves, standard sugar solutions (glucose, fructose, and sucrose) were pre-
pared to contain between 10 µg/mL and 150 µg/mL. These solutions were injected into
the chromatographic system, and the resulting areas of the peaks were plotted against
concentration for the calibration curve.

2.5. Total Phenol Determination

The total phenolic content of sea buckthorn berries was determined spectrophotomet-
rically at 765 nm following the Folin–Ciocalteu method as described by Singleton et al. [32].
A standard calibration curve was plotted by using gallic acid (Merck, Germany) in the
concentration range 1–500 mg/L. The results were expressed as milligrams of gallic acid
equivalent (GAE) per 100 g of fresh berries.

2.6. Extraction and Determination of Individual Phenolics

The phenolic acids in sea buckthorn berries were determined following the procedure
described by Rodriguez-Delgado et al. [33]. From 200 g of fragmented sample, ca. 50 g of
sample (per replicate) was transferred to a centrifuge tube, mixed homogeneously, then
diluted 1:1 with distilled water, and centrifuged at 15,000× g for 15 min. The supernatant
was passed through a 0.45 µm Millex-HV hydrophilic Polyvinylidene fluoride PVDF
membrane filter, and then injected into the HPLC system (gradient). The chromatographic
separation in the Agilent 1100 series HPLC took place in a DAD detector (Agilent, Santa
Clara, CA, USA) with a 250 mm × 4.6 mm, 4 m Octadecylsilyl Groups (ODS) column
(HiChrom, Reading, UK). The following solvents in water with a flow rate of 1 mL/min
and 20 µL injection volume were used for spectral measurements taken at both 254 nm and
280 nm as the mobile phase: solvent A, methanol–acetic acid–water (10:2:88); solvent B,
methanol–acetic acid–water (90:2:8).

2.7. Determination of Trolox Equivalent Antioxidant Capacity (TEAC)

For total antioxidant determination, the Trolox equivalent antioxidant capacity (TEAC)
assay was used. TEAC was determined with ABTS (2,2′-azino-bis-3-ethylbenzo-thiazoline-
6-sulfonic acid) by dissolving in an acetate buffer using potassium persulfate [34]. For
longer stability, the mixture was diluted with 20 mM sodium acetate buffer in an acidic
pH of 4.5 and read at 734 nm wavelength, 0.700 ± 0.01. For the spectrometric assay, 3 dm3

ABTS+ was mixed with a 20 dm3 fruit extract sample and incubated for 10 min, and
then absorbance was detected at 734 nm. The results were expressed as mmol Trolox
equivalent/100 g fresh weight (FW).

2.8. FRAP (Ferric Reducing Antioxidant Power) Assay

According to the methods of Benzie and Strain [35], the FRAP assay was used. The
assay was conducted using three aqueous stock solutions containing 0.1 mol/L acetate
buffer (pH 3.6), 10 mmol/L TPTZ (2,4,6-tris(2-pyridyl)-1,3,5-triazine) acidified with concen-
trated hydrochloric acid, and 20 mmol/L ferric chloride. These solutions were prepared
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and stored in the dark under refrigeration. Stock solutions were combined (10:1:1, v/v/v)
to form the FRAP reagent just prior to analysis. For each assay, laboratory duplicates from
each replicate plus 2.97 mL of FRAP reagent and 30 mL of sample extract were mixed.
After 30 min, the absorbance of the reaction mixture at 593 nm was determined on a
spectrophotometer. The results were expressed as mmol Trolox/100 g FW.

2.9. Crude Lipid Extraction

Crude lipid was extracted from 20 g of sea buckthorn berries per genotype using
hexane solvent in a Soxhlet apparatus for 6–7 h after solvent was removed by a rotary
evaporator (Heidolph, Hei-VAP Value; pressure < 10 mbar, and temperature 40 ◦C). Berries
were placed in a porous thimble of a Soxhlet extractor with a cotton plug at its mouth, and
the thimble was placed in an extraction chamber which was suspended in a previously
weighed flask containing methanol, methanol–chloroform, or petroleum ether. The whole
assembly was adjusted, and the flask was heated using a heating metal for 8–10 h to extract
lipid. After the extraction, the thimble was removed from the Soxhlet apparatus and
the solvent was removed under reduced pressure to afford lipid. Furthermore, the flask
containing lipid was placed in the oven at 100 ◦C for 30 min to remove residual solvent,
cooled in a desiccator, and weighed. The amount of lipid was calculated and expressed as
the percentage crude lipid content [36].

2.10. Determination of Fatty Acid Composition by Gas Chromatography

Methanolic HCl was prepared by the gradual addition of 20 mL of acetyl chloride to
100 mL of cold methanol. Fatty acid methyl esters (FAMEs) were prepared from total lipid
extracts of sea buckthorn berry tissues by adding 1 mL of methanolic HCl to 1 mg of total
lipid and incubating for 1 h at 80 ◦C. The methylation was quenched by the addition of 1 mL
of 0.9% aqueous sodium chloride, and the FAMEs were extracted twice with 2 mL of hexane.
The resulting FAME extract was evaporated under nitrogen and resuspended in isooctane
for GC/MS analysis. GC/MS analysis of FAMEs was performed on an Agilent 6890 N gas
chromatograph with an Agilent 5975 B Inert XL mass selective detector. Chromatographic
separation was achieved using a DB-23 capillary column (J&W Scientific, Folsom CA;
30 m × 250 µm × 0.25 µm) with the following temperature program: initial temperature
90 ◦C, raised at 10 ◦C/min to 165 ◦C, held for 5 min, and then raised at 3 ◦C/min to a
final temperature of 230 ◦C. The inlet was operated in splitless mode at a temperature of
290 ◦C, with helium as the carrier gas at constant flow of 1.2 mL/min. The transfer line
temperature was 250 ◦C, and the MS ion source and quadrupole temperatures were set
to 230 ◦C and 150 ◦C, respectively. MS detection was carried out in electron impact (EI)
ionization mode, scanning all masses from 30–350 amu. Peaks were identified on the basis
of mass spectral comparison with the NIST05 MS library in combination with retention
time, matching to external FAME standards [37].

2.11. Statistical Analysis

Differences among genotypes were determined through analysis of variance (ANOVA)
using the SPSS 22 software program, and results were evaluated with the least significant
difference (LSD) method at p < 0.05. In Section 3, mean values and standard deviations are
given (x ± SD ).

3. Results and Discussion
Agro-Morphological Traits

The 100-berry weight, berry shape, berry skin color, ripening time, growth habit,
presence of thorns, and leaf area of 10 genotypes are shown in Table 1. Statistically
significant differences among genotypes for 100-berry weight (p < 0.05) were determined.
The genotypes exhibited 100-berry weight in a range between 13.85 g (S-4) and 27.87 g (S-8)
indicating a twofold difference among S-4 and S-8 genotypes. Most of the genotypes (six
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genotypes) revealed oblong fruit shape, followed by elliptical (two genotypes) and oblate
berry shape (two genotypes) (Table 1).

Table 1. Means and SD values of agro-morphological characteristics of the 10 sea buckthorn genotypes.

Genotypes
100-Berry
Weight (g)

Berry Shape
Berry Skin

Color
Ripening

Time
Growth
Habit

Thorns
Leaf Area

(cm2)

S-1 17.11 ± 0.8 d Elliptic Light orange 23 September Shrub Few 2.56 ± 0.2 c

S-2 21.34 ± 0.9 bc Oblong Orange 2 October Tree Few 3.40 ± 0.2 ab

S-3 18.56 ± 0.8 cd Oblong Light orange 27 September Tree Medium 2.89 ± 0.1 bc

S-4 13.85 ± 0.6 e Elliptic Yellow 30 September Shrub Few 3.98 ± 0.2 ab

S-5 14.47 ± 0.5 de Ovate Light orange 4 October Shrub Few 4.02 ± 0.3 ab

S-6 25.11 ± 0.7 b Oblong Dark orange 7 October Tree Medium 4.22 ± 0.3 a

S-7 20.38 ± 0.9 c Oblong Orange 30 September Tree Medium 3.70 ± 0.2 ab

S-8 27.87 ± 1.1 a Ovate Yellow 1 October Shrub Few 3.23 ± 0.1 b

S-9 19.79 ± 0.8 cd Oblong Light orange 25 September Shrub Few 3.04 ± 0.2 bc

S-10 16.50 ± 1.0 de Oblong Yellow 27 September Tree Few 2.96 ± 0.1 bc

Different letters in same column indicate significant differences at the 0.05 level.

Four genotypes had light-orange berry skin color, three genotypes had yellow berry
skin color, two genotypes had orange berry skin color, and only one genotype had dark-
orange berry skin color. The ripening time of the 10 genotypes occurred from 23 September
(S-1) to 7 October (S-6). Regarding the growth habit, trees and shrubs were represented
equally, with five genotypes each. Seven genotypes presented only few thorns per plant,
while the remaining genotypes showed medium presence of thorns. Leaf area of the geno-
types ranged from 2.56 cm2 (S-1) to 4.22 cm2 (S-6) with statistically significant differences
(p < 0.05) among the analyzed genotypes.

The results indicate that sea buckthorn genotypes were quite variable in most of
the agro-morphological characteristics. In fact, previous studies conducted in different
countries also showed great diversity in most of the agro-morphological traits in sea
buckthorn. For example, Sezen et al. [38] used 30 female seed-propagated sea buckthorn
genotypes to determine their landscape and horticulture value and reported quite variable
100-berry weight that ranged between 15 and 26 g. Zheng et al. [39] used a large number of
sea buckthorn cultivars belonging to ssp. mongolica and found 100-berry weight between
37 and 74 g. Zheng et al. [40] reported 100-berry weight between 9 and 20 g among ssp.
sinensis genotypes. In India, 100-berry weight of sea buckthorn genotypes was found
to be between 11.53 g and 18.87 g [41]. In China, it was reported to vary between 18.5
and 19.5 g among genotypes belonging to H. rhamnoides and between 19.0 and 20.5 g
among genotypes belonging to H. salicifolia [42]. In another study conducted in different
valleys in India, diverse 100-berry weight was documented. For example, in Mana valley,
they reported average 100-berry weight of 21.25 g, whereas, in Niti valley, the 100-berry
weight amounted to 16.73 g [43]. Li et al. [16] used 78 diverse sea buckthorn accessions
and reported 100-berry weight between 10.73 g (H. rhamnoides ssp. sinensis) and 47.69 g
(H. rhamnoides ssp. mongolica).

Yadav et al. [41] used a number of wild-grown sea buckthorn genotypes in India and
found that fruit shape varied from round to ovate, while berry skin color ranged from
greenish-yellow to yellow-orange in H. salicifolia accessions. Sezen et al. [38] found that
the majority of H. rhamnoides genotypes in Coruh valley in Turkey had oblong berry shape
while yellow, light-yellow, dark-yellow, yellow-orange, orange, and dark-orange peel
colors were present among wild-grown sea buckthorn genotypes. India is one of the richest
countries in terms of variability of sea buckthorn’s gene pool, and Dhyani et al. [43] found
oval, elliptical, round oval/elliptical, and ovate berry shape with diverse berry skin color
including orange yellow, orange, reddish yellow, red orange, and orange. Li et al. [16] used
78 diverse sea buckthorn accessions and reported oblong, ovate, and elliptical berry shape.
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Sezen et al. [38] reported early or medium ripening characteristics in sea buckthorn
genotypes in Turkey. Singh and Singh [44] also found great variations for this morpho-
logical trait in native H. salicifolia and H. rhamnoides female plants in Himachal Pradesh.
Sezen et al. [38] also reported that most of the sea buckthorn genotypes had a bush growth
habit, but the tree growth habit was also evident. This was also strongly supported in a
study conducted in India, which revealed that most of the sea buckthorn genotypes had a
bush growth habit [41].

Previously, Sezen et al. [38] found that most of the sea buckthorn genotypes had few
or medium thorns, and the leaf area of these genotypes was between 1.59 and 4.26 cm2,
indicating great variability. In India, leaf area was found to be between 2.28 and 9.35 cm2

among sea buckthorns belonging to different species [41]. Sabir et al. [20] also reported
a quite variable number of thorns and leaf sizes among sea buckthorn genotypes grown
in Pakistan. The agro-morphological characteristics varied among studies conducted on
different continents. These differences could be connected to diverse origins, species,
different parts of the fruit analyzed, climatic and growing conditions, etc.

Table 2 shows the results obtained from the juice analyses, including juice yield,
vitamin C content, titratable acidity, SSC, and protein and lipid content of the 10 analyzed
genotypes. For all researched parameters, statistically significant differences were evident
at the 0.05 level.

Table 2. Means and SD values of juice yield, vitamin C, soluble solid content (SSC), titratable acidity, and protein and lipid
content in pulps of the 10 sea buckthorn genotypes.

Genotypes Juice Yield (%)
Vitamin C
(mg/100 g)

Titratable
Acidity (%)

SSC (%) Protein (%) Lipid (%)

S-1 52.25 ± 2.3 c 40.10 ± 2.4 h 3.88 ± 0.2 bc 12.95 ± 0.6 cd 0.74 ± 0.2 b 5.70 ± 0.4 ab

S-2 57.15 ± 2.7 a 57.25 ± 3.9 c 3.40 ± 0.2 bc 12.56 ± 0.5 de 0.66 ± 0.1 bc 5.02 ± 0.3 c

S-3 54.42 ± 3.9 b 44.51 ± 2.0 g 4.01 ± 0.3 b 12.86 ± 0.7 cd 0.72 ± 0.2 b 5.49 ± 0.4 b

S-4 44.87 ± 3.1 g 54.33 ± 3.1 d 3.80 ± 0.1 bc 14.67 ± 0.7 ab 0.60 ± 0.1 c 6.03 ± 0.5 ab

S-5 50.40 ± 2.9 d 37.45 ± 2.7 i 3.76 ± 0.2 bc 13.17 ± 0.5 cd 0.63 ± 0.1 bc 5.58 ± 0.3 ab

S-6 48.83 ± 2.4 e 48.03 ± 3.3 f 3.14 ± 0.2 c 14.80 ± 0.6 a 0.83 ± 0.1 a 6.17 ± 0.3 a

S-7 47.75 ± 3.2 ef 49.28 ± 4.6 ef 4.17 ± 0.3 ab 14.07 ± 0.5 b 0.66 ± 0.2 bc 5.40 ± 0.2 bc

S-8 46.58 ± 2.7 f 62.85 ± 5.4 a 3.30 ± 0.2 bc 13.90 ± 0.5 bc 0.80 ± 0.2 ab 5.78 ± 0.4 ab

S-9 49.33 ± 2.5 ef 60.14 ± 4.2 b 4.73 ± 0.3 a 13.45 ± 0.6 c 0.70 ± 0.1 b 6.10 ± 0.3 ab

S-10 54.10 ± 4.0 b 50.62 ± 2.4 e 4.20 ± 0.1 ab 12.70 ± 0.4 d 0.72 ± 20.1 b 5.65 ± 0.3 ab

Different letters in same column indicate significant differences at the 0.05 level.

As shown in Table 2, genotypes S-2, S-3, S-10, S-1, and S-5 had higher values of fruit
juice yield, i.e., 57.15%, 54.42%, 54.10%, 52.25%, and 50.40%, respectively. The lowest fruit
juice yield was obtained from genotype S-4, which amounted to 44.87%. Sezen et al. [38]
reported quite variable berry juice yield among 30 seed-propagated female sea buckthorn
genotypes grown in Coruh valley in Turkey, ranging between 37.00% and 53.60%, indicating
similarity with our study. Zheng et al. [39] used a large number of sea buckthorn cultivars
belonging to ssp. mongolica and found juice yield between 50.5% and 59.4%. Zheng et al. [40]
reported juice yield between 38.9% and 62.7% among ssp. sinensis genotypes. Previous
researches showed higher fruit juice yield (60–80%) among sea buckthorn genotypes and
cultivars [20,41,43,45,46] compared to our study. The observed differences could be the
result of plant material used (different species, genotypes, accessions, etc.), growing locality,
agronomic practices applied, etc.

The vitamin C content of the 10 sea buckthorn genotypes in this study was in the
range of 37.45 mg/100 g (S-5) to 62.85 mg/100 g (S-8), indicating nearly twofold differences
between these two genotypes. Sezen et al. [38] found lower vitamin C content (between 19
and 34 mg per 100 g) among sea buckthorn genotypes. Yao et al. [47] studied vitamin C
concentrations of 71 Hippophae rhamnoides genotypes and found quite variable vitamin C
content ranging from 28 to 201 mg/100 g. Jalakas et al. [48] reported vitamin C content to
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vary between 49 and 65 mg per 100 g among sea buckthorn cultivars. The great variations
in the vitamin C content of sea buckthorn genotypes are characteristic for this unique plant
species. This trait could also be affected by the genotype, geographical origin, level of
maturity of the berries, growing conditions, etc. [40].

The soluble solid content (SSC) and titratable acidity content of the genotypes in this
study varied from 12.56% (S-2) to 14.67% (S-4) and 3.14% (S-6) to 4.73% (S-9), respectively.
Genotypes greatly differed from each other for SSC and titratable acidity content at the
0.05 level (Table 2). Sezen et al. [38] reported SSC and titratable acidity among sea buckthorn
(H. rhamnoides) genotypes to be 10.65–14.60% and 2.75–5.02%, respectively which is in
accordance with our results. Sea buckthorn berries are considered highly acidic fruits. In
Finland, the SSC content of sea buckthorn was reported to be between 7.4% and 12.6% [29].
Kuhkheil et al. [49] found that the content of vitamin C and SSC were the main variables
in chemical constituents for the effective detection of original wild populations of sea
buckthorn (Hippophae rhamnoides L.) in central Alborz Mountains in Iran. They reported
the lowest SSC of 8.60% and average SSC content between 17% and 20% in different years
by using a large number of populations. Zheng et al. [39] used a large number of sea
buckthorn cultivars belonging to ssp. mongolica and found SSC and acidity to be 7.40–9.00%
and 2.90–4.99%, respectively. Zheng et al. [40] found SSC to be between 7.3% and 21.8%
among ssp. sinensis genotypes.

The protein and lipid content of sea buckthorn genotypes is given in Table 2. The
genotypes exhibited statistically significant differences for both analyzed parameters at
the 0.05 level. Protein and lipid content was 0.60% (S-4) to 0.80% (S-8) and 5.02% (S-2)
to 6.17% (S-6), respectively. These results indicate that sea buckthorn berries are a rich
source of proteins and lipids (Table 2). Criste et al. [25] analyzed four varieties of sea
buckthorn (H. rhamnoides) in Romania and found protein content ranging between 0.72%
in the Carmen variety and 0.86% in the SF-6 variety. These results agree with our findings
on protein content. One of the most important properties of sea buckthorn berries is its
lipid content in the mesocarp section, as well as in the seeds [49–51]. The lipid content of
whole berries can vary considerably with the variety and other factors. Criste et al. [25]
investigated four varieties of sea buckthorn (H. rhamnoides) in Romania and reported
lipid content of berries (pulp) ranging between 4.61% and 5.71%. The lipid content of the
mesocarp (pulp) of sea buckthorn berries is mainly determined by the used genotype, as
well as by the environmental conditions. Previous studies also reflected a genotypic effect
on the lipid content of fresh berries of Hippophae spp.; the reported lipid percentage ranged
from 1.4% in ssp. sinensis from China up to 13.7% in ssp. turkestanica from the Western
Pamirs [52]. The specific sugar content of genotypes is given in Table 3. The genotypes
contained mainly glucose (0.14–0.71%) and fructose (0.10–0.59%), while a few genotypes
contained negligible sucrose content (Table 3).

Table 3. Means and SD values of the contents of specific sugars of the 10 sea buckthorn genotypes.

Genotypes Glucose (%) Frucose (%) Sucrose (%)

S-1 0.39 ± 0.1 d 0.25 ± 0.1 c nd
S-2 0.14 ± 0.0 fg 0.10 ± 0.0 d nd
S-3 0.30 ± 0.1 e 0.19 ± 0.0 cd nd
S-4 0.68 ± 0.2 ab 0.52 ± 0.1 ab 0.07
S-5 0.50 ± 0.2 c 0.30 ± 0.1 bc nd
S-6 0.71 ± 0.2 a 0.59 ± 0.1 a 0.09
S-7 0.64 ± 0.1 ab 0.48 ± 0.1 ab nd
S-8 0.60 ± 0.1 b 0.40 ± 0.1 b 0.04
S-9 0.55 ± 0.1 bc 0.34 ± 0.1 bc nd
S-10 0.22 ± 0.0 f 0.15 ± 0.0 cd nd

Different letters in same column indicate significant differences at the 0.05 level; nd, not detected.
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We found statistically significant differences in fructose and glucose content among the
10 sea buckthorn genotypes. Previously, Yang [53] studied specific sugars in sea buckthorn
berries and reported glucose and fructose as the main sugars in berries for all three major
subspecies (H. rhamnoides ssp. sinensis, ssp. rhamnoides, and ssp. mongolica). Criste et al. [25]
reported glucose and fructose as the main specific sugars in four sea buckthorn cultivars
belonging to H. rhamnoides in Romania and reported fructose and glucose content of 0.18–
1.10% and 0.17–0.46%, respectively. They also found that only one cultivar contained a
negligible amount of sucrose, determining at the same time higher glucose than fructose
content, similarly to our findings. Glucose content in our research was also similar to the
findings of Yang [53] in all samples of H. rhamnoides. In another study, Yang et al. [54]
found fructose and glucose to range from 0.6% in ssp. rhamnoides to 24.2% in berries of
ssp. sinensis. Zheng et al. [39,40] indicated glucose and fructose as the main sugars in sea
buckthorn berries, suggesting that both sugars levels are affected by the cultivars.

In Table 4, the total phenolic content, total anthocyanins, and antioxidant capacity
in berries from the 10 sea buckthorn genotypes are shown. As indicated in Table 4, the
differences in all analyzed parameters among genotypes were statistically significant
(p < 0.05).

Table 4. Means and SD values of total phenolic content, total anthocyanins, and antioxidant capacity
(ferric reducing antioxidant power (FRAP) and Trolox equivalent antioxidant capacity (TEAC) assays)
of the 10 sea buckthorn genotypes.

