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Abstract

This study investigated the dynamic changes in fruit color, texture and quality attributes
of blueberry cultivars during a 15-day postharvest storage period to provide theoreti-
cal insights for cultivar selection, postharvest preservation and commercial evaluation.
Phenotypic and quality traits, including color parameters (CIE-Lab*), texture attributes
(Note: hardness represents firmness and is an indicator in the Brookfield’s texture ana-
lyzer), adhesive force and physicochemical indices, were systematically analyzed using
a colorimeter, texture analyzer and conventional methods. Principal component analysis
(PCA) and cluster analysis were applied to evaluate postharvest performance. Southern
highbush cultivars, including ‘EB 9-2’, ‘Meadowlark’, ‘Primadonna’, ‘Eureka’ and ‘Camel-
lia’, exhibited superior comprehensive quality, characterized by small fruit shape index,
minimal scar sizes and stable hardness dynamics. During the storage period, ‘Legacy’
demonstrated optimal color stability (∆E < 3.5 from days 0–15), while ‘EB 9-2’ showed the
most significant hardness increase. Scar size, fruit shape index and flesh elasticity were
identified as key indicators for analyzing shelf-life hardness variations, offering scientific
guidance for cultivar selection and postharvest management.

Keywords: Vaccinium corymbosum L.; sensory attributes; shelf-life; visual quality; rheologi-
cal properties

1. Introduction
Blueberries (Vaccinium spp.), as berry crops with high nutritional and economic

value, have become a pivotal component of the global agricultural product trade, with
their industrial scale and market influence experiencing explosive growth over the past
two decades. According to data from the IBO 2024 report (http://www.THEIBO.org, ac-
cessed on 4 December 2024), the global total blueberry yield has exceeded 1.7823 million
tonnes, of which 71% is consumed as fresh fruit and 29% for processing—representing
a nearly 250% increase in total yield over ten years. In terms of trade flows, the global
blueberry trade exhibits the characteristics of ‘Core producing regions leverage climatic
differences to achieve staggered maturity periods, enabling nearly year-round supply of
blueberries’. Fresh blueberry trade primarily relies on a combination of short-distance
air transportation and long-distance maritime shipping, with the United States, the
European Union and China as the three major consumer markets. According to Li’s
report [1], China’s fresh blueberry imports increased continuously from 2012, reaching
22,000 tonnes in 2019, followed by a fluctuating upward trend after 2020. After peaking
at 42,900 tonnes in 2022 (the highest in recent years), imports began to decline. The

Horticulturae 2025, 11, 1250 https://doi.org/10.3390/horticulturae11101250

https://doi.org/10.3390/horticulturae11101250
https://doi.org/10.3390/horticulturae11101250
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0001-7492-6891
http://www.THEIBO.org
https://doi.org/10.3390/horticulturae11101250
https://www.mdpi.com/article/10.3390/horticulturae11101250?type=check_update&version=2


Horticulturae 2025, 11, 1250 2 of 18

primary driver of this decline is the early ripening of fresh blueberries from protected
cultivation in Yunnan and solar greenhouses in Liaoning, which fills the gap in China’s
fresh fruit market as early as February.

Consumer preference is the core driver of the blueberry industry’s development.
Consumer expectations for blueberry shelf life have shifted from ‘basic freshness’ to ‘stable
quality + extended shelf life’. In the South Korean market, despite competition from
cheaper imported blueberries, local consumers exhibit a stronger preference for fresher
domestic blueberries. Both global and domestic industry reports confirm that the returns
on high-quality blueberries are substantial, with the high-end market willing to pay a
premium for such products. Shelf life refers to the duration during which fruit retain
safety, sensory appeal and physicochemical integrity under recommended conditions after
harvest or storage [2]. Postharvest performance directly impacts consumer preference and
market competitiveness.

Postharvest research has predominantly focused on preservation techniques in-
volving exogenous treatments [3]. Existing studies have identified storage temperature,
relative humidity and gas atmosphere as core factors affecting blueberry shelf-life
quality, and preliminary insights have been gained into the regulatory mechanisms
of different storage conditions on fruit physiological metabolism and quality changes.
Angeletti [4] focused on two highbush blueberry cultivars, ‘O’Neal’ and ‘Bluecrop’,
investigating the regulatory effect of preharvest calcium application on fruit firmness.
The study confirmed that preharvest calcium treatment significantly increased firmness
in ‘O’Neal’ compared to the control; in contrast, ‘Bluecrop’ showed no significant firm-
ness difference from the control on the harvest day, but, after 23 days of storage at 2 ◦C,
both cultivars exhibited significantly higher firmness under calcium treatment than the
control. The research emphasized the benefits of preharvest calcium fertilization for
blueberry storage. Srivastava [5] noted that storage at −20 ◦C inhibited the degradation
of total polyphenols and total anthocyanins in ‘Tifblue’ and ‘Powderblue’ blueberries; in
contrast, significant degradation of these compounds occurred after 15 days of storage
at 23 ◦C and 35 ◦C. Therefore, refrigeration or freezing minimizes adverse effects on
total polyphenols and total anthocyanins in blueberry fruit. Paniagua [6] explored
the correlation between air flow rate, weight loss and firmness changes in postharvest
‘Centurion’ rabbiteye blueberries by modifying storage air flow rates. They found
that faster air flow resulted in greater weight loss and more rapid firmness decline.
Intriguingly, independent of air flow rate and storage duration, ‘Centurion’ berries
exhibited a ‘firming increase phenomenon’ when weight loss was below 1.34%, whereas
softening occurred when weight loss exceeded 3.47%. Additionally, magnetic resonance
imaging (MRI) revealed that water loss primarily occurred in the epidermal layer at low
weight loss; at high weight loss, mesocarp cells shrank due to dehydration, leading to
increased intercellular spaces.

Dragisić [7] investigated mid- and late-season blueberry cultivars ‘Bluecrop’ and
‘Liberty’ under regular atmosphere (RA) and modified-atmosphere packaging (MAP)
during 30 d storage at 2 ◦C, revealing significant varietal divergence in firmness decay,
where crisp-fleshed ‘Liberty’ exhibited higher initial firmness (428 g) versus soft-fleshed
‘Bluecrop’ (296 g), with MAP significantly enhancing quality preservation in ‘Bluecrop’
through superior Total Quality Index (TQI) and 13% higher sugar retention compared
to RA, whereas conversely inhibiting quality retention in ‘Liberty’, demonstrating
that MAP applicability cannot be universally assumed for long-term storage and ne-
cessitating precision postharvest technologies aligned with cultivar-specific traits to
optimize shelf-life extension and distribution logistics and, similarly, necessitating
systematic analysis of phenotypic dynamics to refine postharvest logistics and preser-
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vation strategies. Harb [8] reported that excessively high CO2 concentrations induce
texture deterioration and flavor abnormalities in blueberries, but the cultivar-specific
CO2 tolerance thresholds remain unclear. Precise postharvest treatment technologies
tailored to cultivar characteristics are therefore required to extend shelf life, necessitat-
ing systematic analysis of phenotypic dynamics to optimize postharvest logistics and
preservation strategies.

As consumer demands for commercial traits continue to rise, blueberry shelf-life
quality evaluation has evolved from ‘single-index assessment’ to ‘multi-dimensional com-
prehensive evaluation’. Texture, color and functional components are core evaluation
indicators. Accurate assessment of fruit phenotypic traits and postharvest phenotypic
changes across blueberry cultivars is of great value to both breeders and consumers.

