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Abstract. The study focused on assessing the cold storage response of four blackberry
cultivars, Osage, Traveler, Freedom, and Ponca, grown in North Florida. Blackber-
ries are a highly perishable fruit, which limits postharvest life and creates economic
difficulties for the growers. After harvesting, the fruits were stored at 1 �C with 85%
to 90% relative humidity for durations of 7, 14, and 21 days. The assessment of post-
harvest quality involved multiple variables, including color metrics (L*, a*, H�, and
total color), weight loss, firmness, respiration rate, soluble solids content (SSC), titrat-
able acidity (TA), the ratio of SSC to TA, leakage, mycelium growth, red drupelet re-
version (RDR), and marketability index (MI). Results showed significant differences
among cultivars and storage times for all quality traits. Notably, ‘Osage’ maintained
superior color, with the highest L* and lowest a* values, and exhibited lower respira-
tion rates compared with the others. It also showed the highest firmness, SSC, and
SSC/TA ratio, along with reduced leakage, mold growth, and RDR. Overall, ‘Osage’
was more effective at maintaining fruit color and quality during cold storage, demon-
strating less weight loss, respiration, leakage, mold development, and RDR, while
maintaining higher firmness, SSC, and SSC/TA ratios throughout all storage periods.
These findings provide valuable guidance for growers and supply chain stakeholders
in selecting blackberry cultivars with better postharvest performance, ultimately sup-
porting longer shelf life, reduced losses, and improved marketability in North Florida’s
blackberry industry.

Blackberries (Rubus spp.), belonging to
the Rosaceae family, are nutrient-dense fruits
(Hummer et al. 2019). Their popularity has re-
cently risen globally because of their distinct
flavor, health benefits, and rich phytochemi-
cals like anthocyanins, ellagic acid, and
tannins (Beattie et al. 2005). Research sug-
gests that blackberries may offer health
benefits, including antioxidant activity, anti-
inflammatory effects, and anti-ageing properties

(Gil-Mart�ınez et al. 2023; Perkins-Veazie et al.
1999). Blackberries have become a signifi-
cant berry crop worldwide, with cultivation
expanding in North America, Europe, Asia,
and South America (Strik et al. 2007). In the
United States, blackberries are the fourth most
important berry crop commercially. Primarily,
most cultivation occurred in western states
like California and Oregon (Strik et al. 2008)
but expanding consumer demand has boosted

growth in southeastern regions. For exam-
ple, blackberry farming in Florida grew
from 64 acres in 2007 to 702 acres in 2022,
especially in Central and North Florida. Be-
cause of their fragile skin, blackberries are
highly perishable and are marketed both fresh
and processed (T€urkben et al. 2010). Their
shelf life varies depending on the cultivar and
genetic traits (Kim et al. 2015). Some culti-
vars can be stored at 5 �C for 12 to 15 d, while
certain varieties can last up to 21 d at 2 �C
(Perkins-Veazie et al. 1996, 1999). Gener-
ally, storing blackberries above 5 �C for
more extended periods accelerates respira-
tion, leading to faster spoilage and weight
loss, which reduces shelf life (Joo et al.
2011; Perkins-Veazie et al. 1999).

