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Abstract

The ‘Annurca’ apple (Malus domestica), a PGI-protected Italian cultivar, undergoes a manda-
tory postharvest reddening process (melaio). While crucial for skin color development,
this process is associated with flesh softening, creating a conflict with consumer demand
for crispness. To resolve this quality trade-off, this study compared different postharvest
strategies over a five-month commercial cold storage. Specifically, we performed a time-
series analysis of the evolution of ripening and skin color dynamics under three strategies:
traditional reddening (Melaio), 1-methylcyclopropene application (MCP), and a 1-MCP
treatment followed by reddening (MCP+Melaio). While 1-MCP effectively arrested firm-
ness loss, maintaining firmness above 47 N compared to the Melaio-only treatment which
dropped to 35.9 N by the end of storage, the pathways of skin color development differed
profoundly. The MCP-only strategy led to a highly non-uniform and visually inconsistent
appearance (average Total Color Difference, ∆E* > 12) that persisted throughout storage. In
contrast, the traditional melaio process proved indispensable for guiding the fruit towards a
significantly more homogeneous final coloration (∆E* ≈ 5.5). The integrated MCP+Melaio
strategy successfully reconciled these divergent effects, preserving high flesh firmness
(47.9 N) while achieving the superior skin color uniformity characteristic of the traditional
process (final ∆E* ≈ 5.6). This study demonstrates that pre-treating ‘Annurca’ apples
with 1-MCP before the melaio period offers a viable, scientifically validated approach
to resolving the critical trade-off between texture and skin color, enabling the ‘Annurca’
industry to meet modern textural expectations while preserving its unique cultural and
quality traditions.

Keywords: Malus domestica; postharvest; reddening; fruit quality; cold storage

1. Introduction
The commercial success of apple (Malus domestica Borkh.) cultivars in the global

market is largely determined by fruit quality at the point of purchase. Among the traits
that influence consumers’ buying decisions, skin color and flesh texture are consistently
ranked as primary drivers of preference [1–4]. An ideal apple is expected to have a vibrant,
uniform skin color and a firm, crisp, and juicy texture. Consequently, a significant focus
of modern apple production, from breeding to postharvest management, is dedicated to
maximizing and preserving these two key attributes [5,6].
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Within this global context, the ‘Annurca’ apple, a traditional Italian cultivar protected
by the “Melannurca Campana” PGI (Protected Geographical Indication) designation (Reg.
CE 417/2006), represents a unique case. With an estimated annual production value of
over €40 million, this cultivar is not just a cultural heritage but a significant economic
driver for the Campania region, where it accounts for approximately 80% of the local apple
production and 5% of the national total (https://agricoltura.regione.campania.it/ accessed
the 1 September 2025). Prized for its distinct flavor, high antioxidant content, and cultural
heritage, ‘Annurca’ requires a mandatory and unique postharvest reddening process [7–9].
After harvest, the not-yet-mature fruits are placed on soft beds of straw or other natural
materials in an open-air facility known as melaio. In this stage, apples are manually rotated
for 10–20 days under sunlight filtered through shading nets, a process necessary to develop
the characteristic ruby-red blush and final organoleptic profile.

This postharvest reddening requirement, as well as its genetic profile, places ‘Annurca’
in stark contrast to the breeding and horticultural paradigms of the vast majority of modern
commercial cultivars [5,10]. Contemporary breeding programs have intensely selected
for varieties (e.g., ‘Gala’, ‘Fuji’, ‘Honeycrisp’) and specific blushed red sports (e.g., ‘Royal
Gala’, ‘Nagafu 6 (Red Fuji)’, ‘Royal Red’) that achieve full, uniform color directly on the
tree [11,12]. This genetic potential is augmented by specific pre-harvest management tech-
niques, including the use of reflective ground covers to increase light exposure especially
under netting, leaf removal, and even the application of plant growth regulators to pro-
mote anthocyanin synthesis (e.g., Ethephon (2-chloroethylphosphonic acid)) [13–15]. The
historical success of the ‘Red Delicious’ cultivar serves as a prime example. Despite being
noted for a less desirable texture, it dominated the US market for many years, largely on
the strength of its vibrant, uniform red appearance.

Modern apple breeding has indirectly influenced peduncle architecture as an adap-
tation to support heavier fruit loads [16]. A longer and sturdier peduncle helps fruits
hang freely, reducing shading and enhancing light penetration, which promotes uniform
anthocyanin accumulation and improved skin coloration. Additionally, the development
of thicker vascular and supportive tissues in the fruit peduncle, co-selected for a stronger
attachment zone, contributes to delayed abscission and reduced pre-harvest drop. This
structural reinforcement allows apples to remain on the tree until full physiological matu-
rity, improving fruit quality and enabling more efficient harvesting, including mechanized
systems. In contrast, ‘Annurca’ possesses a short peduncle that causes fruit clustering
and canopy shading, limiting on-tree coloration and predisposing to premature fruit drop.
These limitations underpin the traditional need to harvest physiologically immature ‘An-
nurca’ apples, and to complete its reddening in postharvest. Under these constraints, the
melaio can be understood not merely as a technical process, but as an indispensable horti-
cultural solution that has allowed the ‘Annurca’ to compensate for its genetic limitations,
thereby ensuring its continued economic viability against contemporary varieties.