In terms of texture evaluation, traditional studies have primarily used Texture Ana-
lyzers for compression testing. Rivera [9] used two blueberry cultivars, ‘Nui’ and ‘Rahi’,
harvested at three maturity stages, to investigate texture changes under different storage
technologies and MAP treatments. They identified hardness slope and skin break slope
as indicators capable of distinguishing harvest maturity and storage technology, which
could also detect fruit softening and firming during storage. While this study advanced
the blueberry texture evaluation system, it did not address the mechanistic link between
texture changes and cellular microstructure. Li [10] employed Optical Coherence Tomog-
raphy (OCT) to nondestructively assess mesocarp microstructure in stored berries. They
found that the thickness of the top two epidermal cell layers increased with weight loss
due to moisture depletion, and this thickness exhibited a linear Pearson correlation with
TPA parameters of blueberries. However, the high equipment cost of this technology
limits its application in industrial practice. The CIE Lab color space is a widely used color
evaluation method. Jimenes [11] found that ‘Snowchaser’ blueberries maintained stable
peel color (unchanged L* and b*, minimal a* variation) under 22 ◦C and 60% relative
humidity, with a 6-day maximum shelf life. Cesa [12] reported that the hue angle (hab) in
the CIELAB color space is negatively correlated with total anthocyanin content and closely
associated with the ratio of different anthocyanins, making it a viable indirect indicator of
anthocyanin changes.

The fresh blueberry industry still faces significant challenges in accurately evaluat-
ing inter-cultivar differences and optimizing cultivation management and postharvest
treatments to maintain quality stability based on inherent cultivar traits. This study
focuses on 24 blueberry cultivars, including southern highbush, northern highbush and
their hybrids. To eliminate the interference of environmental variables on inter-cultivar
quality comparisons, comprehensive quality evaluations were conducted under uni-
form cultivation and laboratory conditions. During a 15-day shelf life at a consistent
refrigeration temperature of 4 ◦C, postharvest quality indicators related to commercial
value—including soluble solids content, color and fruit texture—were compared across
cultivars. Dynamic changes in these parameters during the 15-day postharvest period
were analyzed. By comparing textural trait differences among multiple cultivars, evalua-
tions of both fresh fruit and shelf-life fruit (in terms of color and texture) were conducted,
aiming to provide a reference for commercial value analysis based on phenotypic and
textural traits.

2. Materials and Methods
2.1. Plant Materials and Sampling

Twenty-four highbush blueberry cultivars grown in greenhouses at the Small Fruits
Demonstration Area of the Liaoning Institute of Pomology (Yingkou City, Liaoning
Province, China) in 2024 were used as materials (Table 1). The greenhouses are located
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within the Small Fruits Demonstration area, equipped with integrated water and fertilizer
machines, and operated under the same management mode. All indoor experiments of
this study were conducted at the Key Laboratory of Small Fruits Genetic Improvement
and High-Efficiency Cultivation (both Ministry of Agriculture and Rural Affairs and Liaon-
ing Province) and the Key Laboratory of Northern Fruit Tree Resources and Breeding
(Liaoning Province).

Table 1. Cultivars’ name and corresponding code.

Cultivars Code Types Cultivars Code Types

Eureka 1

Southern
highbush

Jewel 13

Southern highbush

Star 2 EB 9-2 14
Emerald 3 Meadowlark 15
Camellia 4 Primadonna 16
Farthing 5 Eureka Sunrise 17

Springhigh 6 C99-42 (Kirra) 18
Eureka Sunset 7 Misty 19

Windsor 8 Rocio 20
Scintilla 9 Legacy 21
Suziblue 10 Unknown 22 Northern highbush
Ventura 11 Gulfcoast 23

Magnifica 12 Liaolan 513 24 Southern × Northern highbush hybird

Fruit were harvested from plants with a ripeness level of 50% [13]. Only fruit with
proper shape, uniform size and uniform maturity, without pests, diseases and mechanical
damage were selected and transferred to the laboratory. Fruit with pinkish stem scars
were manually sorted out, while those showing an overall blue-purple color visible to
the naked eye were retained. The measurements were taken at day 0, day 5, day 10
and day 15 of picking, under the refrigerated condition of 4 ◦C ± 1 ◦C. The classification
criteria for southern highbush blueberries and northern highbush blueberries refer to Li [14]
and Gu, et al. [15].

2.2. Experimental Instruments and Methods

Average single-fruit weight was measured using an electronic balance (PL602-L PL-L
Mettler Toledo, Greifensee, Switzerland), while scar size was determined with a vernier
caliper (0–150 mm, Delixi Electric, Yueqing, China). Total soluble solids content was
analyzed using a digital refractometer (PR-100, Atago, Tokyo, Japan). Total acid con-
tent was determined by NaOH titration. Fruit color was quantified using a portable
colorimeter (CM-700d/600d, Konica Minolta, Tokyo, Japan), and texture parameters were
assessed via a texture analyzer (TA. XT Plus, Brookfield, Middleboro, MA, USA) with a
TA25/1000 cylindrical probe (50.8 mm diameter). The fruit shape index was calculated as
the ratio of longitudinal to transverse diameter. Fruit shape index = longitudinal diame-
ter/transverse diameter. Triplicate analysis was performed, and each replicate randomly
selected 10 berries were used for each trait and duration.

2.3. Experimental Procedures
2.3.1. Colorimetric Analysis

For each cultivar, 10 fruits were selected as one measurement group, with three
replicates performed (i.e., three groups in total per cultivar, 10 fruits per group). Fruit
color was measured using a calibrated colorimeter. The measurement methods were as
follows: two non-overlapping points were selected only on the equatorial region of each
fruit, and the calyx scar area was avoided to ensure the accuracy and representativeness of
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the measurement results. Color values (L: lightness; a: red–green axis; b: yellow–blue axis)
were averaged for each fruit, following the CIE-Lab system [16]. Total color difference is a
key indicator for evaluating the ripeness, freshness and processing suitability of blueberries.
Total color difference (∆E) was calculated as follows:

∆E =
√

[(L* − L 0)
2 + (a* − a 0)

2 + (b* − b 0)
2] (1)

where L0, a0 and b0 represent initial values.

2.3.2. Texture Profile Analysis (TPA)

The parameter of TPA was adapted from Liu et al. [17]: pre-test speed = 5 mm/s, test
speed = 2 mm/s, post-test speed = 2 mm/s, deformation = 25% and trigger force = 5.0 g.
Ten fruits per replicate (three replicates total) were analyzed.

2.4. Statistical Analysis

The raw experimental data were recorded, organized and compiled using Microsoft
Excel 2021. Statistical analysis and graphing of the data were performed using SPSS 26.0
and Origin 2024, respectively. The data were validated via one-way analysis of variance
(ANOVA) and Levene’s test. Based on the establishment of homogeneous variances, pair-
wise comparisons among all the treatment groups were conducted using Tukey’s post hoc
test. The final analytical results were presented in tables or figures, with significant differ-
ences between groups marked: different lowercase letters indicate significant differences
among groups (p < 0.05), while the same lowercase letters indicate no significant difference
between groups.

3. Results
3.1. Fruit Characteristics of Blueberry Cultivars at Harvest

Quality indices of 24 cultivars are summarized in Table 2. Fruit transverse and longitu-
dinal diameters ranged from 13.93 to 22.19 mm and 10.78 to 17.09 mm, respectively. Cultivar
1 (‘Eureka’) exhibited the largest transverse (22.19 mm) and longitudinal (17.09 mm) diam-
eters, showing no significant difference with cultivars 4, 9 and 21 in transverse diameter
but differing significantly from others. Longitudinal diameters of cultivars 4, 6, 11, 15 and
16 were statistically comparable to ‘Eureka’ but significantly different from other cultivars.
Cultivar 22 had the smallest dimensions. Fruit shape index ranged from 0.69 to 1.02, with
only cultivar 16 being spherical (index = 1.02). Single fruit weights varied between 2.01
and 4.21 g, with ‘Eureka’ (4.21 g) and cultivar 4 (4.13 g) being the heaviest. Scar sizes
ranged from 1.36 to 3.32 mm, with cultivar 22 having the smallest scar (<2.00 mm in six
cultivars: 1, 5, 6, 17, 19 and 21). SSC values spanned 9.27–17.63%, with cultivar 19 showing
the highest content.

