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Abstract: A relatively new, non-destructive, method for the assessment of optimal blueberry fruit
maturity directly on the plant uses a DA-meter (delta absorbance) to measure chlorophyll absorbance
(Iap).- Here, “Aurora’ fruit quality parameters (peel color, fruit firmness), chemical composition
(individual sugars, organic acids and phenolics) and the relative expression of anthocyanidin synthase
(ANS) genes were examined at four different maturity stages (immature, light purple, darker purple,
fully ripe). All observed parameters changed significantly during ripening and sometimes exhibited
high correlation with I5p values, as R? values ranged between 0.61 and 0.97. Peel lightness (L*),
chroma (C¥), fruit firmness and organic acids significantly decreased during ripening, while sugars,
sugar/organic acid ratio, total phenolics and relative expression of ANS significantly increased. The
current study is the first to determine Iop values during different maturity stages of ‘Aurora’ fruit
using a DA-meter and to evaluate their correlation with the most commonly used quality parameters
of ripe fruit, fruit chemical composition and relative expression of ANS.

Keywords: highbush blueberry; DA-meter; maturity parameters; phenolics; anthocyanidin synthase
(ANS); chlorophyll fluorescence

1. Introduction

In the last 10 years, areas with highbush blueberry (Vaccinium corymbosum L.) planta-
tions have expanded dramatically all over the world [1] due to the growing consumer de-
mand for blueberry fruit. Blueberries have a favorable taste with a balanced sugar/organic
acid ratio, while chemical compounds (phenolics, vitamin C, carotenoids and tocopherols)
that predominate in the fruit peel have potentially beneficial effects on human health [2—4].

During ripening, various morphological and chemical changes take place in blueberry
fruit [5,6]. Sugar content increases rapidly at the beginning and then stagnates until the
end of ripening, while organic acids decrease throughout the ripening period. Therefore, a
steady increase in sugar/organic acid ratio occurs, which affects fruit taste [7,8]. Among
others, phenolics are one of the most represented and most important compounds, and
provide blueberry fruit with health-promoting properties [3]. According to the results
published by Castrejon et al. [5], the contents of individual groups of phenolics change
differently during ripening. However, a certain decreasing trend was observed for hydrox-
ycinnamic acids and flavonols, while an increasing trend was observed for anthocyanins
from the green to the fully blue developmental stage in all observed cultivars. As far as fruit
firmness is concerned, blueberry fruit gets softer during ripening through the enzymatic
degradation of pectin, cellulose and hemicellulose, which are the main components of the
cell wall [8]. All these changes are strongly affected by genetic factors (i.e., cultivar), location
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(nutrients and water availability in the substrate), climatic conditions (air temperature,
duration and quantity of light), and ripening stage [5,9,10].

Ripening stage at harvest significantly determines fruit chemical composition and,
therefore, taste, as well as postharvest shelf life. Harvest at optimal fruit maturity is
therefore crucial for uninterrupted market supply with fresh and high-quality blueberry
fruit [11]. Nowadays, visual estimation of blueberry peel color is the most important
maturity index at harvest [12], since blueberries are known for their successive ripening [10].
The fruit is ripe once it has achieved a fully blue coloration [6], and this is the key quality
parameter for visually attracting consumers.

According to recent studies, anthocyanins are the most represented group of phenolics
found in blueberry fruit [13]. Their accumulation in blueberry peel contributes to both
peel color (red, blue, purple) and fruit nutritional value [3,4,14], suggesting a positive
correlation between ripening stage, anthocyanin content, peel color intensity, and fruit
quality [5,15]. In general, genetic background (i.e., cultivar) defines which anthocyanins
occur in blueberry fruit, while environmental factors determine their content [16].

Anthocyanin synthesis in different parts of plants is also regulated by, among other
factors, genetic—specifically transcription—factors. The transcription factor family R2R3-
MYB has been suggested to be key for secondary metabolite gene regulation, and members
are therefore important regulators of anthocyanin synthesis in plants [17-19]. Among
other factors, R2R3-MYBs regulate the expression of anthocyanidin synthase (ANS), which
catalyzes the second to last step in anthocyanin synthesis, the transformation from color-
less leucoanthocyanidins to colored anthocyanidins. In the last step, anthocyanidins are
transformed to anthocyanins [17,20]. In blueberries, anthocyanins are accumulated only in
the fruit peel, developmental regulation plays a crucial role in their synthesis. However,
the mechanisms behind the ripening-regulated synthesis of anthocyanins are still poorly
known [16].