Postharvest factors cause rapid changes in
moisture and nutrients, which, as a result, en-
courage microbial entry and lead to decay.
Consequently, most blackberries intended
for fresh markets become unmarketable within
2 or 3 d (Hardenburg et al. 1986). Because
blackberries are non-climacteric fruits, harvest-
ing is recommended only when fully ripened
(Benichou et al. 2018). Common physiological
disorders that lead to rejection during commer-
cialization include RDR, leakiness, and myce-
lium growth (Lawrence and Melgar 2018).
Notably, RDR is a postharvest disorder oc-
curring during cold storage and the supply
chain, which diminishes the fruit’s cosmetic
appeal and reduces profit for growers. In
addition, the breakdown of anthocyanins
causes the berry color to change from black
to red (McCoy et al. 2016; Perkins-Veazie
et al. 1996). Transportation vibrations fur-
ther influence color change and overall fruit
integrity (Strik et al. 2007; Edgley et al.
2019). The reversion phenomenon is also
more pronounced when fruits are harvested
at warmer temperatures (McCoy et al. 2016).
Fungal growth and leakage are other undesir-
able physiological issues. The thornless black-
berry cultivar is susceptible to fungal diseases
(Strik et al. 2007) and improper handling can
cause the fruit to lose its marketability within
48 h of harvest (Samtani and Kushad 2015).
Cold storage is a standard worldwide method
for extending shelf life, but storing fruit at
0 �C can still result in decay and leakage
(Duan et al. 2020). Maintaining a blackberry
shelf life remains a significant challenge for
growers and marketers. Various postharvest
strategies, such as bio-coatings, bio-containers,
ozone treatment, and cold storage, have been
used to improve shelf life (Bersaneti et al.
2021; Hadadinejad et al. 2018). Producers
widely use cold storage to maintain quality, as
low temperatures slow metabolism and in-
hibit fungal growth (Antunes et al. 2003;
Perkins-Veazie et al. 1993). This approach
helps growers stay competitive and enhance
profitability (Basiouny 1995). Extending
the shelf life of blackberries is an important
industry goal due to their rapid postharvest de-
terioration. The present study does not test
storage interventions directly; rather, it charac-
terizes cultivar differences in key postharvest
traits (weight loss, firmness, color, respiration,
leakage, and decay) under cold storage. These
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data provide a baseline to guide cultivar se-
lection, breeding priorities, and practical shelf
life extension strategies for blackberry pro-
duction in North Florida.

In North Florida, cultivars such as Osage,
Traveler, Freedom, and Ponca are commonly
grown. Some cultivars reach harvest maturity
at similar times during the growing season,
yet growers often store their fruits in cold
conditions before selling them. Despite this,
many growers are unaware of how to prolong
the shelf life of various blackberry cultivars
in the region. Moreover, the cold storage re-
sponses of these cultivars have not been thor-
oughly studied elsewhere. To address this
knowledge gap, we examined how four black-
berry cultivars perform during cold storage at
1 �C for durations of 7, 14, and 21 d. We hy-
pothesized that postharvest quality attributes
would vary significantly among the cultivars
during cold storage, with some demonstrating
greater resistance to deterioration over time.
The objective of this study was to evaluate
and compare the effects of cold storage on key
quality parameters—including color, firmness,
weight loss, respiration rate, SSC, TA, leakage,

fungal growth, RDR, and marketability—
across the four blackberry cultivars.

Materials and Methods

Site and orchard management. The study
was conducted in a 3 year-old blackberry
orchard located in Mayo, North Florida
(30.0530�N, 83.1749�W). The cultivars used
were Osage, Traveler, Freedom, and Ponca.
All plants received uniform orchard manage-
ment practices, including fertilization, irriga-
tion, weed control, and pest management.

Harvest and sampling. Fifty fully ripe,
blemish-free berries of uniform size and color
were randomly harvested early in the morn-
ing (7:00–9:00 AM) when air temperature
was 24–27 �C and relative humidity �75%.
Fruits were picked within 2 h, placed into
12-oz vented clamshells (5.68 � 7.3 �
1.88 inches; Cool Pak Packaging Solution, Ox-
nard, CA, USA) containing an absorbent pad,
and transported in insulated coolers to the Fruit
Physiology Laboratory at the North Florida
Research and Education Center (Quincy, FL,
USA). Fruit was stored at 1 �C and 85% to
90% relative humidity for 7, 14, or 21 d. The
experimental design was a completely ran-
domized design with two factors (cultivar and
storage duration), using three biological rep-
licates (n 5 3) per cultivar. Each clamshell
(50 fruits) was considered an experimental
unit.

Quality assessments. Fruit quality attrib-
utes were assessed at harvest (day 0) and after

each storage duration. Unless stated otherwise,
20 fruits per replicate were evaluated.

� Color: Surface color (L*, a*, b*) was
measured using a chroma meter (CM-700d,
Minolta, Ramsey, NJ, USA). Hue angle
and total color difference (TCD) were
calculated following McGuire (1992).

