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Abstract: The determination of the optimal harvest date is very important to obtain the desired apple
quality. This study was aimed at evaluating the impact of the harvest date on selected properties of
the following red-fleshed apples: ‘Alex Red’, ‘Trinity’, and ‘Roxana’. The color parameters of skin
and flesh were measured using a portable spectrophotometer. The apple slices were imaged using a
digital camera to extract flesh image textures. Then, the contents of chemical compounds, such as
sugars, acids, and polyphenols were measured. The greatest significant changes with the delay in
the harvest date were observed in the values of parameter a* of red-fleshed apple skin (from 21.57
to 25.42 for ‘Alex Red’, from 22.65 to 26.81 for “Trinity’, and from 21.82 to 30.00 for ‘Roxana’) and
apple flesh (from 29.06 to 32.80 for “Alex Red” and from 32.96 to 36.30 for ‘Trinity’); image textures
(RHMean—from 227.6 to 236.5 for “Alex Red’, from 231.8 to 236.3 for ‘Trinity’, and from 217.8 to
227.9 for ‘Roxana’, and SHMean—from 126.0 to 135.6 for “Alex Red’, from 127.4 to 143.4 for ‘Trinity’,
and from 58.4 to 96.0 for ‘Roxana’); the total sugar content—from 85.6 to 90.9 g kg ! for ‘Alex Red’
and from 112 to 128 g kg ™! for “Trinity’; total pectin—from 6278 to 6008 mg-100 g~ for ‘Alex Red’,
from 6196 to 6401 mg-100 g~! for ‘Trinity’, and from 5912 to 6807 mg-100 g~ ! for ‘Roxana’; and
total phenolic content—from 536.1 to 501.9 mg kg~ for ‘Alex Red’, from 515.5 to 573.3 mg kg ! for
“Trinity’, and from 1121.3 to 1293.3 mg kg ! for ‘Roxana’. The linear relationships with the Pearson’s
correlation coefficients (R) reaching 0.999 between the image texture from color channel a and color
parameter L*, and —0.999 for the image feature from color channel R vs. color parameter a* of the
flesh, and image texture from channel X vs. anthocyanins were confirmed.

Keywords: red-fleshed apple cultivars; harvest date; color; image textures; sugars; acids; pectin;
phenols; correlation

1. Introduction

Red-fleshed apples with a pigmented pericarp are considered a novel fruit of great
interest because of the enhanced content of beneficial compounds including anthocyanins
and flavan-3-ols [1,2], as well as other polyphenolic compounds, acids, sugars, volatile com-
ponents, and mineral elements [3]. The apple color and flavor can mainly be determined
by phenolic compounds, sugars, and organic acids, which depend on the growing season,
climatic conditions, orchard management system, cultivar, and storage [4-7]. Additionally,
in apples, the content of five important individual groups of phenolic compounds, includ-
ing flavanols, flavonols, dihydrochalcones, hydroxycinnamic acids, and anthocyanins, may
vary among the cultivars [8-10]. Furthermore, it was found that red-fleshed apples can be
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richer in anthocyanins, citric acid, malic acid, ascorbic acid, and total organic acids than
commercial, white-fleshed cultivars [10,11].

The harvest date can influence the maturity indices and physicochemical properties
of apples. In the case of white-fleshed fruit, an increase in starch index and a decrease
in total phenols, weight loss, firmness, electrolyte leakage, and antioxidant activity with
harvest delay was found [12]. However, there was an effect of the harvest date on color
parameters, bitter pit, and scald [12,13]. In the case of red-fleshed apples, the strong
influence of maturation on anthocyanins was confirmed. There are transcription factors
responsible for the biosynthesis of anthocyanins in the flesh. During red-fleshed apple
maturation, there is a strong relationship between the overexpression of the MdMYB10 gene
and the expression of anthocyanin levels, which induce the red color of apple flesh [10].
Color is an important maturity index and determines apple quality [14,15]. Generally,
red-fleshed apple genotypes can be divided into two types. Type 1 includes dark-colored
and strongly pigmented genotypes. The red color of the apple flesh forms at an early
stage of fruit development and the shoots and leaves are colored. The regulation of
anthocyanin biosynthesis is dependent on the transcription factor MAMYB10, whereas
genotypes belonging to type 2 are less intensely colored. The red coloration occurs late
in fruit development, and shoots and leaves are not red. The regulation of anthocyanin
biosynthesis is related to the transcription factor MdMYB110a [16]. Anthocyanins are color-
presenting substances. They have highly hydrophilic properties. Thus, these substances
have a protective role in pathophysiological conditions [17].

Because of their health-related benefits and appearance, red-fleshed apple cultivars can
be attractive to consumers [18]. Red-fleshed apple products can be considered functional
foods [3]. However, the red-fleshed apple is a challenging fruit in terms of oxidation
damage during processing. Anthocyanins are not very stable during apple storage and
processing. Furthermore, anthocyanins are susceptible to degradation in the presence of
ascorbic acid. Therefore, the prevention of oxidation by adding ascorbic acid or sodium
ascorbate needs to be avoided [19].

There is limited available literature on the correlation of different quality attributes
of apples harvested on different dates assessed using non-destructive and destructive
techniques. However, demonstrating such relationships can be extremely important for
researchers working in the field of non-destructive fruit testing [15]. The relationships
between physicochemical properties and spectral data or image parameters allowing for
the prediction of the apple quality in a robust, objective, and non-destructive manner were
revealed [18,20,21]. Red-fleshed apple cultivars may vary in color intensity, which may
be related to the content of anthocyanins [18]. Due to this relationship, the anthocyanin
content can be estimated from color images of the apple flesh. The application of color
parameters from apple flesh images obtained using a scanner may be more objective and less
expensive than colorimeters and there is no need to use a laboratory, expensive equipment,
or chemicals as in the case of chemical methods [18]. Hyperspectral imaging combined with
machine learning was applied as a non-destructive approach to predict the physicochemical
quality (pH, firmness, moisture content, and soluble solids content) of apples [20]. In
addition to imaging, spectroscopic techniques are considered non-destructive, accurate,
and less time-consuming in the monitoring of apple quality. Visible and near-infrared
(VIS-NIR) spectroscopy has turned out to be useful for the prediction of the optimal harvest
date of apples based on their maturity index [21]. Furthermore, acoustic techniques and
machine vision have allowed for the successful prediction of the optimum harvesting dates
of apples [15].