During harvest, human mistakes can occur through the picking of unripe fruit due to
uneven ripening and the difficulty of detecting different shades of blue with the human
eye, resulting in high color variability in harvested fruit [21]. Consequently, intensive
research has been carried out in recent years with the aim of developing non-destructive
methods for the evaluation of fruit ripening [22,23], such as DA-meter (delta absorbance)
measurements. The DA-meter is a relatively new measuring device that measures the
absorbance of chlorophyll (Inp) in fruit by means of visible and near-infrared (vis/NIR)
spectroscopy, thus making it possible to check the ripening progress of large amounts of
fruit, directly on the plant, with high precision [24]. This portable device can precisely
define the ripening stage [23,25] and provide us with DA values, denoting the index of
absorbance difference (Ipnp). The Isp value represents the difference in absorption between
the wavelengths 670 nm and 720 nm, which are close to the chlorophyll a peak [23]. So far,
IAp measurements using a DA-meter have been found to be a useful tool for monitoring the
ripening process in peaches [24,25], plums [22], grapevines [26,27], and apples [28-30], and
predicting the harvest date in cherries [31]. As far as blueberry fruit is concerned, studies
are scarce [12].

Blueberry fruit is harvested by visual estimation of peel color; however, mistakes such
as the harvesting of under-ripe fruit can easily occur. Therefore, the aim of this study was
to correlate maturity parameter measurements (peel color, fruit firmness), fruit chemical
composition (phenolics, sugars, organic acids), and relative expression of ANS during
four different ripening stages with chlorophyll absorbance (Iop) measurements performed
using a DA-meter. On the basis of our results, we will precisely determine the I5p value
denoting fully ripe ‘Aurora’ fruit, thus making it possible for growers to predict the harvest
window and to pick fully ripe fruit.
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2. Materials and Methods
2.1. Fruit Material

Fruit samples were harvested in 2021 from fifteen 4-year-old ‘Aurora’ plants, located in
the experimental field of the Biotechnical Faculty in Ljubljana, Slovenia (latitude: 46°05' N,
longitude: 14°47’ E, altitude: 295 m). Plants were grown under a hail net, in order to prevent
hail damage and bird attacks. Randomly collected, immature to fully ripe fruit berries were
transported to the laboratory and, on the basis of visual estimation as well as DA-meter
measurements (Table 1), classified into four groups: immature, light purple, darker purple,
and fully ripe (Figure 1). Blueberries undergo progressive ripening, and for that reason, it
was possible to harvest all four maturity stages at once. From each group, 16 randomly
chosen whole fruits were stored at —20 °C for metabolite extraction, while 15 fruits were
selected for anthocyanidin synthase (ANS) gene expression measurements in the fruit peel.
For ANS expression, three fruits were peeled at once directly into a mortar containing
liquid nitrogen, and ground with a pestle. Fruit samples (0.1 g) were transferred into
labeled 1.5 mL microcentrifuge tubes that had been previously cooled in liquid nitrogen.
Each group of blueberry fruits was produced in five replicates (20 microcentrifuge tubes
together). Samples were stored at —80 °C until analysis.

Table 1. Range of Iop values for individual maturity stages of “Aurora’ fruit.

Maturity Stage Iap
Immature 1.51-1.70
Light purple 1.71-1.90
Darker purple 1.91-2.10
Fully ripe 2.11-2.30
s ¢ £« 4
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Figure 1. Four maturity stages of blueberry fruit examined in this study.

2.2. Chlorophyll Absorbance Measurements (I4p) Using DA-Meter

From each of the four blueberry groups, 10 fruits were randomly chosen (40 fruits
altogether) for Iop measurements (DA-meter, T.R. Turoni Srl. Forli, Italy) and maturity
measurements. First, dark calibration of the DA-meter was conducted, in order to obtain
relevant results when taking the blueberry measurements. For each fruit, a certain value
between 1.0 and 2.5 was measured on the basis of its absorbance properties, which repre-
sents the chlorophyll content (I5p) in the fruit. Measurements were made at the equator of
the fruit.

2.3. Maturity Measurements

The same fruit were used for Iyp measurements and evaluation of maturity parameters.
Peel color was measured once on each fruit using a Konica Minolta portable colorimeter
(CR-10 Chroma, Tokyo, Japan). The most common scale for determining fruit color was
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developed by the Commission Internationale d’Eclairage (CIELAB), where each color
represents a specific point in a three-dimensional space. The parameters that describe
fruit color are L*, C* and h°. The L* represents lightness on a scale from 0 (black) to 100
(white). The color intensity of the fruit is measured by the parameter C*, with higher values
representing more intense color. The hue angle (h°) corresponds to the values from 0° to
360°, where 0° is red, 90° is yellow, 180° is green and 270° is blue.

Blueberry fruit firmness was measured on each fruit with a digital penetrometer (TR,
Turin, Italy; N) with a 1 mm diameter tip.