� Weight loss: Percent weight loss was de-
termined by comparing clamshell weights
at harvest and after storage, expressed as
percentage loss relative to initial weight.
The standard formula for calculating fruit
weight loss during storage is as follows:

Weight loss ð%Þ
5
ðFinal weight � initial weightÞ

ðInitial weightÞ � 100

� Firmness: Fruit firmness was measured
using a texture profile analyzer (FirmTech
Model FT7, BioWorks Inc., Wamego,
KS, USA) designed for soft fruit. Meas-
urements were taken after equilibration of
the fruit to room temperature (21 ± 1�C)
for 1 h. The system applies a standard-
ized compression test by gently loading
each berry against a flat plate and re-
cording the maximum force required to
cause deformation. Firmness was ex-
pressed in Newtons (N), and values for
individual berries were averaged per rep-
licate to obtain a representative firmness
measurement.

� SSC: Determined using a digital refrac-
tometer (Atago-Palette PR 101, Atago
Co. Ltd., Tokyo, Japan) in the juice and
expressed as a percentage.

� TA: Measured by titration of juice with
0.1 N NaOH to pH 8.1 and expressed as
% citric acid equivalents.

� Respiration rate: Respiration was assessed
by placing 25 berries into 1 L airtight con-
tainers for 2 h. Following cold storage,
fruit were equilibrated at room temperature
(20 ± 1 �C) for 2 h before measurement,
rather than being assessed directly at 1�C.
Headspace CO2 concentration was then de-
termined using a Bridge Analyzer (Model
900141, Bedford Heights, OH, USA). Res-
piration rate was calculated from the
increase in CO2 concentration, container
volume, incubation time, and fruit weight,
and expressed as mmol CO2 kg

�1·s�1.
� RDR: Berries with $3 red drupelets and

no leakage were counted and expressed
as a percentage of total fruit per repli-
cate (Kim et al. 2015).

RDR ð%Þ
5

ðNumber of RDR� positive fruits in a replicationÞ
ðTotal number of fruits in a replicationÞ

� 100

� Leakage and mycelium: Incidence of
drupelet leakage and visible fungal growth
were assessed on 50 berries per replicate
and expressed as percentages.

Fig. 1. Changes in L values of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) dur-
ing storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal
lines indicate medians, and whiskers show 1.5 � IQR. Letters above indicate mean separation by
Fisher’s least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5
P < 0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.001. Mean per-
centage declines in L* from 0 to 21 d were ‘Osage’ –19.8%, ‘Traveler’ –14.2%, ‘Freedom’
–9.7%, and ‘Ponca’ –21.3%. Data represent n 5 3 biological replicates per cultivar, with 20 berries
per replicate.
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Leakage ð%Þ
5
ðNumber of leaking berriesÞ
ðTotal number of berriesÞ � 100

Mycelium ð%Þ
5
ðNumber of fruit with visible moldÞ

ðTotal number of berriesÞ � 100

� MI: Calculated as MI (%) 5 100 �
[(%RDR 1 % Leakage 1 % Myce-
lium)/3], with 85% as the minimum
acceptable threshold (Clark and Perkins-
Veazie 2011).
Cold storage quality index. The cold stor-

age quality index (CSQI) was developed to
integrate multiple postharvest traits into a sin-
gle storability score. Each trait was normal-
ized using min–max scaling to a 0–1 range.
Positive quality traits (firmness, SSC, SSC/
TA ratio, MI) were expressed directly, whereas
negative traits (weight loss, leakage, mycelium
incidence, and RDR) were inverted so that
higher values reflected better performance.
Weighted contributions were applied, with
greater emphasis given to firmness and MI
(weight 5 2.0) relative to other parameters
(weight 5 1.0), reflecting their higher com-
mercial importance. The CSQI for each culti-
var � storage duration was calculated as the
weighted sum of normalized traits, yielding a
composite score between 0 (poor quality)
and 1 (excellent quality). For cultivar com-
parisons, mean CSQI values were standard-
ized as Z-scores. Scores above 0 indicated
above-average storability, whereas scores be-
low 0 reflected below-average storability
(Medina-Pastor et al. 2010).