However, while this practice successfully achieves the desired color in post-harvest,
it induces a quality trade-off [17]. Exposure to the ambient and fluctuating temperatures
of the melaio sustains respiration and ethylene-driven ripening, promoting a progressive
degradation of cell wall structures that ultimately favors a final product whose texture con-
trasts with the strong consumer demand for crispness. The ‘Annurca’ production system is
therefore required to reconcile the PGI protocol with the preservation of textural proper-
ties demanded by current market standards. A potential solution may lie in uncoupling
these two processes by pharmacologically controlling the ripening cascade. One practical
approach is the use of 1-methylcyclopropene (1-MCP), an inhibitor of ethylene action that
is widely employed in the apple industry to delay ripening during long-term storage [18].

https://agricoltura.regione.campania.it/
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Building on our previous work that assessed the potential of 1-MCP for improving
long-term storage [9], the present study adopts a different approach, shifting the focus
to a detailed time-course analysis of visual and texture attributes. Our primary objective
was to investigate how pre-treatment with 1-MCP affects the dynamics of skin coloration,
covering development, intensity, and uniformity, alongside other quality parameters during
a five-month commercial storage period. To achieve this, we compared three postharvest
strategies: (i) the traditional reddening period followed by cold storage (Melaio); (ii) a
1-MCP treatment followed directly by cold storage (MCP); (iii) an integrated approach
combining 1-MCP treatment with the traditional reddening period before cold storage
(MCP+Melaio). We hypothesized that 1-MCP treatment would decouple textural softening
from the ripening process, the melaio period would optimize color uniformity, and the
integrated MCP+Melaio strategy would synergistically combine firmness retention with
superior color development.

2. Materials and Methods
2.1. Plant Material

Apple fruits used in the experiment were harvested in a commercial orchard located
in Vitulazio (Caserta, Italy). Trees, 7 years old at the time of the experiment, were composed
by ‘Rossa del Sud’ (an ‘Annurca’ type apple cultivar) scions grafted on ‘M9′ rootstocks
spaced 4.0 × 1.5 m (corresponding to a planting density of 1667 trees/ha) and trained
to a free palmette system. The orchard has been consistently managed for commercial
production, adhering to the integrated pest and nutrient management protocols of the
“Melannurca Campana” PGI designation. Fruits were harvested when maturity indices,
monitored on a representative sample of apples, reached the commercial target of the PGI
protocol. Specifically, the harvest was carried out when the average soluble solids content
of apple juice was around 11.5 ◦Brix and red cover color extension was around 40% of the
skin surface.

2.2. Experimental Treatments

The experiment compared three postharvest strategies. For each strategy, approxi-
mately 1000 commercially uniform fruits (65–85 mm caliber) were set aside at the start of
cold storage.

(a) Traditional Reddening (Melaio): This treatment followed the traditional manage-
ment for ‘Annurca’ apples. Fruits were subjected to a 10-day postharvest reddening period
in a melaio, following the PGI protocol. The apples were arranged in a single, high-density
layer on soft beds of straw to prevent bruising in an open-air facility. Fruits were manually
turned every 2–3 days to expose all surfaces to light. To prevent sunscald, the beds were
covered with horizontal commercial shading nets suspended approximately three meters
above the fruit. As the melaio process is the required commercial standard, it serves as
the benchmark against which any novel postharvest strategy must be compared. After
this period, fruits were transferred to a commercial cold storage facility (1.0 ◦C, 90% RH)
equipped with an ethylene extractor for long-term storage.

(b) 1-MCP Treatment (MCP): Immediately after harvest, fruits were placed in an
air-tight chamber at 2.5 ◦C and treated for 24 h with 55.5 mg/m3 1-methylcyclopropene
(1-MCP) (Smartfresh™, Agrofresh, Philadelphia, PA, USA). This concentration corresponds
to the standard commercial rate recommended by the manufacturer. Following the treat-
ment, the fruits were moved directly into long-term cold storage as described for the
Melaio treatment.

(c) 1-MCP followed by Traditional Reddening (MCP+Melaio): Fruits were first treated
with 1-MCP as described for the MCP treatment, then underwent the 10-day reddening
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process in the melaio as described for the Melaio treatment and finally were placed in
long-term cold storage.

During the 10-day postharvest reddening period in the melaio, ambient conditions
were monitored, with average daily temperatures of 14.5 ◦C (min: 9.9 ◦C; max: 21.5 ◦C).

2.3. Measurements on the Fruits

To monitor fruit ripening and the evolution of skin color during cold storage, a sample
of 50 fruits per treatment was collected on five dates (corresponding to 21, 48, 88, 118, and
146 days from the beginning of the experiment).

2.3.1. Flesh Firmness, Soluble Solids Content, and Titratable Acidity

On each sample date, apple ripening stage was monitored by measuring flesh firmness,
soluble solids content, and titratable acidity. Flesh firmness was measured on two opposite
sides of 30 sampled fruit with a digital fruit firmness tester (model 53205; Tironi TR, Forlì,
Italy) equipped with an 8 mm plunger. Measurements were taken directly on the flesh after
removing a small disk of skin. A juice sample extracted separately from the pulp of 30 fruit
was used to measure soluble solids content (SSC) with a digital refractometer (HI96811;
Hanna instruments, Padova, Italy). Moreover, titratable acidity (TA) was measured sepa-
rately on the juice of ten fruit. For this purpose, 2.5 mL of fruit juice was diluted with 7.5 mL
of distilled water, and the obtained solution was titrated with 0.1 N NaOH until reaching
the endpoint of pH = 8.2. During the titration, pH was continuously measured with a
digital pH-meter (CLB22; Crison Instruments, Alella, Spain) and the results were expressed
as g/L of malic acid. These data were used to calculate, separately for the 10 fruits used for
measuring TTC and TA, the SSC/TA ratio.

2.3.2. Fruit Skin and Pulp Color

On each measuring date, the skin and pulp color of 20 fruit per treatment were
measured by digital image analysis [19]. Two opposite fruit sides, characterized by a
more or a less developed red color of the skin (hereafter blushed and unblushed side,
respectively), were photographed with a digital camera (D3100; Nikon, Tokyo, Japan) from
a fixed distance of 40 cm inside a lightbox illuminated with uniform and all-surrounding
diffuse light provided by three 60 W lamps (6500 K). Moreover, ten of these fruits were
transversally cut (in correspondence of the maximum equatorial diameter) and the pulp of
one of two halves was photographed as described for skin image acquisition.