2.4. Extraction of Sugars, Organic Acids and Phenolics

Sugars and organic acids were extracted from the whole fruit in four replicates, us-
ing an already-described method [14]. Fruits for extraction were sorted into individual
maturity stages on the basis of their Iop values. Prior to extraction, fruits were thawed
at room temperature for about 30 min. Fruits were finely chopped with a knife, allowing
homogenous samples of blueberry peel and flesh to be obtained. Then, 1 g of sample was
transferred into labeled, 10 mL test tubes and mixed with 5 mL of bi-distilled water. The
extraction took place at room temperature for 30 min with constant stirring in a Unimax
1010 shaker (Heidolph, Schwabach, Germany), which was followed by centrifugation at
9000 g for 10 min at 4 °C (5810 R; Eppendorf, Hamburg, Germany). The supernatant was
then transferred through cellulose filters (0.2 um, Chromafil A-20/25, Macherey-Nagel,
Diiren, Germany) into the vials. The samples were stored at —20 °C until analysis by
high-performance liquid chromatography (HPLC).

Extraction of fruit phenolics was performed using the same samples as those used for
sugars and organic acids [14]. Fruits were cut into small pieces, and 2 g of homogenous
sample was mixed with 4 mL of extraction solution, containing 70% methanol and 3%
formic acid in bi-distilled water. After vortexing, the samples were left to extract for
1 h in cooled ultrasonic bath (0 °C) and then centrifuged (5810 R; Eppendorf, Hamburg,
Germany) at 9000x g for 10 min at 4 °C. Finally, the supernatant was filtered through
0.2 pm polyamide filters (Chromafil AO-20/25, Macherey-Nagel, Diiren, Germany) into
labeled vials, and stored in a freezer at —20 °C until analysis.

2.5. Analytical Methods

Individual sugars were separated and analyzed using a Vanquish HPLC system
(Thermo Scientific, Waltham, Massachusetts, USA) that was connected to an RI detector
(RI plus, RefractoMax520, Thermo Scientific, Waltham, MA, USA). Separation of 20 pL of
injected sample lasted for 15 min under a constant flow of 0.8 mL min~'. The column used
was produced by Phenomenex (Rezex, RCM-Monosaccharide Ca+ 2%, 150 mm X 7.8 mm,
Los Angeles, CA, USA) and was operated at 85 °C. The mobile phase used was bi-distilled
water. Individual sugar concentration was identified by comparing the retention times with
external standards and calculated on the basis of peak areas and standard curves equations.
Contents were expressed as milligrams per gram of fresh weight (FW) [14].

Individual organic acids were analyzed using the Vanquish HPLC (Thermo Scientific,
Waltham, Massachusetts, USA), on a Rezex ROA-Organic acid H+ 8% (150 mm X 7.8 mm)
column, made by Phenomenex, CA, USA, operating at 65 °C. UV detection was set at 210
nm, and 20 pL of injected sample was analyzed for 15 min under a flow of 0.6 mL min~".
The mobile phase was 4 mM sulfuric acid in bi-distilled water [13]. Individual compounds
were identified on the basis of comparison with corresponding external standard, quantified
on the basis of peak area and standard curve equation, and expressed in milligrams per
gram of FW.

Separation of individual phenolics took place on a Dionex Ultimate 3000 HPLC system
(Thermo Scientific, Waltham, MA, USA) according to a previously established method [14].
Absorbance was monitored at 280 nm, 350 nm, and 530 nm. An injected sample with a
volume of 20 uL was analyzed for 50 min, at a flow rate of 0.6 mL min~!, on the C18
column (Gemini, 150 x 4.6 mm, 3 mm, Phenomenex, Redwood City, CA, USA), which
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was operated at 25 °C. The autosampler temperature was maintained at 10 °C. The mobile
phase A was 3% acetonitrile and 0.1% formic acid in bi-distilled water (v/v/v), and the
mobile phase B was 3% bi-distilled water and 0.1% formic acid in acetonitrile (v/v/v).
The gradient used was: 0-15 min, 5% B; 15-20 min, 5-20% B; 20-30 min, 20-30% B; from,
30-35 min, 30-90% B; 35-45 min, 90-100% B; and 45-50 min, 100-5% B.

Individual phenolics were identified by comparison with external standards, and
additionally by scanning and fragmentation on an ion trap mass spectrometer (LTQ XL
linear, Thermo Scientific, Waltham, MA, USA) according to their mass fragmentation
patterns [14]. The mass spectrometer was operated in negative and positive ion mode,
with electrospray ionization. The injection volume was 10 uL and the flow rate was 0.6 mL
min~!. The capillary temperature was set at 250 °C, the sheath gas at 20 units, the auxiliary
gas at 8 units, and source voltage at 4 kV, while m/z scanning was performed from 115
to 1600. The Phenolics contents were calculated on the basis of corresponding or similar
external standard curves and expressed as milligrams per gram of FW.