Statistical analysis. Statistical analyses
were carried out using Python v3.10 (Python
Software Foundation, Wilmington, DE, USA
2021). Data were analyzed by two-way anal-
ysis of variance with cultivar and storage du-
ration as fixed factors; interactions were also
tested. When significant effects were detected
(P # 0.05), means were separated using
Fisher’s least significant difference test. Per-
centage data (e.g., leakage, mycelium, RDR)
were arcsine-transformed before analysis.
Pearson’s correlation coefficients (r) were
calculated to evaluate relationships among
quality parameters, and their significance
was reported at P # 0.05. Principal com-
ponent analysis (PCA) was performed using
the scikit-learn package (v1.0, Python Software
Foundation) to summarize multivariate trends,
with variables having loadings >|0.4| consid-
ered significant contributors

Results

Color attributes change during storage
L* value. Changes in L* values during

storage are presented in Fig. 1. Lightness de-
clined progressively across all cultivars, with
significant effects of cultivar (C), storage du-
ration (SD), and their interaction (C � SD;
P < 0.001). At harvest (0 d), ‘Osage’ exhibited
the highest L* (18.7), followed by ‘Traveler’
(17.4), ‘Ponca’ (16.9), and ‘Freedom’ (15.9).

Fig. 2. Changes in a* values (redness) of four blackberry cultivars (Osage, Traveler, Freedom, and
Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes show interquartile range (IQR), horizon-
tal lines indicate medians, and whiskers represent 1.5 � IQR. Letters above indicate mean separa-
tion by Fisher’s least significant difference test (P # 0.05). Analysis of variance results: cultivar
(C) 5 P < 0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P 5 0.004. Mean
percentage increases in a* from 0 to 21 d were ‘Osage’ 1123.5%, ‘Traveler’ 175.8%, ‘Freedom’
157.9%, and ‘Ponca’ 197.0%. Data represent n 5 3 biological replicates per cultivar, with 20 ber-
ries per replicate.

Fig. 3. Changes in hue angle (h�) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) during
storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal lines indicate
medians, and whiskers show 1.5 � IQR. Letters above indicate mean separation by Fisher’s least signifi-
cant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P < 0.0001; storage duration
(SD) 5 P < 0.0001; interaction (C � SD) 5 P 5 0.024. Mean percentage decreases in hue angle from
0 to 21 d were: ‘Osage’ –14.9%, ‘Traveler’ –13.7%, ‘Freedom’ –8.5%, and ‘Ponca’ –16.1%. Data repre-
sent n 5 3 biological replicates per cultivar, with 20 berries per replicate.
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After 7 d, declines were modest, ranging
from –3.2% in ‘Freedom’ to –6.1% in
‘Ponca’. By 14 d, cultivar-specific differences
became more pronounced: ‘Osage’ decreased
to 16.5 (�11.8%), ‘Ponca’ to 14.9 (�11.8%),
‘Traveler’ to 15.5 (�10.9%), and ‘Freedom’ to
14.7 (�7.5%). At 21 d, all cultivars showed
substantial darkening, with ‘Osage’ reduced to
15.0 (�19.8%), ‘Ponca’ to 13.3 (�21.3%),
‘Traveler’ to 14.9 (�14.2%), and ‘Freedom’ to
14.3 (�9.7%). Among cultivars, Ponca and
Osage exhibited the steepest declines, whereas
Freedom retained brightness for longer. These
results demonstrate genotype-dependent dark-
ening, consistent with differences in firmness
and susceptibility to anthocyanin instability.

Redness a*. The redness index (a*) in-
creased steadily during storage (Fig. 2) and
was significantly affected by cultivar, storage
duration, and their interaction (C, SD, C �
SD; P < 0.001). At harvest, ‘Osage’ fruit had
the lowest mean a* (0.91), whereas ‘Free-
dom’ had the highest (1.85), indicating greater
initial redness. After 7 d, ‘Osage’ fruit showed
a sharp increase to 1.45 (159%), whereas
‘Ponca’ (2.08), ‘Traveler’ (1.70), and ‘Freedom’
(2.36) also rose, although more moderately
(113% to 28%). By 14 d, the progression in-
tensified, with ‘Osage’ reaching 1.80 (198%),
‘Ponca’ 2.50 (148%), ‘Traveler’ 2.00 (147%),
and ‘Freedom’ 2.70 (146%). At 21 d, ‘Osage’
increased further to 2.03 (1123.5%), ‘Ponca’ to
2.84 (197.0%), ‘Traveler’ to 2.26 (175.8%),
and ‘Freedom’ to 2.92 (157.9%). These results
highlight that although ‘Osage’ fruit were ini-
tially the least red, they exhibited the greatest
relative increase, whereas ‘Freedom’, despite
being redder at harvest, changed more gradu-
ally. The acceleration of a* over storage closely
paralleled the development of RDR.