The objective of this study was to compare the physicochemical properties and image
texture parameters of red-fleshed apples harvested at a weekly interval. The impact
of the harvest date on fruit weight, percentage of blush, starch index, internal ethylene
concentration, fruit firmness, color parameters L*, a* and b* of the skin and flesh, texture
HMean for apple flesh images in the individual color channels R, G, B, L, 4, b, X, Y, Z,
U, V,and S, dry mass, and chemical properties, including the content of sugars (sucrose,
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glucose, fructose, total sugars), sorbitol, acids (L-ascorbic acid, malic acid, citric acid, total
acids), total pectins, and phenolic compounds (flavanols, dihydrochalcones, phenolic acids,
flavonols, anthocyanins, total phenolic content), of red-fleshed apples ‘Alex Red’, ‘Trinity’,
and ‘Roxana’, was evaluated. The innovative part of this study was also related to the
determination of correlations between selected physicochemical properties and texture
parameters of flesh images in the color channels R, G, B, L, a,b, X, Y, Z, U, V, and S of
red-fleshed apples sampled on different harvest dates.

2. Materials and Methods
2.1. Materials

The apples belonging to three red-fleshed cultivars of ‘Alex Red’, “Irinity’, and “‘Roxana
were harvested on two dates, 31 August 2021, and 6 September 2021. The characteristics
of examined red-fleshed apples in terms of fruit size, percentage of blush, maturity, and
fruit firmness at two harvest dates are given in Section 3.1. Fruits were sampled from the
Experimental Orchard of the National Institute of Horticultural Research in Dabrowice
(central Poland). For each cultivar and harvest date, 50 fully developed undamaged
apples were selected. Immediately after harvesting, the apples were subjected to color
measurements and imaging. Then, the same samples were used for chemical analyses.
Therefore, in the case of each fruit, representative parts of the flesh with the skin were
collected and frozen for the measurements of the content of chemical compounds. The
exemplary images of whole red-fleshed apples and slices of ‘Alex Red’, “Trinity’, and
‘Roxana’ harvested on the I and II dates are presented in Figure 1.

7

‘Alex Red’ - I harvest date “Trinity” - I harvest date ‘Roxana’ - | harvest date

Figure 1. The images of whole red-fleshed fruit, half of an apple, and a slice of apple of the types
‘Alex Red’, ‘Trinity’, and “‘Roxana’ harvested on the I (31 August) and II (6 September) dates.
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2.2. Maturity and Quality of Apples at Harvest

All harvests’ fruit weight, percentage of blush, internal ethylene concentration, starch
index, and fruit firmness were measured as indicators of maturity and quality of the
red-fleshed apples.

To assess the fruit weight, apples were weighed individually on a laboratory balance
(Radwag, Radom, Poland). Fruit weight was expressed in grams (g), and in Table 1 the
mean values are given. The blush area was assessed subjectively on a scale from 0% (no
blush) to 100% (the entire surface of the fruit covered with blush).

Table 1. The influence of harvest date on fruit weight, percentage of blush, internal ethylene concen-
tration, starch index, and fruit firmness (mean value of 30 fruits).

S Fruit Weight Percentage of Blush IEC Starch Index Fruit Firmness
ample o
g Yo ppm 1-10 N
‘Alex Red’—I harvest date 943 a 100 a 6.25a 6.1a 79.6 a
‘Alex Red’—II harvest date 1059b 100 a 9.17 a 64a 75.6 a
‘Trinity’—I harvest date 96.3 a 100 a 14.59 a 73a 78.6 a
“Trinity’—II harvest date 1145Db 100 a 18.34 a 82a 69.8 a
‘Roxana’—I harvest date 117.0 a 76.0 a 0.12a 15a 109.0 a
‘Roxana’—II harvest date 1225a 86.0b 0.50b 1.7 a 102.1 a

I'harvest date—31 August 2021, II harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one apple cultivar denote no statistical differences; IEC—internal
ethylene concentration.

The starch index was evaluated on a 10-point scale using the color reaction of starch
with a solution of iodine in potassium iodide (1—completely colored cross-section of the
fruit, 10—no color reaction, uncolored cross-section). The Ctifl starch conversion chart
for Apples (Centre Technique Interprofessionnel des Fruits et Legumes, Saint Remy de
Provence, France) was used.

Internal ethylene concentration (IEC) was measured using the modified method
proposed by Jung and Watkins [22]. For IEC measurements, a 1 mL gas sample was taken
from the apple core and injected into an HP 5890 II gas chromatograph equipped with an
alumina-packed glass column (6 mm diameter and 1200 mm length, packed with Alumina
F-1, 60/80 mesh) and detector FID (Hewlett Packard, Palo Alto, CA, USA). The results were
expressed in pL. L~! (ppm).

Flesh firmness was measured on two opposite sides of the fruit (after skin removal)
using Zwick Roell Z010 (Zwick/Roell, Ulm, Germany) equipped with a Magness-Taylor
11.1 mm probe. The speed with which the head moved during a single firmness measure-
ment was 100 mm/min. Firmness was defined as the maximum force needed to penetrate
the plunger into the flesh to a depth of 8.7 mm. The results were expressed in newtons [N].