2.6. RNA Extraction and Analysis

The RNA was extracted from previously prepared samples that were stored at —80 °C,
according to Gudenschwager et al. [32] with minor modifications. Tests for each maturity
stage were performed with five replicates. Samples were poured into 500 pL of extraction
buffer that was prewarmed to 80 °C consisting of: 200 mM sodium borate decahydrate
(Borax), pH 9.0, 30 mM ethylene glycol bis (-aminoethyl ether)-N,N'- tetraacetic acid
(EGTA), 1% (w/v) sodium dodecyl sulfate (SDS), 1% (w/v) sodium deoxycholate, 0.5%
(v/v) Nonidet-40, 2% (-mercaptoethanol (added just before use) and polyvinylpyrolidone
(360,000 MW). All solutions were prepared using nuclease-free water (IDT, Integrated DNA
technologies, Redwood City, CA, USA). Samples were mixed by vortexing (Vortex genie
2, Roth, Karlsruhe, Germany) and then incubated for 1 h at 42 °C with constant stirring
(ThermoMixer C, Eppendorf, Hamburg, Germany). After 1 h, 40 uL of 2 M potassium
chloride was added to individual samples and cooled on ice for 30 min with frequent
shaking by hand. Samples were then centrifuged at 12,000x g for 20 min at 4 °C (5810 R,
Eppendorf, Hamburg, Germany). The obtained supernatants were transferred into clean
tubes and an equal volume of 4 M lithium chloride was added. Homogenates were
carefully mixed by inversion and stored at 4 °C overnight, in order to allow the RNA
to precipitate. The next day, samples were centrifuged for 40 min at 20,000x g and at a
temperature of 4 °C. Supernatants were removed from the tubes and pellets were dissolved
in 500 uL nuclease-free water and 50 pL 3 M sodium acetate. Additionally, an equal volume
of chloroform-isoamyl alcohol (1:1, v/v) was added to individual tubes. Samples were
instantly mixed by vortexing for 1 min and centrifuged at maximum speed for 5 min at 4 °C
in order to achieve sample separation into two phases. The upper phases were transferred
into clean, 1.5 mL tubes, while the remaining organic phases were poured into 400 pL
nuclease-free water. Samples were again immediately vortexed for 1 min and centrifuged
at maximum speed for 5 min at 4 °C. The upper aqueous phases were joined with the first
ones, while organic phases were discarded. The RNA was precipitated by adding an equal
volume of isopropanol and 30 pL of 3 M sodium acetate. Samples were stored in ice for 1 h,
followed by centrifugation at maximum speed for 40 min at 4 °C. The supernatants were
removed and discarded, while pellets were washed with 400 pL of 80% ethanol, followed
by air-drying for 5 min. The obtained pellets were dissolved in 30 uL nuclease-free water
and stored at —80 °C.

The obtained samples were treated using the RNase-Free DNase Set (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions, in order to remove DNA and
provide us with clean RNA samples.

The quality and concentrations of isolated RNA samples were estimated by measuring
their absorbance at 230, 260 and 280 nm (NanoVue spectrophotometer, BioChrom, Upp-
sala, Sweden). Sample contamination by proteins and by polysaccharides/phenolics was
measured as the A260/A280 ratio and the A260/A230 ratio, respectively.
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2.7. Quantitative Reverse Transcription PCR (RT-gPCR)

First-strand cDNA synthesis was performed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA) following the manufacturer’s
instructions. Gene expression of ANS (VcANS), which is involved in the anthocyanin
biosynthesis pathway, was analyzed by Quantitative RT-PCR using QuantStudio 5 (Ap-
plied biosystems, Thermo Fisher, Waltham, MA, USA) and Fast SYBR® Green technology
(Thermo Fisher Scientific, Waltham, MA, USA. A specific primer for ANS (VcANS-F, 5'-
cttcatcctecacaacatggt-3'; VeANS-R, 5'-getcttgtactteccattgete-3') (GenBank: JN654701.1) was
obtained from Macrogen Europe BV (Amsterdam, Netherlands), as well for VcGAPDH
(VcGAPDH-F, 5'-ggttatcaatgataggtttggca-3'; VcGAPDH-R, 5'-cagtccttgcettgatggace-3') (Gen-
Bank: AY123769.1), and this served as a reference gene [33]. The reaction was performed
in a volume of 10 pL containing 5 uL Fast SYBR Green Master Mix, 10 ng of cDNA and
300 nM of each forward and reverse primer. We used the following amplification program:
20 s at 95 °C, 40 cycles for 3 s at 95 °C and 30 s at 60 °C, followed by a melt curve stage
starting with an incubation of 1 min at 60 °C, with a gradual increase in temperature (1%)
to 95 °C for 15 s, during which time changes in fluorescence were monitored to analyze
primer specificity. The amplification efficiency of primers was calculated from 5-fold serial
dilution in a range from 50 to 0.08 ng/puL with QuantStudio™ Design & Analysis Software
v2.6.1 (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Statistics

Statistical analysis was performed in R commander i386 4.0.4. (Vienna, Austria) [34].
Statistically significant differences between maturity stages were determined by one-way
analysis of variance (ANOVA), using the Duncan’s test (p < 0.05), and are presented by
different letters. Linear regression was used in order to estimate correlation between
individual maturity stage, i.e., Isp value as the independent variable, and fruit quality
parameters as the dependent variables.