Each 24-bit digital image (RAW format, sRGB color space) was cropped following
the apple silhouette, and then the background was removed with Photoshop 19 (CC 2018)
(Adobe; San Jose, CA, USA). For each preprocessed apple image, the digital number (DN)
of the RGB channels was extracted with Scion Image software 4.02 (Scion Corporation;
Maryland, USA). DNs of RGB channels were then converted to L* a* b* coordinates [20].
The skin or pulp hue angle (hab) was calculated with the formula [21]:

hab(degrees) = atan2(b∗, a∗)× 180
π

(1)

where the two-argument arctangent function, denoted as atan2, calculates the angle θ

in radians between the positive a*-axis and the vector connecting from the origin with
the point (a*, b*) in the Cartesian plane. This function is formally defined as a piecewise
function to resolve the quadrant ambiguity of the standard arctangent (arctan). The output
is in radians, with a range of [−π, π].

Chroma (C*) was calculated according to the following equation [22]:

C∗ =
√

a∗2 + b∗2 (2)
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To quantify in a single metric the overall perceptible color difference between the
two apple surfaces, the Total Color Difference (∆E*) was calculated for each fruit at each
measurement time using the formula [20]:

∆E∗
skin =

√(
L∗

bl − L∗
unbl

)2
+

(
a∗bl − a∗unbl

)2
+

(
b∗bl − b∗unbl

)2 (3)

where L∗, a∗, and b∗ represent the skin color coordinates measured on the blushed (bl) and
unblushed (unbl) side of fruit, respectively. This metric represents the overall perceptible
difference between the most and least red surfaces of each apple.

Similarly, ∆a∗skin was calculated using the same approach as ∆E* considering only the
differences in the a* values between the blushed and unblushed sides.

2.3.3. Starch Pattern Index

The starch pattern index (SPI) was assessed on ten fruits per treatment as previously
described [20]. Briefly, each fruit was transversally cut as previously described for pulp
color assessment and an iodine solution was applied on the pulp surface of one of the
two halves. After waiting one minute to allow the starch-iodine reaction to complete, SPI
was visually evaluated using the Cornell Starch–Iodine 8-point scale as a reference (with 1
and 8 indicating 0% and 100% starch degradation, respectively).

2.4. Statistical Analysis

All data processing and statistical analyses were performed using R (v4.5). Data were
visualized using the ggplot2 4.0.0 and patchwork 1.3.2. packages. The significance of the
effect of the postharvest management treatments (TRT), the storage time (ST), and the TRT
x ST interaction on flesh firmness, SSC/TA ratio, SPI, skin and pulp color parameters (L*, a*,
b*, h, and C*), ∆a*

skin, and ∆E*
skin was assessed by two-way ANOVA. If the interaction was

not significant, main effect means for TRT were compared using Tukey’s Honest Significant
Difference (HSD) test. If the TRT × ST interaction was significant, post hoc comparisons of
treatment means were conducted separately for each time point, with p-values adjusted
using the Sidak method. The consistency of color development was assessed by comparing
variances at each time point using Levene’s test. A significance level of p ≤ 0.05 was used
for all tests.

3. Results
3.1. Evolution of the Fruit Ripening Parameters

The postharvest management strategy, the duration of cold storage, and their interac-
tion significantly influenced the primary ripening indices of ‘Annurca’ apples (Table 1).

The evolution of fruit ripening parameters during cold storage is presented in Figure 1.
Postharvest treatment was a dominant factor influencing flesh firmness (Figure 1A). Apples
from the traditional Melaio treatment were significantly softer than those from the 1-
MCP-based treatments at all time points, ending the storage period at 35.9 N. In contrast,
both MCP and MCP+Melaio treatments were highly effective at preserving firmness,
maintaining values above 47 N for the entire 146 days. While statistically similar for much
of the storage period, by day 146, the MCP-only fruit (54.5 N) were significantly firmer
than those from the MCP+Melaio treatment (47.9 N).

The soluble solids to titratable acidity ratio (SSC/TA), a key indicator of flavor devel-
opment and maturity, showed a progressive increase in all treatments over time (Figure 1B).
A clear and consistent separation between treatments was observed, with the Melaio treat-
ment always exhibiting the highest SSC/TA ratio, indicative of a more advanced ripening
stage. Conversely, the MCP treatment consistently displayed the lowest ratio, confirming a
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delayed ripening progression. By the end of storage, all three treatments were statistically
distinct from one another.

Table 1. Effects of treatment and storage time on post-harvest apple ripening. Different letters
within a column for each source of variation indicate significant differences according to Tukey’s
HSD test (p ≤ 0.05). Significance levels: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Source of Variation Flesh Firmness (N) SSC/TA Ratio Starch Pattern
Index

Treatment (TRT)
MCP 51.7 ± 0.6 c 2.2 ± 0.0 a 6.7 ± 0.1 a

MCP+Melaio 49.6 ± 0.6 b 2.5 ± 0.0 b 7.6 ± 0.1 b
Melaio 38.1 ± 0.6 a 3.0 ± 0.0 c 7.5 ± 0.1 b

Significance *** *** ***
Storage Time (ST)

Day 21 48 ± 0.8 b 2.2 ± 0.1 a 5.8 ± 0.1 a
Day 48 47.7 ± 0.8 b 2.3 ± 0.1 a 7.2 ± 0.1 b
Day 88 44.0 ± 0.8 a 2.5 ± 0.1 b 7.8 ± 0.1 cd