Fruit hardness ranged from 7.19 to 27.65 N (Table 3), with cultivars 18, 21 and 4 exceed-
ing 20 N, while cultivar 16 exhibited the lowest value. Adhesive force and cohesiveness
varied between 1.87 and 9.73 g, and 0.05 and 0.21, respectively. Springiness, reflecting the
recoverable height between the first and second compression cycles during texture profile
analysis (TPA), was highest in cultivar 16 (7.67 mm). The remaining 23 cultivars showed
significantly lower springiness (2.02–3.86 mm). Gumminess and chewiness ranged from
0.71 to 3.83 N and 1.50 to 13.19 mJ, respectively.
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Table 2. Comparative analysis of fruit traits in blueberry cultivars.

Code Fruit Transverse
Diameter (mm)

Fruit
Longitudinal

Diameter (mm)

Fruit Shape
Index (%)

Single Fruit
Weight (g) Scar Size (mm) Soluble Solid

Content (%)
Titratable

Acidity (mg/g)

1 22.19 ± 1.09 a 17.09 ± 0.77 a 0.77 ± 0.03 defgh 4.21 ± 0.37 a 1.45 ± 0.18 hi 10.62 ± 0.18 fghi 5.83 ± 0.14 gh

2 17.24 ± 0.36 hij 13.79 ± 0.42 efg 0.80 ± 0.01 bcdefgh 2.44 ± 0.18 efgh 2.41 ± 0.26 cde 10.63 ± 0.37 fghi 5.46 ± 0.27 h

3 17.89 ± 0.44 efghi 14.31 ± 0.35 def 0.80 ± 0.00 bcdefgh 2.84 ± 0.22 defg 2.07 ± 0.02 defg 10.57 ± 0.35 ghi 6.39 ± 0.22 efg

4 21.42 ± 0.84 ab 15.75 ± 0.29 abcd 0.74 ± 0.02 ghi 4.13 ± 0.18 a 2.36 ± 0.39 cde 11.87 ± 0.35 efgh 8.70 ± 0.27 c

5 18.25 ± 0.37 defghi 13.65 ± 0.58 efg 0.75 ± 0.02 fghi 2.57 ± 0.16 efgh 1.68 ± 0.08 ghi 13.53 ± 1.19 cde 7.45 ± 0.26 d

6 19.58 ± 0.36 bcdefg 16.38 ± 0.41 ab 0.84 ± 0.01 bcdef 3.67 ± 0.14 abc 1.91 ± 0.03 efgh 10.63 ± 0.41 fghi 5.21 ± 0.10 hi

7 19.84 ± 0.52 bcdef 15.02 ± 0.46 bcde 0.76 ± 0.01 efghi 3.29 ± 0.19 bcd 2.39 ± 0.23 cde 12.5 ± 1.06 cdefg 4.64 ± 0.21 ij

8 17.47 ± 0.48 ghij 13.72 ± 0.24 efg 0.79 ± 0.01 cdefgh 2.52 ± 0.19 efgh 3.25 ± 0.15 ab 11.70 ± 0.47 fgh 7.04 ± 0.21 de

9 20.21 ± 0.57 abc 14.61 ± 0.68 cdef 0.72 ± 0.01 hi 3.30 ± 0.33 bcd 2.09 ± 0.02 defg 13.03 ± 0.23 cde 5.72 ± 0.17 gh

10 18.89 ± 0.89 cdefgh 14.73 ± 0.29 cde 0.78 ± 0.04 cdefgh 3.10 ± 0.28 cde 2.50 ± 0.09 cd 12.80 ± 1.27 cdefg 4.27 ± 0.25 jk

11 18.52 ± 0.92 defgh 16.21 ± 1.04 abc 0.88 ± 0.04 b 3.11 ± 0.32 cde 3.32 ± 0.19 a 9.27 ± 0.27 i 10.05 ± 0.47 a

12 18.26 ± 0.28 defghi 13.62 ± 0.24 efg 0.75 ± 0.02 ghi 2.62 ± 0.07 defgh 2.82 ± 0.14 bc 14.33 ± 0.86 bcd 4.04 ± 0.42 jk

13 16.15 ± 0.14 ijk 13.81 ± 0.64 efg 0.86 ± 0.05 bcd 2.19 ± 0.13 gh 2.57 ± 0.16 cd 10.37 ± 1.04 hi 9.37 ± 0.17 b

14 17.70 ± 0.66 fghi 15.26 ± 0.54 bcde 0.86 ± 0.01 bc 2.91 ± 0.37 def 2.14 ± 0.03 defg 12.00 ± 0.32 defgh 3.59 ± 0.16 kl

15 19.96 ± 0.12 bcde 16.22 ± 0.17 abc 0.81 ± 0.01 bcdefg 3.70 ± 0.14 abc 2.11 ± 0.20 defg 11.20 ± 0.40 efghi 3.23 ± 0.03 l

16 15.49 ± 0.28 jk 15.85 ± 0.52 abcd 1.02 ± 0.03 a 2.11 ± 0.07 h 2.08 ± 0.14 defg 12.4 ± 1.25 cdefgh 4.18 ± 0.04 jk

17 17.77 ± 0.81 fghi 14.31 ± 0.28 def 0.81 ± 0.02 bcdefgh 2.48 ± 0.26 efgh 1.56 ± 0.22 hi 11.23 ± 0.74 efghi 4.55 ± 0.16 ij

18 18.28 ± 0.89 defghi 12.52 ± 0.75 ghi 0.69 ± 0.02 i 2.27 ± 0.19 fgh 2.09 ± 0.08 defg 12.33 ± 0.52 defgh 6.26 ± 0.06 fg

19 14.73 ± 1.07 kl 11.34 ± 0.58 ig 0.77 ± 0.04 cdefgh 2.20 ± 0.06 fgh 1.75 ± 0.19 fghi 17.63 ± 0.15 a 7.52 ± 0.22 d

20 17.34 ± 1.01 hij 14.56 ± 0.27 def 0.84 ± 0.04 bcde 2.66 ± 0.34 defgh 2.27 ± 0.07 cde 14.3 ± 0.57 bcd 8.50 ± 0.23 c

21 20.85 ± 0.14 abc 15.10 ± 0.09 bcde 0.72 ± 0.01 ghi 3.93 ± 0.04 ab 1.77 ± 0.03 fghi 14.73 ± 0.47 bc 4.42 ± 0.16 j

22 13.39 ± 0.98 l 10.78 ± 0.13 j 0.81 ± 0.05 bcdefgh 2.01 ± 0.11 h 1.36 ± 0.06 i 13 ± 0.81 cdef 4.50 ± 0.24 j

23 15.49 ± 0.18 jk 11.68 ± 0.36 hij 0.76 ± 0.03 efghi 2.36 ± 0.14 fgh 2.37 ± 0.12 cde 16.23 ± 0.33 ab 6.69 ± 0.16 ef

24 15.49 ± 0.13 jk 13.03 ± 0.25 fgh 0.84 ± 0.02 bcde 2.16 ± 0.05 gh 2.24 ± 0.05 def 13.5 ± 1.01 cde 5.39 ± 0.16 h

Note: Different letters indicate significant differences in the same column; p < 0.05.