3. Results
3.1. Chlorophyll Absorbance (I4p) Measurements

In the present study, we wanted to check whether blueberry fruits at different ripening
stages differed with respect to their Iap measurements, as presented in Figure 2. Significant
differences in Ipp values were noticed between all four ripening stages, with the signifi-
cantly highest values being observed in fully ripe fruit and the lowest in immature fruit.
The Iop dependence on maturity stage is clearly shown by a linear model, with 97.5% of
IAp variability being explained by maturity stage.

2.4 - .
i y=0.198x+ 1405
2.2 R*=0.9752 - i
b _ -
2 i -
E: ¢ =%
1.8 - ? -
1.6 | i’
1.4

I I I 1
Immature Light purple Darker purple  Fully ripe
Maturity stage

Figure 2. Chlorophyll absorbance (I5p) of blueberry fruit from different maturity stages. Data are
means + standard errors of 10 replicates. Data with different letters between maturity stages are
significantly different (Duncan’s test; p < 0.05).
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3.2. Peel Color and Fruit Firmness

The measured peel color parameters differed significantly among maturity stages
(Table 2). The L* and C* values were significantly the highest in immature fruit and the
lowest in fully ripe fruit. Linear regression analysis between those two parameters and Isp
values (i.e., maturity stage) showed that 69% and 81% of the variability in L* and C* could
be explained by maturity stage, respectively (Figure 3). Significant differences between
fruits were also detected in the h° values.

Table 2. Peel color and fruit firmness of blueberry fruit at different maturity stages.

Immature Light Purple Darker Purple Fully Ripe Sign.
L* (lightness) 5803 +1.52a 3876 £ 1.44Db 3550+ 1.23 ¢ 32454+ 0.98d .
C* (chroma) 3410+ 1.23a 16.03 £191b 6.73£0.79¢ 349 £034d o
h° (hue angle) 9494 +£1.59 ¢ 1431 +213d 350.5+295a 262.1+3.99b .
Firmness (N) 213+£026a 0.47 £0.09 b 0.42 £0.07b 023 £0.04c e

Data are means + standard errors of 10 replicates. Data with different letters between maturity stages are
significantly different (Duncan’s test; x< 0.05). *** p < 0.001.

3 -
2.5 A

2 1 y =—2.5898x + 5.7093
1.5 4 R*=0.6147

0
-0.5 4

Firmness (N)

40 4

30 4

0 | ~ y =—45.684x + 101.55
R*=0.811

*
o
10 -
o 4

—-10 A
70 -

60 @ =—35.506% + 108.37
50 | R*=0.6926

40 A Immature
o
30 -
20 -
10 -
0 T T T T 1

1.4 1.6 1.8 2 2.2 2.4

lap

Figure 3. Relationship between L*, C* and fruit firmness and Iop values. Dot line, linear regression
line; dots, individual fruit; circles, fruit from individual maturity stage.
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Variations in fruit firmness between fruits with diverse Ipp values are shown in Table 2.
The same is true for fruit firmness as for L* and C* peel color parameters, where significant
differences were detected between maturity stages, with values decreasing from immature
to fully ripe fruit. No significance, however, was observed between light purple and
darker purple fruit samples. According to the results obtained by linear regression analysis,
presented in Figure 3, fruit firmness is 61% dependent on the degree of maturity.

3.3. Fruit Chemical Composition

Total sugar content, presented in Figure 4, increased linearly with advancing maturity
stage (R? = 0.95), with immature fruit containing 32.68 mg/g of total sugars (FW) and
fully ripe fruit containing 142.16 mg/g FW (Supplementary Materials Table S1). This is in
accordance with individual sugar contents, as the lowest contents of glucose and fructose
were measured in immature fruit, while the lowest content of sucrose was measured in
immature and light purple fruit, with no significant differences. The highest contents of all
three individual sugars were detected in fully ripe fruit.