Day 118 46.4 ± 0.8 ab 2.7 ± 0.1 b 7.6 ± 0.1 c
Day 146 46.1 ± 0.8 ab 3.0 ± 0.1 c 8.0 ± 0.1 d

Significance ** *** ***
TRT × ST

MCP × Time 21 55.9 ± 1.3 e 2.0 ± 0.1 abc 3.5 ± 0.1 a
MCP × Time 48 49.6 ± 1.3 de 1.9 ± 0.1 ab 7.1 ± 0.1 bc
MCP × Time 88 47.9 ± 1.3 cd 2.2 ± 0.1 abcd 7.8 ± 0.1 def
MCP × Time 118 50.5 ± 1.3 de 2.4 ± 0.1 abcde 7.2 ± 0.1 bcd
MCP × Time 146 54.5 ± 1.3 e 2.5 ± 0.1 bcde 8.0 ± 0.1 f

MCP+Melaio × Time 21 50.8 ± 1.3 de 1.9 ± 0.1 a 6.9 ± 0.1 b
MCP+Melaio × Time 48 51.1 ± 1.3 de 2.2 ± 0.1 abcd 7.3 ± 0.1 bcde
MCP+Melaio × Time 88 47.6 ± 1.3 cd 2.5 ± 0.1 cdef 7.9 ± 0.1 ef

MCP+Melaio × Time 118 50.5 ± 1.3 de 2.8 ± 0.1 def 8.0 ± 0.1 f
MCP+Melaio × Time 146 47.9 ± 1.3 cd 3.0 ± 0.1 f 8.0 ± 0.1 f

Melaio × Time 21 37.5 ± 1.3 ab 2.8 ± 0.1 ef 7.1 ± 0.1 bc
Melaio × Time 48 42.5 ± 1.3 bc 2.6 ± 0.1 def 7.2 ± 0.1 bcd
Melaio × Time 88 36.4 ± 1.3 ab 2.8 ± 0.1 ef 7.8 ± 0.1 def

Melaio × Time 118 38.2 ± 1.3 ab 3.0 ± 0.1 f 7.6 ± 0.1 cdef
Melaio × Time 146 35.9 ± 1.3 a 3.6 ± 0.1 g 8.0 ± 0.1 f

Significance *** * ***

The starch pattern index (SPI), which measures the conversion of starch to sugars,
also revealed a strong initial treatment effect (Figure 1C). At the first measurement on
Day 21, the SPI of MCP-treated fruit was only 3.5, significantly lower than the Melaio and
MCP+Melaio treatments, which had both already reached values near 7.0. This initial delay
was transient; from Day 48 onwards, the SPI for all treatments was high and statistically
similar, indicating that starch hydrolysis was near completion across all groups.

Taken together, these data demonstrate that 1-MCP treatments effectively delayed key
physiological markers of ripening.

3.2. Post-Harvest Evolution of the Fruit Skin Color

The skin color of ‘Annurca’ apples, a critical quality attribute, was significantly influ-
enced by the postharvest treatment, storage time, and their interaction, as measured by the
CIE L* a* b* color coordinates (Table 2).
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Figure 1. Effects of postharvest treatments (MCP, MCP+Melaio, Melaio). (A) Flesh firmness,
(B) SSC/TA ratio, and (C) Starch pattern index of ‘Annurca’ apples during cold storage. Each point
represents the estimated marginal mean. Error bars indicate the pooled standard error derived
from the two-way ANOVA model. Within each time point, means not sharing a common letter
are significantly different (p < 0.05, Tukey’s HSD test). Different letters at each time point indicate
significant differences among treatments (p ≤ 0.05).

The evolution of skin redness (a* value) showed a general increase throughout the
storage period for both the blushed and unblushed sides across all treatments, indicating
continuous color development (Figure 2A). The effect of the treatments was most pro-
nounced on the side of the fruit with the most skin color. Moreover, the MCP treatment
resulted in apples with the most intense red coloration, showing a significantly higher
average a* value on the blushed side compared to the Melaio and MCP+Melaio treatments
(Table 2). This trend is visible in Figure 2A, where the MCP fruit consistently reached the
highest a* values after 48 days of storage. Interestingly, this treatment effect was specific
to the well-colored side, as there was no significant difference in the average a* value
of the unblushed side among the three treatments. As expected, the blushed side of the
fruit always exhibited a significantly higher a* value than the unblushed side within any
given treatment.

The development of the yellow background color (b* value) was markedly different
between treatments (Figure 2B). Fruit from the MCP treatment displayed a rapid and
significant increase in the b* value, which peaked after 88 days and remained high. In
contrast, apples from the Melaio and MCP+Melaio treatments maintained significantly
lower b* values throughout the entire storage period, indicating a suppression of yellow
color development (Table 2). This suggests that the traditional reddening process, both
with and without 1-MCP pre-treatment, limits the unmasking of yellow pigments.
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Table 2. Two-Way ANOVA results for fruit skin color. Different letters within a column for each source of variation indicate significant differences (p ≤ 0.05).
Significance levels: ns (not significant) p > 0.05, *** p ≤ 0.001.