Table 3. Comparative analysis of fruit texture of blueberry cultivars.

Code Hardness (N) Adhesive Force (g) Cohesiveness Springiness (mm) Gumminess (N) Chewiness (mJ)

1 18.19 ± 0.61 cde 5.63 ± 1.58 bcd 0.19 ± 0.01 ab 3.86 ± 0.06 b 3.48 ± 0.39 a 13.17 ± 1.51 a

2 11.99 ± 0.37 efgh 4.27 ± 0.15 bcde 0.12 ± 0.01 cdefg 3.41 ± 0.12 b 1.39 ± 0.11 ef 4.71 ± 0.59 efgh

3 16.77 ± 2.40 cdef 4.13 ± 0.19 bcde 0.08 ± 0.01 fgh 2.65 ± 0.02 b 1.36 ± 0.07 ef 3.53 ± 0.19 fgh

4 20.03 ± 2.10 bc 5.40 ± 0.58 bcde 0.19 ± 0.01 ab 2.91 ± 0.06 b 3.83 ± 0.51 a 11.52 ± 1.33 abc

5 17.78 ± 0.39 cde 1.87 ± 0.48 e 0.09 ± 0.01 fgh 3.14 ± 0.25 b 1.65 ± 0.24 def 5.12 ± 0.95 defgh

6 13.94 ± 1.60 cdefg 6.90 ± 1.22 ab 0.12 ± 0.01 cdefg 3.70 ± 0.19 b 1.67 ± 0.04 def 6.06 ± 0.29 defgh

7 15.51 ± 1.66 cdefg 4.93 ± 0.23 bcde 0.14 ± 0.02 bcd 2.86 ± 0.26 b 2.23 ± 0.50 cde 6.00 ± 0.70 defgh

8 16.53 ± 2.36 cdef 6.73 ± 2.11 abc 0.11 ± 0.02 defg 3.29 ± 0.18 b 1.74 ± 0.12 def 5.58 ± 0.19 defgh

9 10.13 ± 1.84 gh 9.73 ± 1.39 a 0.10 ± 0.01 defg 2.63 ± 0.17 b 1.04 ± 0.18 f 2.71 ± 0.57 fgh

10 14.95 ± 0.94 cdefg 3.03 ± 0.42 de 0.14 ± 0.01 bcd 3.51 ± 0.31 b 2.17 ± 0.19 cde 7.49 ± 0.77 bcdefg

11 10.96 ± 0.61 fgh 3.43 ± 0.23 bcde 0.11 ± 0.00 defg 2.89 ± 0.22 b 1.23 ± 0.12 ef 3.56 ± 0.65 fgh

12 16.83 ± 2.27 cdef 5.50 ± 0.56 bcd 0.10 ± 0.00 efg 2.86 ± 0.22 b 1.57 ± 0.16 def 4.46 ± 0.78 efgh

13 11.28 ± 1.24 fgh 3.07 ± 0.13 de 0.11 ± 0.00 defg 3.33 ± 0.12 b 1.23 ± 0.15 ef 3.99 ± 0.50 fgh

14 13.67 ± 0.68 defg 4.93 ± 0.58 bcde 0.21 ± 0.02 a 3.76 ± 0.14 b 2.86 ± 0.22 abc 9.95 ± 1.75 abcd

15 19.96 ± 2.06 bc 3.17 ± 0.20 cde 0.19 ± 0.01 ab 3.56 ± 0.08 b 3.77 ± 0.54 a 13.19 ± 2.11 a

16 7.19 ± 0.71 h 4.37 ± 0.07 bcde 0.10 ± 0.01 efg 7.67 ± 4.57 a 0.71 ± 0.13 f 6.45 ± 4.62 defgh

17 18.99 ± 1.39 bcd 5.07 ± 1.03 bcde 0.13 ± 0.01 cdef 3.14 ± 0.13 b 2.47 ± 0.28 bcd 7.67 ± 1.15 bcdef

18 27.65 ± 4.20 a 5.27 ± 1.22 bcde 0.13 ± 0.03 cdef 3.67 ± 0.26 b 3.38 ± 0.33 ab 12.26 ± 1.77 ab

19 15.77 ± 2.46 cdefg 9.13 ± 3.29 a 0.05 ± 0.01 h 2.02 ± 0.21 b 0.74 ± 0.12 f 1.50 ± 0.37 h

20 13.56 ± 2.83 defg 4.77 ± 0.18 bcde 0.11 ± 0.02 defg 3.26 ± 0.11 b 1.46 ± 0.38 ef 4.72 ± 1.31 efgh

21 24.18 ± 1.16 ab 5.17 ± 0.22 bcde 0.12 ± 0.00 cdefg 3.07 ± 0.10 b 3.02 ± 0.18 abc 9.07 ± 0.56 abcde

22 14.87 ± 2.09 cdefg 3.07 ± 0.07 de 0.08 ± 0.01 gh 2.27 ± 0.24 b 1.11 ± 0.06 f 2.50 ± 0.39 gh

23 13.33 ± 1.80 defg 3.17 ± 0.77 cde 0.16 ± 0.01 bc 3.48 ± 0.28 b 2.20 ± 0.38 cde 7.30 ± 0.89 cdefg

24 15.53 ± 0.71 cdefg 2.93 ± 0.07 de 0.21 ± 0.04 a 3.71 ± 0.17 b 3.29 ± 0.68 ab 12.16 ± 2.92 ab

Note: Different letters indicate significant differences in the same column; p < 0.05.

3.2. Color Evaluation During Blueberry Postharvest Period

The L* value quantifies lightness (0 = pure black; 100 = pure white). According to
Table 4, cultivar 12 exhibited the highest L* value (visually perceived as bluish-white),
showing no significant difference with cultivars 3, 9 and 14 but differing markedly from
others. The a* (green–red axis) was positive (redness-dominant) in all cultivars, with
cultivar 13 displaying the highest a* (0.75), likely due to slight pink pigmentation near
the calyx. The b* (blue–yellow axis) minimally influenced visual perception of berry color.
Cultivar 17 showed comparable b* to cultivars 1 and 10 but differed significantly from the
remaining 20 cultivars.
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Table 4. Analysis of fruit color among blueberry cultivars.