8 1 a
& s
- 6 - y=20857x-16124 _ -~
F R2=0.5406 .~
-
| -
= - -
3 c .-
= -
m 2 T - -
=11} d -
3 -
wl .' -
0 .
- 60 -
g 50 g
o [y y=—8.4921x +53.673
- T 40 e~ R* = 0.9688
=T — - - c
m [ ] -
o 230 4 b -~
[ = Eﬂ - - - d
@S 20 - ~ -
]
™ 10 4
B
= 0 A
= 200 -
[§
B0 y=234.679x+ 7 41B6
£ 150 4 R® = 0.2484 2
£ b__ ==~
. B
£ 100 - & -
s} -
o - - —-—
s 50 d .-~
G ]
-.E 0 T T T T
= Immature Light purple Darker purple Fully ripe
Maturity stage

Figure 4. Total sugar and organic acid contents and sugar/organic acid ratio in blueberry fruit at
different maturity stages. Data are means + standard errors of four replicates. Data with different
letters between maturity stages are significantly different (Duncan’s test; p < 0.05). Dot line, linear
regression line.

Together with total sugars, Figure 4 represents the variation in total organic acid
between different maturity stages. Those values significantly and constantly decreased
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from immature to fully ripe fruit, with significant differences being detected between all the
observed maturity stages. These values correspond to citric and malic acid, while the darker
purple fruit had the lowest content of tartaric acid. Shikimic acid did not significantly differ
between maturity stages (Supplementary Materials Table S1). Sugar/organic acid ratio
variation in fruit during ripening corresponds to total sugar fluctuations (Figure 4).

The variation in different groups of phenolics during blueberry ripening is presented in
Figure 5, and the variation in individual phenolics is presented in Supplementary Material
Table S1. Phenolic acids were the highest in immature and fully ripe fruit, with a significant
drop between the first and second observed maturity stages. The highest contribution to
these results was found for 5-caffeoylquinic acid, the content of which was the highest in
immature fruit, before later decreasing, and ellagic acid derivative, together with caffeic
acid derivative 2, the contents of which dramatically increased during maturation. Other
compounds were represented to a lesser extent; however, their contents generally increased
during fruit ripening.

1600

- = = Anthocyanins a
—h- - TAP A
==#==Flavonols .\ 3
1200 -+--M--- Flavan-3-cls rd X
—=e— Phenoelic acids S
— i 7
S 80 7,
[l b i
l b s
8 400 c R
: d — b s
i — . — g _ =
£ C L o=
= 0 - === W
[ =
1]
e 240 -
=]
[¥)
w200 S a a
5 b
E 160 -
= C
8 120 A
a
80 + b |
40 - : . mnmmnemusl
PuswmmnnannTTTT a TEm——y
C b bc
D T T T T
Immature Light purple Darker purple Fully ripe

Maturity stage

Figure 5. Phenolic acids, flavan-3-ols, flavonols, anthocyanins, and total analyzed phenolics (TAP) in
blueberry fruit at different maturity stages. Data are means + standard errors of four replicates. Data
with different letters between maturity stages are significantly different (Duncan’s test; « < 0.05).

Total and individual flavan-3-ol contents significantly increased from the immature
to fully ripe stages, with the exception of epicatechin, the content of which remained
statistically unchanged. On the other hand, a significant increase in total flavonol content
was detected only until the darker purple stage, and by the end of ripening (fully ripe fruit),
a significant decrease had occurred. The contents of quercetin-3-O-galactoside, quercetin-
3-O-glucoside, and isorhamnetin-3-O-rutionoside, which are also the most represented
among the individual flavonols, corresponded to those of total flavonols at individual
maturity stages.

Significantly, the lowest anthocyanin content was detected in immature and light
purple fruit and the highest in fully ripe fruit. This is in accordance with most of the
individual anthocyanins. The exceptions were cyanidin-3-O-galactoside, cyanidin-3-O-
arabinoside, and peonidin-pentose, whose contents were the lowest only in immature
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fruit and, at the same time were very low in fully ripe fruit when compared to other
anthocyanins. Among individual compounds, fully ripe fruit contained the most malvidin
derivatives. Total phenolics were significantly the lowest in light purple and the highest in
fully ripe fruit.

3.4. Relative Expression of Anthocyanidin Synthase (ANS)

Figure 6 shows the relative ANS expression in blueberry peel from different maturity
stages. Significant differences were detected between all four maturity stages. The lowest
value was measured in the peel of immature fruit, while the highest was in darker purple
peel. The most pronounced difference was noticed between immature and light purple
fruit, where 49-fold higher expression of ANS was noticed in light purple fruit compared
to immature fruit.

4 -
35 4
3 4
2.5 A
2 4

15

Relative gene expression

1 4

05 A
d

Immature Lightpurple Darker purple Fully ripe
Maturity stage

Figure 6. Relative expression of anthocyanidin synthase (ANS) in blueberry fruit at different maturity
stages. Data are means + standard errors of five replicates. Data with different letters between
maturity stages are significantly different (Duncan’s test; o« < 0.05).