Source of Variation
Blushed Side Unblushed Side

L* a* b* L* a* b*

Treatment (TRT)
Melaio 24.1 ± 8.9 b 25.3 ± 4.0 b 15.7 ± 4.1 b 22.2 ± 8.7 b 22.7 ± 3.8 a 13.4 ± 4.1 b
MCP 27.6 ± 8.6 a 28.5 ± 4.5 a 20.1 ± 6.7 a 30.0 ± 11.9 a 23.4 ± 5.9 a 21.3 ± 7.8 a

MCP+Melaio 24.6 ± 9.3 b 25.7 ± 3.8 b 15.9 ± 4.7 b 22.6 ± 9.9 b 23.1 ± 3.6 a 13.6 ± 4.4 b
Significance *** *** *** *** ns ***

Storage Time (ST)
Day 21 41.4 ± 2.5 a 21.68 ± 2.44 c 11.9 ± 2.0 b 41.7 ± 5.6 a 18.8 ± 3.0 c 12.1 ± 4.7 c
Day 48 23.4 ± 3.4 b 25.41 ± 2.99 b 13.8 ± 3.0 b 24.5 ± 7.1 b 22.0 ± 4.0 b 14.6 ± 7.3 bc
Day 88 21.4 ± 4.8 c 28.62 ± 3.92 a 20.2 ± 5.4 a 20.2 ± 7.1 c 24.6 ± 4.3 a 18.4 ± 7.0 a
Day 118 22.2 ± 4.5 bc 28.88 ± 3.90 a 19.8 ± 5.2 a 21.3 ± 7.0 bc 25.1 ± 4.6 a 17.9 ± 6.9 a
Day 146 18.8 ± 3.9 d 27.72 ± 3.43 a 20.3 ± 4.9 a 16.8 ± 4.5 d 24.8 ± 3.4 a 17.5 ± 5.6 ab

Significance *** *** *** *** *** ***
TRT × ST

Melaio × Day 21 20.03 ± 1.89 i 20.03 ± 1.89 i 10.75 ± 1.86 h 37.91 ± 1.79 b 17.84 ± 2.52 f 8.88 ± 1.92 g
Melaio × Day 48 25.87 ± 2.11 defg 25.87 ± 2.11 defg 13.96 ± 2.31 fgh 20.80 ± 2.51 ef 23.34 ± 1.80 abcd 11.72 ± 2.83 efg
Melaio × Day 88 29.69 ± 3.30 abc 29.69 ± 3.30 abc 19.46 ± 3.09 cde 19.27 ± 3.26 fg 26.51 ± 2.26 ab 16.53 ± 1.98 bcde
Melaio × Day 118 25.49 ± 1.96 efg 25.49 ± 1.96 efg 17.02 ± 2.14 def 17.88 ± 3.21 fg 22.91 ± 3.14 bcde 14.05 ± 3.11 cdefg
Melaio × Day 146 25.29 ± 3.13 efg 25.29 ± 3.13 efg 17.36 ± 4.10 def 14.91 ± 3.85 g 23.04 ± 3.34 bcde 15.68 ± 4.78 cde

MCP × Day 21 23.03 ± 2.57 ghi 23.03 ± 2.57 ghi 12.52 ± 2.07 gh 46.96 ± 6.00 a 19.00 ± 3.89 ef 16.25 ± 5.16 bcde
MCP × Day 48 26.84 ± 3.29 cde 26.84 ± 3.29 cde 15.74 ± 2.56 efg 31.62 ± 6.70 c 21.34 ± 5.91 cdef 21.62 ± 7.66 ab
MCP × Day 88 29.69 ± 3.73 abc 29.69 ± 3.73 abc 24.90 ± 4.99 a 25.70 ± 8.80 de 23.56 ± 5.57 abcd 24.71 ± 8.19 a

MCP × Day 1 18 32.41 ± 3.08 a 32.41 ± 3.08 a 24.25 ± 6.13 ab 27.58 ± 8.15 cd 27.23 ± 6.26 a 24.53 ± 7.60 a
MCP × Day 146 30.33 ± 2.64 ab 30.33 ± 2.64 ab 23.00 ± 5.11 abc 18.21 ± 5.71 fg 25.66 ± 3.63 ab 19.39 ± 7.04 abc

MCP+Melaio × Day 21 21.98 ± 1.83 hi 21.98 ± 1.83 hi 12.56 ± 1.66 gh 40.27 ± 3.36 b 19.67 ± 1.96 def 11.23 ± 2.79 efg
MCP+Melaio × Day 48 23.42 ± 2.45 fgh 23.42 ± 2.45 fgh 11.47 ± 2.72 h 20.91 ± 5.00 ef 21.18 ± 2.89 def 10.12 ± 3.89 fg
MCP+Melaio × Day 88 26.46 ± 3.95 def 26.46 ± 3.95 def 16.27 ± 4.06 efg 15.69 ± 4.04 fg 23.57 ± 3.85 abcd 13.87 ± 3.75 defg
MCP+Melaio × Day 118 28.74 ± 2.94 bcd 28.74 ± 2.94 bcd 18.26 ± 3.35 de 18.53 ± 3.74 fg 25.29 ± 2.50 abc 14.98 ± 3.29 cdef
MCP+Melaio × Day 146 27.55 ± 2.52 bcde 27.55 ± 2.52 bcde 20.64 ± 3.87 bcd 17.31 ± 3.08 fg 25.57 ± 2.73 ab 17.40 ± 4.22 bcd

Significance *** *** *** *** *** ***
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Figure 2. Evolution of CIE L* a* b* skin color coordinates on the blushed and unblushed sides
of ‘Annurca’ apples during cold storage. The figure displays the changes in (A) a* value (redness),
(B) b* value (yellowness), and (C) L* value (lightness) over a 146-day period. Fruits were managed
with one of three postharvest treatments: traditional reddening (Melaio), 1-MCP application (MCP),
or 1-MCP application followed by traditional reddening (MCP+Melaio). Within each time point,
different letters denote statistically significant differences among all treatment and side combinations
(p ≤ 0.05).

Skin lightness (L* value) decreased over time in all treatments, signifying a darkening
of the fruit skin during storage (Figure 2C). A sharp drop in the L* value was observed be-
tween the first and second measurement dates. Overall, the MCP-treated fruit consistently
maintained a significantly higher L* value compared to the other two treatments, meaning
they were lighter in color (Table 2). The Melaio and MCP+Melaio treatments resulted in
darker fruit, and their L* values were statistically similar for most of the storage period.