Code L* a* b*

1 36.03 ± 1.11 ghi −0.56 ± 0.14 cdefgh −6.16 ± 0.75 abc

2 37.67 ± 1.75 efghi 0.14 ± 0.17 b −7.56 ± 0.64 cdefgh

3 45.63 ± 1.63 abc −0.52 ± 0.03 bcdefgh −7.52 ± 0.34 cdefgh

4 43.76 ± 0.73 bcde −1.03 ± 0.28 hi −8.73 ± 0.63 fgh

5 41.61 ± 2.02 cdef −0.05 ± 0.03 bcde −7.73 ± 0.53 cdefgh

6 39.20 ± 0.94 efghi −0.42 ± 0.12 bcdefgh −7.01 ± 0.36 bcdef

7 39.00 ± 2.57 efghi −0.56 ± 0.19 cdefgh −6.23 ± 0.84 abcd

8 36.32 ± 1.01 fghi −0.07 ± 0.10 bcde −6.69 ± 0.53 bcde

9 48.17 ± 2.14 ab −0.78 ± 0.33 fgh −7.60 ± 0.30 cdefgh

10 36.65 ± 1.49 fghi −0.30 ± 0.28 bcdefg −5.57 ± 0.49 ab

11 43.89 ± 0.08 bcde −0.91 ± 0.07 gh −9.16 ± 0.43 h

12 48.47 ± 0.87 a −0.71 ± 0.03 efgh −8.52 ± 0.42 efgh

13 34.85 ± 2.29 hi 0.75 ± 0.30 a −6.85 ± 0.71 bcdef

14 45.02 ± 0.89 abcd −1.53 ± 0.08 i −8.94 ± 0.27 gh

15 40.23 ± 1.19 efgh −0.76 ± 0.34 fgh −8.34 ± 0.59 efgh

16 40.10 ± 1.55 efgh −0.68 ± 0.33 defgh −6.66 ± 0.80 bcde

17 33.06 ± 1.75 i −0.11 ± 0.11 bcdef −4.59 ± 0.70 a

18 38.66 ± 0.68 efghi −0.56 ± 0.18 cdefgh −7.70 ± 0.51 cdefgh

19 40.97 ± 0.85 defg −0.53 ± 0.04 bcdefgh −7.96 ± 0.34 cdefgh

20 39.78 ± 1.29 efgh −0.41 ± 0.07 bcdefgh −7.83 ± 0.68 cdefgh

21 42.21 ± 0.76 cdef −1.02 ± 0.08 hi −7.05 ± 0.33 bcdefg

22 35.72 ± 1.33 ghi 0.09 ± 0.18 bc −7.17 ± 0.39 bcdefg

23 42.12 ± 0.98 cdef −0.01 ± 0.34 bcd −8.06 ± 0.37 defgh

24 40.47 ± 1.07 defgh −0.32 ± 0.20 bcdefg −7.05 ± 0.68 bcdefg

Note: Different letters indicate significant differences in the same column; p < 0.05.

As shown in Figure 1, the L* (lightness) of all 24 blueberry cultivars declined progres-
sively over the 15-day postharvest storage period, ranging from 33.06 to 48.47. By day
15, the berries exhibited a significantly darker coloration compared to 0 d (harvest). At
harvest, mean a* (green–red axis) were negative, confirming full ripeness without residual
redness. No significant temporal trends in a* were observed during storage. Negative
b* (blue–yellow axis) indicated blue-dominant coloration, with higher absolute values
corresponding to deeper blue hues. Median b* increased slightly over time, suggesting a
gradual reduction in blue intensity.

Figure 1. Changes in CIE-Lab values during the postharvest period of blueberry. Note: * indicates
p < 0.05; ** indicates p < 0.01; ns indicates no significant difference.
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∆E (total color difference) served as a critical indicator of color stability. ∆E < 1.0
represents undetectable differences by instruments, while ∆E = 1.0–3.5 corresponds to
the perceptibility threshold for trained evaluators. ∆E > 3.5 denotes visually discernible
changes under standard quality criteria [18]. During 0–5 d, 13 cultivars 1, 2, 6, 7, 8, 9, 10, 12,
13, 14, 19, 21 and 24 maintained ∆E < 3.5, indicating acceptable color stability for consumer
preference (Table 5). By days 0–10, only eight cultivars (6, 7, 8, 9, 12, 18, 19 and 21) retained
∆E < 3.5, with cultivar 18 showing ∆E fluctuations (4.17 at days 0–5; 2.39 at days 0–10; 3.97
at 0–15 d). Notably, cultivar 21 was the sole cultivar maintaining ∆E < 3.5 throughout the
15 days. These findings suggest that 16 cultivars require short-distance distribution and
limited postharvest storage period (<10 d) to preserve color quality.

Table 5. Changes in total color difference during postharvest storage of blueberry cultivars.

Code
∆E

Code
∆E

(0–5 d) (0–10 d) (0–15 d) (5–10 d) (0–5 d) (0–10 d) (0–15 d) (5–10 d)

1 2.98 4.01 6.58 1.88 13 3.49 4.16 3.58 2.09
2 2.75 4.11 4.71 2.27 14 2.09 8.19 13.16 7.07
3 4.36 5.52 7.33 3.39 15 1.95 6.00 8.67 5.36
4 4.39 4.99 6.51 2.89 16 5.36 5.54 3.58 2.09
5 5.73 4.06 7.16 4.10 17 5.41 5.02 5.07 2.72
6 3.04 3.41 4.93 5.11 18 4.17 2.39 3.97 5.41
7 2.38 2.99 5.93 4.88 19 2.98 2.40 6.09 1.37
8 2.25 2.06 3.53 2.01 20 3.98 5.15 4.69 3.71
9 1.76 1.59 6.05 1.05 21 2.72 1.61 2.96 1.20
10 1.39 3.64 4.49 2.64 22 5.06 5.96 8.32 3.20
11 6.88 5.41 6.77 1.76 23 4.92 5.87 5.65 5.16
12 2.86 2.98 5.31 2.97 24 2.90 3.73 3.79 1.86

3.3. Flesh Hardness Evaluation During Postharvest Storage

Hardness exhibited a U-shaped trend during storage, declining significantly by 5 d
compared to 0 d (p < 0.05), followed by partial recovery at days 10 and 15 (Figure 2).
However, there was still an extremely significant difference in hardness between 15 d
and 0 d. (p < 0.01). Initial softening may relate to respiratory sugar depletion and cell
wall loosening, while later hardening likely reflects tissue dehydration and lignification.
Adhesive force, cohesiveness, springiness, gumminess and chewiness showed no significant
temporal variations, though cohesiveness decreased marginally.

Notably, cultivars 3, 6, 7, 10, 18 and 20 exhibited hardness reductions of 5.54%, 15.36%,
22.17%, 13.86%, 5.72% and 23.64%, respectively, by day 15. In contrast, cultivar 14 dis-
played a 119.93% hardness increase. Comparative analysis within cultivars revealed highly
significant differences (p < 0.01) between 0 d and 15 d for cultivars 4, 14, 21 and 22, while
cultivars 2 and 5 showed significant differences (p < 0.05) (Table 6).

Table 6. Changes in hardness during the postharvest storage.

Code 0 d 5 d 10 d 15 d
Change in Hardness at

the End of the
Postharvest %

1 18.19 ± 0.61 a 15.00 ± 0.24 a 14.30 ± 2.98 a 20.53 ± 1.88 a 12.85
2 11.99 ± 0.37 a 13.19 ± 1.95 ab 14.29 ± 0.95 ab 17.61 ± 0.64 b 46.87
3 16.77 ± 2.40 a 14.21 ± 0.66 a 14.76 ± 0.75 a 15.84 ± 0.41 a −5.54
4 20.03 ± 2.10 a 18.93 ± 1.04 a 21.12 ± 2.10 a 33.03 ± 1.13 b 64.89
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Table 6. Cont.

Code 0 d 5 d 10 d 15 d
Change in Hardness at

the End of the
Postharvest %

5 17.78 ± 0.39 a 14.19 ± 2.30 ab 18.84 ± 1.06 ab 21.14 ± 1.40 b 18.87
6 13.94 ± 1.60 a 12.64 ± 2.11 a 13.65 ± 2.53 a 11.80 ± 1.73 a −15.36
7 15.51 ± 1.66 a 10.91 ± 0.48 a 12.87 ± 0.75 a 12.07 ± 1.65 a −22.17
8 16.53 ± 2.36 a 11.15 ± 1.05 a 13.33 ± 1.02 a 16.82 ± 1.58 a 1.78
9 10.13 ± 1.84 a 10.40 ± 0.93 a 15.97 ± 2.28 a 13.30 ± 3.25 a 31.24