2.3. Color Measurements

Color measurements were carried out using the Konica Minolta CM-2500c portable
spectrophotometer. The device was calibrated using Zero Calibration and White Calibration.
The parameters L* (lightness, 0 (dark)-100 (light)), a* (green (-)-red (+)), and b* (blue (-)-
yellow (+)) were determined for apple skin and flesh at the CIE standard illuminant D65. In
the case of skin, the parameters were measured for two opposite sides of the outer surface
of apples. For apple flesh, each apple was cut with a sharp knife to obtain a longitudinal
section and the determination of color parameters was carried out for the flesh of two
halves. The measurements were performed in 50 repetitions for apple skin and flesh for
each cultivar and harvest date.

2.4. Image Analysis

Red-fleshed apple slices with a thickness of 10 mm were intended for imaging. Four
slices of each of the 25 apples of ‘Alex Red’, ‘Trinity’, and ‘Roxana” harvested on 31 August
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2021 and 6 September 2021 were imaged with the use of a smartphone camera (Samsung
Galaxy S9, Samsung Group, Suwon, Republic of Korea) using an aperture of F2.4, ISO 50,
Auto White Balance, and a flash. Image acquisition was carried out on a black background.
In total, the images of one hundred slices for each apple group were acquired. The slice
images were uploaded to the computer with Microsoft’s Windows operating system using
a USB cable and saved in the BMP file format.

The image processing was performed using the MaZda 4.7 software (L6dZz University
of Technology, Institute of Electronics, £6dz, Poland) [23-25]. The black background
facilitated the image segmentation by the manually determined brightness threshold and
separation of the apple slices. Each slice was considered as a region of interest (ROI).
In the case of each RO], the feature extraction was performed for images converted to
the individual color channels R, G, B, L, a, b, X, Y, Z, U, V, and S. In total, 2172 image
textures based on the histogram, gradient map, run-length matrix, co-occurrence matrix,
autoregressive model, and Haar wavelet transform were computed for each red-fleshed
apple slice.

2.5. Chemical Properties

For the analysis, samples were finely sliced and frozen, after which they were pow-
dered and stored at —20 °C.

2.5.1. Dry Matter

Dry matter was determined by the weight-drying method in accordance with PN-
90/A-75101/03. The apples were dried at 70 °C under vacuum (3 kPa) to a constant weight.
The results are expressed in %.

2.5.2. Analysis of Sugars

An analysis of total sugars (sucrose, glucose, and fructose) was determined by high-
performance liquid chromatography (Agilent 1200 HPLC system, equipped with a differen-
tial refractometric detector), using Aminex HPX-87C (300 mm x 7.5 mm) with a precolumn.
The isocratic flow was 0.6 mL-min !, temperature 80 °C, and mobile phase—0.1 N edetate
calcium disodium (Ca-EDTA). The samples were dissolved in redistilled water, homoge-
nized, and purified on a Waters SepPak PLUS C18 filter. The sugars were quantified by
a calibration curve for sucrose, glucose, and fructose, and the results were expressed in
mg g-kg~! f.m.

2.5.3. Analysis of Acids

The content of L-ascorbic, malic, and citric acid was determined by high-performance
liquid chromatography (Agilent 1200 HPLC system, equipped with a DAD detector).
Separation was performed using a Supelco LC-18 column (250 mm X 4.6 mm; 5 um) with
a precolumn according to IFU (Instructions for Use) procedures. The isocratic flow was
0.8 mL-min~!, temperature 30 °C, mobile phase—1% phosphate-buffered solution KH,POy,
pH 2.5. The detection of L-ascorbic acid was by absorbance at 244 nm and 210 nm for malic
and citric acid. The samples were dissolved in 6% HPO3, homogenized, and filtered. The
results were expressed in mg-100 g~ ! f.m. The acids were quantified by a calibration curve
for L-ascorbic, malic, and citric acids, and the results were expressed in mg-100 g_1 fm.

2.5.4. Analysis of Phenolic Compounds

The polyphenol content was determined by a modified method according to Tsao and
Yang [26]. The sample was homogenized in 70% methanol. The extracts before injection
were filtered through a PTFE filter (0.45 pm, 15 mm).

The content of polyphenol was determined by high-performance liquid chromatog-
raphy (HPLC). Separation was performed using a Phenomenex®Fusion-RP 80A column
(250 mm x 4.6 mm; particle size 4 um) on an Agilent 1200 HPLC system equipped with a
DAD detector. The elution conditions were as follows: 0.5 mL min~!, temperature 25 °C,
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and wavelengths: 280 nm (flavan-3-ols), 320 nm (phenolic acids), 360 nm (flavonol), and
520 nm (anthocyanins). The mobile phase consisted of 10.2% acetic acid in 2 mM sodium
acetate (solvent A) and acetonitrile (B). HPLC analysis was run in gradient flow: 0-20min,
3% B; 2040 min, 17% B; 40-65 min 40% B; 65-68 min, 90% B; 68-72 min, 90% B isocratic;
72-73 min, 0% B. The calculations of polyphenols were quantified by calibration with the
standards of polyphenols and were expressed in mg-kg~! f.m.

2.5.5. Analysis of Pectin

The content of pectins (total and water-soluble) was determined by the carbazole
method. The pectins from the fruit sample were precipitated with a hot 96% ethanol solu-
tion. The precipitate for the determination of total pectins was quantitatively transferred
with water to 100 mL flasks, 5 mL of IN NaOH was added, made up to the mark with water,
and filtered. Distilled water was added to the precipitate intended for the determination of
water-soluble pectins and stirred with a strong stream of air for 10 min. The sample was
centrifuged for 15 min at 3500 rpm and the resulting supernatant was decanted into 100 mL
flasks. The above steps were performed twice. A total of 5 mL of IN NaOH was added
to the combined supernatants and the flask was filled with distilled water and filtered
after 15 min. Extracts prepared in this way, both for total and water-soluble pectins, were
collected for the following color reaction with carbazole: 0.1 mL of the extract + 0.9 mL of
H,O + 0.5 mL of carbazole + 6 mL of concentrated H,SO,. The reaction was carried out
at 85 °C for 5 min, then the reaction mixture was cooled before measuring the extinction
at a wavelength of 525 nm. The measurement was made against a blank sample (1 mL
H,O + 0.5 mL carbazole + 6 mL concentrated H,SO,). Calculations were made according
to standard curves for galacturonic acid standards (Fluka, Switzerland). The results were
expressed in mg-kg~! f.m.