Hue angle. Hue angle decreased signifi-
cantly with storage (Fig. 3), reflecting a pro-
gressive shift from black toward red hues (C,
SD, C � SD; P < 0.05). At harvest, ‘Osage’
had the highest hue angle (33.5�), followed
by ‘Traveler’ (26.7�), ‘Ponca’ (26.7�), and
‘Freedom’ (24.2�). After 7 d, reductions were
modest (�3% to 6%), but cultivar differences
remained. At 14 d, ‘Osage’ (30.1�) declined
by –10%, ‘Ponca’ (24.3�) by –9%, ‘Traveler’
(24.5�) by –8%, and ‘Freedom’ (22.5�) by
–7%. By 21 d, declines were greatest in
‘Ponca’ (22.4�, –16.1%) and ‘Osage’ (28.5�,
–14.9%), whereas ‘Traveler’ (23.1�, –13.7%)
and ‘Freedom’ (22.1�, –8.5%) retained rela-
tively higher hue values. ‘Osage’ consistently
maintained the highest hue angle, suggesting
greater resistance to reddening, while ‘Ponca’
was most susceptible.

TCD. TCD values varied significantly with
cultivar, storage duration, and their interaction
(C, SD, C � SD; P < 0.001; Fig. 4). At har-
vest, values were similar among cultivars,
ranging from 4.2 (Ponca) to 4.6 (Osage). Over
21 d, ‘Freedom’ showed the largest reduction,
declining to 3.87 (�10.8%). ‘Osage’ and ‘Trav-
eler’ also declined, to 4.20 (�8.0%) and 4.23
(�4.5%), respectively. In contrast, ‘Ponca’ re-
mained stable at 4.17 (0.0%). These findings
indicate that although ‘Freedom’ was most
unstable, ‘Ponca’ exhibited the greatest stability

in overall color attributes, despite showing se-
vere RDR development in parallel.

Fruit weight loss (%). Weight loss in-
creased steadily across storage, with significant
effects of cultivar, storage duration, and their
interaction (C, SD, C � SD; P < 0.05; Fig. 5).
After 7 d, ‘Ponca’ and ‘Osage’ experienced the
least weight loss (5.3% and 6.1%), with small
interquartile ranges indicating consistent

moisture retention. Conversely, ‘Freedom’
had the highest loss at 9.2% and a larger IQR,
reflecting more variability among samples. By
14 d, all cultivars suffered increased losses,
with ‘Freedom’ (14.4%) and ‘Traveler’ (13.9%)
showing the highest median losses and greater
variability, whereas ‘Ponca’ maintained the
lowest loss (11.9%) with more uniform re-
sults. After 21 d, the losses among all cultivars

Fig. 4. Changes in total color difference (TCD) of four blackberry cultivars (Osage, Traveler, Freedom, and
Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal
lines indicate medians, and whiskers show 1.5 � IQR. Letters above indicate mean separation by Fisher’s
least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P < 0.0001; stor-
age duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001. Mean percentage changes in
TCD from 0 to 21 d were ‘Osage’ –8.0%, ‘Traveler’ –4.5%, ‘Freedom –10.8%, and ‘Ponca’ 0.0%. Data
represent n 5 3 biological replicates per cultivar, with 20 berries per replicate.

Fig. 5. Fruit weight loss (%) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) during stor-
age at 1 �C for 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal lines indicate me-
dians, and whiskers show 1.5 � IQR. Letters above indicate mean separation by Fisher’s least significant
difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P < 0.0001; storage duration
(SD) 5 P < 0.0001; interaction (C � SD) 5 P 5 0.013. Mean percentage increases in weight loss from
7 to 21 d were ‘Osage’ 1255%, ‘Traveler’ 1241%, ‘Freedom’ 1150%, and ‘Ponca’ 1288%. Data rep-
resent n 5 3 biological replicates per cultivar, with 20 berries per replicate.
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became similar, with medians between 19.7%
and 20.5% and narrower IQRs, implying that
long-term storage diminished differences based
on genotype. Overall, the effects of cultivar
were most noticeable between 7 and 14 d, but
extended storage resulted in high water loss
across all types.