10 14.95 ± 0.94 a 11.15 ± 2.25 a 10.42 ± 0.51 a 12.88 ± 1.40 a −13.86
11 10.96 ± 0.61 a 11.70 ± 1.77 a 15.77 ± 2.11 a 18.72 ± 2.20 a 70.81
12 16.83 ± 2.27 a 13.22 ± 1.15 a 21.88 ± 3.82 a 19.69 ± 2.31 a 16.97
13 11.28 ± 1.24 a 10.66 ± 0.70 a 11.50 ± 1.07 a 12.20 ± 0.31 a 8.16
14 13.67 ± 0.68 a 17.19 ± 1.19 a 23.82 ± 3.90 ab 30.07 ± 2.35 b 119.93
15 19.96 ± 2.06 a 17.67 ± 1.66 a 29.45 ± 5.86 a 23.33 ± 4.79 a 16.93
16 7.19 ± 0.71 a 6.82 ± 1.13 a 8.70 ± 0.25 a 9.00 ± 1.80 a 25.14
17 18.99 ± 1.39 a 17.42 ± 3.88 a 19.14 ± 2.04 a 19.32 ± 3.03 a 1.75
18 27.65 ± 4.20 a 21.20 ± 3.89 a 21.33 ± 1.75 a 26.07 ± 3.68 a −5.72
19 15.77 ± 2.46 a 15.62 ± 0.54 a 18.15 ± 3.75 a 16.04 ± 1.31 a 1.71
20 13.56 ± 2.83 a 8.91 ± 0.44 a 12.15 ± 2.54 a 10.35 ± 1.19 a −23.64
21 24.18 ± 1.16 a 19.83 ± 1.48 a 25.03 ± 1.46 ab 33.12 ± 2.69 b 36.97
22 14.87 ± 2.09 a 17.14 ± 0.62 a 16.39 ± 2.71 a 26.73 ± 0.87 b 79.72
23 13.33 ± 1.80 a 19.98 ± 0.54 ab 20.05 ± 1.56 b 18.37 ± 1.26 b 37.76
24 15.53 ± 0.71 a 17.83 ± 0.37 a 19.31 ± 2.43 a 18.57 ± 0.59 a 19.56

Note: The change in hardness at the end of postharvest storage is the proportion of the difference between the
hardness at 15 d and the hardness at 0 d; different letters indicate significant differences in the same row; p < 0.05.

Figure 2. Changes in flesh texture during the postharvest storage of blueberries. Note: * indicates
<0.05; ** indicates <0.01; ns indicates no significant difference.
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3.4. Correlation Analysis of Fruit Quality Traits

Correlation analysis of 16 textural and quality parameters (Figure 3) revealed highly
significant positive correlations between fruit dimensions (transverse and longitudinal
diameters) and single fruit weight (r = 0.75–0.92, p < 0.01). Fruit shape index correlated
negatively with transverse diameter (r = −0.41, p < 0.05) and hardness (r = −0.67, p < 0.01)
but positively with springiness (r = 0.68, p < 0.01). Hardness showed strong positive
associations with gumminess (r = 0.69) and chewiness (r = 0.55). Color parameters exhibited
significant interdependencies: L* correlated negatively with a* (r = −0.67) and b* (r = −0.79),
while a* and b* showed positive correlation (r = 0.44, p < 0.05).

Figure 3. Correlation analysis of fruit quality indicators. Note: * indicates p < 0.05; ** indicates p < 0.01.
Abbreviations for each indicator are as follows: fruit transverse diameter: FTD; fruit longitudinal
diameter: FLD; fruit shape index: FSI; single fruit weight: SFW; scar size: SS; soluble solids content:
SSC; titratable acidity: TA; hardness: H; adhesive force: Adh; cohesiveness: Coh; springiness: Spr;
gumminess: Gum; chewiness: Chew; L: L*; a: a*; b: b*.

3.5. Principal Component Analysis and Comprehensive Evaluation

Principal component analysis (PCA) of 16 standardized textural and quality traits
yielded five components with eigenvalues >1, accounting for 83.38% cumulative variance
(Table 7). Component 1 (‘texture factor’) was dominated by cohesiveness, gumminess,
chewiness and hardness. Component 2 (‘appearance factor’) included transverse diameter,
longitudinal diameter and single-fruit weight (loadings: 0.307, 0.313 and 0.287). Compo-
nent 3 combined appearance and texture traits, with fruit shape index and cohesiveness
contributing most. Together, these three components explained 56.72% of variance. Com-
ponent 4 (‘color-SSC factor’) was driven by L* and soluble solids content (SSC), while
Component 5 (‘flavor factor’) exhibited strong negative loading for titratable acidity.
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Table 7. Principal component analysis of fruit traits of different blueberry cultivars.

Fruit Quality Index
Principal Component

PC1 PC2 PC3 PC4 PC5

L* (X1) −0.017 −0.009 0.018 0.376 −0.04
a* (X2) 0.012 −0.056 −0.079 −0.316 −0.236
b* (X3) −0.076 0.146 0.006 −0.38 0.137

Hardness (X4) 0.154 −0.042 −0.248 −0.049 0.037
Cohesiveness (X5) 0.287 −0.041 0.068 0.05 −0.045
Gumminess (X6) 0.288 −0.035 −0.082 0.002 −0.013
Chewiness (X7) 0.299 −0.047 0.026 0.004 0.038

Fruit transverse diameter (mm) (X8) −0.053 0.307 −0.107 −0.053 −0.027
Fruit longitudinal diameter (X9) −0.054 0.313 0.143 −0.031 −0.032

Single fruit weight (X10) −0.054 0.287 −0.075 −0.006 0.017
Scar size (X11) 0.039 0.006 0.026 0.094 −0.376

Soluble solid content (X12) −0.012 −0.236 −0.081 0.196 0.291
Fruit shape index (X13) −0.002 −0.016 0.362 0.034 0.019
Titratable acidity (X14) −0.028 0.032 −0.132 −0.031 −0.427
Adhesive force (X15) −0.299 0.19 −0.084 0.064 0.275

Springiness (X16) 0.07 −0.016 0.338 0.02 0.158

Eigenvalue 4.844 2.702 2.64 1.636 1.519
Contribution rate 20.156 20.112 16.455 15.265 11.394

Cumulative contribution rate 20.156 40.267 56.722 71.986 83.38

The comprehensive evaluation model derived from PCA is expressed as follows:

Y1 = −0.290X2 + 0.238X4 − 0.390X6 + 0.369X7 + 0.383X8 + 0.307X9 + 0.380X10 (2)

Y2 = −0.349X1 + 0.349X3 + 0.408X13 + 0.450X16 (3)

Y3 = 0.372X1 − 0.398X4 + 0.328X9 + 0.351X11 + 0.349X13 (4)

Y4 = 0.426X3 + 0.408X15 (5)

Y5 = 0.412X2 + 0.513X14 (6)

Y = 0.242Y1 + 0.241Y2 + 0.197Y3 + 0.183Y4 + 0.137Y5 (7)

Southern highbush cultivars 14, 15 and 16 ranked highest in comprehensive scores
under greenhouse cultivation (Table 8), while the cultivar 24 and southern highbush
cultivars 21 ‘Legacy’ (rank 6) showed moderate performance. The top five cultivars were
all southern highbush types (14, 15, 16, 1 and 4).

Table 8. Principal component scores, composite scores and ranking of blueberry fruit quality.

\ FAC1 FAC2 FAC3 FAC4 FAC5 Comprehensive Score Ranking

1 0.92 1.97 −0.18 −1.17 0.68 0.54 4
2 −0.36 −0.22 0.34 −0.69 −0.72 −0.30 19
3 −0.71 0.24 −0.20 0.13 −0.50 −0.20 16
4 1.14 1.16 −0.98 1.19 −0.83 0.46 5
5 0.00 −0.65 −0.63 −0.30 −0.48 −0.40 20
6 −0.78 1.46 0.47 −0.50 0.46 0.23 7
7 −0.15 0.75 −0.33 −0.51 0.23 0.02 10
8 −0.50 0.08 −0.28 −0.71 −0.95 −0.42 21
9 −1.97 1.17 −0.58 0.97 0.79 −0.02 12
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Table 8. Cont.