To further interpret these color changes, the hue angle and chroma were calculated,
and both were significantly affected by the treatment, storage time, and their interac-
tion (Supplementary Table S1, Supplementary Figure S1). The hue angle revealed distinct
differences among the treatments. On average, fruit from the Melaio and MCP+Melaio
treatments had significantly lower hue angles than the MCP treatment on both the blushed
and unblushed sides. This indicates a color profile closer to a pure red for the tradition-
ally reddened fruit (Supplementary Table S1). In contrast, the higher hue angle resulting
from the MCP treatment, particularly on the unblushed side, denotes a more orange-
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yellowish tone (Supplementary Figure S1A). Similarly, chroma, which represents color
saturation or intensity, was significantly impacted by the postharvest strategy. The MCP
apples developed a significantly higher average chroma than those from the Melaio or
MCP+Melaio treatments, signifying that their skin color was more vivid and saturated
(Supplementary Table S1). While chroma generally increased during storage for all treat-
ments, the values for the MCP-treated fruit were consistently highest after the initial
measurement (Supplementary Figure S1B).

Taken together, these results show that while the traditional reddening process pro-
duces a purer red hue, the MCP treatment alone leads to the development of a more intense
and saturated, albeit more orange-toned, skin color.

The internal color of the fruit pulp was also analyzed (Supplementary Table S2).
Postharvest treatments significantly affected pulp lightness (L*) and yellowness (b*), but
not its a* value or hue angle. Specifically, the traditional Melaio treatment resulted in a
significantly more yellow pulp (higher b* value) compared to the treatments involving
1-MCP. Over the course of the storage period, the pulp generally became darker (lower L*)
and progressively more yellow, with the most pronounced changes occurring by the final
measurement at 146 days. A significant interaction between treatment and storage time
was only found for pulp lightness.

3.3. Post-Harvest Evolution of Skin Color Uniformity

To assess the homogeneity of skin color, the difference between the blushed and
unblushed sides of the apples was calculated for both redness (∆a*) and total perceptible
color (∆E*). The postharvest treatment had a highly significant effect on both of these
uniformity metrics (Table 3).

Table 3. Two-Way ANOVA results for skin color non-uniformity (∆a*
skin and ∆E*

skin). Differ-
ent letters within a column for each source of variation indicate significant differences (p ≤ 0.05).
Significance levels: ns (not significant) p > 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Source of Variation ∆a*
skin ∆E*

skin

Treatment (TRT)
Melaio 2.55 ± 1.88 b 5.18 ± 3.16 b
MCP 5.10 ± 4.84 a 12.23 ± 7.74 a

MCP+Melaio 2.58 ± 1.99 b 5.64 ± 3.25 b
Significance *** ***

Storage Time (ST)
Day 21 2.84 ± 2.89 a 5.87 ± 4.74 b
Day 48 3.44 ± 3.04 a 8.40 ± 6.01 ab
Day 88 4.07 ± 4.10 a 9.07 ± 6.80 a
Day 118 3.74 ± 3.92 a 7.96 ± 6.52 ab
Day 146 2.97 ± 2.90 a 7.15 ± 5.88 ab

Significance ns **
TRT x ST

Significance ns ns

The MCP treatment consistently resulted in fruit with significantly less uniform skin
color compared to the other two treatments. On average, the total color difference (∆E*) for
MCP-treated apples was more than double that of the Melaio and MCP+Melaio treatments
(12.23 vs. 5.18 and 5.64, respectively) (Table 3). This pronounced effect is clearly illustrated
in Figure 3, where the MCP treatment maintained a significantly higher ∆a* and ∆E*
throughout the entire 146-day storage period. In contrast, the Melaio and MCP+Melaio
treatments produced fruit with a much more uniform skin color, and these two treatments
were not statistically different from one another.
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Figure 3. Evolution of skin color non-uniformity in ‘Annurca’ apples during cold storage. The
figure displays (A) the difference in skin redness (∆a*) and (B) the total perceptible color difference
(∆E*) calculated between the blushed and unblushed sides of the fruit. Apples were managed with
one of three postharvest treatments: traditional reddening (Melaio), 1-MCP application (MCP), or
1-MCP application followed by traditional reddening (MCP+Melaio). Each point represents the
mean ± standard error. At each time point, different letters indicate significant differences among
treatments according to Tukey’s HSD test (p ≤ 0.05).

While the effect of treatment was the dominant factor, storage time had a significant,
albeit less pronounced, effect on the total color difference (∆E*), which tended to peak
in the middle of the storage period. No significant interaction between treatment and
storage time was detected, indicating that the MCP treatment consistently produced more
heterogeneous coloration regardless of the storage duration.

Beyond the differences in mean values, the postharvest treatments also had a profound
impact on the variability of color uniformity within each batch of fruit (Figure 4). The
MCP treatment consistently induced a much wider distribution in both ∆a* and ∆E* values
at every time point. This is evidenced by the larger interquartile ranges and the greater
frequency of outliers in the boxplots for the MCP group. Conversely, the Melaio and
MCP+Melaio treatments produced fruit with a consistently low degree of variation in
color uniformity. This indicates that while the MCP-only treatment can lead to a high
average difference between the blushed and unblushed sides, it does so inconsistently. The
inclusion of the traditional melaio reddening phase, therefore, leads to a more predictable
and homogeneous batch of fruit with respect to color uniformity.