2.6. Statistical Analysis

The statistical analysis was carried out using STATISTICA 13.1 (Dell Inc., Tulsa, OK,
USA, StatSoft Polska, Krakow, Poland). The differences in color parameters, image texture
HMean for each of the color channels R, G, B, L,a,b, X,Y,Z, U, V,and S, and chemical
properties between red-fleshed apples sampled on both harvest dates were determined
separately for ‘Alex Red’, “Trinity’, and ‘Roxana’ at a significance level of p < 0.05. The
homogeneity of variance and normality of the distribution of variables were checked to
determine whether the assumptions were met. Then, Tukey’s test was used to compare
the means.

The color difference (AE) was computed using the following Equation (1):

AE = \/(AL)2 + (Aa)* + (Ab)? 1)

The linear relationships between the image parameters and chemical properties of
red-fleshed apples were determined. Among 2172 textures of images in color channels R,
G,B,L,ab X, Y, Z UV, and S, the parameters the most correlated with sugars, acids,
and phenols were selected. Pearson’s correlation coefficients (R) at a significance level of
p < 0.05 were determined. Scatter plots for selected image textures with color parameters
and chemical compounds of apple samples were created.

2.7. Discrimination of Red-Fleshed Apples in Terms of Harvest Date

The red-fleshed apples belonging to individual cultivars were discriminated in terms
of harvest date based on selected texture parameters of the flesh images using WEKA 3.8.4
machine learning software (Machine Learning Group, University of Waikato) [27-29]. The
textures from images in color channels L, 4, b, R, G, B, X, Y, Z, U, V, and S with the highest
discriminative power were selected using the Best First algorithm. The discrimination was
performed with the use of a 10-fold cross-validation and Multilayer Perceptron algorithm
from the group of Functions. The correctly and incorrectly classified instances, average



Agronomy 2023, 13, 2452

7 of 18

accuracies, and the values of True Positive Rate (TPR), False Positive Rate (FPR), Precision,
Recall, F-Measure, Matthews Correlation Coefficient (MCC), Receiver Operating Character-
istic Area (ROC Area), and Precision-Recall Area (PRC Area) were determined [30-33].

3. Results
3.1. Characteristics of Examined Red-Fleshed Apples in Terms of Fruit Size, Percentage of Blush,
Maturity, and Fruit Firmness

For all examined cultivars, a delay in harvest resulted in increasing fruit weight (for
‘Alex Red’” and ‘Trinity’ it was statistically significantly). Regardless of the harvest date,
the skin of the apples ‘Alex Red” and “Trinity” was fully covered by a nice red blush. For
‘Roxana’ apples, the delay in harvest resulted in better-colored fruits (Table 1). Taking
into account the internal ethylene concentration (IEC) and starch index as indicators of
maturity stage, ‘Roxana” apples were less mature compared to ‘Alex Red” and “Trinity’. The
fruits of “Trinity” cultivars were more advanced in maturity (even on the first harvest date)
compared to other cultivars. The IEC indicates that both harvest dates for ‘Alex Red” and
‘Trinity” were provided when the climacteric increase in ethylene production had already
begun. In the case of ‘Alex Red’, it was single ppm, and in the case of “Trinity’, the IEC
was already several ppm. In the case of the ‘Roxana’ variety, the harvest was provided in
the initial phase of climatic growth. For ‘Roxana’ apples, the delay in harvest resulted in a
significant increase in IEC, so it indicated the beginning of the climacteric phase. However,
relationships between ethylene production or internal ethylene concentration and optimum
harvest dates are not always strong. With the delay in harvest, for all examined cultivars,
the firmness of the flesh decreased.

3.2. Color Parameters of Red-Fleshed Apple Skin and Flesh

The values of color parameters L*, a*, and b* of the skin of the red-fleshed apples
‘Alex Red’, “Trinity’, and ‘Roxana’ harvested on the I harvest date—31 August 2021—and
II harvest date—6 September 2021—are presented in Table 2. There were no statistically
significant changes in the parameter L* between apples collected on the first and second
harvest dates for any of the cultivars. The parameter L* ranged from 34.41 (‘Alex Red’) to
40.05 (‘Roxana’) for apples harvested earlier and from 32.81 (“Trinity’) to 39.37 (‘Roxana’)
for samples harvested later. The statistically significant differences in color parameter a* of
the skin of red-fleshed apples were observed for all red-fleshed apple cultivars. The values
of parameter a* significantly increased from 21.57 to 25.42 for ‘Alex Red’, from 22.65 to 26.81
for ‘Trinity’, and from 21.82 to 30.00 for ‘Roxana’, for I and II harvest dates, respectively.
Comparatively, a statistically significant increase in parameter b* was noticed for “Alex Red’
(8.62 for I harvest date and 11.39 for II harvest date) and ‘Roxana’ (18.67 for I harvest date
and 21.95 for II harvest date).

Table 2. The influence of harvest date on color parameters of the skin of red-fleshed apples.

Sample L* a* b* AE
‘Alex Red’'—I harvest date 3441 a 21.57 a 8.62a 493
‘Alex Red’—II harvest date 33.06 a 2542 b 11.39b :
‘Trinity’—I harvest date 35.32a 22.65a 1095 a 194
‘Trinity’—II harvest date 32.81a 26.81b 11.83 a )
‘Roxana’—I harvest date 40.05 a 21.82a 18.67 a
‘Roxana’—II harvest date 39.37 a 30.00 b 21.95b 8.84

I'harvest date—31 August 2021, Il harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one apple cultivar denote no statistical differences.