\ FAC1 FAC2 FAC3 FAC4 FAC5 Comprehensive Score Ranking

10 0.36 0.28 0.18 −1.03 0.10 0.02 11
11 −0.57 0.79 0.73 1.48 −2.69 0.10 9
12 −0.52 −0.43 −0.44 1.44 0.18 −0.03 13
13 −0.40 −0.44 0.41 −1.62 −2.13 −0.71 22
14 1.06 −0.05 1.14 1.72 0.80 0.89 1
15 1.76 0.59 0.27 0.74 0.24 0.79 2
16 −0.56 −0.27 3.66 0.09 1.29 0.72 3
17 0.11 0.24 −0.14 −2.08 0.89 −0.20 17
18 1.31 −0.73 −1.36 −0.17 0.25 −0.12 14
19 −1.97 −1.33 −1.17 0.81 1.25 −0.71 23
20 −0.54 −0.30 0.15 0.22 −0.48 −0.20 15
21 0.41 0.74 −1.13 0.30 1.36 0.29 6
22 −0.56 −1.83 −0.24 −0.88 0.54 −0.71 24
23 0.70 −1.84 −0.25 0.54 −0.29 −0.26 18
24 1.80 −1.40 0.57 0.03 0.00 0.22 8

3.6. Cluster Analysis

Hierarchical clustering (squared Euclidean distance, furthest neighbor method) based
on five PCA-derived indices classified the 24 cultivars into five clusters at a distance
threshold of 10 (Figure 4): Cluster I (2, 5, 6, 7, 8, 10, 13, 19, 20 and 22), characterized by
the lowest L* (darkest hue) and highest a* values (reddish undertones). Cluster II (14,
16, 23 and 24) exhibited minimal soluble solids content (SSC), near-spherical morphology
(lowest shape index), reduced hardness and negligible adhesiveness. Cluster III (4 and 15),
distinguished by maximal L* (brightest), minimal a*/b* (intense blue coloration), largest
fruit dimensions and elevated hardness. Cluster IV (3, 9, 11 and 12) featured high L* (bright
appearance), peak titratable acidity, low SSC, soft texture (lowest hardness) and prominent
stem scars. Cluster V (1, 17, 18 and 21) displayed the largest horizontal diameters, highest
shape index (button-like flatness), minimal stem scars and maximum hardness despite
lower L*.

Figure 4. Clustering diagram of blueberry fruit quality indicators.
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Clusters I and III maintained ∆E < 3.5 during days 0–5, with Cluster III showing the
least color variation in the Table 9 (∆E < 3.5 at days 0–10). Darker-colored cultivars exhibited
minimal chromatic shifts, likely attributable to low baseline color perceptibility and small
stem scars. All the clusters exceeded ∆E > 3.5 by day 15, and only Cluster V had ∆E < 3.5
by day 10, suggesting a maximum recommended shelf life of 10 days for marketability.

Table 9. Means of variation in blueberry fruit color and firmness based on cluster analysis.

∆E Hardness (N) Change in Hardness at the End
of the Postharvest %0–5 d 0–10 d 0–15 d 5–10 d 0 d 5 d 10 d 15 d

Clusters I 3.31 3.79 5.34 3.14 14.62 12.56 14.16 15.76 8.21
Clusters II 3.82 5.83 6.54 4.05 12.43 15.45 17.98 19.00 50.60
Clusters III 3.17 5.50 7.59 4.13 20.00 18.30 25.29 28.18 40.91
Clusters IV 3.97 3.87 6.37 2.29 13.67 12.38 17.09 16.89 28.37
Clusters V 3.82 3.26 4.65 2.80 22.25 18.36 19.95 24.76 11.46

Note: The change in hardness at the end of postharvest storage is directly calculated based on Table 6 and the
results of cluster analysis.

Hardness trajectories followed U-shaped patterns (initial decline followed by recovery)
in Clusters I, III, IV and V, contrasting with the monotonic increase in Cluster II (lowest
single-fruit weight, reduced hardness and elevated adhesiveness). This divergence may
reflect accelerated cellular dehydration in Cluster II cultivars. Notably, Clusters I and V
demonstrated marginal hardness changes (8.21% and 11.46%, respectively) over 15 d.

4. Discussion
Investigating blueberry fruit quality traits is critical for cultivar selection and

germplasm innovation. Comprehensive evaluation of varietal quality attributes and their
shelf-life dynamics (color and hardness) provides theoretical guidance for optimizing
cultivation strategies and enhancing breeding efficiency.

4.1. Varietal Differences in External Quality and Trait Correlations

Understanding intrinsic fruit quality and its shelf-life dynamics enables growers to
optimize cultivar selection and marketing strategies. Visual traits, particularly fruit size
and color, dominate consumer preference, with color serving dual roles as a maturity
indicator and key aesthetic attribute [19]. The observed phenotypic diversity included
fruit transverse diameter: 13.93–22.19 mm; fruit longitudinal diameter: 10.78–17.09 mm;
shape index: 0.69–1.02; single-fruit weight: 2.01–4.21 g; and scar size: 1.36–3.32 mm. These
provide breeders with substantial selection flexibility [20,21]. Chromatic analysis revealed
that higher L* (bright bluish-white) and lower L* (darker hues) correlated strongly with
negative a* (greenness) and b* (yellowness) associations (p < 0.01). Notably, a* exhibited
negative correlations with fruit dimensions (p < 0.05) and shape index (p < 0.01).

Hardness, derived from TPA, quantifies resistance to compression and deforma-
tion, integrating initial resistance and post-compression behavior [22–26]. Chewiness
reflects mastication energy expenditure, while springiness measures recoverable height
between compression cycles. Adhesive force, cohesiveness and gumminess collectively
define textural mouthfeel.In comparative analysis with cucumber germplasm (hardness
12.35 to 22.32 N, chewiness 11.87 to 61.97 mJ) [27], contextualized observed blueberry
textural ranges included hardness (7.19–27.65 N), chewiness (1.50–13.19 mJ), adhesive-
ness (1.87–9.73 g), cohesiveness (0.05–0.21), springiness (2.02–7.67 mm) and gumminess
(0.71–3.83 N). Although the numerical ranges of hardness and chewiness, more research is
still required for the study and enhancement of the textural trait of blueberries.
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Fruit transverse diameter and longitudinal diameter showed a highly significant posi-
tive correlation with single-fruit weight (p < 0.01), while a significant negative correlation
was observed between transverse diameter and fruit shape index (p < 0.05). No significant
correlation existed between longitudinal diameter and fruit shape index, which is in line
with the findings reported by Zhao et al. [28]. Fruit shape index exhibited a highly signif-
icant negative correlation with fruit hardness (p < 0.01) and a highly significant positive
correlation with elasticity (p < 0.01), indicating that fruit shape index may serve as an
indirect indicator of hardness and elasticity. However, whether the correlation between the
morphological and textural characteristics of blueberry fruit across different cultivars is
species-specific remains to be further verified by expanding the sample size and incorpo-
rating observations of cellular structure. No significant correlation was observed between
the stem scar and other indicators in the correlation analysis, indicating that its uniqueness
renders it irreplaceable by other indicators. Furthermore, in the cluster analysis results of
this study, the stem scar also emerged as a key basis for cultivar classification. Therefore,
the stem scar should be regarded as an important indicator in future experiments.