To statistically confirm the observations on the variability of color uniformity, Levene’s
test for homogeneity of variance was performed at each measurement date. The results pro-
vide statistical evidence that the MCP treatment induced greater heteroscedasticity in color
non-uniformity compared to the treatments involving the melaio phase (Tables 4 and 5).
Crucially, no significant differences in variance were detected at the first measurement
on Day 21 for either ∆a* (p = 0.116) or ∆E* (p = 0.063). This indicates that, while apples
in each group may show different degrees of natural variation (e.g., exhibited individ-
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ual color uniformity values), the fruit batches were initially homogeneous in their color
uniformity. Subsequent differences in consistency during storage emerged because of the
postharvest treatments.

Figure 4. Distribution of skin color non-uniformity metrics for ‘Annurca’ apples over 146 days
of cold storage. The boxplots visualize the distribution of (A) the difference in skin redness (∆a*)
and (B) the total perceptible color difference (∆E*) between the blushed and unblushed fruit sides for
the three postharvest treatments. The horizontal line within each box represents the median, the box
boundaries represent the 25th and 75th percentiles, the whiskers extend to 1.5 times the interquartile
range, and individual points are outliers.

Table 4. Evaluation of the Homogeneity of Variance of ∆a*
skin. Significance levels: ns (not significant)

p > 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Storage Time Variance (Melaio) Variance (MCP) Variance (MCP+Melaio) p-Value Significance

Day 21 2.973 15.440 5.353 0.116 ns
Day 48 2.768 14.708 4.239 0.001 **
Day 88 3.765 37.973 3.624 0.001 ***

Day 118 4.854 35.276 3.848 0.301 ns
Day 146 3.337 16.018 2.066 0.001 **

Table 5. Evaluation of the Homogeneity of Variance of ∆E*
skin . Significance levels: ns (not significant)

p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Storage Time Variance (Melaio) Variance (MCP) Variance (MCP+Melaio) p-Value Significance

Day 21 7.051 39.995 8.469 0.063 ns
Day 48 11.783 41.641 14.483 0.011 *
Day 88 9.619 56.949 6.243 0.000 ***

Day 118 10.175 82.742 12.144 0.012 *
Day 146 11.638 61.996 11.181 0.008 **
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For the non-uniformity in redness (∆a*), the variance of the MCP group was con-
sistently and numerically much larger than the Melaio and MCP+Melaio groups. This
difference was statistically significant at 48, 88, and 146 days of storage (Table 4).

An even stronger effect was observed for the total color difference (∆E*). The variance
in the MCP group was dramatically higher than in the other two groups, and this difference
was statistically significant at every measurement point from day 48 onwards (Table 5).

These results formally confirm the visual evidence from Figure 4 the inclusion of the
traditional melaio reddening step, both with and without 1-MCP application, is critical for
producing a final product with a more consistent and homogeneous skin color distribution.

4. Discussion
The traditional postharvest reddening of the ‘Annurca’ apple in a melaio is the founda-

tion of its PGI designation, essential for developing its characteristic color and organoleptic
profile [7,9]. However, this process invariably leads to a loss of flesh firmness, creating
a conflict with modern consumer preference for crisp, crunchy apples [17]. This study
examined the dynamics of an integrated postharvest strategy designed to resolve this
quality trade-off. Our results demonstrate that the application of 1-MCP prior to the tradi-
tional reddening period (the MCP+Melaio treatment) is an effective strategy, successfully
uncoupling the desired skin color development from the detrimental textural degradation.

The flesh softening observed in the traditional Melaio treatment can be attributed
to a classic ethylene-mediated ripening response [23]. There is a large consensus that
1-MCP, by blocking ethylene perception at the receptor level, effectively preserves a high
degree of firmness throughout the reddening period and subsequent cold storage [24,25].
It is also necessary to mention that 1-MCP can block the signaling cascade that promotes
the expression of cell-wall-degrading enzymes [26] and upregulates key genes in the
anthocyanin biosynthesis pathway, thereby uncoupling textural degradation from color
development [27]. Both treatments involving 1-MCP (MCP and MCP+Melaio) maintained
significantly higher flesh firmness during the entire storage period compared to the tradi-
tional Melaio treatment. Interestingly, MCP-treated fruit exhibited higher firmness than
MCP+Melaio fruit only at the beginning and end of storage. This suggests that the inte-
grated strategy retained firmness comparable to MCP alone, confirming that the protective
effect of 1-MCP persists even when fruit is subsequently exposed to the field conditions
of the Melaio. The slight early softening observed in MCP+Melaio fruit may be linked to
the reddening phase, which involves higher temperature and light exposure, potentially
increasing metabolic activity and water loss. At the final stage, a partial recovery of ethylene
sensitivity or cumulative stress effects from the reddening period could explain the slightly
greater softening observed in MCP+Melaio apples despite prior 1-MCP treatment [28]. The
SSC/TA ratio and starch index trends further support the presence of a slowed ripening
process in 1-MCP-treated fruit. Melaio apples exhibited a rapid increase in SSC/TA and
faster starch hydrolysis, consistent with advanced ripening driven by ethylene activity. In
contrast, MCP and MCP+Melaio treatments maintained lower SSC/TA values and delayed
starch degradation throughout storage, indicating a strong inhibitory effect of 1-MCP on
internal ripening processes. Overall, the integrated strategy partially suppresses internal
ripening, indicating that the application of 1-MCP before melaio is effective in mitigating
the metabolic acceleration typically caused by field exposure.

A somewhat counter-intuitive finding was that the MCP-only treatment ultimately
achieved the highest overall red color intensity (a*) and Chroma, surpassing the other
treatments by a small yet significant margin, despite the melaio stage being specifically
designed to induce reddening in ‘Annurca’. However, in the commercial evaluation of
apples, skin color quantity is not synonymous with color quality. Consumer preference
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is strongly influenced not just by the intensity of the red blush, but also by its uniformity
and the harmony of the overall appearance [1–4]. For example, a fruit with an intense
but isolated red patch on a less-developed background may be perceived as ‘blotchy’ or
unevenly ripened, which can detract from its visual appeal [29].