In the case of the color of apple flesh (Table 3), the values of parameter L* statistically
significantly decreased for apples sampled on the second date, from 54.36 to 50.50 for ‘Alex
Red’, from 51.56 to 47.04 for ‘Trinity’, and from 71.91 to 69.52 for ‘Roxana’. Furthermore,
the significant increases in parameter a* for ‘Alex Red’ (29.06 to 32.80) and “Trinity” (32.96
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to 36.30) and parameter b* for ‘“Trinity” (11.11 to 12.69) and ‘Roxana’ (11.80 to 13.97) were
determined.

Table 3. The color parameters of the flesh of red-fleshed apples sampled on different harvest dates.

Sample L* a* b* AE
‘Alex Red’—I harvest date 54.36 a 29.06 a 10.53 a
‘Alex Red’—IT harvest date 50.50 b 32.80 b 11.88 a 5.54
‘Trinity’—I harvest date 51.56 a 3296 a 11.11a 5.84
‘Trinity’—II harvest date 47.04b 36.30 b 12.69b ’
‘Roxana’—I harvest date 7191 a 8.25a 11.80 a
‘Roxana’—II harvest date 69.52 b 9.14a 13.97b 3.35

I'harvest date—31 August 2021, II harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one apple cultivar denote no statistical differences.

3.3. Flesh Image Textures

The texture parameters of the flesh images of red-fleshed apples changed in terms
of harvest date (Table 4). The significant changes in image textures RHMean, LHMean,
aHMean, bHMean, YHMean, UHMean, VHMean, and SHMean were found for all apple
cultivars of “Alex Red’, ‘Trinity’, and ‘Roxana’. The greatest significant increase in image
texture was found for RHMean, from 227.6 to 236.5 for ‘Alex Red’, from 231.8 to 236.3 for
“Trinity’, and from 217.8 to 227.9 for ‘Roxana’, as well as for SHMean from 126.0 to 135.6 for
‘Alex Red’, from 127.4 to 143.4 for ‘Trinity’, and from 58.4 to 96.0 for ‘Roxana’.

Table 4. The texture parameters of the flesh images of red-fleshed apples depending on the harvest

date.

Sample RHMean GHMean BHMean LHMean aHMean bHMean XHMean YHMean ZHMean UHMean VHMean SHMean
Alex Red'—I 227.6 a 107.3 a 92.1a 166.7 a 161.1a 1523 a 102.7 a 74.7 a 353a 99.1a 188.3 a 126.0 a
harvest date
Alex Red—II 236.5b 106.8 a 91.8a 169.8 b 1634 Db 154.1b 1102 b 78.6 b 354 a 97.6 b 193.1b 135.6 b
harvest date

"Trinity'—I
231.8a 1114 a 939 a 169.9 a 160.8 a 153.1a 107.8 a 794 a 374a 979 a 188.6 a 1274 a

harvest date
Trinity Il o300 993b  824b  1660b  1656b  1564b  1063a  732b  289b  954b  1969b  1434b

harvest date

‘Roxana’™—I

2178 a 1784 a 150.0 a 2009 a 1349 a 1432 a 131.5a 1293 a 87.8a 106.2a 149.0a 584 a
harvest date

‘Roxana’—II

2279b 166.9 b 141.3b 197.0b 141.7 b 1452 b 133.1a 123.1b 79.3b 1039b 159.6b 96.0 b
harvest date

I'harvest date—31 August 2021, Il harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one cultivar denote no statistical differences.

3.4. Chemical Properties of Red-Fleshed Apples

The results of the analysis of three cultivars of red-fleshed apples showed the influence
of harvest time on selected physicochemical parameters and the content of bioactive
compounds. The highest dry matter content was found in the cultivar ‘Roxana’ (22.3%). For
the remaining cultivars, the dry matter content was within the range of 15.0-15.7% (Table 5).
A significant effect of the harvest date on the dry matter content was observed only for the
cultivar ‘Roxana’; in the case of “‘Alex Red” and “Trinity’, no significant differences were
found. It could be affected by the maturity stage of apples at harvest. Only for ‘Roxana’
apples was there a significant effect of harvest date on IEC (Table 1), which is closely related
to maturity and ripening.
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Table 5. Selected physical and chemical parameters of red-fleshed apples for two harvest dates.

Dry Sucrose Glucose Fructose Sorbitol Total L-ascorbic Malic Citric Total Total
Sample Mass Ke-1 Ke-1 Ke-1 Ke-1 Sugars Acid Acid Acid Acids Pectin
% &8 &8 &8 &8 gkg ! mg100g~! mg100g 1 mg100 g~1 mg-100 g~1 mg-kg~1
‘Alex Red’—I
151a  488a 16a 31.7a 35a 85.6a 175a 2004.0 a 231a 2044.6a  6278a
harvest date
AlexRed—Il 155 540 172 303b  47b  909b 17.1b 18447b  177b  18794b  6008b
harvest date
"Trinity'—I
157a  620a 33a 38.1a 8.8a 1123 a 200a 1556.3 a 239a 16003a 6196 a
harvest date
“Trinity’—II
154a  711b 40b 39.5b 135b  128.0b 240b 16312 b 21.8a 16769b  6401b
harvest date
Roxana™—I 208a  5l0a 18a 335a 40a 90.6a 17.8a 1935.7 a 1942 19729a  5912a
harvest date
Roxana™—Il ) 51 537y 19b 31.0b 44b 90.9 a 219b 1944.1 a 21.7a 1987.6a  6807b

harvest date

I'harvest date—31 August 2021, II harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one apple cultivar denote no statistical differences.

The results depicted in Table 5 showed that the content of total sugars increased
significantly with the delay in the harvest date and ranged from 85.6 to 90.9 g-kg~! for
‘Alex Red’ and from 112.3 to 128.0 g-kg~! for * Trinity’. In the cultivar of ‘Roxana’, no
significant difference in the total sugar content was found between the harvest dates. The
red-fleshed apples contain sucrose, glucose, fructose, and sugar alcohol (sorbitol). The
dominant sugar in red-fleshed apples from both harvest dates was sucrose, the average
share of which was 55-57%, followed by fructose at 31-34% and glucose at 1.8-3.1%. In
the apple cultivar of “Trinity’, a high content of sorbitol was found on both harvest dates,
which was about three times higher than those in ‘Roxana” and ‘Alex Red” on both harvest
dates (Table 5).