Genotypes
Total Phenolic
Content (mg
GAE/100 g)

Total
Anthocyanin

(mg/L)

FRAP (mg Trolox
Equivalent/100 g

FW)

TEAC (mg Trolox
Equivalent/100 g

FW)

S-1 486 ± 24 f 19.4 ± 0.4 e 0.54 ± 0.1 c 2.04 ± 0.2 d

S-2 522 ± 33 d 31.1 ± 0.7 b 1.06 ± 0.2 b 2.11 ± 0.2 cd

S-3 450 ± 18 hi 22.5 ± 0.6 c 0.77 ± 0.1 bc 1.89 ± 0.1 de

S-4 412 ± 14 i 11.2 ± 0.4 f 0.45 ± 0.1 cd 1.71 ± 0.1 e

S-5 587 ± 20 c 20.4 ± 0.5 d 1.22 ± 0.2 ab 2.34 ± 0.2 c

S-6 495 ± 22 ef 38.7 ± 0.8 a 0.87 ± 0.2 bc 1.67 ± 0.1 e

S-7 507 ± 19 e 29.4 ± 0.3 c 1.01 ± 0.2 bc 2.28 ± 0.2 cd

S-8 622 ± 30 a 11.4 ± 0.1 f 1.48 ± 0.2 a 2.93 ± 0.2 a

S-9 604 ± 27 b 21.6 ± 0.3 cd 1.34 ± 0.2 ab 2.78 ± 0.2 b

S-10 461 ± 19 g 9.1 ± 0.2 g 0.37 ± 0.1 cd 1.58 ± 0.1 ef

Different letters in same column indicate significant differences at the 0.05 level; GAE, gallic acid equivalent; FW,
fresh weight.

A high genotypic variation in terms of total phenolic content was observed (412–
622 mg GAE/100 g FW). The highest total phenolic content was observed in genotype S-8
(622 mg GAE/100 g FW), followed by the S-5 genotype (587 mg GAE/100 g FW), while the
lowest value was recorded in genotype S-4 (412 mg GAE/100 g FW; Table 4).

Total phenolic content was previously reported to be quite variable among sea buck-
thorn cultivars and genotypes grown in different agro-climatic conditions in the world.
Saeidi et al. [55] reported 247 mg GAE/100 g FW of total phenolic content in wild-grown
H. rhamnoides ssp. rhamnoides, indicating lower values than those recorded in our samples.
However, Rop et al. [56] and Crieste et al. [25] found total phenolic content in four sea
buckthorn cultivars grown in Czech Republic and Romania to range from 862–1417 mg
GAE/100 g and 1012–1866 mg GAE/100 g FW, values higher than those recorded in our
study. Bittová et al. [57] also reported higher total phenolic content (i.e., between 1070
and 1730 mg GAE/100 g) in berries of sea buckthorn cultivars. All of the abovementioned
studies revealed significant differences existing among sea buckthorn cultivars in terms of
total phenolic content. Di Mauro et al. [58] reported that the polyphenolic profile in olive is
cultivar-dependent. The local sea buckthorn genotypes were characterized by markedly
higher contents of total polyphenols compared to blackberry (262 mg/100 g), blueberry
(300 mg/100 g), raspberry (322 mg/100 g), strawberry (323 mg/100 g), and blackcurrant
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(434 mg/100 g) [59]. The World Health Organization (WHO) recommendation to increase
consumption of fruit, vegetables, and fiber is a key lifestyle change that could help to reduce
the risk of noncommunicable diseases (NCDs) [60]. Although deficiencies in polyphenol
intake do not result in specific deficiency diseases, adequate intake of polyphenols could
confer health benefits, especially with regard to chronic diseases. Tea, cocoa, fruits, and
berries, as well as vegetables, are rich in polyphenols [61].

Genotype S-6 with dark-orange color had the highest total anthocyanin content in
berries (38.7 mg/L), while yellow berry genotypes such as S-4, S-8, and S-10 genotypes
had the lowest total anthocyanin content, i.e., 11.2 mg/L, 11.4 mg/L, and 9.3 mg/L,
respectively (Table 4). The differences in total anthocyanins among genotypes were found
to be statistically significant at p < 0.05 (Table 4). Tiitinen et al. [29] previously studied a
number of sea buckthorn genotypes in Finland and reported the total anthocyanin content
of sea buckthorn berries to range from 7 to 38 mg/L, demonstrating similarities with our
study. Sezen et al. [38] also found that relatively dark-orange sea buckthorn berries contain
more anthocyanin than yellow and light-yellow sea buckthorn berries. Sabir et al. [20]
studied sea buckthorn genotypes in Pakistan and reported anthocyanin content ranging
between 0.5 and 25 mg/L, which in accordance with our results.

We found statistically significant differences (p < 0.05) among genotypes for antiox-
idant capacity by using FRAP and TEAC assays. Genotype S-8 showed the highest an-
tioxidant capacity in both methods as 2.93 mmol Trolox equivalent/100 g in the TEAC
assay and 1.48 mmol Trolox equivalent/100 g in the FRAP assay (Table 4). In addition,
the genotypes that had the highest total phenolic content also showed the highest antiox-
idant activity in both assays. The FRAP, TEAC, and TPC (total phenolic content) results
showed a close relationship, indicating that antioxidant capacity is attributable to the wide
range of polyphenols present in sea buckthorn berry skin and flesh. Chen et al. [62] also
reported that antioxidant activity in sea buckthorn berries followed the same trend as the
concentrations of total phenolics. On the basis of these findings, it can be concluded that
differences among the phenolic profiles and antioxidant capacities of sea buckthorn berries
significantly depend on the genotype because all plants in our study were growing in
similar environmental conditions, receiving similar sun exposure and temperature levels.
Makovics-Zsohar et al. [63] investigated six sea buckthorn genotypes in Hungary and
revealed a nearly threefold difference between the lowest and highest antioxidant capac-
ities of the tested genotypes. They reported TEAC values that ranged between 1.76 and
3.13 mmol Trolox equivalent/100 g fresh weight and FRAP values that ranged between
0.45 and 1.80 mmol AA equivalent/100 g. They also found that Hippophae rhamnoides
berries possess in vitro antioxidant activity, strongly determined by the genotype as well
as by the harvest time. Criste et al. [25] also reported that the antioxidant capacity of four
sea buckthorn genotypes was quite variable among genotypes, and all genotypes had
relatively high antioxidant capacity determined by 2.2-diphenyl-1-picrylhdrazyl (DPPH)
and TEAC assays.

The fatty acid content of fruits of the 10 sea buckthorn genotypes is given in Table 5. It
is obvious that the genotype strongly influenced fatty acid content, and that there were
statistically significant differences among genotypes (p < 0.05) for individual fatty acids,
except stearic acid (Table 5).

Linoleic acid was the main fatty acid in the pulp of sea buckthorn genotypes and var-
ied among genotypes from 24.11% to 36.37%. This fatty acid was followed by palmitoleic
acid (18.13–26.44%) and palmitic acid (15.40–21.20%). The content of linolenic and stearic
acid was determined to be lower than that of the abovementioned fatty acids and ranged
from 3.88–7.02% and 1.80–3.23%, respectively (Table 5). Fatty acids in sea buckthorn berries
(pulp) are very important from a nutritive point of view because sea buckthorn berries are
edible when ripe, and it is clear that sea buckthorn berries are a valuable source of some bi-
ologically active compounds, including antioxidants and fatty acids. Saeidi et al. [55] found
that berries of H. rhamnoides grown in Iran include linoleic (34.2%), palmitoleic (21.37%),
palmitic (17.2%), oleic (12%), linolenic (5.37%), and stearic acid (1.67%) as dominant fatty
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acids. It is well documented that, among fruits, macadamia and sea buckthorn are high in
concentration of palmitoleic acid [64]. Yang and Kallio [52] also found that sea buckthorn
fruit (mesocarp or pulp) exhibits a high content of palmitoleic acid. Regarding fatty acid
diversity and content, our results are in accordance with the abovementioned studies. The
differences between our results and other studies could be explained by genotype, cultivar
used, growing and geographical conditions, and environmental factors [65].

Table 5. Means and SD values of fatty acid content in the pulp of the 10 sea buckthorn genotypes (%).

Genotypes Linoleic Acid Palmitoleic Acid Palmitic Acid Oleic Acid Linolenic Acid Stearic Acid

S-1 36.37 ± 1.2 a 18.13 ± 0.7 e 17.07 ± 0.5 c 9.84 ± 0.2 c 3.88 ± 0.2 b 1.88 ± 0.1 NS

S-2 25.56 ± 0.9 de 23.42 ± 0.9 bc 19.04 ± 0.7 b 10.87 ± 0.3 bc 5.15 ± 0.3 ab 2.21 ± 0.1
S-3 27.43 ± 1.1 d 20.02 ± 0.5 d 15.40 ± 0.4 d 15.40 ± 0.3 a 4.24 ± 0.2 ab 1.97 ± 0.1
S-4 30.02 ± 1.3 c 19.00 ± 0.5 de 21.01 ± 0.3 ab 10.36 ± 0.2 bc 4.78 ± 0.2 ab 2.30 ± 0.2
S-5 24.11 ± 1.1 e 24.77 ± 0.8 b 20.40 ± 0.5 ab 9.23 ± 0.3 c 6.44 ± 0.3 ab 2.44 ± 0.1
S-6 24.97 ± 0.8 e 21.56 ± 1.0 c 20.84 ± 0.4 ab 13.12 ± 0.2 b 6.02 ± 0.4 ab 2.27 ± 0.2
S-7 29.27 ± 1.4 bc 20.75 ± 0.7 cd 18.85 ± 0.3 bc 14.56 ± 0.4 ab 3.95 ± 0.3 b 2.04 ± 0.1
S-8 24.88 ± 1.2 de 26.44 ± 1.1 a 21.20 ± 0.5 a 13.87 ± 0.2 ab 5.80 ± 0.3 ab 2.15 ± 0.1
S-9 32.11 ± 1.4 ab 19.68 ± 0.7 de 18.38 ± 0.2 bc 11.25 ± 0.4 bc 6.67 ± 0.4 ab 1.80 ± 0.1

S-10 33.37 ± 1.5 b 18.47 ± 0.9 e 19.80 ± 0.6 ab 9.44 ± 0.3 c 7.02 ± 0.4 a 3.23 ± 0.2

Different letters in same column indicate significant differences at the 0.05 level; NS, nonsignificant.

Major individual phenolic acids are shown in Table 6. As can be seen, major phenolic
acids in pulp of berries belonging to the 10 analyzed sea buckthorn genotypes were
gallic acid (5.43–17.12 mg/100 g), followed by quercetin (2.87–11.47 mg/100 g), rutin
(2.87–11.47 mg/100 g), quercitrin (2.44–6.57 mg/100 g), luteolin (0.96–5.12 mg/100 g),
and kaemferol (0.44–1.29 mg/100 g). Among all sea buckthorn genotypes, significant
differences were recorded in phenolic acids at the 0.05 level (Table 6). Criste et al. [25]
reported that gallic acid was the main phenolic acid in sea buckthorn pulp belonging to
four cultivars, with concentrations varying from 6.51 to 19.37 mg/100 g, thus indicating
similarities with our findings. They also reported rutin and quercetin to be the major
phenolic acids in sea buckthorn berries. Previously, gallic acid, rutin, and quercetin were
reported as main phenolic acids in sea buckthorn berries [64]. Bittova et al. [57] also
reported that the main compounds identified in sea buckthorn berries were gallic acid,
p-coumaric acid, ferulic acid, rutin, and quercitrin

Table 6. Means and SD values of the contents of major individual phenolics in the pulp of the 10 sea buckthorn genotypes
(mg/100 g).

Genotypes Gallic Acid Quercetin Rutin Quercitrin Luteolin Kaempferol

S-1 7.44 ± 0.5 cd 4.42 ± 0.4 cd 3.86 ± 0.5 d 2.44 ± 0.3 c 2.44 ± 0.2 b 0.55 ± 0.1 bc

S-2 11.47 ± 0.6 bc 8.45 ± 0.7 b 8.82 ± 0.8 ab 3.66 ± 0.2 bc 2.11 ± 0.2 bc 1.22 ± 0.2 a

S-3 8.23 ± 0.6 cd 3.50 ± 0.4 cd 9.11 ± 0.6 ab 3.11 ± 0.3 bc 0.96 ± 0.1 c 0.44 ± 0.1 c

S-4 6.64 ± 0.5 cd 2.87 ± 0.3 d 10.24 ± 1.0 ab 2.76 ± 0.3 c 1.89 ± 0.1 bc 1.15 ± 0.2 ab

S-5 13.61 ± 1.0 b 7.56 ± 0.6 bc 8.62 ± 0.9 b 3.03 ± 0.2 b 2.98 ± 0.2 ab 0.82 ± 0.1 b

S-6 11.10 ± 1.1 bc 9.16 ± 0.8 ab 6.45 ± 0.5 bc 4.30 ± 0.3 ab 5.12 ± 0.3 a 1.04 ± 0.1 ab

S-7 9.56 ± 0.4 c 5.33 ± 0.5 c 7.24 ± 0.7 bc 4.11 ± 0.2 ab 4.04 ± 0.3 ab 0.70 ± 0.1 bc

S-8 17.12 ± 1.4 a 10.64 ± 1.0 ab 11.17 ± 0.8 a 6.57 ± 0.5 a 3.56 ± 0.3 ab 0.90 ± 0.1 ab

S-9 15.40 ± 1.3 ab 11.47 ± 1.3 a 9.86 ± 1.0 ab 4.77 ± 0.7 ab 3.98 ± 0.2 ab 1.29 ± 0.2 ab

S-10 5.43 ± 0.5 d 3.04 ± 0.3 cd 6.06 ± 0.6 c 2.95 ± 0.3 bc 1.44 ± 0.2 bc 0.62 ± 0.1 bc

Different letters in same column indicate significant differences at the 0.05 level.
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4. Conclusions

The main results of this study encompassing 10 sea buckthorn genotypes from eastern
Turkey displayed important nutritional and bioactive compounds in the sea buckthorn
berries. The attested variability among genotypes in terms of physicochemical profiles
and horticultural characteristics also showed their potential value for further breeding
programs targeting different breeding purposes. The results also indicated the potential use
of berries in bio-industrial applications, which remains unexplored so far. Easy propagation
and production of this unique fruit species alongside the sustainable harvest of wild-grown
plants can contribute to the local economies and have a significant effect on socioeconomic
and environmental balance.
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Abstract: Cornelian cherries has been grown Balkan peninsula no apparent disease and pest problems
for centuries. The most important pomological and technological properties of cornelian cherry
genetic resources (eleven local and introduced varieties and selections) in Gornje Polimlje, Montenegro
were studied in four-year periods. Fruit weight, stone weight, and mesocarp/stone ratio shows great
variation and varied between 1.89 to 6.16 g, 0.32 to 0.64 g and between 76.66 and 90.59%, respectively.
Genotypes significantly differed each other in terms of yield determined as per trunk cross section area
(TCSA). For better visualization of the agronomical traits important to the yield, i.e., yield per TCSA
and fruit weight data is presented in combination as measured in the years of study. The best promising
genotypes are Vladimirskiy, Chisinau yellow, and Krupnoplodni NS, which had consistently higher
yield and large fruits for sustainable fruit production. Dry matter, total sugars, reducing sugars, sucrose,
total acidity, Ca–pectate, vitamin C, total anthocyanins, total polyphenols, and ash content of cornelian
cherry cultivars and selections were found between 19.81–24.46%, 10.94–14.47%, 10.44–13.09%,
0.24–1.23%, 1.92–2.51%, 2.76–4.43%, 41.09–101.27 mg/100 g, 0–157.06 mg/100 g, 183.91–307.9 mg/100 g,
and 0.89–1.16%, respectively. The amount of potassium, which predominates in percentage of minerals
in the ash, ranged from 2888 to 3574 mg/kg. The extensiveness of the study leads, therefore, to several
clear conclusions and recommendations. Consistently, the best balance of biochemical elements
in combination with good yield and fruit size measurements is found in selection Krupnoplodi
NS. If consider fruit size and yield efficiency are priority, Vladimirskiy, Chisinau yellow, Kosten
3, and Krupnoplodni NS have clear advantage over the other genotypes. The study highlights
the importance of local cornelian cherry selections for sustainable cornelian cherry production
in Montenegro.

Keywords: Cornus mas; yield; weight; biochemical characteristics

1. Introduction

Sustainable fruit production is gained much importance more recently and one of the key principles
associated with sustainable fruit production includes use and enhance biological diversity and use
of genetic resources [1]. Consumers are also tending to buy fruits that can be classed as sustainable,
including local provenance of the fruit and how organic or natural it is [2,3].

Plant genetic resources have been indispensable basic raw material due to their importance for
food and agriculture since long time. Traditional and local varieties are very valuable resources,
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well adopted across a wide range of agroclimatic conditions and remarkable resistance against pests
and diseases that indicate higher sustainability. They carry many qualities, such as taste, color, and
size [3,4]. Local varieties gain importance in the development of new varieties because they show a
high degree of genetic diversity within a particular field [1,5].

Cornelian cherry (Cornus mas L.) is spontaneous fruit species, dispersed in East and South regions
of Europe and West Asia [6]. It is a slow growing, long living, and very adaptive plant [7]. It grows
mostly on the dry, sunny and rocky sides of light deciduous oak forests, together with other shrubs
and bushes. Although cornelian cherry has long been known and used as a food and medicine [8],
until recently, it belonged to the group of less known fruit species [9].

Lately, there has been an increase in consumer interest in healthy lifestyles, which includes a
healthy diet, and producers are returning to this partially forgotten fruit, which is adorned with
biologically very valuable fruits for humans with multiple use [10–12]. Ripe cornelian cherry fruits
are eaten fresh, frozen, dried or processed into jam, marmalade, slatko (fruit preserve is sugar syrup),
composte, fruit juice, syrup, yogurt, wine, liqueur, and brandy, while green fruits are marinated in a
saline solution similar to olives [13,14]. Cornelian cherry fruits are rich in essential minerals, vitamins,
sugars, acids, tannins, pectins, anthocyanin’s, phenolic compounds and other substances, which puts it
in line with other more widely used fruit species [9,11,15,16]. Almost all the organs of cornelian cherry
are used in traditional medicine to treat diarrhoea, cholera, fever, malaria, kidney stones, urinary
tract infections, bleeding, and overheating [17,18]. The healing properties of cornelian cherry are not
ignored by medicine of modern age either, and numerous studies indicate its use in the prevention
and treatment of arteriosclerosis, diabetes, high cholesterol, hepatic steatosis, and cancer [19–22].
In addition to the before mentioned, cornelian cherry has been found to have antimicrobial, antiparasitic,
anti–inflammatory, and antioxidant effects [6,23,24].

Attractive golden–yellow flowers in early spring, as well as decorative leaves with long duration
of leaf color change in autumn, allow the use of cornelian cherry for decorative purposes [25]. Thanks
to early flowering, cornelian cherry is a valued honey plant because it provides of nectar and pollen in
a period of pollen and nectar deficiency [26].

The area of cornelian cherry distribution in Montenegro reaches sea coast in the South and far
North of the country, fruiting at 1300 m above sea level [27]. Many products made from cornelian
cherry fruits harvested from wild trees from nature are traded in Montenegrin markets. Such fruits are
produced in the conditions of undisturbed natural relations, without the application of pesticides and
mineral fertilizers, meeting the strictest standards for the production of safe food. Fresh fruits of this
fruit species or processed products stored without the use of high temperatures and preservatives can
be recommended for the safe diet due to their high nutritional value and beneficial effect on health.
However, there is a problem with fruit harvesting, as cornelian cherry, as a forest fruit, often grows in
inaccessible terrains. The solution to that problem is to establish orchards of this fruit species.

Therefore, the aim of this paper was to examine the most important pomological and technological
characteristics of introduced varieties and selections, as well as selections that were isolated from
natural populations in Montenegro, in order to recommend them for further expansion and use
in cultivation.

2. Materials and Methods

2.1. Plant Material and Field Evaluation

In the four–year period, four selections of cornelian cherry from Montenegro (Kosten 1, Kosten
2, Kosten 3, and Boro), four selections from Serbia (Apatinski rani, Bačka, Era, and Krupnoplodni
NS) and three introduced varieties (Lukyanovskiy, Vladimirskiy, and Chisinau yellow) were studied.
The experimental orchard was mainly established in autumn 2008 in the village of Kostenica (43◦

02′N, 19◦ 51′E, 850 m above sea level), near Bijelo Polje in the northern part of Montenegro. Only the
Vladimirskiy variety was subsequently planted in the fall of 2011. Plants were produced by grafting
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on cornelian cherry seedlings and were planted at a distance of 4 × 4 m. The cultivation form is an
improved pyramid. Each variety and selection is represented by five trees. Among the agrotechnical
measures in the orchard, fertilization, mulching with green grass under the tree crown, and irrigation
were applied. Fertilization was performed with mature bovine manure in the fall of 2011 and 2014 in
the amount of 15 kg per tree. Fruit analysis was performed on mature fruits, in an average sample of
100 fruits per variety and selection (20 fruits per tree), and each tree was observed as one replication.
The four-year meteorological data (temperature and precipitation) are given in Table 1.

Table 1. The meteorological data of Kostenica between 2012–2015.