4. Discussion

Blueberry fruit is mostly harvested on the basis of a visual estimation of peel color;
therefore, mistakes in the form of picking under-ripe fruit can easily occur. Consequently, a
new method for identifying fully ripe fruit directly on plants is highly desirable. Here, a
portable device, called a DA-meter, which measures chlorophyll absorbance (Iop) in fruit
peel, was used to determine I5p values at individual maturity stages of blueberry fruit.
The main objective was to correlate Inp values with a number of quality parameters that
are frequently used in assessing the optimal maturity of blueberry fruit. This is the first
study in which the maturity of blueberry fruit has been estimated using a DA-meter, while
some other studies have reported the use of a Cherry-meter [12]. This device, as opposed
to the DA-meter, measures the absorbance of anthocyanins, with wavelengths close to their
maximal absorbance (560 nm and 640 nm). However, the values are the same as for the
DA-meter expressed as Izp.

Our results show highly significant correlations between Iop values and peel color
parameters, fruit firmness, contents of sugar, organic acids and anthocyanins, and ANS
relative expression (R? ranging from 0.61 to 0.97), indicating the DA-meter to be an effective
tool for precise estimation of fully ripe fruit at harvest. Along with progressive maturation
of the berries from immature to fully ripe, Iop values also increased, with extremely low
variability between samples (R? = 0.98). High correlations between maturity stage and
Iap value have also been reported by other studies on peaches [24], nectarines [25], sweet
cherries [31], and grapes [27]. According to our measurements using the DA-meter, fully
ripe “Aurora’ fruits possess Ipnp values between 2.11 and 2.3. However, Ribera-Fonseca
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et al. [12], who used a Cherry-meter, reported that Isp values for determining harvest time
and performing fruit quality predictions were cultivar-dependent, because the highest I5p
values for ‘Sharpblue’ were above 2.9, and those for ‘Misty’ were above 3.2.

The color of blueberry fruit turns from green to dark blue due to the accumulation of
anthocyanin in the peel; however, it is not accumulated in the flesh [4]. Peel color is the
most important fruit quality parameter for determining full maturity, and consequently
optimal picking date, not only in blueberries [12], but also in other fruit species, and a
large number of fruit species are harvested on the basis of an individual judgement of
fruit color [30,31,35]. Our results show that fruit color parameters measured by portable
colorimeter significantly change during ripening. The L* value is known to decrease as
the color becomes darker [15]. This is in accordance with the current results, where a
correlation with low variability was detected between L* and Ixp values (R? = 0.69). The
same decreasing trend with progressing maturity stage and high correlation with Iyp were
observed for C* (R? = 0.81), which is considered to be one of the most reliable parameters
for fruit color estimation [31]. A negative correlation between Isp (advanced maturity
stage) and C* was also described in a study conducted by Nagpala et al. [31] on sweet
cherries, where a Cherry-meter was used to perform I4p measurements. These results
indicate that the I5p values provided by a DA-meter or a Cherry-meter could be useful
for harvest prediction in the intensive production of various fruit species [12,27,28,31,35].
Similar results in terms of C* measurements have been reported by Chung et al. [15] in
‘Bluecrop’, where the values decreased from 50.7 in green to 7.9 in dark purple fruit. Peel
color modifications were also observed on the basis of h® monitoring, where the values
correspond to color distribution in the 0° to 360° range. However, no correlation between
h° and Ixp was determined. Slightly deviating results reported by Chung et al. [15] indicate
that blueberry peel color is, among other things, cultivar dependent.

It is generally known that fruit becomes softer during ripening [8,22] due to enzymatic
degradation of cell wall components [7]. This was confirmed with the current study, where
significantly the highest and the lowest fruit firmness were measured in immature and
fully ripe fruit, respectively. At the same time, correlation with Ixp values (R? = 0.61)
corresponds with some previous reports [12,27].

During ripening, significant changes occur in blueberry fruit with respect to the
content of sugars and organic acids, together with the sugar/organic acid ratio [5], as
a consequence of synthesis, degradation, or translocation [7]. Those processes are to a
large extent influenced by maturation, while the final contents of those compounds in
fully ripe fruit mainly depends on genetic background [9,14]. High sugar/organic acid
ratio are the result of high sugar and/or low organic acid contents [14]. Here, a significant
increase in total sugar content and consequently in sugar/organic acid ratio, together with
significant organic acid degradation, was observed during ripening. At this point, it is
worth mentioning that the optimal sugar/organic acid ratio for individual cultivars is of
high importance for the fresh consummation and prolonged shelf-life of fruit [21,29]. All
three of the parameters described above related to content of primary metabolites were in
high correlation with I5p, because 94% to 97% of variability was explained by maturity
stage. Focusing on individual sugars, the highest contributions to the total content were
made by glucose and fructose, while citric acid represented 89% of the total organic acids
found in the ‘Aurora’ fruit. With the content of primary metabolites at individual maturity
stage, we once more confirmed the functionality of Iyp provided by the DA-meter. This
was previously confirmed by Bonora et al. [35] on nectarines using a DA-meter and by
Ribera-Fonseca et al. [12] on blueberries using a Cherry-meter.