In red-fleshed apples, there are organic acids, including the dominant malic acid, as
well as citric and L-ascorbic acid. In our research, significant differences in the content of
organic acids were observed between the dates of harvesting (Table 5). In the case of the
cultivar of ‘Alex Red’, a significantly higher content of malic acid was recorded on the first
date of harvest (2004 mg-100 g~1), on average by 8%, while in the cultivar of ‘Trinity’, a
significantly higher content (1631 mg-100 g~ !) was found on the second date of harvest, on
average by 4.6%. For the ‘Roxana’ cultivar, no significant difference was found between
the two harvest dates. The content of citric acid in all apple cultivars was at a similar level
and ranged from 17.7 to 23.9 mg-100 g~ !. There was no significant difference in the content
of this component depending on the date of harvest. The exception was the cultivar of
‘Alex Red’, where a significantly higher content of citric acid was noted on the first harvest
date. All cultivars of red-fleshed apples also differed in the content of L-ascorbic acid, the
content of which was within the range of 17.1-24 mg-100 g 1. The “Trinity’ and ‘Roxana’
apples harvested on the second date were characterized by a significantly higher content
of this component, on average 17.6%, and the ‘Alex’ Red’ variety on the first date by 2.3%
(Table 5).

The results depicted in Table 5 showed that the total pectin content in three cultivars
of red-fleshed apples ranged from 5912-6807 mg-kg . For each cultivar, the effect of the
harvest date on the total pectin content was observed. In our studies, an increase in the
content of these compounds was observed for the cultivars of “Trinity” and ‘Roxana’ with
the delay in the harvest date. The exception was the ‘Alex Red’ cultivar, in which a decrease
in pectin content was observed on the second harvest date.

The total phenolic content significantly decreased with harvest delay, from 536.1 to
501.9 mg-kg~! for ‘Alex Red’ and increased from 515.5 to 573.3 mg-kg~! for ‘Trinity’,
and from 1121.3 to 1293.3 mg-kg ! for ‘Roxana’ (Table 6). The five classes of phenolic
compounds were identified in the studied red-fleshed apples: flavanols, dihydrochalcones,
flavonols, phenolic acids, and anthocyanins. In the tests carried out, a varied content
of individual groups of phenolic compounds was observed, depending on the date of
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harvest. The highest share in the determined phenolic compounds in the “Alex Red” and
“Trinity” cultivars were anthocyanins, respectively 46.9% and 46.7 %, the content of which is
characteristic of apples with red flesh and is responsible for the color of these fruits. An
exception was the cultivar of ‘Roxana’, in which the dominant group was flavanols 77.4 %,
while the share of anthocyanins was low—3.8%. There was no significant difference in
anthocyanin content depending on the date of harvest. Only in the case of apples of the
‘Alex Red’ cultivar was a higher content of these compounds observed on the first date of
harvest, which may be due to the fact that these apples have already reached full coloration
on this date (Table 6).

Table 6. The content of individual groups of phenolic compounds in red-fleshed apples for two
harvest dates.

Flavanols = Dihydrochalcones Phel:lohc Flavonols  Anthocyanins Total Phenolic

Sample mg kg1 mg kg1 Acids meo ke—1 me ko1 Content

mg kg1 8 Xg g Kg mg kg1
‘Alex Red’—I harvest date 754 a 34.8a 59.6 a 100.0 a 266.3 a 536.1a
‘Alex Red’—II harvest date 76.2a 321b 58.0 a 1139b 221.6Db 501.9b
‘Trinity’—I harvest date 67.6 a 353a 62.2 a 102.6 a 2478 a 515.5a
“Trinity’—II harvest date 91.6b 38.4b 57.6b 125.7Db 260.0 a 5733 b
‘Roxana’—I harvest date 8734 a 51.6a 100.4 a 50.2 a 45.7 a 11213 a
‘Roxana’—II harvest date 997.2Db 50.2b 1282Db 724D 453 a 1293.3Db

I'harvest date—31 August 2021, Il harvest date—6 September 2021; a,b—the same letters in the columns between
the I harvest date and II harvest date for one apple cultivar denote no statistical differences.

3.5. Relationship between Image Textures and Physicochemical Properties of Red-Fleshed Apples
Collected on Different Harvest Dates

The strongest statistically significant linear relationships between the image features
and color parameters were found for parameters L* and a* of the flesh. In the case of param-
eter L*, Pearson’s correlation coefficients (R) reached 0.999 for the texture aS5SV1InvDfMom
extracted from images in the color channel a (Figure 2a). The parameter a* was the strongest
correlated (R = —0.999) with the texture RS5SH3Correlat from images in color channel
R (Figure 2b). Comparatively, the strongest correlation of the parameter b* (—0.909) was
found with the texture RHSkewness. For the parameter L*, the highest correlation with
image textures was positive, and for the parameters a* and b* it was negative.

Among sugars, the highest correlation coefficient with image textures was determined
for sucrose (Figure 3a). The content of sucrose in red-fleshed apples harvested on different
dates was the strongest when correlated with flesh image texture bS4RVLngREmph from
color channel b, and the observed relationship was negative (R = —0.894). Comparatively,
among acids, the strongest relationship with flesh image textures was found for the content
of total acids. The highest positive Pearson’s correlation coefficient (R) equal to 0.932 was
observed with SATeta4 from color channel S (Figure 3b).