Parameters Years Jan. Feb. Mar April May June July August Sep. Oct. Nov. Dec. Years

Temperature
mean montly

(◦C)

2012
2013
2014
2015

−1.7
1.9
3.9
0.4

−3.8
4.5
7.6
2.2

6.1
7

8.6
5.1

10.9
13.1
10.7
9.7

14.6
16

14.5
16.9

20.9
18.7
18

18.9

23.6
21
20

23.4

22.4
21.8
20

22.6

18.4
16
16

18.7

13
13.1
11.7
12.5

8.6
7.8
8.6
6.2

0.1
−0.5
2.3
−0.4

11.1
11.7
11.8
11.3

Temperature
minimum
daily (◦C)

2012
2013
2014
2015

−17.0
−9.0
−7.0
−18.8

−20.2
−4.6
−6.2
−10.0

−6.8
−8.8
−2.2
−6.4

−2.4
1.2
−1.0
−4.8

5.0
3.8
1.2
4.8

8.2
8.0
9.0
7.8

9.2
7.6
9.0

10.0

7.4
12.4
10.0
11.6

2.8
5.2
4.8
4.8

−0.8
−0.4
0.6
1.4

0.2
−4.4
−2.4
−3.0

−15.0
−10.2
−10.8
−6.4

−20.2
−10.2
−10.8
−18.8

Temperature
maximum
daily (◦C)

2012
2013
2014
2015

10.0
17.8
15.0
12.0

11.0
16.0
22.0
15.5

23.0
20.5
25.5
21.5

30.2
30.8
23.2
24.5

31.0
32.0
30.6
33.5

35.5
35.0
30.6
32.5

38.0
36.2
32.4
36.5

39.0
36.8
33.6
36.5

34.8
29.0
26.0
36.5

32.0
27.5
26.2
26.5

25.5
22.0
21.2
21.5

14.2
14.8
14.2
10.0

39.0
36.8
33.6
36.5

Precipitation
(mm)

2012
2013
2014
2015

44.6
124.3
69.2
77.0

184.5
80.4
27.9
75.3

9.6
158.1
47.3
130.0

70.4
35.7

145.4
53.5

69.6
163.5
127.5
35.5

33.4
75.4
118.8
90.4

13.9
73.3
78.0
15.5

18.3
56.9
53.9
30.7

54.9
49.4
191.6
59.0

129.9
96.0
69.3
96.3

49.2
69.3
115.0
104.6

128.8
16.5

105.8
0.8

807
999

1150
769

2.2. Pomological Analysis

The weight of fruit and stone was determined using analytical scale “Mettler” 1200. The result is
expressed in grams with an accuracy of 0.01 g. Utilization of fruit is presented as a content of mesocarp
in total fruit weight expressed as a percentage and as the mesocarp stone ratio. Yield is shown using
the yield efficiency which represents the ratio between yield in kg and trunk cross sectional area (TCSA)
in measured in cm2 [28].

2.3. Biochemical Analysis

Biochemical analysis of mesocarp included the following tests: Dry Matter (DM), Total Acids (TA),
Total Sugar (TS) and Reducing Sugars (RS), sucrose, vitamin C, total anthocyanin, ash, total polyphenols,
Ca—pectate, contents of macro and micro elements—sodium (Na), potassium (K), calcium (Ca),
magnesium (Mg), phosphorus (P), iron (Fe), zinc (Zn) copper (Cu), and manganese (Mn). Analyses
were performed by conventional methodology [29].

2.4. Statistical Analysis

Data related to fruit of studied indigenous and leading international genotypes of cornelian
cherry was presented with standard descriptive measures and differences were tested by general linear
models (GLM). In case of the statistically significant difference detected by GLM, the appropriate
post–hoc testing was applied in order to test the individual differences and establish similarity
groups. We analyzed both pomological and biochemical characteristics separately and in combination.
Combination of all studied characteristics and genotypes was analyzed by Principal Components
Analysis (PCA) where grouping patterns were established and presented through appropriate biplots.
Statistical significance for observed differences was established at the level of p < 0.05. Observed
statistical differences and groupings were discussed also from perspective of its agronomical significance.
Graphical representation and biometrical analysis were conducted with assistance of statistical software
packages R 3.1.3 [30] and SPSS 22 [31].
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3. Results and Discussion

3.1. Pomological Characteristics

The morphological characteristics of the fruit of the examined varieties and selections are shown
in Table 2.

Table 2. Pomological characteristics (mean ± standard error) of studied Cornelian cherry genotypes
with statistical analysis of studied factors indicating statistically significant differences and interactions
(F and p values).

Genotype Year

Fruit Weight Pit Weight Flesh Content

Color

Yield Efficiency
(g) (g) (% FW) (kg/cm2 TCSA]

X ± Sx X ± Sx X ± Sx X ± Sx

Apatinski rani

2012 2.6 ± 0.15 0.49 ± 0.06 81.23 ± 1.73 -

0.17 ± 0.01
2013 2.91 ± 0.23 0.47 ± 0.06 84.26 ± 1.02 Dark
2014 2.81 ± 0.15 0.37 ± 0.02 86.72 ± 0.43 Red
2015 2.70 ± 0.15 0.32 ± 0.02 88.23 ± 0.3 -

Bačka

2012 3.27 ± 0.15 0.44 ± 0.02 86.32 ± 0.78 -

0.19 ± 0.02
2013 3.95 ± 0.18 0.52 ± 0.02 86.65 ± 0.39 Dark
2014 3.72 ± 0.09 0.48 ± 0.01 87.07 ± 0.4 Red
2015 4.03 ± 0.1 0.51 ± 0.02 87.35 ± 0.42 -

Boro

2012 1.89 ± 0.04 0.44 ± 0.02 76.66 ± 0.87 -

0.10 ± 0.02
2013 2.48 ± 0.14 0.52 ± 0.02 78.73 ± 0.89 -
2014 2.06 ± 0.06 0.41 ± 0.01 80.13 ± 0.4 Yellow
2015 2.17 ± 0.05 0.45 ± 0.02 79.14 ± 0.71 -

Era

2012 2.43 ± 0.12 0.34 ± 0.02 85.54 ± 1.06 -

0.17 ± 0.03
2013 3.27 ± 0.14 0.39 ± 0.02 87.90 ± 0.61 Dark
2014 3.08 ± 0.12 0.38 ± 0.02 87.71 ± 0.30 Red
2015 3.24 ± 0.15 0.38 ± 0.01 88.01 ± 0.59 -

Chisinau yellow

2012 3.41 ± 0.12 0.46 ± 0.02 86.44 ± 0.59 -

0.20 ± 0.03
2013 5.09 ± 0.17 0.62 ± 0.02 87.75 ± 0.42 -
2014 4.74 ± 0.22 0.55 ± 0.03 88.11 ± 0.74 Yellow
2015 4.62 ± 0.19 0.53 ± 0.03 88.43 ± 0.68 -

Kosten 1

2012 3.15 ± 0.08 0.48 ± 0.03 84.66 ± 0.76 -

0.21 ± 0.03
2013 4.25 ± 0.19 0.75 ± 0.02 82.29 ± 0.59 Dark
2014 3.31 ± 0.1 0.51 ± 0.02 84.62 ± 0.62 Red
2015 3.75 ± 0.17 0.54 ± 0.03 85.47 ± 0.58 -

Kosten 2

2012 2.82 ± 0.1 0.41 ± 0.02 85.27 ± 0.74 -

0.16 ± 0.02
2013 3.45 ± 0.12 0.51 ± 0.02 85.16 ± 0.41 Dark
2014 3.14 ± 0.15 0.47 ± 0.02 84.88 ± 0.57 Red
2015 2.79 ± 0.14 0.41 ± 0.02 85.3 ± 0.70 -

Kosten 3

2012 4.09 ± 0.18 0.52 ± 0.02 87.21 ± 0.34 -

0.20 ± 0.01
2013 4.56 ± 0.22 0.59 ± 0.03 87.07 ± 0.1 -
2014 4.38 ± 0.19 0.53 ± 0.02 87.94 ± 0.22 Red
2015 4.02 ± 0.16 0.51 ± 0.02 87.15 ± 0.67 -

Krupnoplodni NS

2012 3.38 ± 0.11 0.44 ± 0.02 86.9 ± 0.7 -

0.23 ± 0.02
2013 4.24 ± 0.22 0.58 ± 0.02 86.09 ± 0.37 Dark
2014 3.72 ± 0.09 0.48 ± 0.01 87.07 ± 0.4 Red
2015 4.03 ± 0.1 0.51 ± 0.02 87.35 ± 0.42 -

Lukyanovskiy

2012 5.01 ± 0.23 0.61 ± 0.03 87.63 ± 0.79 -

0.14 ± 0.01
2013 5.27 ± 0.22 0.65 ± 0.03 87.72 ± 0.55 -
2014 4.44 ± 0.14 0.56 ± 0.03 87.41 ± 0.35 Red
2015 4.33 ± 0.26 0.52 ± 0.02 87.79 ± 0.52 -

Vladimirskiy 2014 5.01 ± 0.17 0.57 ± 0.02 88.58 ± 0.37 -
0.21 ± 0.032015 6.16 ± 0.23 0.57 ± 0.02 90.59 ± 0.55 Red

Fgenotype, pgenotype - 126.3, p < 0.001 29.51, p < 0.001 73.53, p < 0.001 3.26, p = 0.006

Fyear, pyear - 44.54, p < 0.001 32.76, p < 0.001 14.29, p < 0.001 -

Fgen.*year, pgen*year - 3.18, p < 0.001 3.63, p < 0.001 2.78, p < 0.001 -
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The weight of the fruit varied widely from 1.89 ± 0.04 g in 2012 in the selection Boro to 6.16 ±
0.23 g in 2015 in the variety Vladimirskiy. Apatinski rani had the smallest stone, weighting 0.32 ±
0.02 g (in 2015), while the largest stone was observed in the variety Lukyanovskiy, 0.65 ± 0.03 g (in
2013). The percentage of mesocarp in relation to the total weight of the fruit varied from 76.66 ± 0.87%
in the selection Boro in 2012 to 90.59 ± 0.55% in 2015 for the Vladimirskiy variety. Measured fruit
morphological characteristics of fruit weight, stone weight and the mesocarp content are significantly
interacting with the climatic conditions throughout the years of the research (Table 2).

The data obtained on fruit and stone weight are generally similar to the previously published
data [8,10,13,18] which included different varieties and selection of cornelian cherry in different parts
of world. Fruit weight is one of the main goals of cornelian cherry selection, because it is strongly
positively correlated with the percentage of mesocarp in the total fruit weight [32] (Bijelić et al., 2007).
This statement was confirmed in this study, and the fruits of the Vladimirskiy variety had the highest
fruit weight and the share of mesocarp in the fruit, while the fruits of the Boro selection had the lowest
weight and the lowest yield of mesocarp. Apart from the genetic constitution, the share of mesocarp is
also significantly influenced by environmental factors, and there are variations in different years of
research, which were also noted by Bjelić et al. [33]. Ninić-Todorović et al. [34] (2005) point out that
the share of mesocarp higher than 75% of the total fruit weight is favorable from the point of view of
processing in order to obtain confectionery products. Apart from the Boro selection, all other studied
varieties and selections have fruits with a high yield of mesocarp, above 80%, which has a positive
effect on their economic value. The data for this parameter presented in this paper are in ranges stated
by other authors [12,34–36].

In order to observe and present patterns of the most important fruit characteristic, namely fruit
weight and flesh content, it is presented (Figure 1) throughout the years of research.

ć

ć ć ć

Figure 1. Individual measured fruit characteristics of studied Cornelian cherry genotypes in years
of study.

It is clear that genotypes Vladimirskiy, Chisinau yellow, and Lukyanovskiy consistently had
larger fruit with more fruit flesh than other studied genotypes. Second best come local varieties
Kosten 3, Bačka, and, in some years, Krupnoplodni NS. Smallest fruit with small flesh content is
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consistently produced by genotype Boro. In this category with small fruit also belong Kosten 1, Kosten
2, and Apatinski rani. It can be noted that fruit size was generally larger in year 2013 in comparison
to other years of study. Measured fruit morphological characteristics of fruit weight, pit weight,
and the flesh content are significantly interacting with the climatic conditions throughout the years
of the research. The fruits of most examined varieties and selections had a dark red and red color,
while yellow color was observed in the fruits of the Chisinau yellow variety and the Boro selection.
Color, as an organoleptic property, affects the consumer acceptability of fruits, and red and dark red
cherries are in higher demand due to the attractiveness [37]. Dokoupil and Rezniček [38] consider
that red color is characteristic of cornelian cherry fruits, although pink and yellow fruits can be found.
Jaćimović and Božović [39] state that, when unripe cornelian cherry fruits are marinated like olives in
saline solution, the final product is of better quality if yellow fruits are used, while it is better to use red
fruits for processing into jam, juice, and liqueur.

3.2. Yield

Productivity is a property that directly affects the economics of cornelian cherry production.
The lowest yield efficiency (0.10) was found in the selection Boro, while the highest (0.23) was observed
in the selection Krupnoplodni NS. In addition to the selection of Krupnoplodni NS, the Vladimirskiy and
Chisinau yellow varieties had a high yield, as did the Kosten 1 and Kosten 3 selections. Yield efficiency
above 0.15 indicates good yield [28]. Cultivars, rootstocks, environmental conditions, and applied
cultivation techniques significantly affect productivity of fruit trees [40].

Genotypes significantly (p = 0.006) differ in yield efficiency (Table 2). For better visualization of
the agronomical traits important to the yield, i.e., yield per TCSA and fruit weight data is presented
in combination as measured in the years of study (Figure 2). The best genotypes are Vladimirskiy,
Chisinau yellow and Krupnoplodni NS characterized with consistently higher yield and large fruit.
Good yield and good-sized fruit are measured also in local genotype Kosten 3 and Bačka. Genotype
Boro had consistently the lowest yield with the smallest fruit.

year

2015
2014

2013
2012

-1
yi

el
d 

[k
g 

TC
SA

]

0.5

0.4

0.3

0.2

0.1

0

fruit weight [g]

7
6

5
4

3
2

1

Vladimirskiy
Lukyanovskiy
Krupnoplodni NS
Kosten 3
Kosten 2
Kosten 1
Era
Chisinau yellow
Boro

Apatinski rani

genotype

Bačka

Figure 2. Mean fruit weight and yield of studied Cornelian cherry genotypes in years of study.
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3.3. Biochemical Characteristics

Biochemical analyses of varieties and selection of cornelian cherry included the chemical
characteristics of the fruit, as well as the content of certain mineral substances, in a four-year
period. The chemical characteristics of the fruit are shown in Table 3. The minimal content of dry
matter (TDM) was determined in the fruits of the cultivar Chisinau yellow 19.81%, and the maximal
24.46% in the fruits of the selection Krupnoplodni NS presented in Table 2. Similar data for the TDM
parameter in fruits of different varieties and genotypes of Cornelian cherry were presented by Tural
and Koca [41] as 15.9–28.2% and by Sengul et al. [42] (2014) as 18–23.3% in Turkey, Maghradze et
al. [43] reported 17.7–26.1% in Georgia and Jaćimović et al. [14] reported 18.8–27.7% in Montenegro.
For the same parameter, slightly higher values were presented by Bijelić et al. [36] as 18.3–33.4% in
Serbia. The amount of TDM in Cornelian cherry fruit is significantly influenced by genetic constitution,
age, cultivation system, applied agricultural techniques, climatic, and soil factors, as well as the degree
of fruit maturity at harvest [18,44].

Cornelian cherry fruit has a significant energy value, mostly due to the abundance of sugar,
which dominates the dry matter. Sugar content is the main parameter that affects not only the direct
consumption of fruit, but also the fermentation processes during various types of processing. Highest
amount of total and reducing sugars had selection Kosten 1 10.94 and 10.44%. Sucrose content ranged
from 0.24% (Kosten 2) to 1.23% (Krupnoplodni NS). Similar results on total sugar content in Cornelian
cherry fruit were presented by Tural and Koca [41] in Turkey 7.7–15.4% and Brindza et al. [45] in
Slovakia as 6.5–15.1%. Compared to the presented data for total sugars, Bijelić et al. [36] found a higher
amount of total sugars, 13.49–25.23% in cornelian cherry fruits from Serbia, while Maghradze et al. [43]
and Drkenda et al. [46] observed lower values in fruits from Georgia and Bosnia and Herzegovina,
respectively, which ranged from 6.2 to 9.2%. The determined differences in the content of total sugars
can be interpreted as a result of different climatic and soil conditions.

The reducing sugars contained in the cornelian cherry fruits from Poland examined by Kucharska
et al. [47] were 9.9–14.7%, and in the cornelian cherry fruits from Turkey measured by Sengul et
al. [42] as 8.6–15.2%, which is in accordance with our research. The low amount of sucrose in the
studied fruits confirmed the conclusion of Kucharska et al. [47] that reducing sugars make the main
part of total sugars in cornelian cherry fruits (about 90%). Akagić et al. [48] believe that the lower
sucrose content can be explained by the high activity of invertase in the final stage of fruit ripening.
The acidity of cornelian cherry fruit occurs due to the presence of organic acids, of which malic acid
predominates [46]. The total acidity in these studies varied from 1.92% in the Boro selection to 2.51%
in the Vladimirskiy variety. Similar data for total acidity in cornelian cherry fruit, which ranged
from 1.1 to 3.7, were presented by Klimenko et al. [49]; Tural and Koca [41]; Maghradze et al. [43];
Ercisli et al. [37]; and Bijelić et al. [36]. The processes involved in the metabolism and accumulation
of malic and citric acid in mesocarp cells are under genetic and environmental control [50]. Pectic
substances are dietary fibres of high nutritional value. The lowest amount of pectin was in the fruits of
the Era selection 2.76%, and the highest in the fruits of the Bačka selection 4.43%. Lower results than
ours on the content of pectic substances in Cornelian cherry fruit, from 0.37 to 2.47%, were presented
by Maghradze et al. [43]; Bijelić et al. [36]; Jaćimović et al. [9], which can be explained by the high
dependence of this parameter on the environmental factors. In years when the air temperature is high
during ripening, and the amount of precipitation is low, an increased content of pectic substances
in the fruit can be expected [9]. Pectins have the property that in the presence of sugars and acids
are transformed into a gelatinous mass called jelly, which is especially used in the fruit processing
industry [51].

Vitamins are essential nutrients that the human body cannot synthesize, but consumes through
food. Vitamin C strengthens the immune system and as an antioxidant plays a protective role against
cardiovascular diseases [6]. Cornelian cherry fruits contain more vitamin C than fruits of many other
fruit species that are considered to be rich sources of this vitamin, e.g., strawberries, kiwis, lemons,
oranges, etc. [15,26,52]. Fruits of the varieties and selection of cornelian cherry presented in this paper

121



Sustainability 2020, 12, 8651

had vitamin C from 41.09 mg/100 g (Lukyanovskiy) to 101.27 mg/100 g (Kosten 3). In accordance
with our data, the results on the content of this vitamin presented by Yilmaz et al. [35] (2009) as
29–112 mg/100 g and Maghradze et al. [43] as 50.5–128 mg/100 g. Cornelian cherry fruits are often
used in the processed state without the application of heat treatment so that vitamin C, as well as other
thermo labile substances, remain preserved in the final product [39].

Anthocyanins are natural nutritive bioactive components that are found in fruits and have
a beneficial effect on human health. They are among the most important bioactive compounds
that prevent cardiovascular disease and cancer, which are considered the most common diseases
today [53–55]. The fruits of selection Kosten 1 with a content of 157.06 mg/100 g were the most
abundant in total anthocyanins of all studied varieties and selections. In the fruits of the Chisinau
yellow variety and the Boro selection, anthocyanins were not determined, which confirms the statement
made by Ochmian et al. [56] that genotypes that have a yellow skin color do not contain anthocyanin
compounds in the fruit. The concentration of anthocyanins in fruit varieties tested by Kucharska et
al. [47] ranged from 33.7 to 149.6 mg/100 g and Bijelić et al. [37] from 37.6 to 116.4 mg/100 g, which is
consistent with the data presented in this paper. Kazimierski et al. [26] indicate that according to the
literature, the total content of anthocyanins in cornelian cherry fruits is between 35 and 300 mg/100 g,
depending on the color of the epidermis, which varies from pink to dark red.

Phenolic compounds are very widespread products of secondary metabolism of plants, which are
recently receiving great attention. They are found in significant quantities in food products of plant
origin, and numerous studies indicate that their regular consumption reduces the risk of many serious
diseases [57,58]. Cornelian cherry fruits contain significant amounts of phenolic bioactive substances,
which contribute to their antioxidant value. In our study, the lowest total polyphenols were found in
the fruits of the Chisinau yellow variety 183.91 mg/100 g, and the highest in the fruits of the selection
Krupnoplodni NS 307.9 mg/100 g. The content of total polyphenols in Cornelian cherry fruits from
Bosnia and Herzegovina studied by Drkenda et al. [46] ranged from 119.1 to 230.6 mg GAE/100 g
FW, and in fruits from Romania shown by Cosmulenca et al. [59] from 163.7 to 359.28 mg GAE/100 g
FW, which is close to results presented in this paper. Much wider variation in the content of total
polyphenols in Cornelian cherry fruits was presented by Stanković et al. [60] from 12.8 to 341.1 mg
GAE/100 g FW. In addition to the genetic constitution, the amount of phenolic compounds in fruits is
influenced by climatic and geographical factors, applied agro technics, and fruit ripeness.

The most important source of minerals in the diet is food of plant origin, which is also biologically
more valuable. According to the presented research, the total amount of ash ranged from 0.89%
(Lukyanovskiy) to 1.16% (Bačka). A smaller amount of mineral substances ranging from 0.61 to
0.81% had genotypes of the Cornelian cherry fruits from Turkey studied by Sengul et al. [42] and in
accordance with our results, Cornelian cherry genotypes from Montenegro had mineral substances
content from 0.65 to 1.59% [9] and from Serbia 0.53–1.23% [36].

3.4. Content of Certain Mineral Substances in the Fruit

The content of the most important mineral substances in the fruits of the studied varieties and
selections is presented in Table 4. Potassium is the dominant mineral element in the fruit of cornelian
cherry [16,61]. From the presented data, it can be noted that the variety Chisinau yellow has the lowest
content of potassium in the fruit 2888 mg/kg, while the fruits of the selection Kosten 1 demonstrate good
supply of this important element 3574 mg/kg. Dokoupil and Rezniček [38] reported that Cornelian
cherry fruit content of potassium is in the range from 3441 to 3798 mg/kg, and Gozlekci et al. [16]
report potassium content ranges from 2780 to 3340 mg/kg, which is close to data presented in this
paper. Potassium regulates the normal function of the nervous system, heart and other muscles.
An important function of potassium as an electrolyte is to maintain the acid–base balance in human
body, and an adequate supply of this macroelement prevents acidification of the body. Eating fruits
that are rich in potassium can reduce blood pressure, and it is recommended for people suffering from
hypertension [62].
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Table 3. Chemical characteristics in the fruit of studied Cornelian cherry genotypes fruit (mean ± standard error) with statistical analysis indicating statistically
significant differences between the genotypes (F and p values).