Fruit firmness (N). Firmness decreased
significantly during storage, with strong culti-
var, duration, and interaction effects (C, SD,
C � SD; P < 0.001; Fig. 6). At harvest,
‘Freedom’ exhibited the highest firmness
(1.4 N), followed by ‘Ponca’ (1.3 N), and
‘Osage’ and ‘Traveler’ were lowest (1.1 N).
After 7 d, firmness remained stable in ‘Osage’
(1.1 N) and ‘Traveler’ (1.1 N), whereas ‘Ponca’
and ‘Freedom’ declined slightly to 1.2 and 1.1 N,
respectively. By 14 d, cultivar differences
became clearer: ‘Freedom’ dropped to 0.9 N
(�36%), ‘Ponca’ to 0.7–0.8 N (�42%), and
‘Osage’ and ‘Traveler’ maintained �1.0 N
(�9%). At 21 d, firmness declined most
sharply in ‘Ponca’, softening by –85% to 0.2 N,
whereas ‘Freedom’ lost –50% (to 0.7 N). In
contrast, ‘Osage’ and ‘Traveler’ showed
only modest declines (�18%, both 0.9 N).
These findings demonstrate that ‘Osage’ and
‘Traveler’ maintained greater structural integ-
rity throughout storage, whereas ‘Ponca’ was
most susceptible to rapid softening, and ‘Free-
dom’, despite being initially firmest, deterio-
rated progressively.

Respiration (mL·kg�1·s�1). Respiration
rates varied significantly among cultivars and
declined with storage (C, SD, C � SD; P <
0.001; Fig. 7). At harvest, the Freedom culti-
var showed the highest median respiration
rate (14.6 mL·kg�1·s�1) with moderate vari-
ability, indicating a higher metabolic activity.
In comparison, ‘Osage’ (2.3 mL·kg�1·s�1),
‘Traveler’ (2.7 mL·kg�1·s�1), and ‘Ponca’
(4.0 mL·kg�1·s�1) had much lower and more
consistent respiration rates. After 7 d, respiration
decreased in all cultivars; Freedom remained
the highest (9.0 mL·kg�1·s�1), whereas Osage
dropped to �1.6 mL·kg�1·s�1. The variability
also decreased, suggesting a more uniform
response during storage. By 14 d, respira-
tion rates declined further, with Freedom at
�7.0 mL·kg�1·s�1 and the other cultivars
ranging from �2.0 to 2.7 mL·kg�1·s�1;
Ponca showed slightly more variability. Af-
ter 21 d, respiration rates across genotypes
converged, ranging from roughly 0.6 to
2.5 mL·kg�1·s�1, with minimal variation.
Overall, differences among cultivars were most
pronounced at harvest and early storage, but
extended cold storage led to low, uniform res-
piration levels across all cultivars.

SSC (%). SSC increased progressively
during storage, with significant main and in-
teraction effects (C, SD, C � SD; P < 0.05;
Fig. 8). At harvest, ‘Osage’ had the highest
SSC, �6.7%, with measurements consistently

similar across replicates. In contrast, ‘Traveler’
and ‘Ponca’ showed lower SSC values,�4.8%
to 4.9%, with greater variability. The SSC of
‘Freedom’ was intermediate, at 5.9%. After
7 d of storage, SSC increased in all cultivars,
with Osage and Freedom reaching �7.2% and
7.1%, respectively, whereas Ponca exhibited
more variation. By day 14, sugar content con-
tinued to rise, with ‘Osage’ remaining highest
at 8.4%, followed by ‘Freedom’ at 7.5%, and
‘Ponca’ at 7.2%. ‘Traveler’ retained the lowest
SSC at 6.7%. After 21 d, SSC increased across
all cultivars, with Osage peaking near 8.5%,
and the others stabilizing �7.4% to 8.0%.
Over the storage period, the interquartile
ranges (IQRs) decreased, indicating increased
uniformity in sugar content. Overall, the culti-
var differences persisted throughout storage,
with Osage consistently showing higher sugar
levels, reflecting ongoing ripening and sugar
accumulation during storage.