The content of phenolic compounds in red-fleshed apples was strongly correlated
with flesh image textures. The correlation coefficient (R) reached 0.993 in the case of total
phenolic content and image texture ZS55V35SumOfSqs from color channel R (Figure 4a).
Among the individual groups of phenolic compounds, the strongest relationship with
image parameters was found for anthocyanins. The coefficient R between the content of
anthocyanins and texture XHMean reaching —0.999 was determined (Figure 4b).
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Figure 2. Scatter plots for color parameters L* (a), a* (b), and b* (c) with image textures of the flesh of
red-fleshed apples harvested on different dates. I harvest date—31 August 2021, IT harvest date—6
September 2021. The first letter in the name of image textures denotes the color channel (a or R);
InvDfMom—inverse difference moment; Correlat—correlation; HSkewness—histogram’s skewness.
Blue dot—mean value; red dashed line—confidence interval (95%); solid red line—regression line;
and blue dashed line—line connecting the mean value to the sample name.

3.6. Discrimination of Red-Fleshed Apples in Terms of Harvest Date Based on Selected Texture
Parameters of the Flesh Images

The red-fleshed apples were correctly discriminated between in terms of harvest date
based on selected texture parameters of the flesh images in the case of each cultivar (Table 7).
The “Alex Red” apples harvested on the I and II dates were distinguished from each other
with a 95.5% accuracy. The average accuracy of the discrimination of red-fleshed “Trinity’
apples collected on both dates was equal to 93.0%, whereas apples belonging to ‘Roxana’
sampled on two dates were characterized by the lowest average discrimination accuracy of
90%. The values of TPR, Precision, Recall, F-Measure, and MCC were the highest and the
values of FPR were the lowest for ‘Alex Red” apples.
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Figure 3. Scatter plots for sucrose (a) and total acids (b) with image textures of the flesh of red-fleshed
apples harvested on different dates. I harvest date—31 August 2021, Il harvest date—6 September
2021. The first letter in the name of image textures denotes the color channel (b or S); LngREmph—
long run emphasis; Tetad—parameter 64. Blue dot—mean value; red dashed line—confidence interval
(95%); solid red line—regression line; and blue dashed line—line connecting the mean value to the
sample name.
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Figure 4. Scatter plots for total phenolic content (a) and anthocyanins (b) with image textures of
the flesh of red-fleshed apples sampled on different harvest dates. I harvest date—31 August 2021,
IT harvest date—6 September 2021. The first letter in the name of image textures denotes the color
channel (Z or X); SumOfSqs—sum of squares; HMean—histogram’s mean. Blue dot—mean value;
red dashed line—confidence interval (95%); solid red line—regression line; and blue dashed line—line
connecting the mean value to the sample name.
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Table 7. The discrimination between red-fleshed apples in terms of harvest date based on selected
texture parameters of the flesh images using Multilayer Perceptron.

Average ROC PRC
Predicted Class (%) Sample Accuracy TPR  FPR  Precision Recall F-Measure MCC
(%) Area Area
‘Alex Red'—I Alex Red—II
harvest date harvest date
97 3 ‘Alex Red'—I 0.970 0.060 0.942 0.970 0.956 0.910 0.946 0.852
harvest date 95.5 ’ ' ’ ’ ’ ’ ' ’
6 94 Alex Red —II 0940 0030 0969  0.940 0.954 0910 0946  0.970
harvest date
"Trinity’—I Trinity’—II
harvest date harvest date
“Trinity"—I
93 7 harvest date 93.0 0.930 0.070 0.930 0.930 0.930 0.860  0.981 0.981
7 93 Trinity™—II 0930 0070 0930  0.930 0.930 0860 0981 0981
harvest date
‘Roxana’™—I ‘Roxana’—II
harvest date harvest date
‘Roxana’™—I
88 12 harvest date 90.0 0.880  0.080 0.917 0.880 0.898 0.801  0.966 0.974
8 92 Roxana™II 0920 0120 0885 0920 0902 0801 0966 0.946

harvest date

TPR—True Positive Rate, FPR—False Positive Rate, MCC—Matthews Correlation Coefficient, ROC Area—
Receiver Operating Characteristic Area, PRC Area—Precision-Recall Area.

4. Discussion

The novelty of the performed study is related to the determination of the impact of
the harvest date on physicochemical properties including fruit weight, percentage of blush,
starch index, internal ethylene concentration, fruit firmness, color parameters L*, a*, and
b* of the skin and flesh, dry mass, chemical properties (the content of sugars, sorbitol,
acids, total pectins, and phenolic compounds), and image texture parameters of red-fleshed
apples. This is the first report on the comparison of so many physicochemical properties and
image features of red-fleshed apples collected on different dates. An innovative approach
also concerns determining correlations between selected physicochemical properties and
flesh image textures of red-fleshed apples harvested on two dates.

In our research, the delay in the harvest date caused the increase in fruit weight.
This confirms the theory that fruits increase in diameter and weight until harvest [34-36].
During the first harvest date, the IEC was approximately 0.1 ppm, which is often taken
as the beginning of the climacteric stage [37]. The measuring of IEC or rate of ethylene
production is a good method for determining the harvest date for apples [22,38]. Several
factors, such as the growing region, orchard location, cultivar mutants, conditions during
the growing season, and nutrition may be significantly affected even within a cultivar [39].

It was found that the color of apple samples differed statistically significantly depend-
ing on the harvest date. Wang et al. [40] also reported that red-fleshed apple cultivars
can be differed in skin and flesh color. Color is an important characteristic considered in
breeding programs [41]. Furthermore, color is a widely used ripening index [14,42,43].
For determining the apple quality, color is an important maturity index [15]. Pigments
that are responsible for color are synthesized during fruit ripening [44]. In our study,
decreasing the values of parameter L* along with delaying the harvest date revealed that
the apples became darker. Higher positive values of color parameter a* indicated that the
apples harvested on the later date were redder, whereas higher positive b* values showed
that the color was also more yellow. Wani et al. [15] confirmed an increase in redness (a*)
observed with harvest delay. Due to consumer acceptance, a red color can be preferred and
apples with higher redness can be more appealing. Additionally, the red color may indicate
anthocyanin accumulation [11]. This may have health benefits.