Genotype

DM
(%)

Total Sugars
(TS)
(%)

Reducing
Sugars (RS)

(%)

Sucrose
(%)

Total Acids
(TA)
(%)

Ca–Pectate
(%)

Vitamin C
(mg/100 g)

Anthocyanins
(mg/100 g)

Polyphenols
(mg/100 g)

Ash
(%)

X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx

Apatinski rani 24.36 ± 1.37 14.47 ± 0.45 12.64 ± 0.33 0.49 ± 0.10 2.31 ± 0.34 4.20 ± 0.31 61.10 ± 6.89 100.44 ± 4.42 208.55 ± 20.88 1.15 ± 0.16
Bačka 21.68 ± 1.48 12.94 ± 0.78 12.10 ± 1.02 0.60 ± 0.29 2.12 ± 0.31 4.43 ± 0.90 57.78 ± 5.77 32.54 ± 5.86 216.25 ± 20.40 1.16 ± 0.20
Boro 21.17 ± 2.05 12.42 ± 1.58 11.90 ± 1.57 0.37 ± 0.09 2.51 ± 0.02 3.13 ± 0.46 89.64 ± 5.79 – 265.95 ± 7.79 1.07 ± 0.16
Era 21.58 ± 1.53 11.79 ± 1.32 11.26 ± 1.16 0.35 ± 0.05 2.29 ± 0.24 2.76 ± 0.49 79.83 ± 2.42 65.23 ± 8.25 233.09 ± 19.99 1.02 ± 0.18
Chisinau yellow 19.81 ± 1.28 12.83 ± 1.02 12.38 ± 0.91 0.45 ± 0.11 2.06 ± 0.03 2.98 ± 0.56 58.14 ± 6.33 – 183.91 ± 5.47 1.08 ± 0.25
Kosten 1 22.36 ± 1.22 10.94 ± 0.52 10.44 ± 0.54 0.45 ± 0.04 2.37 ± 0.19 3.55 ± 0.45 101.27 ± 3.39 157.06 ± 32.87 255.80 ± 44.27 1.14 ± 0.07
Kosten 2 24.45 ± 2.30 13.26 ± 0.54 12.62 ± 0.53 0.24 ± 0.03 2.08 ± 0.16 4.13 ± 0.28 86.41 ± 4.73 60.05 ± 2.06 258.21 ± 38.95 1.09 ± 0.09
Kosten 3 23.83 ± 1.65 14.07 ± 1.59 13.09 ± 1.26 0.92 ± 0.33 2.02 ± 0.21 4.18 ± 1.00 64.52 ± 2.72 104.09 ± 38.52 219.15 ± 12.57 0.94 ± 0.29
Krupnoplodni NS 25.46 ± 1.76 12.47 ± 0.33 11.17 ± 0.60 1.23 ± 0.27 2.15 ± 0.25 4.18 ± 0.70 65.11 ± 2.88 80.07 ± 17.50 307.90 ± 23.99 1.14 ± 0.07
Lukyanovskiy 20.58 ± 0.40 13.53 ± 0.28 12.87 ± 0.29 0.63 ± 0.19 2.28 ± 0.11 3.45 ± 1.02 41.09 ± 12.79 47.88 ± 12.09 217.44 ± 9.02 0.89 ± 0.13
Vladimirskiy 21.45 ± 1.12 12.90 ± 0.20 11.80 ± 0.25 0.90 ± 0.01 1.92 ± 0.13 3.43 ± 1.12 72.40 ± 5.10 59.26 ± 2.14 243.75 ± 13.55 1.08 ± 0.09

Fgenotype, pgenotype 1.1, p = 0.459 0.8, p = 0.605 0.6, p = 0.780 2.1, p = 0.073 0.5, p = 0.868 0.5, p = 0.840 6.2, p < 0.001 5.3, p = 0.001 1.6, p = 0.177 0.2, p = 0.994
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In the fruits of the tested varieties and selection of Cornelian cherry, other macroelements were
present in the following amounts: Na from 4.99 mg/kg (Kosten 3) to 32.3 mg/kg (Boro), Ca from
239.6 mg/kg (Lukyanovskiy) to 444.6 mg/kg (Boro), Mg from 70.7 mg/kg (Chisinau yellow) to 165 mg/kg
(Krupnoplodni NS) and P from 179 mg/kg (Kosten 2) to 221.6 mg/kg (Bačka). Sodium has an important
role in maintaining fluid balance in the body. Sodium and potassium are closely related, because the first
element is an antagonist of the second, which means that it has the opposite action. Balance between
these two electrolytes is necessary to maintain homeostasis throughout the body [16]. Compared to
our data, cornelian cherry genotypes examined by Dokoupil and Rezniček [38] (2012) and Gozlekci et
al. [16] had a higher amount of sodium in the fruit 51–82 mg/kg. In cornelian cherry fruits, Sotiropoulos
et al. [8] showed lower concentrations of biogenic elements compared to those presented in this paper
Ca 20–30 mg/kg, Mg 40–50 mg/kg and P 80–90 mg/kg, and Bjelić et al. [36] found higher variation in Ca
content from 24.7 to 526 mg/kg and Mg from 10.12 to 160 mg/kg. Sufficient amount of phosphorus and
calcium in the diet enables proper functioning of bones and teeth, muscle and heart. Magnesium is
essential for the proper metabolic processes, as well as the normal functioning of the neuromuscular
and cardiovascular systems [16].

Tested varieties and selections of cornelian cherry contained in fruits important microelements
in following concentrations: Fe from 3.85 mg/kg (Kosten 1), to 14.21 mg/kg (Vladimirskiy), Zn from
1.17 mg/kg (Kosten 1) to 3.05 mg/kg (Era), Cu from 1 mg/kg (Kosten 2) to 1.27 mg/kg (Krupnoplodni
NS), and Mn from 2.27 mg/kg (Chisinau yellow) to 5.40 mg/kg (Kosten 1). Slightly lower amounts of
these trace elements were found in Cornelian cherry genotypes presented by Bijelić et al. [36], much
lower in cultivars studied by Sotiropoulos et al. [8], and higher in genotypes studied by Gozlekci et
al. [16]. This variability is conditioned by genotype, climate, soil and geographical factors, substrate
used, etc.

Analysis of biochemical characteristics indicated statistically highly significant differences among
studied genotypes in Na, Mg, P, Fe, Zn, Mn, vitamin C, and anthocyanins (p< 0.001) content, while there
was no observed statistically significant difference (p > 0.07) in K, Ca, Cu, TDM, ash, TA, total sugars
(TS), reducing sugars (RS), sucrose, Ca—pectate, and polyphenols (Tables 3 and 4).
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Table 4. Mineral contents (mg/kg) in the fruit of studied Cornelian cherry genotypes fruit (mean ± standard error) with statistical analysis indicating statistically
significant differences between the genotypes (F and p values).

Genotype
K Na Ca Mg P Fe Zn Cu Mn

X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx X ± Sx

Apatinski rani 3136 ± 206 16 ± 1.23 320 ± 14.1 113.3 ± 4.35 200 ± 2 4.5 ± 0.31 1.79 ± 0.09 1.01 ± 0.14 5.13 ± 0.53
Bačka 3380 ± 106 18.5 ± 3.17 310.9 ± 29.5 108.5 ± 8.77 221.6 ± 2.5 5.17 ± 0.11 1.84 ± 0.23 1.04 ± 0.25 4.2 ± 0.18
Boro 3136 ± 128 32.3 ± 1.55 444.6 ± 5.52 130.2 ± 6.74 202.5 ± 5.82 4.1 ± 0.09 1.52 ± 0.04 1.15 ± 0.07 4.2 ± 0.49
Era 3009 ± 83 20.1 ± 0.51 402.1 ± 37.1 105.6 ± 7.74 206.1 ± 3.77 7.87 ± 2.97 3.05 ± 0.12 1.26 ± 0.12 3.67 ± 0.08
Chisinau yellow 2885 ± 34.4 20.4 ± 0.33 315.9 ± 50.7 70.07 ± 6.58 192.5 ± 1.53 4.98 ± 0.04 1.38 ± 0.22 1.07 ± 0.08 2.27 ± 0.08
Kosten 1 3574 ± 46 15.9 ± 2.1 312.8 ± 3.96 122.1 ± 8.09 192.4 ± 3.2 4.37 ± 0.12 1.41 ± 0.13 1.16 ± 0.04 5.4 ± 0.57
Kosten 2 3452 ± 257 16.5 ± 1.31 293.7 ± 12.3 84.82 ± 2.34 179 ± 3.9 5.1 ± 0.44 1.7 ± 0.27 1 ± 0.04 4.63 ± 0.32
Kosten 3 3259 ± 118 4.99 ± 0.25 326.3 ± 63.8 99.77 ± 12.6 203.2 ± 5.25 3.85 ± 0.55 1.17 ± 0.19 1.09 ± 0.08 2.37 ± 0.08
Krupnoplodni NS 3461 ± 101 25.9 ± 1.49 301.4 ± 20.9 165 ± 6.03 182.7 ± 9.39 4.2 ± 0.22 1.86 ± 0.09 1.27 ± 0.21 3.53 ± 0.19
Lukyanovskiy 3193 ± 98.5 11.6 ± 0.86 239.6 ± 33.3 77.49 ± 7.4 206.6 ± 4.21 4.61 ± 0.71 1.88 ± 0.17 1.04 ± 0.11 2.9 ± 0.22
Vladimirskiy 3282 ± 155 11.7 ± 1.42 317 ± 25.5 99.84 ± 2.26 203.6 ± 3.25 14.21 ± 0.31 1.42 ± 0.11 1.02 ± 0.08 2.95 ± 0.25

Fgenotype, pgenotype 1.7, p = 0.134 17.2; p < 0.001 2.1, p = 0.071 9.8, p < 0.001 5.1, p = 0.001 5.2, p = 0.001 6.9, p < 0.001 0.4, p = 0.923 8.1, p < 0.001
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By analyzing the all measured biochemical characteristics of studied Cornelian cherry genotypes
through principal components analysis we have observed general influence of the year of study
(Figure 3). Namely, in 2013, all genotypes grouped together along the negative part of the first principal
component. This component is positively correlated with dry matter, anthocyanins, ash, and sugar
content. Bearing in mind the larger fruit recorded for all genotypes in 2013, it can be linked to lower
measures of those biochemical characteristics.
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Figure 3. Principal components analysis of fruits biochemical characteristics of studied genotypes in
years of study with both genotypes components plots (left) and the vectors of individual biochemical
characteristics (right).

Another important grouping factor is C vitamin and anthocyanin content. Generally larger
fruiting varieties Vladimirskiy, Lukyanovskiy, Chisinau yellow, and selection Bačka have consistently
measured lower content in those and also most other measured biochemical characteristics. Selection
Kosten 3 has larger fruit but also has higher anthocyanins content. Highest anthocyianins and C
vitamin content was recorded in selection Kosten 2, coupled with lowest sugar content in this genotype.
Those genotypes are grouped along the negative part of the second principal component.

Krupnoplodni NS, Kosten 1, and Boro represent group of genotypes with consistently higher
to medium biochemical content. Those genotypes are grouped along the positive part of the second
principal component for all years of study.

The change in biochemical and other measured characteristics has to be observed through weather
conditions during the growing seasons [63–65]. In 2013, the growing season provided optimum
precipitation and temperatures [63]. Contrary to that season in 2014 and 2015, there were different
climate extremes. Namely, in 2014, during the growing season, precipitations were at the decades’
maximum with almost 50% more precipitations in comparison to the long-term average [64]. Contrary
to 2014, in 2015, growing season was dry, with almost 50% less precipitations than the long-term
average [65]. Climate change as peaks in precipitation and temperature leading to floods and droughts
in 2014 and 2015, respectively, have, to a large extent, similarly influenced the fruit size and quality
of studied cornelian cherry genotypes. Namely, most genotypes grouped close for its biochemical
characteristics in 2014 and 2015.

4. Conclusions

Studied cornelian cherry international and local varieties and selections have intrinsically mixed
combination of fruit size, yield, and biochemical content characteristics. Those are further significantly
influenced by climate and especially climate change extremes. In all studied varieties and selections,
we found that climate conditions which favored larger fruit and yield generally led to lower content of
important biochemicals. The extensiveness of the study leads, therefore, to several clear conclusions
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and recommendations. Consistently, the best balance of biochemical elements in combination with
good yield and fruit size measurements is found in selection Krupnoplodi NS. If fruit size and yield are
priority, then varieties and selections Vladimirskiy, Chisinau yellow, Kosten 3, and Krupnoplodni NS
have a clear advantage over other genotypes. In environments and years with unfavorable conditions,
it is expected to have smaller fruit with more concentrated biochemical content.
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51. Milatović, D. Apricot; Scientific Pomological Society of Serbia: Čačak, Serbia, 2013.
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Abstract: Apricot (Prunus armeniaca L.) is one of the most important members of Prunus and its
trees bears delicious and nutritious fruits during summer months in the temperate zones in the
world. Apricot cultivars are propagated asexually which consists of clones. Information on inter-
clonal variations in apricot cultivars can assist us in the selection of better clones from commercial
cultivars. We aimed to determine morphological traits (fruit weight, seed weight, kernel weight,
flesh/seed ratio, shape index, fruit firmness, color index), nutritional (sugars and organic acids) and
nutraceutical (total phenolic, total flavonoids, total carotenoid and antioxidant activity) composition
of 18 clones of Sekerpare apricot cultivar grown together in Kagizman district in eastern Turkey.
Results showed significant differences among clones concerning most of the morphological traits,
nutritional and nutraceutical compositions. Fruit weight, flesh/seed ratio and fruit firmness of clones
were in range of 23.14–27.11 g, 11.21–13.14 and 3.88–5.11 kg/cm2, respectively. Fruit shape index
was slightly similar among all clones which was between 0.95 and 1.03. Citric acid and sucrose
were found to be the predominant organic acid and sugar among clones which varied from 728 to
915 mg/100 g and 7.11 to 9.94 g/100 g, respectively. The clone ‘KS2’ exhibited the highest level of
total phenol (67.1 mg gallic acid equivalent per 100 g) and antioxidant activity (2.16 µmol trolox
equivalent per g). The study confirmed the diversity among Sekerpare clones and effectiveness of
combining morphological, nutritional and nutraceutical analyses in assessment of Şekerpare clones
and its use for future pre-breeding programs.

Keywords: apricot; Sekerpare; nutraceuticals

1. Introduction

Due to suitable climate and soil conditions, Turkey is among the most important
fruit producer countries in the world in terms of both the number of fruit species and
the amount of production. Turkey ranks first in the world’s apricot, fig, hazelnut, sweet
cherry and quince production [1]. Nine apricot species and subspecies are known in the
world. Among these species, Prunus armeniaca L. is cultivated in main apricot growing
countries and spreads over the widest geographical area in the world [2,3]. The origin of
apricot, which has been cultivated since ancient times, covers a wide area from Turkistan
to Western China. Although apricots are grown geographically almost everywhere in
the world, commercial production mostly occurs in countries of southern Europe, north
America and north Africa [4].

Apricot can be consumed fresh, dried and canned throughout the year. The fruits
of apricots are important for human nutrition, being rich in sugars, organic acids, fiber,
vitamin A, vitamin E and potassium [5–9].
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According to the data of the Food and Agriculture Organization (FAO) based on the
year 2018, the amount of apricot production increased 19.5% compared to the previous
year, while the area shows a decrease of 2% in apricot growing countries. When the data for
the last five years (2014–2018) are examined, apricot production increased from 3.3 million
tons to 3.8 million tons worldwide, but the production area stayed stable [1]. Turkey is
leading world apricot production with a yearly average 750 thousand tons production. The
country shares 20% of the world apricot production and is followed by Uzbekistan (13%),
Iran (9%), Algeria (6%) and Italy (6%) [1].

In Turkey, apricot trees are grown mainly in the Aegean region, the Mediterranean
region, and in particular the Central and Eastern Anatolia regions. Within the regions,
Malatya, Elazig, Erzincan, Kahramanmaras, Kars, Mersin and Iğdır provinces are well
known for commercial apricot cultivation and significant portions of the apricots are dried
traditionally in these areas. Except for drying, apricots are generally used in the fruit
juice industry in Turkey as well [10,11]. In recent years, depending on the technological
developments, apricot fruits are frozen and become widespread in the market outside of
the production period [12].

Each apricot growing region in Turkey has their own apricot cultivars and inter-
regional cultivar transfer generally results in negative results. This is because apricots show
low environmental adaptability, and the introduction of foreign germplasm may also result
in fluctuating or limited yield. This is associated with differences in fertilization, chilling
requirements, late-frost resistance, cold-hardiness, etc. [13]. In Turkey, the cultivar–region
relationship is very strong as well in apricots. However, the Şekerpare cultivar can be grown
in every region and shows great environmental plasticity. The cultivars are mostly grown
in Malatya, Erzincan provinces and Aras valley in Turkey and show variable fruit weight
ranging from 20 to 40 g [2,4,10,14]. The cultivar called Shakarpara in Pakistan and India
and Shekarpareh in Iran shows great phenotypic variability as well. Phenotypic variation
within Sekerpare grown in similar ecological conditions arises from an accumulation of
somatic mutations due to vegetative propagation during centuries in different Sekerpare
growing countries [2,15,16]. The concept of sustainable apricot production can be described
as a “three-legged stool”, with legs of economic viability, environmental soundness, and
social acceptability. Communicating the health benefits of apricot fruit to consumers is
an essential ingredient in sustaining apricot product demand, which is a prerequisite for
sustainable apricot production. Thus, the cultivar Sekerpare grown in different parts of
the world could be adding value for economic viability, environmental soundness, and
social acceptability.

Sekerpare is found in most of the apricot growing regions in Turkey and still retains
importance and provides interesting economic results in local markets, remaining a popular
option for most of the apricot growing regions. This locally adapted cultivar is appreciated
for its superior flavor and suitability for both fresh consumption and as a dried product [2].

The Aras valley (Kars-Igdir region) is one of the important apricot growing areas of
Turkey. Kagizman district provides almost all of the apricot production in Kars province. In
the district, Aprikoz, Sekerpare and wild apricots are grown [17–19]. There are numerous
clones of Sekerpare available in the Kagizman district that exhibit differences in key
horticultural traits.

Identifying plant varieties is an age-old human endeavor. Historically, morphological
traits and later nutritional and nutraceutical characteristics were used to categorize speci-
mens into families, genera, species, cultivars, genotypes, landraces (for perennials: a plant
selected from seedlings and asexually re-propagated for its desired characteristics). Thus,
varietal characterization based on morphological, nutritional and nutraceutical traits is an
important component of fruit tree improvement and breeding [20,21].

Apricot has gained great value in human consumption and commercial importance in
recent years, attracting researchers to study its morphological, nutritional and in particular
nutraceutical traits.
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Advances in fruit species improvement programmes is only possible when intense
and more defined genetic variability exists. The phonological expression of any fruit tree
species is mostly governed by two factors viz. heredity and environment. Given the fact
that environmental variations can be reduced by growing the identical genotypes under
uniform site and climatic conditions, studying genetic parameters is of immense use to
obtain superior genotypes of any species.

The present study intended to capture variability across morphological, nutritional
and nutraceutical parameters of 18 clones of Sekerpare apricot from a particular similar
environmental condition.

2. Materials and Methods
2.1. Plant Samples

Twenty fruits were harvested from different parts of trees of 18 Sekerpare clones
grown together in Kagizman district during July in 2018. Kagizman is located at 40.
1406◦ N and 43.1191◦ E and 1406 m above mean sea-level. All trees of the 18 Sekerpare
clones were found at nearly the same altitude in Kagizman district. All examined trees
were pre-selected clones according to higher yield, pest and disease free status and more
attractive bigger fruit characteristics. Special attention was given on harvest and fruits were
harvested in the same period with the same degree of maturity. A total of 80 fruits per clone
were collected and then sorted and cleaned. Mature and healthy fruits were transported
to the laboratory and divided into two equal parts for morphological measurements and
nutritional and nutraceutical analysis.

2.2. Morphological Parameters

A total 40 fruits per clone were used for morphological measurements which included
fruit weight, seed weight, kernel weight, flesh/seed ratio, shape index and fruit color
coordinates (L, a and b values). Fruit weight (g) was measured with a digital scale sensitive
to 0.01 g (Scaltec SPB31). Fruit firmness was determined with a non-destructive Acoustic
Firmness Sensor (Aweta B.V., Pijnacker, The Netherlands) expressed as kg/cm2. Fruit
shape index (SI) was calculated with the following equation [22].

SI
W + T

2L
where W : Width, T : Thickness and L : Length (1)

Color coordinates (L*, a*, and b*) of fruit skin were determined by a Konica Minolta,
CR-400 Plus fruit colorimeter (Konica Minolta, Inc., Chiyoda City, Tokyo, Japan) at four
different positions around the equator of the fruits [23].

2.3. Nutritional and Nutraceutical Composition

2.3.1. Sample Preparation and Extraction

A representative of 40 fruits/clone were randomly selected from the harvested lot
at commercial maturity stage. The fruits were then introduced to a High-Speed Pulp
Ejection Juicer (Omega Products International, Corona, CA, USA), allowing the separation
of pomace and juice. The juice was stored at −80 ◦C until use for nutritional and nutraceu-
tical content. During the analysis, the frozen fruits were taken and thawed to 24–25 ◦C.
A laboratory blender was used to homogenize the fruit samples (100 g lots of fruits per
clone) and a single extraction procedure (taking 3 g aliquots transferred inside tubes and
extracted for 1 h with 20 mL buffer including acetone, water (deionized), and acetic acid
(70:29.5:0.5 v/v)) was used [24].