TA (%). TA declined significantly with
storage duration and its interaction with culti-
var, although cultivar main effects were not
significant (C 5 ns; SD, C � SD; P < 0.01;
Fig. 9). At harvest, ‘Ponca’ had the highest
TA at 0.90%, followed by ‘Osage’ at 0.87%,
whereas ‘Traveler’ and ‘Freedom’ exhibited
lower levels at 0.79% and 0.78%, respec-
tively. After 7 d, all cultivars showed a sharp
decline, with values converging to �0.55%
to 0.62%. From day 14 onward, TA levels
stabilized at low values (0.51% to 0.60%), in-
dicating a metabolic balance of organic acids
during cold storage. Boxplot analysis re-
vealed smaller IQRs at days 14 and 21, re-
flecting decreased biological variability among
samples. Although differences among cultivars
were most evident at harvest, the duration of
storage became the primary factor affecting
TA after 7 d.

SSC/TA ratio. The SSC/TA ratio increased
markedly across storage, with strong cultivar,
duration, and interaction effects (C, SD, C �
SD; P < 0.01; Fig. 10) At harvest, this ratio
was generally low, with ‘Osage’ being the
highest (7.6), whereas ‘Ponca’ (5.3), ‘Free-
dom’ (7.1), and ‘Traveler’ (6.1) had lower
values. After 7 d, the ratio surged in all culti-
vars, reaching �13.5 in Osage and 12.0 in
Freedom, whereas Ponca and Traveler also
increased to �12.2 and 11.3, respectively.
Further increases occurred by 14 d, with ‘Os-
age’ maintaining the highest ratio (15.0),
whereas other cultivars ranged from 11.8 to
13.6. By 21 d, the values plateaued, with ‘Os-
age’ remaining at the top (15.5–16.0) and the
other cultivars converging between 13.7 and
15.2. Boxplot analysis revealed broader IQRs
at midstorage (7–14 d), indicating greater
variability in ripening responses, which nar-
rowed by 21 d, showing convergence in flavor
development. Overall, the increasing SSC/TA
ratio underscores the combined effects of rising
sugar levels and decreasing acidity, resulting in
increased sweetness and better palatability as
storage time prolongs.

Leakage (%). Leakage developed progres-
sively during storage, with significant effects
of cultivar, storage duration, and their interac-
tion (C, SD, C � SD; P < 0.001; Fig. 11).

Fig. 6. Firmness (N) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) during storage
at 1 �C for 0, 7, 14, and 21 d. Firmness was measured after berries were equilibrated to 20 �C for 1
h following removal from storage. Boxes represent the interquartile range (IQR), horizontal lines in-
dicate medians, and whiskers show 1.5 � IQR. Letters above indicate mean separation by Fisher’s
least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P < 0.0001;
storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001. Mean percentage de-
clines in firmness from 0 to 21 d were ‘Osage’ –18%, ‘Traveler’ –18%, ‘Freedom’ –50%, and
‘Ponca’ –85%. Data represent n 5 3 biological replicates per cultivar, with 20 berries per replicate.
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After 7 d, ‘Freedom’ had the highest leakage
(29% to 31%), followed by ‘Traveler’ (17%),
‘Osage’ (15%), and ‘Ponca’ the lowest (11%).
By 14 d, ‘Ponca’ showed a sharp increase to
�69%, whereas ‘Osage’ and ‘Traveler’ rose
moderately to 38% to 40%. ‘Freedom’ re-
mained high at 39% to 41%. At 21 d, ‘Ponca’
reached extreme levels (89%), ‘Freedom’
increased to 58%, ‘Traveler’ stabilized at

49%, and ‘Osage’ remained lowest at 43%.
Relative to 7 d, ‘Ponca’ increased 8-fold,
whereas ‘Osage’ and ‘Traveler’ tripled and
‘Freedom’ doubled. These results identify
‘Ponca’ as extremely leakage-prone, whereas
‘Osage’ displayed the highest resistance.

Mycelium growth (%). Fungal growth in-
creased significantly with storage (C, SD,
C � SD; P < 0.001; Fig. 12). At 7 d,

‘Freedom’ and ‘Ponca’ showed the highest
early incidence (4% to 6%), whereas ‘Osage’
(0% to 2%) and ‘Traveler’ (0% to 2%) had
minimal growth. By 14 d, ‘Ponca’ escalated to
12% to 14%, ‘Freedom’ increased moderately
(8% to 10%), and ‘Osage’ and ‘Traveler’ re-
mained lower (4% to 6%). At 21 d, differ-
ences widened: ‘Ponca’ recorded the highest
incidence (22% to 24%), followed by ‘Free-
dom’ (15% to 20%) and ‘Osage’ (14% to
16%), whereas ‘Traveler’ was least affected
(8% to 10%). Overall, ‘Ponca’ was most sus-
ceptible, ‘Freedom’ intermediate, ‘Osage’ mod-
erate, and ‘Traveler’ consistently most resistant
to fungal development under cold storage.