The involved image parameters allowed for an objective assessment of the impact of
harvest date on the quality of red-fleshed apples. The application of the image analysis
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resulted in a reduction in the labor intensity, time, and costs of analysis [45]. Determining
the impact of harvest date on fruit quality based on image textures may be beneficial. Image
textures are a function of the spatial variation of the intensity of pixel brightness. Texture
parameters provide information about the structure and quantitative analyses of these
features give insights into the product quality [23-25]. Therefore, image features can be
very useful for non-destructive sample evaluation alongside destructive chemical analyses
or can be used to estimate the physicochemical properties of samples without the need for
more expensive, time-consuming, and labor-intensive measurements.

Only for one cultivar was a statistically significant impact of the harvest delay on the
dry matter content determined. The content of dry matter in apples depends not only on
the variety but also on the degree of maturity, climatic and agrotechnical conditions, as well
as on the position of the fruit in the crown of the tree. Vieria et al. [46] found that the dry
matter content of ‘Fuji’ apples is not an indicator for estimating fruit maturity stage and,
therefore, does not complement information obtained by fruit maturity indicators such as
flesh firmness, traditionally used by apple growers to determine the harvest date. In our
study, the impact of the harvest date on the selected sugars and acids was also confirmed.
The taste and aroma of apples are determined by the level of acids and sugars in them,
which affect the overall organoleptic quality and stability of the fruit [47]. The quantitative
and qualitative composition of sugars and acids was determined in the performed research.
Bhat et al. [48] and Wani et al. [15] also found an increase in total sugars, which could
be attributed to the hydrolysis of polysaccharides to monosaccharides and an increase
in juice content by moisture loss due to transpiration. In the flesh of many fruits, such
as grapes, cherries, and some soft fruits, the malate and citrate (mg-g~! f.m.) content
increases at the beginning of ripening and then decreases because stored organic acids can
be metabolized [44,49,50]. In the research of Lemmens et al. [41], it was found that the
content of L-ascorbic acid in the apple peel and flesh does not depend on the harvest date,
but is closely related to the variety and genetic basis. According to Mahmood et al. [51], the
levels of acids in apples depends on the balance between the biosynthesis of organic acids,
their degradation, and their vacuolar storage.

In our study, ‘Trinity” and ‘Roxana’ apple cultivars, for which an increase in pectin
content was observed, may not have reached the appropriate degree of maturity yet. In the
study of Wani et al. [15], a decrease in the content of pectin substances in apples was also
noted along with the delay in the harvest date, which could be attributed to the loss of fruit
firmness. It has been suggested that this may also be related to the depolymerization of
pectins that occurs during ripening. Additionally, in the study by Ornelas-Paz et al. [43], it
was found that the pectin content in ‘Golden Delicious” apples varied depending on the
date of harvest and the degree of ripeness of the fruit.

Furthermore, the red-fleshed apples are a rich source of anthocyanins and other
phenolic compounds that are considered to have health-promoting properties, according to
Wang et al. [40]. In the conducted research, the influence of the harvest date was marked
in the content of these compounds. In the studies by Zhang et al. [52], a decrease in the
content of anthocyanins in red-fleshed apples was also observed along with the delay in
their harvest and their constant level, regardless of the variety. In turn, Wani et al. [15]
found the highest level of these compounds in apples on the last harvest date. Research
by Juhart et al. [10] confirmed the strong influence of the ripening process on the content
of anthocyanins the red-fleshed apples. Wagner et al. [19] reported that the anthocyanin
content in the red-fleshed apples was up to 381 mg-kg~! in the flesh and 1203 mg-kg~! in
the peel.

Our study confirmed the relationship between image features and physicochemical
properties of red-fleshed apples. Wani et al. [15] reported the correlations of color parame-
ters of apples estimated by the machine vision system with the colorimetric index values,
which can be used as standards. In addition, the texture parameters of images can be
correlated with the physicochemical properties of fruit [53,54]. Therefore, determining the
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relationship between image features and color and chemical parameters can be important
for the assessment of apple quality.

It Is very important to determine the optimal date for the apple harvest. Apples
harvested too early can be characterized by greater susceptibility to physiological disorders
that can result in inferior surface color, less sugar content, poor production of aroma
compounds, poor flavor, smaller fruit weight, poor eating qualities, and stored fruit can
be more prone to bruise damage. Comparatively, harvesting too late can result in a higher
susceptibility to mechanical damage, rot, CO, injury, minimum storage life, and senescence.
Such fruits harvested too late are less juicy and crispy with a high sugar/acidity ratio.
It causes poor sensory quality [15]. Generally, apples harvested too early or too late are
easily damaged and are susceptible to fungal diseases and physiological disorders. Over-
mature fruits lose their flesh structure (softening), which causes their vulnerability to
mechanical damage [55]. The susceptibility of apples to bruising depends on cultivars,
storage conditions, and postharvest treatment. The shape of the apple fruit is also an
important factor because apples of regular shape are less susceptible to bruising [56].

5. Conclusions

This study revealed the influence of harvest date on the physicochemical properties
and image textures of red-fleshed apples. Statistically significant differences in color
parameters a* and b* of apple skin, parameters L*, a* and b* of image textures of the flesh,
and the content of chemical compounds were noticed for selected cultivars. Along with
the delay in the harvest date, an increase in selected physicochemical parameters and
bioactive compounds was observed in the case of “Trinity” and ‘Roxana’ cultivars, although
not always statistically significant. In the ‘Alex Red’ cultivar, a decrease in the content
of selected parameters and bioactive compounds was observed, except for total sugars.
This means that the behavior of the examined bioactive compounds depends more on
cultivars than on harvest date. For better understating the relationship between the content
of bioactive compounds and cultivars/maturity /ripening stage, further experiments are
needed. Furthermore, linear relationships between the image textures and physicochemical
characteristics of red-fleshed apples were found. Future studies may involve more cultivars
harvested on more dates. Besides the raw material, the examination of the impact of harvest
date on the properties of processed apples may be performed. The regression equations
for the estimation of the physicochemical properties of red-fleshed apples based on image
parameters may be developed.
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