2.3.2. Organic Acids

Organic acid composition in fruits of Sekerpare apricot clones was determined by
Bevilacqua and Califano [25]. Fruit extracts were obtained by crushing the fruits in cheese-
cloth. Then, 0.009 N H2SO4 was added and shaken for 1 h. The mixture was then cen-
trifuged at 15,000 rpm for 15 min and the supernatants were filtered twice through a
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0.45 µm membrane filter with a coarse filter (Millipore Millex-HV Hydrophilic PVDF,
Millipore, MA, USA) and passed through a SEP-PAK C18 cartridge. Organic acid readings
were performed by HPLC using the Aminex column (HPX-87 H, 300 × 7.8 mm, Bio-Rad
Laboratories, Richmond, CA, USA) at 214 and 280 nm wavelengths in the Agilent package
program (Agilent Technologies, Santa Clara, CA, USA). Results are expressed as mg/100 g.

2.3.3. Determination of Individual Sugars

For individual sugar (fructose, glucose, and saccharose) analyses, the method of
Melgarejo et al. [26] was used. First, homogenized fruits (5 g) were diluted with purified
water and homogenate was centrifuged at 6000 rpm for 5 min. Supernatants were filtered
through a 0.45 µm membrane filter (Iwaki Glass, Jawa Barat, Indonesia) before the analysis.
The HPLC analysis was conducted using a PerkinElmer HPLC system with Amino NH2
column, and 85% acetonitrile/15% H2O (v/v) as a mobile phase. Refractive index detector
(RID) was used. Samples were identified and quantified by standards. Results were
expressed as g/100 g fw. To specify the sweetness perception of 40 fruit per clone, their
sweetness indices (SI) were calculated according to Roussos et al. [27]. The SI index
considers the relative sweetness as a factor of each of the three sugars measured. It is
described in the following equation (1): where Glu stands for glucose concentration, Fru
for fructose concentration, and Sacch stands for saccharose concentration.

SI = 1.00·Glu + 2.3·Fru + 1.35·Sacch (2)

2.3.4. Total Phenol Content

The total phenolic content (TPC) of the samples was evaluated using the Folin–
Ciocalteu method according to Singleton and Rossi [24]. In this procedure, each extract
(1 mL) was mixed with Folin–Ciocalteu’s reagent and water 1:1:20 (v/v). The samples
were incubated for 8 min. Then, sodium carbonate (10 mL) with a concentration of 7%
(w/v) was added. After incubation for 2 h, the absorbance at 750 nm was measured. The
total phenolic content was calculated against the reference standard calibration curve of
gallic acid. The TPC was expressed as mg of gallic acid equivalents (GAE) per 100 g of
fresh sample.

2.3.5. Total Carotenoid Content

The total carotenoid content was determined by Lichtenthaler [28]. For total carotenoid
content, 1 g of fruit sample was homogenized with 5 mL of acetone in a cold porcelain
mortar in an ice bath. Then, 1 g of anhydrous sodium sulfate (Na2·SO4) was added to the
homogenate, which was elutriated using a paper filter. The filtered solution was made up to
10 mL with acetone and centrifuged at 2600× g for 10 min. The upper phase was collected
and the absorbance of the solution at 662, 645 and 470 nm was measured. Acetone was
used as control. Total carotenoid content is expressed as mg per 100 g fresh fruit sample.

2.3.6. Antioxidant Capacity

The TEAC value of each sample was detected according to the method described by
Rice-Evans et al. [29]. The 7 mM ABTS reagent solutions were prepared and diluted with
sodium acetate (C2H3NaO2) until 0.700 ± 0.01 spectrophotometrical absorbance level at
734 nm. Following this, 2.97 mL buffered solution was mixed with 30 µL fruit extract and
kept in dark at room temperature for 10 min and their absorbance levels were measured at
734 nm using a spectrophotometer. Obtained results were calculated according to TEAC
standard calibration curve and expressed as µmol of trolox equivalent/g fresh fruit weight
(µmol TE/g FW).

2.4. Statistical Analysis

All data were analyzed using SPSS software and procedures. Analysis of variance
tables were constructed using the least significant difference (LSD) method at p < 0.05.
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3. Results and Discussion
3.1. Morphological Traits

As presented in Table 1, statistically significant differences (p < 0.05) were recorded
in fruits of among 18 clones of cv. Sekerpare for most of the morphological traits. Fruit
weight and skin color are the most important and distinct external fruit traits in apricots
for consumer acceptance. Skin color is a practical and simple indicator with which to
instruct harvesters on what to harvest. In addition, consumers in general prefer attractive
medium-sized apricot fruits. The flesh/seed ratio is also an important fruit characteristic
for apricots [2].

Table 1. Fruit weight, seed weight, kernel weight, flesh/seed ratio, shape index and fruit firmness of
18 Sekerpare clones.

Clones
Fruit

Weight
(g)

Seed
Weight

(g)

Kernel
Weight

(g)

Flesh/Seed
Ratio

Shape
Index

Fruit
Firmness
(kg/cm2)

KS1 23.02c 1.85bc 0.78bc 11.44bc 0.98b 4.96ab
KS2 24.56bc 1.86bc 0.68de 12.20ab 0.99ab 4.55ab
KS3 27.11a 2.09a 0.84a 11.97bc 1.01ab 3.98c
KS4 24.03bc 1.93bc 0.74cd 11.45bc 1.00ab 4.32b
KS5 26.33ab 2.01ab 0.79b 12.09abc 0.95c 3.95c
KS6 25.18abc 1.90bc 0.75c 12.25ab 1.03a 4.20bc
KS7 26.55ab 2.03ab 0.82ab 12.08b 1.00ab 4.32b
KS8 25.78ab 1.89bc 0.72cd 12.64ab 0.98b 4.56ab
KS9 25.30b 1.85bc 0.72cd 13.14a 1.00ab 4.30b
KS10 23.14c 2.02ab 0.74c 10.46cd 0.98b 5.11a
KS11 24.98bc 1.85c 0.70d 12.50ab 1.03a 4.74ab
KS12 23.66bc 2.04ab 0.73cde 10.60c 0.97bc 4.70ab
KS13 24.58bc 1.94abc 0.81ab 11.67bc 0.99ab 4.55ab
KS14 23.86bc 1.83bc 0.70d 12.04b 0.96bc 4.85ab
KS15 23.44bc 1.92bc 0.76c 11.21bc 0.98b 5.02ab
KS16 23.40bc 1.80cd 0.70d 12.00b 0.96bc 4.80ab
KS17 26.13ab 1.96b 0.84a 12.33ab 0.97abc 3.88c
KS18 25.41ab 1.92bc 0.75c 12.24ab 1.00ab 4.33b

Different letters in the same column indicate significant differences (p < 0.05) among clones.

Fruit weight, seed weight and kernel weight of Sekerpare clones differed from each
other statistically (p < 0.05) which ranged from 23.02 to 27.11, 1.80 to 2.09 and 0.68 to 0.84 g,
respectively (Table 1). The variation in fruit and seed weight of the clones was also reflected
in the fruit flesh/seed ratio which were in the range of 10.46–13.14.

Shape index and fruit firmness of clones were found between 0.96–1.03 and
3.88–5.11 kg/cm2 (Table 1). KS3 and KS9 were notable among clones due to relatively high
fruit weight and flesh/seed ratio.

Studies on apricots in different parts of Turkey identified variations in apricot fruit
weight [18,30–32]. Turkish national apricot cultivars have relatively small fruit size and
previous studies indicated this fact. For example, Akin et al. [33] studied main apricot
cultivars grown in Malatya and determined fruit weight between 21.16 and 38.24 g. Asma
and Ozturk [31] reported that 128 Turkish apricot cultivars that belong to the Iran-Caucasian
ecogeographical group generally had low fruit weight (lower than 50 g). The authors
reported that the fruit weight of only seven apricot cultivars was over 50 g, and the rest
of cultivars had lower fruit weight. Karaat and Serce [10] reported fruit weight as 25.12 g
in Cagataybey cultivar and 25.65 g in Sekerpare cultivar in Malatya which supports our
findings. They also found seed weight to be 1.97 g, flesh/seed ratio as 12.02 and fruit
firmness as 2.58 kg/cm2 in cv. Sekerpare. Akca and Asma [34] conducted a clonal selection
study on cv. Kabasi that aimed to find better Kabaasi clones with promising horticultural
characteristics. They determined 13 promising clones among 450 Kabaasi trees. Fruit
weight, seed weight, kernel weight and flesh/seed ratio were found between 31.81 and
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60.91 g, 2.35–3.01 g, 0.52–0.98 g and 12.38–16.64, respectively, indicating similarities with
our study. Previously, the flesh/seed ratios of the foreign apricot cultivars grown in Turkey
varied between 8.9 and 21.8 [35,36]. In the literature, the shape index of apricots was
reported between 0.91 and 1.09 [37,38]. In apricots, if fruit shape index values are found
around 1, fruit tend to have a round shape. The Sekerpare cultivar in general gave round
shaped fruits while if these values are higher than 1, fruits correspond to ovoid shape.

L*, a* and b* color coordinates of clones are given in Table 2 and it was found that the
L*, a* and b* values of the Sekerpare clones significantly differed from each other at p < 0.05
(Table 2).

Table 2. Fruit skin color parameters of 18 Sekerpare clones.

Clones L* a* b* Ground Color Red Blushed Skin

KS1 61.21cd 11.38d 42.56ab Yellow Absent
KS2 63.45bc 14.29bc 40.14c Yellow Present
KS3 59.89de 14.90bc 44.13a Dark yellow Present
KS4 63.11bc 15.57ab 39.88cd Yellow Present
KS5 60.18d 15.39b 40.55bc Light orange Present
KS6 64.10b 12.55cd 38.15d Light yellow Absent
KS7 63.23bc 10.67de 41.23bc Yellow Absent
KS8 56.15f 14.44bc 43.32ab Dark yellow Present
KS9 58.33de 10.14def 42.56ab Dark yellow Absent
KS10 65.41ab 12.80cd 37.45de Yellow Absent
KS11 58.45de 13.38c 37.89de Light orange Present
KS12 57.10ef 17.12a 39.11cd Light orange Present
KS13 64.96ab 10.77de 40.15c Yellow Present
KS14 66.32a 14.20bc 38.68cd Light yellow Present
KS15 63.50bc 16.41ab 43.33ab Dark yellow Absent
KS16 60.25d 11.00de 41.22bc Yellow Absent
KS17 62.27c 10.70de 43.09ab Dark yellow Present
KS18 58.00e 12.07cd 42.25b Light orange Absent

Different letters in the same column indicate significant differences (p < 0.05) among clones.

Color is of primary importance for consumers in the judgment of different fruit groups
and accepted as one of the important quality attributes. Lightness (L*), red/greenness (a*),
and yellow/blueness (b*) values of the 18 clones of cv. Sekerpare are shown in Table 2.
The highest L* values were observed in clones KS14 as 66.32 and followed by KS10 (65.41)
while KS18 had the lowest L* values (58.00) compared to the other clones. The lightness
(L*) was dependent on exposure to sun [39]. Higher a* and b* values were observed in
KS12 (17.12) and 44.13 (KS3). The chromaticity coordinate a* is the most important factor
of maturity appearance describing color of the fruit. The intensity of red color normally
indicates full maturity and ripeness [40]. Karaat [41] indicated L*, a* and b* values in
Sekerpare fruit as 64.17, 14.07 and 42.27, respectively, which is in agreement with our
results. Karatas and Sengul [4] reported L*, a* and b* values as 48.66, 19.41 and 19.72 in
Sekerpare fruits which indicated differences with our study. In India, L*, a* and b* values
of cv. Shakarpara (Sekerpare) were 71.51, 1.03 and 40.56, respectively [16]. These results
also reveal that Sekerpare is probably the name of a group of apricots because quite diverse
results were obtained from different countries even in the same countries and also strong
clonal variation is evident because different clones of the cultivar show significant variation
in color values as well.

Among 18 clones, seven had yellow ground color, five clones had dark yellow ground
color, four clones had light orange ground color and two clones had light yellow ground
color (Table 2).

The majority of clones had red blushed skin and eight clones lacked red blushed skin
development (Table 2). The majority of apricot (Prunus armeniaca L.) cultivars display
orange or yellow background skin, whereas some cultivars are particularly preferred
by consumers because of their red blushed skin on the background. Anthocyanins are
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responsible for the blushed skin of apricots and the PaMYB10 gene was found as a positive
regulator of anthocyanin biosynthesis in apricots and demonstrates that blush formation
depends on light [42]. Apricots with a blush on orange or yellow skin are becoming more
and more popular in the market due to their colorful appearance and excellent nutritional
value [43].

3.2. Nutritional Traits

3.2.1. Organic Acids

The results on organic acid content in fruits of 18 clones of cv. Sekerpare apricots
are reported in Table 3. The order of organic acid depending on their content was in
descending order citric > malic > ascorbic > tartaric for all clones. Citric acid was the
predominant organic acid for all studied clones that ranged from 728 to 915 mg/100 g.
Malic acid and tartaric acid content of 18 Sekerpare clones were in range of 261–452
and 2.8–5.7 mg/100 g, respectively (Table 3). Ascorbic acid was identified in all clones
from 13.9 mg to 18.6 mg/100 g and this indicates that apricot fruits contain a moderate
level of ascorbic acid among fruit species. Organic acid results also indicated that citric,
malic, tartaric and ascorbic acid concentrations are greatly varied among clones (p < 0.05).
Organic acids are of increasing interest because of their role in plant physiology as cofactors,
buffering agents, etc. [44]. The organic acid content and profile of fruit species differs
depending on species, cultivars, accessions, etc. Alajil et al. [16] showed that citric acid
comprised approximately 55% of the organic acids in apricot fruits and ranged from 550 to
1170 mg/100 g, followed by malic acid, which comprised approximately 25% of the organic
acids and ranged from 400 to 1430 mg/100 g. Some organic acids have an antioxidant role
(tartaric, malic and citric acids). Fruit acids that allow nutrient digestion and stimulate
blood circulation are considered among the quality parameters of apricot fruits. Numerous
studies have quantified and detailed the organic acid content of apricot fruits and there
have been differences between them due to the species, location, used methods, sampling
periods, etc. [16,44–52]. Fan et al. [49] showed that malic acid was mainly responsible for
sourness of apricots, although malic acid was not the prominent organic acid in all apricot
cultivars. It has also been reported that malic acid has an apparent acidic taste compared
to citric acid or other organic acids in fruit [53].

Table 3. Organic acids in fruits of 18 Sekerpare clones (mg/100 g).

Clones Citric Acid Malic Acid Ascorbic Acid Tartaric Acid

KS1 880ab 275de 17.2ab 5.0ab
KS2 915a 261e 18.0ab 3.2cd
KS3 885ab 296de 18.6a 3.6c
KS4 904ab 405bc 17.6ab 4.4bc
KS5 822bc 350cd 15.0bc 4.0bc
KS6 816bc 427ab 15.8bc 5.7a
KS7 734cd 304d 14.0c 5.0ab
KS8 829bc 380bc 15.1bc 2.8cd
KS9 728d 369c 14.7bc 4.0bc

KS10 763cd 387bc 16.0b 5.0ab
KS11 838b 344cd 13.9c 3.6c
KS12 874ab 395bc 18.4ab 4.7b
KS13 769c 360cd 17.9ab 5.5ab
KS14 745cd 452a 15.7bc 4.2bc
KS15 796bc 412b 18.0ab 4.0bc
KS16 778c 435ab 18.2ab 3.4c
KS17 810bc 365cd 14.0c 3.2cd
KS18 785bc 422ab 14.4bc 3.6c

Different letters in the same column indicate significant differences (p < 0.05) among clones.
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3.2.2. Individual Sugars and Sweetness Indices

Sugar content in different Sekerpare clones is shown in Table 4. The dominant sugar
was sucrose in 18 clones that ranged from 7.11 to 9.94 mg/100 g, followed by glucose
in the range of 2.03–3.31 g/100 g, respectively. Fructose content of fruits was relatively
lower and found between 0.78 and 1.05 g/100 g (Table 4). Overall, the highest sucrose,
glucose and fructose contents were found in KS17, KS1, KS3 and KS4 clones, respectively.
Sweetness index (SI) was obtained between 13.35 (KS13) and 18.46 (KS17). Alajil et al. [16]
used a number of apricots including Sekerpare in nutritional analysis and reported that
sucrose was the dominant sugar, accounting for more than 63% of total sugars and ranged
from 4.15 to 10.13 g/100 g, glucose contributed about 22% of total sugars and ranged from
2.28 to 4.31 g/100 g, and fructose contributed about 15% of total sugars and ranged from
1.22 to 4.19 g/100 g which shows parallel values with our study. Saridas and Agcam [44]
examined individual sugars and organic acids in Agerik and Teberze apricot cultivars
and reported that both contents change greatly according to cultivars. They reported
sucrose, glucose and fructose content between 5.33 and 8.57, 1.90 and 2.95 and 0.60 and
0.88 g/100 g, respectively. Furthermore, the composition of individual sugars in the current
study agrees with that documented by Akin et al. [33] for different Turkish apricot cultivars.
İmrak et al. [45] found that the dominant sugar in apricot fruits was sucrose. Karataş
and Sengul [4] reported sucrose content between 1.83 and 3.97 g/100 g in main apricot
cultivars sampled in Malatya province in Turkey. Su et al. [46] used local apricots in sugar
analysis and found that sucrose was the main sugar. Individual sugars differ in sweetness,
with fructose perceived as sweeter than sucrose and sucrose perceived as sweeter than
glucose [27]. The sweetness is important to apricot consumers and breeders, and it also
leads to market acceptance of the fruit [47].

Table 4. Individual sugars (g/100 g) and sweetness indices (SI) in fruits of 18 Sekerpare clones.

Clones Sucrose Glucose Fructose
Sweetness
Index (SI)

KS1 9.06ab 3.24a 0.95ab 17.66ab
KS2 7.67bc 2.70bc 0.89b 15.10bc
KS3 8.23bc 3.02ab 1.05ab 16.55b
KS4 7.77bc 2.90abc 1.09a 15.90bc
KS5 8.11bc 3.10ab 0.86bc 16.03bc
KS6 7.90bc 2.22cd 0.67c 14.43cd
KS7 7.61bc 2.03d 0.78bc 14.09cd
KS8 8.10bc 2.78bc 0.99ab 16.00bc
KS9 8.40b 2.55bc 0.80bc 15.73bc

KS10 7.86bc 3.20a 1.02ab 16.16bc
KS11 8.33b 3.31a 0.90b 16.63b
KS12 7.85bc 2.39bcd 1.00ab 15.29bc
KS13 7.11c 2.14cd 0.70c 13.35d
KS14 7.56bc 2.29cd 0.82bc 14.39cd
KS15 8.06bc 2.63bc 1.02ab 15.78bc
KS16 7.37bc 2.55bc 1.05ab 14.92c
KS17 9.94a 2.85b 0.95ab 18.46a
KS18 9.12ab 2.47c 0.75bc 16.33bc

Different letters in the same column indicate significant differences (p < 0.05) among clones.

The sweetness index (SI) in fruits of Sekerpare clones ranged from 13.35 to 18.46
(Table 3). Previously, the sweetness index (SI) ranged from 13.58 to 22.30 in apricot fruits
grown in India and Shakarpara reported a SI of about 13.58 [16], indicating lower val-
ues than our study. In Greece, SIs were found between 8.16 and 11.25 among apricot
cultivars [27]. Our findings are consistent with those published SIs for Spanish apricot
genotypes ranging from 8.5 to 15.9 [48]. Despite the fact that SI determines taste, the final
perception of fruit sweetness is influenced by the presence of other compounds such as
phenolics and other aroma compounds [49].
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3.3. Nutraceutical Traits

Total Phenolic Content, Total Flavonoids, Total Carotenoids and Antioxidant Activity

Table 5 shows total phenolic, total flavonoid, total carotenoid content and antioxidant
activity in fruits of 18 clones of cv. Sekerpare. We found statistically significant differences
among clones in terms all nutraceutical traits at 0.05 level (Table 5).

Table 5. Nutraceuticals in fruits of 18 Sekerpare clones (fresh weight basis).

Clones
Total Phenolic Content

(mg GAE/100 g)
TEAC

(µmol TE/g)
Total Flavonoids

(mg CE/100 g)
Total Carotenoid

(mg/100 g)

KS1 58.4c 1.96bc 11.9c 7.80e
KS2 67.1a 2.16a 13.8ab 7.72e
KS3 56.0cd 1.92bc 12.7abc 9.30bc
KS4 61.3bc 2.06ab 10.5de 8.84c
KS5 59.3bc 1.96bc 9.3ef 10.05ab
KS6 64.4ab 2.12ab 12.9b 8.28cd
KS7 62.0b 2.09ab 12.1bc 8.65bc
KS8 58.0c 1.94bc 10.5de 9.25abc
KS9 49.9e 1.88bc 9.8e 9.10bc

KS10 55.0d 1.90bc 9.2ef 8.58cd
KS11 59.0bc 1.98bc 10.9d 8.51cd
KS12 63.0ab 2.09ab 13.3ab 10.13a
KS13 61.0bc 2.04ab 11.7abc 9.41b
KS14 58.9bc 1.99bc 13.6ab 8.44cd
KS15 49.5e 1.86c 11.4bc 8.16d
KS16 57.2cd 1.92bc 10.5de 8.95bc
KS17 60.4bc 2.01b 11.4cd 8.40cd
KS18 60.7bc 2.04ab 14.1a 8.88c

Different letters in the same column indicate significant differences (p < 0.05) among clones.

As mentioned in Table 5, total phenolic content was found between 49.5 and 67.1 mg
GAE/100 g fresh weight basis. Saeed et al. [54] used fruits of eight apricot cultivars sampled
from Pakistan and reported total phenolic content between 50 and 220 mg GAE/100 g
FW indicating higher values than our results. Gecer et al. [18] used a number of wild
apricots and cv. Aprikoz and found total phenolic content between 34.2 and 52.8 mg
GAE/100 g which is in accordance with our study. In Hungary, a large number of apricot
cultivars were used in nutraceutical analysis and total phenolic content greatly varied
among cultivars from 12.0 to 89.0 mg GAE/100 g [7]. In Turkey, Karaat and Serce [10]
used main apricot cultivars in Malatya and reported total phenolic content between 35.1
and 90.7 mg GAE/100 g. In the Mediterranean region in Turkey, apricots show total
phenolic content between 14.4 and 177.1 mg GAE/100 g, with a mean value of 64.4 mg
GAE/100 g indicating similarities with our samples [55]. Alajil et al. [16] reported total
phenolic content among apricots, ranging from 25.31 (Shakarpara) to 89.95 mg GAE/100 g
(Roxana). Wani et al. [56] and Leccese et al. [57] previously reported similar findings in
apricots grown in India and Italy, respectively.