Among textural properties, hardness demonstrated highly significant positive correla-
tions with gumminess and chewiness (p < 0.01), consistent with the results of Cui et al. [29]
in their correlation analysis of lychee pulp texture. Therefore, in practical breeding and pro-
duction targeting specific textural properties of blueberries, comprehensive consideration
of fruit shape index is essential.

4.2. Shelf-Life Dynamics of Color and Texture

Blueberry color and flesh texture directly reflect fruit tissue integrity and sensory
quality [30], serving as critical shelf-life indicators. L* values (lightness) declined signif-
icantly from 33.06–48.47 at day 0 to 27.65–43.97 at day 15 (p < 0.01), indicating progres-
sive darkening likely due to water loss or cuticular wax degradation. While a* (green–
red axis) remained stable, |b*| (blue–yellow axis) decreased significantly between days
0–10 (p < 0.05) and 0–15 (p < 0.01), confirming reduced blue intensity. Thus, L* and b* are
primary color change indicators during postharvest, with minimal a* influence.

Texture profile analysis (TPA), traditionally used for storage-related texture assess-
ment [31], revealed U-shaped hardness trajectories: initial decline (0–5 d; nonsignificant),
followed by increased (5–10 d; p < 0.05) and stabilization (10–15 d). The dynamic change
in firmness, characterized by an initial decrease followed by an increase, is similar to the
‘segmented effect of moisture loss’ proposed by Paniagua [6]. However, since fruit weight
loss during shelf life was not measured in this study, we cannot definitively conclude that
our results are entirely consistent with those of previous research. In subsequent studies,
on the basis of investigating the dynamic changes in fruit color, texture and the underlying
mechanisms during shelf life, we will conduct more systematic and rigorous verification
work to clarify the consistency and generalizability of the results. Despite significant over-
all differences between days 0 and 15 (p < 0.01), adhesiveness, cohesiveness, springiness,
gumminess and chewiness showed no temporal variations. Northern highbush cultivars
(22, 23 and 24) exhibited atypical hardness patterns—initial increase peaking at day 10, then
slight decline—yet maintained higher final hardness than harvest values. This anomaly
may stem from delayed greenhouse maturation under elevated temperatures, resulting
in softer initial textures compared to early-ripening southern highbush cultivars. In the
present study, we conducted a comprehensive evaluation of different blueberry cultivars
and investigated the changes in fruit color and texture across these cultivars during a 15-day
shelf-life period under 4 ◦C storage conditions. Building upon the key findings regarding
early-stage changes identified herein, future work should aim to develop a comprehensive
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evaluation model for blueberry cultivars by further integrating appearance, texture and
flavor traits.

4.3. Cluster-Specific ∆E and Hardness Variations

Cluster V cultivars (18, 21, 1 and 17), characterized by relatively small color variation
(∆E = 3.82 at 0–5 d; 3.26 at 0–10 d) and low L*, demonstrated exceptional color stability,
making them ideal for long-distance distribution. Small stem scars are beneficial for fruit
water retention, while a flattened morphology likely mitigating water loss through reduced
surface-to-volume ratios [30]. Cluster V and Cluster I showed marginal hardness changes
(11.46% and 8.21% over 15 d),contrasting with other Cluster This is consistent with the
findings of Makus [32]. Specifically, highbush blueberry cultivars exhibit larger stem
scars than rabbiteye cultivars and soften more rapidly after harvest. Small stem scars are
considered a desirable trait, confirming that stem scar size exerts a significant influence on
the postharvest stability of blueberry fruit.

Cluster II cultivars (14, 16, 23 and 24) displayed a 50.60% hardness surge. Although
their average scar size (2.21 mm) was slightly smaller than Cluster III (2.24 mm), their fruit
shape index and springiness (4.66 mm) were the highest. Correlation analysis showed
that springiness was extremely significantly positively correlated with fruit shape index
(r = 0.68), indicating that in addition to scar size and fruit shape index. Therefore, springi-
ness is also an important factor affecting changes in fruit quality.

Cluster III exhibited biphasic hardness patterns, 8.48% decline (0–5 d) followed by
53.26% recovery (5 d–15 d), potentially linked to sequential cell wall remodeling [25]. Clus-
ter IV, despite low baseline hardness and large stem scars (2.58 mm), recorded 28.37%
hardness variation, driven by minimal springiness and compact morphology. These find-
ings align with prior studies [33–35] emphasizing that small, dry stem scars enhance
postharvest quality by reducing water loss and decay risks, whereas large and moist scars
accelerate deterioration. However, the correlation between stem scar size and firmness
exhibits cultivar-specificity; when comparing across different cultivars, there is no direct
correlation between stem scar area and firmness, which requires comprehensive evaluation
in combination with cuticular wax composition.

This finding suggests that a single trait indicator is insufficient to fully reflect the
postharvest quality stability of blueberries, necessitating the establishment of a multi-
dimensional evaluation system. From an industrial practice perspective, the market adapt-
ability of cultivars has become a core consideration in breeding and promotion. Meanwhile,
the trend of quality stratification for blueberries in the international market is becoming
increasingly prominent, particularly in emerging markets in Asia and South America. For
instance, Colombia and Ecuador have begun adopting grading systems based on fruit size,
firmness, soluble solid content and flavor. This indicates that in addition to yield and stress
resistance, traits such as fruit uniformity, postharvest shelf life, and flavor stability should
also be incorporated into breeding objectives to enhance the international competitiveness
of cultivars. Based on the above discussion, the systematic evaluation of the basic quality
and postharvest storage performance of blueberries is growing increasingly important.

5. Conclusions
A comprehensive evaluation of 24 blueberry cultivars revealed that southern highbush

cultivars ‘EB 9-2’, ‘Meadowlark’, ‘Primadonna’, ‘Eureka’ and ‘Camellia’ exhibited superior
fruit size, texture and color, ranking highest in overall quality. Postharvest analysis iden-
tified significant hardness differences (p < 0.05) between day 0 and 15 in cultivars ‘Star’,
‘Camellia’, ‘Farthing’, ‘EB 9-2’, ‘Legacy’, ‘Unknown’ and ‘Gulfcoast’, while other cultivars
showed no significant temporal variations. Color stability (∆E < 3.5) was maintained only
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by ‘Legacy’ throughout the 15 days. Although minimal ∆E shifts occurred in most cultivars
during days 0–5 or 0–10, pronounced color changes (∆E > 3.5) emerged by day 15. Scar size,
fruit shape index and springiness were validated as key predictors of shelf-life hardness
dynamics, providing actionable metrics for cultivar selection and postharvest management.

The findings of this study can provide scientific references for the development of
the entire blueberry industry chain. For future variety breeding, it is recommended to
comprehensively consider fruit texture, color stability and flavor quality to cultivate vari-
eties with synergistically excellent ‘fresh-eating palatability and postharvest storability’.
The revealed characteristics of inter-varietal quality differences and shelf-life variability
can serve as references for growers to select varieties and determine harvest timing, as
well as for distributors to optimize the matching of sales cycles based on the storage and
transportation characteristics of different varieties, thereby avoiding the risk of quality
deterioration caused by immature harvesting.

However, this study only focused on the postharvest performance of highbush blueber-
ries under constant low-temperature conditions and did not include rabbiteye blueberries
and other blueberry types, resulting in certain limitations in the generalizability and ex-
planatory depth for complex industrial scenarios. Future research can further expand
the sample coverage by including multi-geographical origin blueberry varieties. Simul-
taneously, it should simulate complex environmental conditions, such as temperature
fluctuations and different preservation measures in the supply chain, and construct an inte-
grated comprehensive evaluation system of ‘variety evaluation—storage and transportation
optimization—sales adaptation’, so as to provide more systematic scientific support for the
high-quality and high-yield development of the blueberry industry.
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