The traditional process leverages strong ethylene-independent cues (i.e., light and
fluctuating temperature) which are known to directly activate the anthocyanin biosynthesis
pathway [30]. In contrast, the MCP-only fruit in cold storage lacked both the hormonal
trigger of ethylene and these strong environmental stimuli, resulting in a much slower and
less uniform coloration process. This outcome likely reflects an extended physiological
window for anthocyanin biosynthesis under slow, controlled ripening in cold storage.
The field conditions of the melaio, with fluctuating temperatures and high light, trigger a
more rapid, but ultimately self-limiting skin color production. The 1-MCP in cold storage
likely allows for greater final pigment accumulation because, by suppressing competing
ethylene-dependent ripening processes like cell wall softening, more metabolic precur-
sors (e.g., sugars, phenylpropanoids) are available to be channeled into the anthocyanin
pathway over a longer duration [31–33]. Consistent with this interpretation, the a* peak
in MCP fruit occurred later than in the other treatments, confirming a delayed yet more
sustained reddening process. In contrast, Melaio-only fruits reached an earlier peak in a*
but then plateaued or declined, likely due to faster senescence and metabolic exhaustion.
The b* dynamics provide additional insight. The higher b* values in MCP-only fruit reflect
a slower degradation of chlorophyll, which would otherwise unmask the yellow carotenoid
pigments, a process that is also partially ethylene-dependent [34]. At the beginning of
storage, MCP-only fruit showed higher b* values on the unblushed side compared to the
blushed side, reflecting the persistence of chlorophyll and carotenoids in shaded tissue.
This difference diminished over time as pigment degradation and anthocyanin accumu-
lation progressed, albeit more slowly than in treatments exposed to the reddening phase,
where early field conditions accelerated pigment transitions on both sides.

However, it is crucial to consider whether these statistically significant increases in
red intensity translate to a perceptually superior fruit. The science of colorimetry uses the
Total Color Difference (∆E*) metric to quantify how the human eye perceives differences
between two colors, with a ∆E* value greater than 3–5 generally considered to be a clear
and distinct difference [35].

When we analyze the color non-uniformity (i.e., the difference between the apple’s
own blushed and unblushed sides) the practical implications become clear. The MCP-
treated fruit exhibited an average ∆E* of over 12, a value indicating a strong contrast
between the two sides of the fruit. In contrast, the fruit from the Melaio and MCP+Melaio
treatments had a more moderate ∆E* of around 5.5. While this is still a clearly visible
difference, it implies a more harmonious and gradual transition between the colored and
background surfaces. Therefore, while the MCP treatment slightly maximized the quantity
of red skin color, it did so at the expense of aesthetic quality, creating a less visually
integrated appearance. We would like to propose that the traditional melaio process does
not simply generate color but rather optimizes it for a more uniform and perceptually
pleasing aesthetic outcome.

This distinction between color quantity and aesthetic quality highlights a critical
shortcoming of the MCP-only strategy and the value of the traditional melaio process.
Specifically, the highly variable and non-uniform coloration produced by the MCP-only
treatment, along with its more orange-toned hue, would likely be considered a quality
flaw for a premium product like the ‘Annurca’ apple. Moreover, the high variance in the
MCP-only group translates directly to commercial challenges: inconsistent product quality,
lower pack-out of premium-grade fruit, and increased sorting costs. This implies that the
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traditional practice of managing sun exposure and fruit rotation in the melaio is probably
irreplaceable. Our data not only provides the first quantitative evidence that this technique
successfully transforms a partially colored fruit at harvest into a uniformly and aesthetically
finished product but indicates that this level of quality cannot be replicated by chemical
intervention (1-MCP) alone.

Under this perspective, the efficacy of the integrated MCP+Melaio strategy becomes
evident. It leveraged the ethylene-inhibiting power of 1-MCP to preserve flesh firmness
at levels demanded by the modern consumer [3]. Simultaneously, by including the melaio
reddening phase, it achieved a higher color uniformity and the desirable, purer red hue
(i.e., lower hue angle) characteristic of the traditional process. This treatment effectively mit-
igates the high variability in color uniformity seen in the MCP-only fruit, likely leading to a
more commercially desirable product [36]. Despite its benefits, the proposed MCP+Melaio
strategy also has limitations. The 1-MCP treatment adds cost and logistical complexity to
the postharvest chain, requiring access to gas-tight facilities, a likely barrier for smaller
producers. Moreover, future research should include volatile profiling to understand the
effect of 1-MCP on biochemical aspects of maturation. Finally, follow-up studies should
focus on consumer sensory analysis to confirm the market preference for the uniform color
achieved by the MCP+Melaio treatment.

5. Conclusions
This study demonstrates that the quality trade-off between texture and color in ‘An-

nurca’ apples can be successfully managed through an integrated postharvest protocol.
Treating the apples with 1-MCP immediately after harvest effectively prevents the rapid
softening and over-ripening typically induced by the traditional melaio process. The sub-
sequent reddening period can then proceed to ensure the development of the uniform,
characteristic skin color required for the “Melannurca Campana” PGI designation. This
combined MCP+Melaio strategy offers a viable, science-based solution for the ‘Annurca’
apple industry, allowing it to preserve its unique traditions while adapting its product to
meet the textural expectations of today’s market. In a broader perspective, this work pro-
vides a strategic blueprint for preserving the unique identity of heritage cultivars without
genetic modification, demonstrating how targeted scientific intervention can enhance their
value and support their competitiveness in a globalized market [37].
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