Total flavonoids were in range of 9.2–14.1 mg CE/100 g (Table 5). Saeed et al. [54]
reported total flavonoids between 48 and 382 mg QE/100 g on fresh weight basis in apricots
indicating higher values than our results. Alajil et al. [16] found that total flavonoid
amounts in apricot genotypes ranged from 5.00 to 15.46 mg CE/100 g which indicated
good agreement with our study. Our results are also consistent with those reported by
Carbone et al. [58], who reported total flavonoid content (TFC) ranging from 1.9 to 12.0 mg
CE/100 g for different apricot genotypes. Kafkaletou et al. [59] and Wani et al. [56] found
TFC values ranging from 16.87 to 41.42 and 12.2 to 36.2 mg/100 g in apricot genotypes
grown in Greece and India, respectively. Phenolics and flavonoids are essential measures of
nutraceutical quality and have been linked to the treatment of a variety of chronic diseases,
including cancer, cardiovascular disease, and neurodegeneration [60–64].
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Total carotenoid content of 18 apricot clones of cv. Sekerpare were found between
7.72 and 10.13 mg/100. Gecer et al. [18] reported total carotenoid content ranged from
1.1 to 12.5 mg/100 g of edible portion in wild apricots and cv. Aprikoz. Ruiz et al. [65]
found total carotenoid content between 1.5 and 16.5 mg/100 g among a large number of
apricot cultivars in Spain. Shemesh et al. [66] found total carotenoid content between 0.5
and 9.5 mg/100 g among 113 apricot cultivars in Israel. These studies are in harmony with
our results. The content and composition of carotenoids in apricots determine their fruit
color. Apricots are high in carotenoids, which influence the color and visual appearance of
the fruit; the color of the fruit can vary from yellow to orange depending on the carotenoids
content [67]. Carotenoids are also essential dietary sources of vitamin A.

The antioxidant activity determined by TEAC assay in fruits of the 18 Sekerpare clones
were evaluated and the results are presented in Table 5. Amongst the 18 clones of Sekerpare
cultivar, the KS15 clone showed the lowest antioxidant activity (1.88 µmol TE/g), whereas
the KS2 clone showed the highest antioxidant activity (2.16 µmol TE/g) (Table 5). The KS6
clone showed the second highest antioxidant activity (2.12 µmol TE/g) and the clones KS7
and KS12 showed the third highest antioxidant activity (2.09 µmol TE/g). In Italy, among
the apricot cultivars analyzed, the variability of the antioxidant capacity was obtained
showing a range from 1.36 to 4.55 µmol TE/g. They found that the latest cultivars had
two-fold higher TEAC values with respect to the earliest ones [68].

Previous studies conducted in different horticultural plants indicated that horticul-
tural crops rich for antioxidant components and antioxidant activity were found to be
cultivar/genotype/clone dependent [69–80].

4. Conclusions

A detailed morphological, nutritional and nutraceutical traits analysis was reported
here for the first time in a large number of clones of cv. Sekerpare. The results indicated that
even in a small single growing location, Sekerpare clones showed rich diversity on most of
the morphological traits and nutritional and nutraceutical compositions. The KS3 clone
showed the highest fruit weight as 27.11 g. KS2, KS7 and KS12 had the highest antioxidant
activity. The promising clones could be used as breeding material. The results could have
practical implications for orchard management to select better Sekerpare clones and bring
them into production.
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Abstract: Peaches (Prunus persica L.) are a popular and sought-after dessert fruit. This is mainly
due to their flavour, aroma, attractive appearance, and high content of substances that play an
important role in human nutrition. The present study was carried out to determine some important
analytical properties (sugars/sucrose, glucose, fructose and sorbitol), total acid, total phenolics,
flavonoids, antioxidant capacity, carotenoids and anthocyanins of 34 selected peach varieties. The
analyses are also complemented by colorimetric measurements of peach skin colour using CIELAB
and other chromatic parameters. The results show, for example, that all peach varieties are good
sources of phenolic compounds (9.43–577 mg gallic acid equivalent (GAE).100 g−1), flavonoids
(1.12–95.1 mg catechin equivalent (CAE).100 g−1), and antioxidant capacity (136–462 mg Trolox
equivalent (TE).100 g−1).

Keywords: Prunus persica L.; colour; chemical contents; antioxidant capacity; sugar

1. Introduction

There are a great variety of peach trees (Prunus persica L.), not only in terms of the
length of ripening period, but also in terms of the pomological characteristics of the fruit,
where we can distinguish yellow-fleshed, white-fleshed, red-fleshed, fully separable from
the stone or clings, flat-shaped varieties, referred to as Peento, that are very popular in
southern Italy and Asia. There are also well-known selections of varieties without any
anthocyanin content, originating in Italy (the ‘ice peach’), and the Californian ‘Royal’ series
of varieties, which are characterised by their very hard flesh and very low acid content,
giving the fruit a sweet taste.

From a nutritional point of view, peaches contain a number of beneficial substances,
making them an interesting addition to the human diet. Peaches are a rich source of dietary
fibre (1.5 g.100 g−1) and provitamin A [1]. This fruit is considerably rich in antioxidants
and is an important source of vitamins A, B, and C, carotenoids and phenolic compounds.
Among the most important phenolic acids are chlorogenic and neochlorogenic acids, cate-
chin, epicatechin, 3-glucoside of cyanidin (chrysanthemin), and quercetin derivatives [2–5].
Polyphenols represent the majority of antioxidants present in the diet and their daily intake
should exceed 1 g/day, which is much higher than that of all other classes of phytochem-
icals and known dietary antioxidants [6]. They are low in fat and contain a lot of water,
approximately 89 g per 100 g of fruit [7,8]. Peaches are very low in sugars (9–20 ◦Rf), with
the main sugars present being sucrose, fructose, sorbitol, and glucose. The proportions
of these sugars undergo changes during fruit ripening, with glucose and fructose being
present in greater amounts in immature fruit and increasing as ripening progresses. At
full maturity, sucrose content dominates [9–11]. Carbohydrates are an important source
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of energy in the human diet and also play an important role in the regulation of the gut
microbiota [12]. They also have low levels of organic acids (0.13–1.16%) such as malic,
citric, and folic acids. The content of L-ascorbic acid (vitamin C) in peaches is relatively low
compared to other fruits such as kiwifruit or oranges, in which it is the most important an-
tioxidant. Quinic, fumaric, and shikimic acids are present in smaller concentrations [13,14].
Amino acids (arginine, asparagine, isoleucine, lysine, serine, threonine, valine, leucine,
phenylalanine, tryptophan, tyrosine, proline, and alanine) also contribute to the flavour of
fruit and are found in peaches in different concentrations depending on the cultivar [15,16].
Among the mineral elements, they contain nitrogen, phosphorus, potassium, calcium,
magnesium, iron, manganese, zinc, cooper, chromium, nickel, cobalt, lead, selenium, and
fluoride [17,18]. Similar to apricots, the glycoside amygdalin (26%), protein amandine
(3.8%), enzymes, lactase, and oleic acids are present in peach kernels. The leaves contain
about 1% prunasin and are used against rheumatism, gastritis, headaches, and as a diuretic;
when used externally, they are effective against eczema, ulcers, and other dermatoses [19].

The potential of peaches, especially those rich in phenolics, lies in delaying or even
preventing the onset of neurogenerative diseases such as Alzheimer’s and Parkinson’s.
They also help in the prevention of inflammation, atherosclerosis, diabetes, obesity, and
cardiovascular disease. Due to their low sugar content, they can easily be included in
nutritional therapy. They are easily digestible, have a strong alkaline effect on the body,
and stimulate the secretion of digestive juices. They have both a laxative and a diuretic
effect. Peach phenolics have been shown to display several biological activities such as
antioxidant activity [20,21], anti-allergic and anti-inflammatory activities [22], antibacterial
activity [23], hepatoprotective activity [24], nephroprotective activity [25], antiprolifera-
tive [26], chemopreventive, and anticancer activities [27,28].

The aim of this study was to compare varieties from different pomological groups
as well as different geographical origins and thus get an overview of the differences in
content composition from the point of view of titratable acidity, soluble solid content,
sugars, phenolic compounds, flavonoids, antioxidant activity, carotenoids, and total antho-
cyanin content.

2. Materials and Methods
2.1. Site of Planting and Plant Material

In total, 34 peach cultivars of different origin were analysed in this study (Table 1).
20 cultivars from USA, 6 from Yalta, 5 from Italy, 1 from Czech Republic, 1 from France, and
1 from Slovakia. Trees of these cultivars were grown in the experimental orchard at the Fac-
ulty of Horticulture in Lednice, Mendel University in Brno (localisation 48.80◦N/16.80◦E,
at an altitude of 172 m), with an average annual temperature of 9.7 ◦C.

Table 1. The cultivars obtained in this study and their flesh colour, fruit type, and origin.

Cultivars
Flesh

Colour
Fruit Type Origin Cultivars

Flesh
Colour

Fruit Type Origin

Admiral de Wey Yellow Peach USA Iris Rosso White peach Italy
Alexandra White Peach USA Krasava Creamy peach Czech Republic

Anita White Peach USA Lakomyj Yellow peach Yalta, Crimea
Aurelia Yellow Peach Italy Narjadnyj Nikitskij Yellow peach Yalta, Crimea

Avalon Pride Yellow Peach USA Nerine Yellow peach USA
Benedicte Creamy Peach France Otličnik Yellow peach Yalta, Crimea
Candor Yellow Peach USA Queen Lady Yellow peach USA

Carolina Belle White Peach USA Red Robin White peach USA
Dixigem Yellow Peach USA Redhaven Yellow peach USA
Dostojnyj Yellow Peach Yalta, Crimea Romea Yellow cling Italy
Early Glo Yellow Peach USA Royal Glory Yellow peach USA

Early Redhaven Yellow Peach USA Royal Majestic Yellow peach USA
Favorita Morettini Yellow Peach Italy Sonet Yellow peach Yalta, Crimea

Fénix Yellow Peach Slovakia Strelec Yellow peach Yalta, Crimea
Fidelia White Peach USA Suncrest Yellow peach USA

Harvester Yellow Peach USA Sunshine Yellow peach USA
Helene White Peach USA UFO 3 White peento Italy
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Five fruits from each variety were harvested at their harvest maturity and transported
to the laboratory for chemical analyses.

2.2. Determination of Titratable Acidity

The determination of titratable acidity was performed by potentiometric titration, with
a solution of 0.1 mol.L−1 NaOH of a known factor up to pH 8.1 measured by a combined
SenTix™ 81 pH electrode (WTW™, Prague, Czech Republic) coupled with inoLab 7110 pH
meter (WTW™, Prague, Czech Republic). Titratable acidity was expressed as % malic acid
equivalent [29]. Mixed fruits were used as a sample for titration.

2.3. Preparation of the Plant Samples for Analysis of Total Phenolic Content, Total Flavonoids, and
Total Antioxidant Capacity

Prior to determination of content of secondary metabolites (phenolic compounds,
flavonoids, and antioxidant capacity), methanol extract from fresh fruit material was
performed. Five grams of the sample was homogenized with a hand blender in 25 mL
75% methanol. The extract was left to stand for 24 h and then filtered through a filter
paper into a 50 mL measuring flask. The filtrate was then adjusted to the line with 75%
methanol. Samples were transferred into a 20 mL plastic bottles and kept at −20 ◦C until
the analysis [30].

2.4. Determination of Total Phenolic Content, Total Flavonoids, and Total Antioxidant Capacity

Analyses of all parameters were carried out according to the protocols of Zloch et al.
(2004) [31] by using a SPECORD® 50 PLUS spectrophotometer (Analytik, Jena, DE). Total
phenolic content was measured after reaction of sample extracts with Folin–Ciocalteu
reagent at a wavelength of 765 nm and expressed in milligrams GAE per 100 g FW. Total
flavonoid content was determined by using chloride and sodium nitrite and the results were
expressed in milligrams CAE per 100 g FW. For determination of total antioxidant activity,
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was used. This method is based on the
decolorizing property of the hydrogen radical of DPPH with hydrogen donors, which are
included in phenolic compounds as well. Trolox (6-hydroxy-2.5.7.8-tetramethylchroman-2-
carboxylic acid) was used as a standard, and the measurement was performed at 515 nm
and then expressed in milligrams TE per 100 g FW.

2.5. Determination of Total Carotenoids

Prior to determination of the carotenoid content, sliced thin fruit sections were dried
in a heat chamber FED 400 (Binder, Tuttlingen DE) at 50 ◦C for 24 h and pulverised in a
mill Pulverisette 11 (Fritsch, Weimar, DE). Next, acetone was used to extract the pigments
from the samples. Determination of photosynthetically active pigments (carotenoids) was
performed with a SPECORD® 50 PLUS spectrophotometer (Analytic Jena AG, Germany)
at 440 nm according to Holm (1954) [32]. Total carotenoids were expressed in milligrams
per 100 g dry weight (DW).

2.6. Determination of Total Anthocyanin Content (TAC)

The determination of TAC was based on a pH differential method using changes in the
colour of samples containing anthocyanins in various pH value environments. Five grams
of homogenized whole fruit of peach was mixed with 25 mL of 0.1 M HCl. After 1 h of
extraction, the solution was filtered and 0.5 mL of the filtrate was pipetted into 6 test tubes.
A 2.5 mL (0.025 mol.L−1) of KCl solution of pH 1 was added into the first 3 test tubes and
2.5 mL (0.4 mol.L−1) solution of C2H3NaO2 of pH 4.5 was added into the remaining 3 test
tubes. Prepared rest tubes were measured at wavelengths of 510 nm and 700 nm with a
spectrophotometer SPECORD® 50 PLUS (Analytic Jena AG, Germany). The results were
expressed in mg.100 g−1 fresh weight (FW).
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2.7. Determination of Sugar Content

The soluble solids content was determined using the Abbé refractometer and ex-
pressed in weight percentage.

The determination of sugar content was performed by high performance liquid chro-
matography (HPLC). Juice was squeezed from the fruit and diluted with distilled water at
a 1:4 ratio (2 mL juice + 8 mL H2O). The diluted sample was filtered through a microfilter
and analysed. A Clarity chromatography station (Watrex, Prague, Czech Republic) with
a Polymer IEX Ca_SN8422 column (250 × 8 mm; Watrex, Prague, Czech Republic) was
used for making the analysis. The flow rate of the mobile phase (deionized water) was
0.5 mL.min−1, pressure 1.9 MPa, temperature 80 ◦C. A refractometric detector was used for
making the evaluation. Fructose, glucose, sucrose, and sorbitol contents were converted
into the fresh weight of plant material and expressed as g sugar per 100 g fruit.

2.8. Colour Analysis

Colour of cleaned skin of 5 fruits was analysed using colorimeter CR-400 (Konica
Minolta®, Tokyo, Japan), equipped with D65 illuminant. The over colour and ground
colour were distinguished where possible within the analysis. The data were processed by
software SpectraMagic NX Lite (Konica Minolta®, Tokyo, Japan). The analysis is based on
CIELAB scale. The colour parameters L*, a*, b* are directly measured in terms of standard
observed and standard illuminant [33], where parameter L* represents the lightness of the
fruit, parameter a* represents the axis in the direction from green to red and parameter b*
represents the axis in the direction from blue to yellow. Values were displayed with the
mean ± standard deviation. Cylindrical coordinates C*ab and h◦ab were calculated from
coordinates a* and b* by Equations (1) and (2) [34]:

C*ab = (a*2 + b*2)1/2 (1)

h◦ab = tan−1 (b*/a*) (2)

C*ab denotes the purity of saturation of the colour [35], which means the higher is the
chroma (C*ab) the colour is more intense. Hue angle (h◦ab) refers to the colour wheel and is
measured in angles [36]. The colour difference ∆E*ab was accomplished for cultivars with
measurable ground and over colour. Values were displayed with the mean ± standard
deviation of ten replications. Given two colours in the CIELAB colour space, (L*1, a*1, b*1)
and (L*2, a*2, b*2), the CIE76 colour difference formula is defined as (3):

∆E*ab = (∆L*2 + ∆a*2 + ∆b*2)1/2 (3)

∆E*ab ≈ 2.3 corresponds to a JND (just noticeable difference) [37].

2.9. Statistical Analysis

Statistical analysis was performed in Statistica 12 (TIBCO, USA) and Microsoft Excel
software. Single-factor ANOVA analysis (level of significance α = 0.05) was used for
statistical processing and the Tukey HSD test was subsequently used to evaluate the
statistical significance of differences between the individually measured values (TAC and
chromatic parameters L*, a*, b*). Between colour parameters and TAC, the Spearman’s
correlation coefficient ρ was determined using Statistica 12 (TIBCO, USA) and regression
function with coefficient of determination R2 were determined using Microsoft Excel.

3. Results

The highest acid content was recorded in the fruit of the varieties ‘Benedicte’ (1.32%
malic acid), ‘Helene’ (0.91% malic acid), and ‘Royal Majestic’ (0.85% malic acid). The
varieties with the lowest acid content were ‘UFO 3’ (0.25% malic acid), ‘Fidelia’ (0.26%
malic acid) and ‘Royal Glory’ (0.26% malic acid, Figure 1). The average value of the test set
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was 0.59% malic acid. The differences between the varieties were confirmed as statistically
highly significant (Table 2).
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Table 2. The total content of titratable acids in peach cultivars. The data are displayed as the
mean ± standard deviation of three replications; a–p refer to the grouping based on the Tukey
HSD test.

Cultivars
Titratable Acidity

[%]
Cultivars

Titratable Acidity
[%]

Admiral de Wey 0.44 ± 0.01 b,c Iris Rosso 0.676 ± 0.009 j,k,l,m

Alexandra 0.452 ± 0.004 b,c Krasava 0.84 ± 0.02 n

Anita 0.44 ± 0.01 b,c Lakomyj 0.591 ± 0.007 f,g,h

Aurelia 0.643 ± 0.004 i,j Narjadnyj Nikitskij 0.513 ± 0.002 d

Avalon Pride 0.61 ± 0.01 g,h,i Nerine 0.450 ± 0.002 b,c

Benedicte 1.32 ± 0.04 p Otličnik 0.533 ± 0.002 d,e,f

Candor 0.58 ± 0.01 f,g Queen Lady 0.636 ± 0.004 h,i,j

Carolina Belle 0.691 ± 0.006 k,l,m Red Robin 0.72 ± 0.01 m

Dixigem 0.573 ± 0.005 e,f,g Redhaven 0.53 ± 0.05 d,e

Dostojnyj 0.415 ± 0.005 b Romea 0.562 ± 0.009 e,f,g

Early Glo 0.463 ± 0.006 c Royal Glory 0.264 ± 0.006 a

Early Redhaven 0.428 ± 0.006 b,c Royal Majestic 0.850 ± 0.003 n

Favorita Morettini 0.645 ± 0.006 i,j,k Sonet 0.564 ± 0.005 e,f,g

Fénix 0.655 ± 0.001 j,k Strelec 0.712 ± 0.006 l,m

Fidelia 0.26 ± 0.01 a Suncrest 0.55 ± 0.03 d,e,f

Harvester 0.712 ± 0.001 l,m Sunshine 0.668 ± 0.007 j,k,l

Helene 0.910 ± 0.008 o UFO 3 0.25 ± 0.02 a

Significantly, the highest representation of total phenolic compounds was found in
fruits of the variety ‘Carolina Belle’ (577.72 mg GAE.100 g−1 FW), then in the variety
‘Krasava’ (334.02 mg GAE.100 g−1 FW, Figure 1), ‘Dixigem’ (285.24 mg GAE.100 g−1 FW,
Figure 1), and in the variety ‘Benedicte’ (238.09 mg GAE.100 g−1 FW). On the other hand,
the lowest values of phenolic compounds content were observed in fruits of ‘Favorita
Morettini’ (9.43 mg GAE.100 g−1 FW), ‘Early Redhaven’ (12.90 mg GAE.100 g−1 FW), and
‘Strelec’ (17.39 mg GAE.100 g−1 FW). In the studied set of cultivars, the total phenolic
content in fruits ranged from 9.43 to 577 mg GAE.100 g−1 FW. The differences between the
values were highly statistically significant (Table 3).

Table 3. Total phenolic content in peach cultivars. The data are displayed as the mean ± standard
deviation of three replications; a–w refer to the grouping based on the Tukey HSD test.

Cultivars
Total Phenolic
Content [mg

GAE.100 g−1]
Cultivars

Total Phenolic
Content [mg

GAE.100 g−1]

Admiral de Wey 104.4 ± 0.4 m Iris Rosso 103.4 ± 0.9 m

Alexandra 19 ± 1 c,d Krasava 334 ± 2 v

Anita 44.6 ± 0.4 f Lakomyj 18.4 ± 0.4 b,c

Aurelia 139.3 ± 0.7 o Narjadnyj Nikitskij 66.7 ± 0.6 h

Avalon Pride 162.2 ± 0.8 q Nerine 115 ± 2 n

Benedicte 238 ± 1 t Otličnik 73 ± 2 i

Candor 54.8 ± 0.3 g Queen Lady 151.2 ± 0.7 p

Carolina Belle 577 ± 2 w Red Robin 65.6 ± 0.4 h

Dixigem 285.2 ± 0.4 u Redhaven 193 ± 7 r

Dostojnyj 110.5 ± 0.3 n Romea 72.8 ± 0.3 i

Early Glo 47.0 ± 0.2 f Royal Glory 78 ± 4 i,j

Early Redhaven 12.9 ± 0.3 a,b Royal Majestic 95 ± 3 l

Favorita Morettini 9.4 ± 0.3 a Sonet 34.0 ± 0.4 e

Fénix 80 ± 1 j Strelec 17.39 ± 0.04 b,c

Fidelia 86.3 ± 0.9 k Suncrest 197 ± 2 r

Harvester 203.0 ± 0.6 s Sunshine 195.0 ± 0.6 r

Helene 152.0 ± 0.5 p UFO 3 25 ± 2 d
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The highest concentration of flavonoids was measured in the fruits of ‘Carolina Belle’
(95.1 mg CAE.100 g−1 FW), ‘Benedicte’ (53.2 mg CAE.100 g−1 FW), and ‘Admiral de
Wey’ (50.8 mg CAE.100 g−1 FW). The lowest values were observed in ‘UFO 3’, ‘Favorita
Morettini’, ‘Alexandra’ and ‘Candor’ (1.12; 3.37; 4.09 and 5.16 mg CAE.100 g−1 FW). The
average flavonoid value in the test set was 22.3 mg CAE.100 g−1 FW. The differences
between the varieties were confirmed as statistically highly significant (Table 4).