High contents of phenolics are highly desirable in ripe blueberry fruit, due to their
health-promoting properties [36,37]. With the exception of anthocyanins, which were not
detected in immature fruit, phenolic acids predominated over flavan-3-ols and flavonols
during all maturity stages. Despite significant differences between immature, light purple
and darker purple fruit in terms of content of phenolic acids, there was no difference
in their content between immature and fully ripe fruit. This contradicts some previous



Horticulturae 2023, 9, 501

12 of 14

studies [5,38] in which a significant decrease in phenolic acids was reported from green to
dark blue fruit in five different blueberry cultivars. 5-caffeoylquinic acid, which was the
most represented in our ‘Aurora’ fruit at all maturity stages, had a content in fully ripe
fruit that was lower by almost half than that in the immature fruit. This is in accordance
with the results published by [39]. However, a significant increase in ellagic acid derivative
caused non-significant differences in total phenolic acids content between the first and the
last observed maturity stages. Flavan-3-ols slowly increased from immature towards fully
ripe fruit. They are supposed to accumulate at the beginning of maturation, presumably to
protect the fruit from pathogen, pest, and animal attacks [16], before decreasing. However,
this was not observed in this study. On the other hand, a significant drop occurred in
total flavonols from darker purple to fully ripe fruit. Similar results were reported by
Li et al. [38] in blueberries. These results are similar to reports by Castrejon et al. [5] in
blueberries and by Carbone et al. [16] in strawberries. The latter simultaneously detected a
decrease in the relative expression of flavonol synthase, which was consistent with total
flavonol content. The total and individual anthocyanins that were not detected in immature
fruit [5,16] significantly differed between light purple, darker purple and fully ripe fruit.
An increasing trend was observed with advancing maturity stage, because intensive fruit
color serves as a visual attractant to animals to feed on the fruit [16]. This was also reflected
in total phenolics content, as anthocyanins represent a major part of the total phenolics in
fully ripe blueberry fruit [13].

Anthocyanin accumulation is, in most plants, limited to specific tissues and develop-
mental stages [40], and is the most important marker of ripening. Its synthesis is regulated
by a large number of enzymes, including anthocyanidin synthase (ANS), and its activity is
reflected in anthocyanin accumulation and consequent change in color [38,40]. As already
mentioned above, total anthocyanin content significantly increases from light purple to
fully ripe fruit, while none was detected in immature fruit [19,38,40]. According to our
research, as well as some previous reports [16,40], the most pronounced difference in ANS
expression was detected between immature and light purple fruit. This determined the
most striking differences in blueberry fruit color, as could also be observed in the h® mea-
surements. According to these measurements, the immature fruit was closer to yellow in
color, while fruit at advanced stages of maturity was closer to red and blue. Consequently,
a significant increase in ANS expression during the maturation of ‘Aurora’ fruit is not
surprising. However, the highest relative expression of ANS was measured in fruit that
was darker purple in color, while the highest anthocyanin content was detected in fully
ripe fruit. This obvious discrepancy of the down-regulation of ANS in fully ripe fruit
is in accordance with some other studies [19,38,40], and is probably a result of the time
delay between the gene expression and anthocyanin accumulation. The ANS expression
genes were up-regulated during the ripening period when anthocyanin content grew most
rapidly. In fully ripe berries, anthocyanins reached their maximal values, and expression
started to drop [40].

5. Conclusions

The most commonly used quality parameters for determining the optimal maturity
of blueberry fruit, such as peel color and fruit firmness, together with fruit chemical
composition (individual sugar, organic acid and phenolics contents), turned out to be
highly correlated with the individual maturity stage and, at the same time, with the Isp
values provided by the DA-meter. This suggests that the DA-meter could be a valuable
tool for accurate and non-destructive assessment of optimal maturity stage in ‘Aurora’ fruit
directly on plants. This would improve harvesting by making sure that only fully ripe fruit
was picked (Iap 2.11-2.30) thus providing homogenous fruit and optimal fruit quality and
thereby allowing prolonged storage and shelf life.

This is the first study where the DA-meter was used on blueberry fruit. Despite the
promising data, further research is necessary in order to evaluate the method described
above on multiple blueberry cultivars. At the same time, studies should be upgraded and
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expanded, therefore the researchers should increase sample size and conduct multiple fruit
sampling in one growing season in order to provide repetition over time.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/horticulturae9040501/s1. Table S1: Individual sugars, organic
acids and phenolics in blueberry fruit from different maturity stages.
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