Table 4. Total flavonoid content in peach cultivars. The data are displayed as the mean ± standard
deviation of three replications; a–v refer to the grouping based on the Tukey HSD test.

Cultivars
Flavonoids [mg
CAE.100 g−1]

Cultivars
Flavonoids [mg
CAE.100 g−1]

Admiral de Wey 50.8 ± 0.3 t Iris Rosso 12 ± 1 h,i

Alexandra 4.1 ± 0.5 b,c Krasava 45.1 ± 0.5 s

Anita 27.7 ± 0.2 n Lakomyj 10.6± 0.1 g,h

Aurelia 18.0 ± 0.2 k Narjadnyj Nikitskij 31.8 ± 0.1 p

Avalon Pride 24.2 ± 0.4 m Nerine 15.0 ± 0.1 j

Benedicte 53.2 ± 0.5 u Otličnik 9.60 ± 0.09 f,g

Candor 5.16 ± 0.06 c Queen Lady 20.1 ± 0.1 l

Carolina Belle 95.1 ± 0.8 v Red Robin 34.1 ± 0.2 q

Dixigem 35.6 ± 0.2 r Redhaven 24.5 ± 0.2 m

Dostojnyj 12.7 ± 0.1 i Romea 8.2 ± 0.1 d,e

Early Glo 27.4 ± 0.8 n Royal Glory 9.5 ± 0.7 e,f,g

Early Redhaven 8.68 ± 0.09 d,e,f Royal Majestic 10.0 ± 0.7 g

Favorita Morettini 3.4 ± 0.3 b Sonet 14.8 ± 0.2 j

Fénix 7.55 ± 0.08 d Strelec 11.8 ± 0.2 h,i

Fidelia 10.0 ± 0.3 g Suncrest 46.1 ± 0.3 s

Harvester 23.3 ± 0.1 m Sunshine 30.20 ± 0.09 o

Helene 18.4 ± 0.4 k UFO 3 1.12 ± 0.02 a

Using the DPPH (2,2-diphenyl-1-picrylhydrazyl) method, values of antioxidant activ-
ity in peach fruits ranging from 136 to 462 mg TE.100 g−1 FW were determined. Specifically,
the cultivar ‘Carolina Belle’ (249.08 mg TE.100 g−1 FW) had the highest value. All other va-
rieties analysed showed relatively high values. The results varied within a few units. High
values were also found in the fruit of the variety ‘Admiral de Wey’ (280.46 mg TE.100 g−1

FW) and in the variety ‘Dixigem’ (255.61 mg TE.100 g−1 FW). The Czech variety ‘Krasava’
also had high antioxidant capacity (250.07 mg TE.100 g−1 FW). The lowest total antioxidant
capacity was measured in the fruits of ‘Favorita Morettini’ (136.15 mg TE.100 g−1 FW) and
‘Candor’ (150.72 mg TE.100 g−1 FW). The differences in the values were highly statistically
significant (Table 5).

Table 5. Antioxidant activity in peach cultivars. The data are displayed as the mean ± standard
deviation of three replications; a–z refer to the grouping based on Tukey HSD test.

Cultivars
Antioxidant Activity

[mg.100 g−1]
Cultivars

Antioxidant Activity
[mg.100 g−1]

Admiral de Wey 280.5 ± 0.2 y Iris Rosso 184.59 ± 0.09 k

Alexandra 184.09 ± 0.02 k Krasava 250.1 ± 0.3 w

Anita 230.9 ± 0.2 u Lakomyj 178.20 ± 0.07 j

Aurelia 203.44 ± 0.09 p Narjadnyj Nikitskij 211.48 ± 0.09 s

Avalon Pride 184.54 ± 0.08 k Nerine 204.4 ± 0.1 q

Benedicte 200.52 ± 0.08 o Otličnik 188.07 ± 0.04 l

Candor 150.72 ± 0.06 b Queen Lady 210.7 ± 0.1 s
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Table 5. Cont.

Cultivars
Antioxidant Activity

[mg.100 g−1]
Cultivars

Antioxidant Activity
[mg.100 g−1]

Carolina Belle 462.41 ± 0.84 z Red Robin 206.9 ± 0.1 r

Dixigem 256 ± 1 x Redhaven 233.1 ± 0.2 v

Dostojnyj 175.11 ± 0.05 h Romea 169.16 ± 0.06 e

Early Glo 220.1 ± 0.1 t Royal Glory 165.0 ± 0.3 c

Early Redhaven 164.53 ± 0.06 c Royal Majestic 199.84 ± 0.05 o

Favorita Morettini 136 ± 0 a Sonet 176.8 ± 0.1 i

Fénix 166.76 ± 0.03 d Strelec 195.18 ± 0.05 n

Fidelia 191.05 ± 0.07 m Suncrest 231.07 ± 0.06 u

Harvester 203.9 ± 0.1 p,q Sunshine 233.9 ± 0.2 v

Helene 173.5 ± 0.1 g UFO 3 172.01 ± 0.05 f

The average carotenoids content in the fruits of the studied varieties reached
1.67g.100 g−1 DW. The varieties with the highest carotenoids (4.77 mg.100 g−1 DW) include
fruits of the variety ‘Romea’ (3.50 mg.100 g−1 DW, Figure 1), followed by fruits of the vari-
ety ‘Royal Majestic’ (3.14 mg.100 g−1 DW), ‘Favorita Morettini’ (3.12 mg.100 g−1 DW), and
‘Early Redhaven’ (3.12 mg.100 g−1 DW). On the other hand, the lowest total carotenoids
content was determined in the fruits of ‘Krasava’, ‘Fidelia’, and ‘Anita’ (0.05; 0.24 and
0.24 mg.100 g−1 DW). Total carotenoids content was not detected in the cultivars ‘Bene-
dicte’ and ‘Royal Glory’. The differences between the varieties were confirmed as statisti-
cally highly significant (Table 6).

Table 6. Total carotenoids in peach cultivars. The data are displayed as the mean ± standard
deviation of three replications; a–j refer to the grouping based on the Tukey HSD test.

Cultivars
Carotenoids
[mg.100 g−1]

Cultivars
Carotenoids
[mg.100 g−1]

Admiral de Wey 2.20 ± 0.04 d,e,f,g Iris Rosso 0.40 ± 0.01 a,b

Alexandra 0.45 ± 0.04 a,b Krasava 0.05 ± 0.59 a

Anita 0.24 ± 0.02 a,b Lakomyj 2.13 ± 0.02 d,e,f

Aurelia 1.1 ± 0.2 c Narjadnyj Nikitskij 1.8 ± 0.6 d

Avalon Pride 2.0 ± 0.1 d,e Nerine 1.88 ± 0.06 d

Benedicte * Otličnik 0.56 ± 0.01 b

Candor 2.46 ± 0.03 e,f,g Queen Lady 2.24 ± 0.03 d,e,f,g

Carolina Belle 0.36 ± 0.02 a,b Red Robin 0.67 ± 0.03 b,c

Dixigem 2.47 ± 0.04 f,g Redhaven 2.27 ± 0.05 d,e,f,g

Dostojnyj 1.88 ± 0.04 d Romea 4.8 ± 0.2 j

Early Glo 2.0 ± 0.01 d,e,f Royal Glory *
Early Redhaven 3.12 ± 0.01 h,i Royal Majestic 3.51 ± 0.05 i

Favorita Morettini 3.14 ± 0.06 i Sonet 2.26 ± 0.05 d,e,f,g

Fénix 3.03 ± 0.04 h,i Strelec 1.904 ± 0.009 d

Fidelia 0.24 ± 0.06 a,b Suncrest 2.300 ± 0.003 a,b

Harvester 2.64 ± 0.04 g,h Sunshine 2.12 ± 0.02 d,e,f

Helene 0.31 ± 0.03 a,b UFO 3 0.30 ± 0.03 a,b

* Not measured.

High levels of anthocyanins were measured in the fruits of ‘Helene’ (3.74 mg.100 g−1

FW), ‘Royal Majestic’ (2.64 mg.100 g−1 FW), and ‘Favorita Morettini’ (2.13 mg.100 g−1

FW). On the other hand, low values were recorded in fruits of ‘Early Redhaven’, ‘UFO 3’,
‘Dostojnyj’, ‘Strelec’ and ‘Admiral de Wey’ (0.05; 0.05 0.14; 0.18 mg.100 g−1 FW). The average
value of total anthocyanins of the tested set of varieties reached 0.70 mg.100 g−1 FW. The
differences between the varieties were confirmed as statistically highly significant (Table 7).
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Table 7. Total anthocyanin content (TAC) in peach cultivars. The data are displayed as the mean ±

standard deviation of three replications; a–p refer to the grouping based on the Tukey HSD test.

Cultivars
Total Anthocyanin

Content
[mg.100 g−1]

Cultivars
Total Anthocyanin

Content
[mg.100 g−1]

Admiral de Wey 0.2 ± 0.4 a,b,c,d,e Iris Rosso 1.13 ± 0.08 j,k,l

Alexandra 1.4 ± 0.3 l,m Krasava *
Anita 1.65 ± 0.06 m Lakomyj *

Aurelia 0.63 ± 0.06 f,g,h,i Narjadnyj Nikitskij 0.5 ± 0.1 c,d,e,f,g,h

Avalon Pride 1.2 ± 0.2 k,l,m Nerine 0.47 ± 0.06 c,d,e,f,g,h

Benedicte * Otličnik *
Candor 0.26 ± 0.07 a,b,c,d,e,f Queen Lady 0.58 ± 0.06 e,f,g,h,i

Carolina Belle 0.95 ± 0.03 i,j,k Red Robin 0.56 ± 0.04 d,e,f,g,h,i

Dixigem 0.5 ± 0.1 c,d,e,f,g,h Redhaven *
Dostojnyj 0.14 ± 0.04 a,b,c Romea *
Early Glo 0.9 ± 0.3 h,i,j,k Royal Glory 1.3 ± 0.2 k,l,m

Early Redhaven 0.05 ± 0.03 a,b Royal Majestic 2.6 ± 0.1 o

Favorita Morettini 2.13 ± 0.08 n Sonet 0.815 ± 0.003 g,h,i,j

Fénix 0.37 ± 0.03 a,b,c,d,e,f Strelec 0.17 ± 0.03 a,b,c,d

Fidelia 0.55 ± 0.07 d,e,f,g,h,i Suncrest 0.4 ± 0.1 b,c,d,e,f,g

Harvester 0.2 ± 0.1 a,b,c,d,e,f Sunshine 0.38 ± 0.05 a,b,c,d,e,f

Helene 3.7 ± 0.2 p UFO 3 0.05 ± 0.06 a,b

* Not measured.

In the set of varieties studied, the total soluble solids content of the fruit ranged from
8.3 to 14.7 ◦Rf. The varieties with the highest content were ‘Royal Majestic’ (14.7 ◦Rf),
followed by ‘Helene’ (13.8 ◦Rf) and ‘Nerine’ (13.7 ◦Rf). The lowest values of the evaluated
set of varieties were measured for the fruits of the ‘Fénix’ variety (8.3 ◦Rf, Figure 1),
‘Krasava’ and ‘Romea’, which had the same soluble solids value for both varieties (9.2 ◦Rf).
The differences in the values found were highly statistically significant (Table 8).

Table 8. Soluble solid content (SSC) in peach cultivars. The data are displayed as the mean ± standard
deviation of three replications; a–k refer to the grouping based on Tukey HSD test.

Cultivars
Soluble Solid
Content [◦Rf]

Cultivars
Soluble Solid
Content [◦Rf]

Admiral de Wey 10.7 ± 0.6 b,c,d Iris Rosso 12.5 ± 0.5 d,e,f,g,h,i

Alexandra 10.2 ± 0.3 a,b Krasava 12.2 ± 0.3 c,d,e,f,g,h,i

Anita 11.8 ± 0.8 b,c,d,e,f,g,h Lakomyj 12.3 ± 0.3 d,e,f,g,h,i

Aurelia 12.2 ± 0.3 c,d,e,f,g,h,i Narjadnyj Nikitskij 13.5 ± 0.5 g,h,i,j

Avalon Pride 11.30 ± 1.04 b,c,d,e,f Nerine 13.7 ± 0.8 h,i,j

Benedicte 15.7 ± 0.3 k Otličnik 12.0 ± 0.5 b,c,d,e,f,g,h,i

Candor 12.3 ± 0.3 d,e,f,g,h,i Queen Lady 11.0 ± 0.9 b,c,d,e

Carolina Belle 11.8 ± 0.3 b,c,d,e,f,g,h Red Robin 10.8 ± 0.8 b,c,d

Dixigem 11.8 ± 0.3 b,c,d,e,f,g,h Redhaven 13 ± 1 e,f,g,h,i,j

Dostojnyj 13.2 ± 0.3 f,g,h,i,j Romea 11.8 ± 0.8 b,c,d,e,f,g,h

Early Glo 10.3 ± 0.3 b,c Royal Glory 13.3 ± 0.6 g,h,i,j

Early Redhaven 11.7 ± 0.3 b,c,d,e,f,g Royal Majestic 14.7 ± 0.3 j,k

Favorita Morettini 11.8 ± 0.8 b,c,d,e,f,g,h Sonet 13.5 ± 0.5 g,h,i,j

Fénix 8.3 ± 0.5 a Strelec 12.8 ± 0.3 e,f,g,h,i,j

Fidelia 12.1 ± 0.5 c,d,e,f,g,h,i Suncrest 13.8 ± 0.8 i,j,k

Harvester 12.2 ± 0.3 c,d,e,f,g,h,i Sunshine 11.2 ± 0.3 b,c,d,e

Helene 13.8 ± 0.3 i,j,k UFO 3 10.8 ± 0.3 b,c,d

The average sucrose, glucose, fructose, and sorbitol contents of the fruit were deter-
mined for each variety. The average sucrose content was 9.62 g.100 g−1 FW. The highest
sucrose content was measured in the varieties ‘Narjadnyj Nikitskiy’ (16.57 g.100 g−1) and
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‘Sonet’ (16.44 g.100 g−1). The lowest contents were observed in the cultivars ‘Alexandra’,
‘Suncrest’(Figure 1), and ‘Iris Rosso’ (4.89, 4.69 and 4.66 g.100 g−1, respectively). The glu-
cose content ranged from 0.74 to 3.67 g.100 g−1. The highest contents were determined in
the varieties ‘Sunshine’ (3.67 g.100 g−1) and ‘Admiral de Wey’ (3.50 g.100 g−1). The lowest
content was measured in the varieties ‘UFO 3’ (0.82 g.100 g−1) and ‘Nerine’ (0.74 g.100 g−1).
The average value of glucose content was 1.94 g.100 g−1. In the studied set of varieties,
the total fructose content ranged from 0.48 to 2.39 g.100 g−1, with an average value of
1.37 g.100 g−1. The highest content was measured in the cultivars ‘Sunshine’ and ‘Dix-
igem’ (2.39 and 2.36 g.100 g−1). The lowest fructose content was observed in the variety
‘UFO 3’ (0.48 g.100 g−1). The average value of alcoholic sugar sorbitol in our study was
0.23 g.100 g−1. The variety ‘Benedicte’ greatly exceeded all other varieties in sorbitol
content, with its content being determined at 1.57 g.100 g−1. Very low amounts were
measured in the cultivars ‘Lakomyj’, ‘Nerine’, ‘Iris Rosso’, and ‘Alexandra’ (0.09; 0.09; 0.08
and 0.06 g.100 g−1). The differences in the values found were highly statistically significant
(Table 9).

Table 9. Sugars in peach cultivars. The data are displayed as the mean ± standard deviation of three replications; a–p refer
to the grouping based on the Tukey HSD test.

Cultivars Sucrose (g.100 g−1) Glucose (mg.100 g−1) Fructose (mg.100 g−1) Sorbitol (g.100 g−1)

Admiral de Wey 14.6 ± 0.2 m,n 3.5 ± 0.2 j,k 2.22 ± 0.08 j,k 0.18 ± 0.05 d,e,f,g,h,i,j

Alexandra 4.9 ± 0.1 a,b 1.24 ± 0.06 a,b,c,d 0.92 ± 0.04 b,c,d,e 0.055 ± 0.002 a

Anita 12.2 ± 0.6 k 2.8 ± 0.4 g,h 2.24 ± 0.05 j,k 0.17 ± 0.02 c,d,e,f,g,h,i,j

Aurelia 6.6 ± 0.1 c,d,e 1.3 ± 0.1 a,b,c,d 0.99 ± 0.02 b,c,d,e 0.151 ± 0.007 b,c,d,e,f,g,h

Avalon Pride 7.22 ± 0.07 c,d,e,f,g,h 1.71 ± 0.06 d,e 1.12 ± 0.05 b,c,d,e,f 0.16 ± 0.02 b,c,d,e,f,g,h,i

Benedicte 8.06 ± 0.04 f,g,h,i 3.37 ± 0.03 i,j,k 1.9 ± 0.1 i,j 1.57 ± 0.03 o

Candor 7.0 ± 0.3 c,d,e,f,g 1.22 ± 0.03 a,b,c,d 1.0 ± 0.1 b,c,d,e 0.12 ± 0.02 a,b,c,d,e

Carolina Belle 8.09 ± 0.06 g,h,i 2.288 ± 0.007 f,g 1.4 ± 0.2 f,g,h 0.28 ± 0.02 k,l,m

Dixigem 15.3 ± 0.3 m,n,o,p 3.4 ± 0.1 k 2.36 ± 0.05 k 0.29 ± 0.02 k,l,m

Dostojnyj 16 ± 1 n,o,p 2.7 ± 0.7 f,g,h 1.85 ± 0.09 h,i,j 0.17 ± 0.07 c,d,e,f,g,h,i,j

Early Glo 6.80 ± 0.08 c,d,e,f 1.31 ± 0.07 b,c,d 1.03 ± 0.04 b,c,d,e 0.114 ± 0.002 a,b,c,d,e

Early Redhaven 13.09 ± 0.05 k,l 2.393 ± 0.006 f,g 1.7 ± 0.1 g,h,i 0.13 ± 0.01 a,b,c,d,e,f

Favorita Morettini 15.57 ± 0.03 n,o,p 2.72 ± 0.02 f,g,h 1.45 ± 0.01 f,g,h 0.21 ± 0.01 f,g,h,i,j,k

Fénix 6.11 ± 0.09 b,c 1.20 ± 0.02 a,b,c,d 0.80 ± 0.01 a,b 0.128 ± 0.002 a,b,c,d,e,f

Fidelia 7.86 ± 0.05 e,f,g,h,i 1.38 ± 0.03 b,c,d 1.32 ± 0.05 e,f,g 0.28 ± 0.01 k,l,m

Harvester 8.8 ± 0.2 i,j 1.71 ± 0.05 d,e 1.1 ± 0.1 b,c,d,e,f 0.23 ± 0.03 h,i,j,k

Helene 7.1 ± 0.5 c,d,e,f,g,h 1.12 ± 0.02 a,b,c 0.90 ± 0.03 b,c,d 0.24 ± 0.01 i,j,k,l

Iris Rosso 4.7 ± 0.3 a 1.4 ± 0.4 c,d 1.0 ± 0.1 b,c,d,e 0.077 ± 0.003 a,b

Krasava 6.6 ± 0.3 c,d,e 1.4 ± 0.2 c,d 1.25 ± 0.07 c,d,e,f 0.22 ± 0.01 g,h,i,j,k

Lakomyj 7.03 ± 0.03 c,d,e,f,g,h 1.26 ± 0.04 a,b,c,d 0.9 ± 0.2 a,b,c 0.092 ± 0.004 a,b,c,d

Narjadnyj Nikitskij 16.6 ± 0.3 p 2.9 ± 0.2 g,h,i 2.0 ± 0.4 i,j,k 0.16 ± 0.02 b,c,d,e,f,g,h,i

Nerine 7.3 ± 0.3 c,d,e,f,g,h 0.740 ± 0.005 a 0.90 ± 0.06 b,c,d 0.087 ± 0.005 a,b,c

Otličnik 12.83 ± 0.05 k,l 2.16 ± 0.08 e,f 1.69 ± 0.01 g,h,i 0.181 ± 0.002 e,f,g,h,i,j

Queen Lady 14.1 ± 0.5 l,m 3.1 ± 0.3 h,i,j,k 2.0 ± 0.2 i,j,k 0.33 ± 0.09 l,m

Red Robin 7.621 ± 0.004 d,e,f,g,h,i 1.47 ± 0.03 c,d 0.9 ± 0.1 b,c,d,e 0.2 ± 0.0 b,c,d,e,f,g,h

Redhaven 8.73 ± 0.03 i,j 1.56 ± 0.04 c,d 1.11 ± 0.04 b,c,d,e,f 0.138 ± 0.001 a,b,c,d,e,f,g

Romea 9.7 ± 0.2 j 1.57 ± 0.03 c,d 1.14 ± 0.09 b,c,d,e,f 0.144 ± 0.009 b,c,d,e,f,g,h

Royal Glory 7.39 ± 0.08 c,d,e,f,g,h 1.462 ± 0.003 c,d 1.2 ± 0.1 c,d,e,f 0.21 ± 0.03 f,g,h,i,j,k

Royal Majestic 8.3 ± 0.7 h,i 1.3 ± 0.1 b,c,d 1.1 ± 0.3 b,c,d,e,f 0.44 ± 0.05 n

Sonet 16 ± 1 o,p 3.1 ± 0.4 h,i,j 2.0 ± 0.2 i,j,k 0.25 ± 0.02 j,k,l

Strelec 6.5 ± 0.3 c,d 1.14 ± 0.04 a,b,c,d 0.86 ± 0.08 a,b,c 0.144 ± 0.007 b,c,d,e,f,g,h

Suncrest 4.7 ± 0.1 a 1.50 ± 0.05 c,d 1.30 ± 0.03 d,e,f,g 0.124 ± 0.002 a,b,c,d,e,f

Sunshine 15.3 ± 0.1 m,n,o 3.67 ± 0.03 k 2.4 ± 0.1 k 0.34 ± 0.02 m

UFO 3 8.19 ± 0.03 g,h,i 0.819 ± 0.006 a,b 0.475 ± 0.009 a 0.21 ± 0.03 f,g,h,i,j,k

Colorimetric parameters L*, a*, b* for the basic skin colour of the fruit were measured
for all varieties. In the varieties ‘Alexandra’, ‘Anita’, ‘Helene’, ‘Iris Rosso’, ‘Royal Glory’
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and ‘Royal Majestic’, the skin was completely covered by the blush. The average values
of L*, a*, b* are summarised in Table 10. The highest values of L* were found for the basic
colour in the varieties ‘Krasava’, ‘Aurelia’, ‘Sunshine’ and for the cheek in the varieties
‘Romea’, ‘Dostojnyj’, ‘Carolina Belle’. In our study the highest value of a* were found for
‘Nerine’, ‘Admiral de Wey’, ‘Avalon Pride’, the lowest value were found for ‘Krasava’,
‘Otličnik’, ‘Carolina Belle’ and ‘Queen Lady’. For chromatic parameter b* the highest
values were measured for ‘Romea’, ‘Otličnik’, ‘Lakomyj’ and the lowest values were found
for ‘Fidelia’, ‘UFO 3’ and ‘Red Robin’. Colour intensity is represented by the chromatic
parameter C*ab, which was determined using the chromatic parameters a* and b*, and its
highest values were found for the basic colour of ‘Romea’, ‘Otličnik’, ‘Lakomyj’ and for
the cheek colour of ‘Romea’, ‘Sunshine’, ‘Admiral de Wey’. From the measured values for
base colour and cheek colour, the greatest colour difference ∆E*ab (Table 11) was found for
the cultivars ‘Otličnik’, ‘Lakomyj’, ‘Queen Lady’. These varieties had the richest cheeks
when compared to the base colour. On the other hand, the lowest ∆E*ab were found for
the varieties ‘Red Robin’, ‘Romea’, ‘UFO 3’, where the cheek almost merged with the base
colour. Figure 2 captures the exact colour found in the L*, a*, b* coordinates.

Table 10. The average values of individual chromatic parameters for peach skin ground colour and
over colour of peach.

Ground Colour L* a* b* C* h*

Average 69.3 7.17 43.8 45.0 0.96
Deviation 3.83 7.12 8.04 7.67 1.01

Over colour L* a* b* C* h*

Average 36.5 29.8 17.0 34.5 0.51
Deviation 4.83 4.67 5.44 6.06 0.11

Table 11. Values of chromatic parameters for ground colour skin and over colour skin of the peach cultivars.

Ground Colour Over Colour
∆E*ab

Cultivar L* a* b* C* h L* a* b* C* h

Admiral de Wey 65.5 19.3 39.1 43.6 1.1 35.8 37.6 18.0 41.7 0.45 40.8
Alexandra - - - - - 29.1 21.9 10.2 24.2 0.43 -

Anita - - - - - 36.0 33.5 15.5 37.0 0.43 -
Aurelia 73.6 1.96 50.8 50.8 1.53 39.6 30.0 19.1 35.6 0.57 54.3

Avalon Pride 67.5 16.8 40.8 44.1 1.18 37.8 33.6 18.2 38.2 0.50 41.0
Benedicte 72.5 0.36 29.8 29.8 1.56 33.1 32.1 16.6 36.1 0.48 52.3
Candor 68.7 10.8 44.3 45.7 1.33 35.3 33.7 17.3 37.9 0.48 48.6

Carolina Belle 71.9 −2.44 32.3 32.4 −1.50 42.5 29.6 18.8 35.1 0.57 45.5
Dixigem 73.2 9.21 47.6 48.5 1.38 37.4 29.3 14.5 32.7 0.46 52.7
Dostojnyj 69.9 0.78 52.4 52.4 1.56 48.4 25.7 32.5 41.4 0.90 38.4
Early Glo 72.6 9.38 45.9 46.9 1.37 39.4 31.8 18.8 37.0 0.53 48.4

Early Redhaven 72.4 8.69 48.9 49.7 1.40 36.8 33.1 19.0 38.2 0.52 52.5
Favorita Morettini 64.1 10.3 43.6 44.8 1.34 39.0 25.3 13.4 28.6 0.49 42.1

Fénix 65.9 9.11 43.2 44.1 1.36 35.5 27.9 17.1 32.7 0.55 44.2
Fidelia 66.7 16.2 28.5 32.8 1.05 33.0 33.0 14.9 36.2 0.42 40.0

Harvester 69.2 7.98 48.0 48.6 1.41 36.0 30.0 15.7 33.9 0.48 51.3
Helene - - - - - 30.8 28.5 12.3 31.0 0.41 -

Iris Rosso - - - - - 33.2 16.0 7.01 17.5 0.41 -
Krasava 74.5 −6.95 33.8 34.5 −1.37 40.1 34.1 19.9 39.5 0.53 55.4
Lakomyj 73.1 0.71 52.7 52.7 1.56 37.7 35.3 20.6 40.9 0.53 58.9

Narjadnyj Nikitskij 62.3 13.1 43.1 45.0 1.28 35.0 29.7 16.9 34.2 0.51 41.4
Nerine 64.9 20.3 45.8 50.1 1.15 37.8 34.8 20.3 40.3 0.53 39.9

Otličnik 71.6 −6.38 53.5 53.9 −1.45 37.5 26.8 16.5 31.4 0.55 60.2
Queen Lady 69.9 −2.00 47.2 47.2 −1.53 34.3 29.3 16.0 33.4 0.50 56.8
Red Robin 59.8 11.4 29.2 31.3 1.20 36.2 30.1 16.2 34.2 0.49 32.7
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Table 11. Cont.

Ground Colour Over Colour
∆E*ab

Cultivar L* a* b* C* h L* a* b* C* h

Redhaven 71.3 9.62 49.3 50.3 1.38 37.1 30.6 18.8 35.9 0.55 50.4
Romea 71.9 13.7 54.5 56.2 1.32 50.4 32.1 33.1 46.1 0.80 35.5

Royal Glory - - - - - 25.6 30.0 10.0 31.6 0.32 -
Royal Majestic - - - - - 27.0 20.3 7.17 21.6 0.34 -

Sonet 66.5 6.81 48.3 48.8 1.43 37.4 32.5 20.9 38.6 0.57 47.5
Strelec 69.5 4.39 47.8 48.0 1.48 34.1 28.3 14.3 31.7 0.47 54.3

Suncrest 70.9 5.23 50.2 50.5 1.47 35.2 25.3 13.6 28.7 0.49 54.0
Sunshine 73.7 4.27 48.4 48.6 1.48 39.0 36.4 21.8 42.4 0.54 54.3

UFO 3 65.7 8.29 28.8 29.9 1.29 36.3 23.8 12.1 26.7 0.47 37.2
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4. Discussion

The acid content of fruit is a key quality parameter and is an important factor in
determining the taste of the fruit. Titratable acidity indicates the concentration of organic
acids present in the fruit. Peaches have a very low level of organic acids. The total titratable
acid content found in our set of varieties ranged from 0.26 to 1.32% malic acid on fresh
weight. These values are similar to the results found in many other publications. Scordino
et al. (2012) [38] reported TA contents ranging from 0.52–0.86% malic acid in Sicilian
yellow flesh peaches on fresh weight. Similar values were also found in the work by
Tomás-Barberán et al. (2010) [39], where the contents ranged from 0.53–0.97% malic acid
in yellow flesh peaches on fresh weight, and 0.15–0.34% malic acid in white flesh peaches
on fresh weight. Gil et al. (2002) [40] investigated the differences between white- and
yellow-fleshed peach cultivars grown in California. The average TAC content found in the
white-fleshed varieties was 0.22%, and in the yellow-fleshed varieties it was 0.69%.

In a publication by Cantin et al. (2009) [41], the total phenolic content ranged from
12.7 to 71.3 mg GAE.100 g−1 FW, with an average of 36.4 mg GAE.100 g−1 FW. In our
selected set of cultivars, the average content reached 122.4 mg GAE.100 g−1 FW. Marinova
et al. (2005) [42] investigated the determination of all phenolic compounds in fruit grown
in Bulgaria. The total phenolic content in peach fruits was 50.9 mg GAE.100 g−1 FW, and
similar values were reached by figs—Ficus carica (59.0 mg GAE.100 g−1 FW). Another
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publication by Saidani et al. (2017) [43] dealt with the determination of phenolic com-
pounds separately in the peel and in the pulp. In the peel, contents ranging from 88.9 to
277 mg GAE.100 g−1 FW were determined, while in the pulp, contents ranging from 25.1
to 139 mg GAE.100 g−1 FW were determined. Previously, Zhao et al. (2015) [44] monitored
the content of total phenolics in selected Chinese peach cultivars, ranging from 4.58 to
12.68 mg gallic acid equivalent (GAE).100 g−1 DW in the peel and from 0.82 to 6.52 mg
GAE.100 g−1 DW in the pulp.

The obtained results of total flavonoids content in the tested set of varieties ranged
from 1.1 to 95.1 mg CAE.100 g−1 FW. Di Vaio et al. (2015) [45] determined the total
flavonoid content, and it ranged from 35.05-58.85 g CAE.kg−1 FW within the test set.
In another publication by Cantin et al. (2009) [40], total flavonoid content ranged from
1.8 to 30.9 mg CAE.100 g−1 FW, with an average of 8.8 mg CAE.100 g−1 FW. Marinova
et al. (2005) [42] investigated the determination of all phenolic compounds, as well as
flavonoids in crops grown in Bulgaria. The total flavonoid content in peach fruits was
15.0 mg CAE.100 g−1 FW; similar values are seen in figs—Ficus carica (20.2 mg CAE.100 g−1

FW) and sweet cherries (19.6 mg CAE.100 g−1 FW). The highest representation of flavonoids
was found in this work in blueberries (190.3 mg CAE.100 g−1 FW). Saidani et al. (2017) [43]
determined the flavonoid content in the skin of peach fruits to be between 39 and 245 mg
CAE.100 g−1 FW, and in the flesh between 8.18 and 112 mg CAE.100 g−1 FW.

Analyses of antioxidant components in products are fast becoming a recognized
profile, primarily emphasizing antioxidant capacity as a quality index for many fruits and
vegetables. The high phenolic content showed an increased antioxidant capacity in the
studied varieties. The average value of antioxidant capacity determined by the DPPH
(1-diphenyl-2,2-picrylhydrazyl) method showed values of 205.7 mg TE.100 g−1 FW. The
authors of Di Vaio et al. (2015) [45] determined average antioxidant capacity values of
111.1 mg TE.100 g−1 FW in four peach cultivars. Saidani et al. (2017) [43], in a tested set of
peach cultivars, determined the antioxidant capacity value in the skin of the fruit ranging
from 133 to 401 mg TE.100 g−1 FW, and in the flesh ranging from 22.7 to 194 mg TE.100 g−1

FW. Zhao et al. (2015) [44] found antioxidant capacity contents in Chinese peach cultivars
from 6.35 to 19.84 mg trolox equivalent antioxidant capacity (TE).100 g−1 DW in the peel
and from 1.05 to 15.01 mg TE.100 g−1 DW in the pulp.

The content of carotenoids (especially β-carotene, zeaxanthin, lutein, neoxanthin)
and anthocyanins increases with fruit maturity, largely due to the colouring of the fruit
(formation of the cheek). The results obtained for total anthocyanin content in the tested
set of cultivars ranged from 0.04 to 3.74 mg.100 g−1 FW. Cantín et al. (2009) [41] monitored
the content of total anthocyanins in selected cultivars and found contents ranging between
0.1 and 26.7 mg of C3GE.kg−1 FW (0.1-26.7 mg of cyanidin-3-glucoside equiv. (C3GE)
per kg of FW). In another publication by Saidani et al. (2017) [43], they discussed the
determination of total anthocyanins separately in the peel and in the pulp. The average
anthocyanin content in the peel was 5.53 mg C3GE.100 g−1 FW, while in the pulp the
average content was 0.37 mg C3GE.100 g−1 FW. In other research on total anthocyanin
content in apricot fruits, Rababah et al. (2011) [46] reported an average anthocyanin content
of 2.54 mg.100 g−1 FW, whereas Contessa et al. (2013) [47] reported an anthocyanin content
of 0.99 mg C3GE.100 g−1 FW.

The carotenoids content found in the set of cultivars ranged from 0.00 to
4.77 mg.100 g−1 DW. Gil et al. (2002) [40] observed differences in carotenoids content
between white- and yellow-skinned peach cultivars. The average carotenoids content
found in white-fleshed cultivars was 11.6 µg.100 g−1, while in yellow-fleshed cultivars
it was 131.6 µg.100 g−1. Vizzotto et al. (2007) [48] also found higher carotenoids content
in genotypes with yellow flesh (0.8 to 3.7 milligrams β-carotene per 100 g tissue) than in
peaches with white flesh (0.0 to 0.1 milligrams β-carotene per 100 g tissue).

Soluble solid content (SSC) is an important characteristic of fruit, as it is closely related
to consumer satisfaction and how well the fruit is liked. Zhao et al. (2015) [44] evaluated the
soluble solid content of different Chinese peach cultivars; their findings ranged from 8.34
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to 15.48 ◦Rf. These results are similar to ours, with values ranging from 8.30 to 14.70 ◦Rf
in our set of cultivars. In another work, Gil et al. (2002) [40] investigated the differences
between white- and yellow-fleshed peach cultivars grown in California. The average SSC
content found in the white-fleshed varieties was 11.22 ◦Rf, while in the yellow-fleshed
varieties it was 11.90 ◦Rf. For the Spanish varieties, Legua et al. (2011) [49] found SSC
contents between 9.98 and 18.36 ◦Rf. Tavarini et al. (2008) [50] determined an average SSC
value of 12.42 ◦Rf for Italian varieties.

In this study, sucrose, glucose, fructose, and sorbitol were determined as the basic
sugars of peaches and there were differences found among the cultivars (Table 10). The
mean values of sucrose, glucose, fructose, and sorbitol were 9.62 g.100 g−1, 1.94 g.100 g−1,
1.37 g.100 g−1 and 0.23 g.100 g−1, respectively. These values are very similar to those
determined by Forcada et al. (2014) [9]. The values found ranged from 3.5–9.8 g.100 g−1

sucrose, 0.4–1.5 g.100 g−1 glucose, 0.2–1.4 g.100 g−1 fructose, and 0.2–3.5 g.100 g−1 sorbitol.
Nowicka et al. (2019) [51] investigated the sugar content of 20 peach cultivars. They
determined sucrose content ranging from 3.4–5.4 g.100 g−1, glucose 0.27–0.84 g.100 g−1,
fructose 0.41–1.03 g.100 g−1, and sorbitol content ranging from 0.15–0.74 g.100 g−1. Co-
laric et al. (2005) [13] determined sucrose levels between 46.14-66.92 g.kg−1 in some
nectarine and peach cultivars. Cantin et al. (2009) [41] determined a similar sucrose content
(47.10–64.00 g.kg−1), and further investigated the determination of glucose (5.60–8.00 g.kg−1)
and fructose (6.9–10.3 g.kg−1) in peach and nectarine fruits. Gecer (2020) [52] mea-
sured sucrose (5216.3–9122.4 mg.100 g−1), glucose (721.7–1902.1 mg.100 g−1), and fruc-
tose (325.7–1048.1 mg.100 g−1) in some peach and nectarine cultivars. Robertson et al.
(1990) [53] determined the average sorbitol content in yellow-fleshed cultivars, 0.46% and
in white-fleshed cultivars, 0.37%. The colour of the fruit is an important parameter that
influences the attractiveness of the fruit to consumers. A colorimetric analysis can also pro-
vide information on the degree of ripeness of the fruit. The colour of peaches using CIELAB
was measured in studies before [54–57]. The value of a* has been suggested as colour index
maturity [54]. The study was associated with changes of a* with chlorophyl degradation
and an increase of anthocyanin content. Because of low values of anthocyanin in most
cultivars of peaches, Ferrer et al. (2010) [55] found that changes of chromatic parameter b*
can be a good indicator of ripeness of peach fruit. These changes correlated to an increase
of carotenoids pigments. In our study the correlation relationship between carotenoids and
chromatic parameter b* with a correlation coefficient R = 0.7951 and C* with R = 0.8051
were found (Figure 3). The cultivars ‘Otličnik’ and ‘Aurelia’ were accomplished as outliers
and they are not included in the correlations; this can be attributed to insufficient maturity
of these two cultivars.
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5. Conclusions

Peach fruits have an important specific nutritional status among stone fruits. This
means that peaches can serve as a source of sugars, mainly sucrose, as well as phenolics,
carotenoids, and anthocyanins, and can also provide valuable antioxidants. The Czech
‘Krasava’ variety was found to be a variety that has a very high content of titratable
acids, phenolics, flavonoids, and antioxidant capacity. It can be said that this variety is
very interesting from a biochemical point of view and offers a certain potential. Peach
consumption represents one of the main fruit incomes during the summer months and is
subject to seasonal demand, i.e., the short period of availability in the year. While pome
fruits may form the bulk of typical dietary intake during longer periods of the year, peaches
are only a seasonal concern.
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ochemical, Antioxidant and Sensory Properties of Peach Wine Made from Redhaven Cultivar. J. Agric. Food Chem. 2013, 61,
1357–1363. [CrossRef] [PubMed]

3. Campbell, O.E.; Padilla-Zakour, O.I. Phenolic and Carotenoid Composition of Canned Peaches (Prunus persica) and Apricots
(Prunus armeniaca) as Affected by Variety and Peeling. Food Res. Int. 2013, 54, 448–455. [CrossRef]

4. Cantin, C.M.; Moreno, M.A.; Gogorcena, Y. Evaluation of the antioxidant capacity, phenolic compounds, and vitamin C content of
different peach and nectarine [Prunus persica (L.) Batsch] breeding progenies. J. Agric. Food Chem. 2009, 57, 4586–4592. [CrossRef]
[PubMed]

5. Liu, H.; Cao, J.; Jiang, W. Evaluation and Comparison of Vitamin C, Phenolic Compounds, Antioxidant Properties and Metal
Chelating Activity of Pulp and Peel from Selected Peach Cultivars. LWT Food Sci. Technol. 2015, 63, 1042–1048. [CrossRef]

6. Scalbert, A.; Johnson, I.T.; Saltmarsh, M. Polyphenols: Antioxidants and beyond. Am. J. Clin. Nutr. 2005, 81, 215S–217S. [CrossRef]
[PubMed]

7. Bento, C.; Gonçalves, A.C.; Silva, B.; Silva, L.R. Peach (Prunus persica): Phytochemicals and Health Benefits. Food Rev. Int. 2020,
36, 1–32. [CrossRef]

8. Remorini, D.; Tavarini, S.; Degl’Innocenti, E.; Loreti, F.; Massai, R.; Guidi, L. Effect of Rootstocks and Harvesting Time on the
Nutritional Quality of Peel and Flesh of Peach Fruits. Food Chem. 2008, 110, 361–367. [CrossRef] [PubMed]

9. Forcada, C.F.I.; Gradziel, T.M.; Gogorcena, Y.; Moreno, M.Á. Phenotypic diversity among local Spanish and foreign peach and
nectarine [Prunus persica (L.) Batsch] accessions. Euphytica 2014, 197, 261–277. [CrossRef]

10. Caniato, F.F.; Galvao, J.C.C.; Finger, F.L.; Ribeiro, R.A.; Miranda, G.V.; Puiatti, M. Study of total soluble sugars, reducing sugars
and starch composition in immature kernels of corn cultivars. Rev. Bras. Milho Sorgo. 2004, 3, 38–44. [CrossRef]

11. Cirilli, M.; Bassi, D.; Ciacciulli, A. Sugars in peach fruit: A breeding perspective. Hortic. Res. 2016, 3, 1–12. [CrossRef]
12. Sánchez-Moreno, C.; Pascual-Teresa, S.D.; Ancos, B.D.; Cano, M.P. Nutritional Values of Fruits. In Handbook of Fruits and Fruit

Processing; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2006; p. 29.
13. Colaric, M.; Veberic, R.; Stampar, F.; Hudina, M. Evaluation of peach and nectarine fruit quality and correlations between sensory

and chemical attributes. J. Sci. Food Agric. 2005, 85, 2611–2616. [CrossRef]
14. Versari, A.; Castellari, M.; Parpinello, G.P.; Riponi, C.; Galassi, S. Characterisation of peach juices obtained from cultivars

Redhaven, Suncrest and Maria Marta grown in Italy. Food Chem. 2002, 76, 181–185. [CrossRef]

159



Sustainability 2021, 13, 14028

15. Iordănescu, O.A.; Alexa, E.; Radulov, I.; Costea, A.; Dobrei, A.; Dobrei, A. Minerals and amino acids in peach (Prunus persica L.)
cultivars and hybrids belonging to world germoplasm collection in the conditions of West Romania. Agric. Agric. Sci. Procedia

2015, 6, 145–150. [CrossRef]
16. Kim, H.R.; Kim, I.D.; Dhungana, S.K.; Kim, M.O.; Shin, D.H. Comparative assessment of physicochemical properties of unripe

peach (Prunus persica) and Japanese apricot (Prunus mume). Asian Pac. J. Trop. Biomed. 2014, 4, 97–103. [CrossRef]
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