RDR (%). RDR incidence rose with stor-
age, with significant cultivar, duration, and in-
teraction effects (C, SD, C � SD; P < 0.001;
Fig. 13). At 7 d, ‘Freedom’ and ‘Ponca’ had the
highest incidence (14% to 16%), ‘Osage’ was
moderate (6%), and ‘Traveler’ lowest (1% to
2%). By 14 d, ‘Freedom’ doubled to 29% to
30%, ‘Osage’ increased to 9%, ‘Traveler’
to 5%, whereas ‘Ponca’ plateaued �14% to
16%. At 21 d, ‘Freedom’ reached the high-
est RDR (44% to 45%), more than double the
levels in other cultivars. ‘Ponca’ remained stable
(�18%), ‘Osage’ rose moderately (15% to
16%), and ‘Traveler’ stayed lowest (12%).
These results show that ‘Freedom’ was most
prone to RDR, whereas ‘Traveler’ had the
strongest resistance, with ‘Osage’ and ‘Ponca’
displaying intermediate responses.

MI (%). MI declined significantly across
storage, with strong cultivar, duration, and in-
teraction effects (C, SD, C � SD; P < 0.001;
Fig. 14). At 7 d, ‘Osage’ and ‘Traveler’ main-
tained the highest MI (93%), followed by
‘Ponca’ (89%) and ‘Freedom’ (83%). By 14 d,
‘Osage’ and ‘Traveler’ retained 82% to 84%,
whereas ‘Freedom’ dropped to 74% and ‘Ponca’
to 68%. At 21 d, ‘Traveler’ (77%) and ‘Osage
(75%) continued to outperform ‘Freedom’
(60%) and ‘Ponca’ (57%). Relative declines
from 7 to 21 d were greatest in ‘Ponca’
(�36%), followed by ‘Freedom’ (�29%),
‘Osage’ (�19%), and ‘Traveler (�17%).
These results confirm ‘Osage’ and ‘Traveler’ as
the best-performing cultivars under prolonged
cold storage, whereas ‘Freedom’ and ‘Ponca’
lost commercial quality more rapidly.

Correlation among quality and physiologi-
cal attributes. Analysis of stored blackberry
fruit under cold conditions using Pearson’s
correlation revealed strong associations
among color parameters, quality traits,
physiological responses, and the MI (Fig.
15). Notably, MI was positively corre-
lated with firmness (r 5 0.96, P < 0.001)
and lightness (L*, r 5 0.93,), suggesting
that maintaining firmness and surface bright-
ness enhances marketability. In contrast, MI
showed strong negative correlations with leak-
age (r 5 –0.98, P < 0.001), RDR (r 5 –0.97,
P < 0.001), mycelium incidence (r 5 –0.96,
P < 0.001), and weight loss (r 5 –0.95, P <
0.001). These results demonstrate that disorder
development was the strongest driver of mar-
ketability decline.

L* was negatively correlated with a* (r 5
–0.89, P < 0.001), confirming that darkening

Fig. 7. Respiration rate (mL CO2 kg
�1·s�1) of four blackberry cultivars (Osage, Traveler, Freedom, and

Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile range (IQR), hori-
zontal lines indicate medians, and whiskers show 1.5 � IQR. Letters above indicate mean separa-
tion by Fisher’s least significant difference test (P # 0.05). Analysis of variance results: cultivar
(C) 5 P < 0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001.
Mean percentage declines in respiration from 0 to 21 d were ‘Osage’ –43%, ‘Traveler’ –46%,
‘Freedom’ –80%, and ‘Ponca’ –57%. Data represent n 5 3 biological replicates per cultivar, with
20 berries per replicate.

Fig. 8. Soluble solids concentration (SSC, %) of four blackberry cultivars (Osage, Traveler, Freedom, and
Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal
lines indicate medians, and whiskers show 1.5 � IQR. Letters above boxes indicate mean separation by
Fisher’s least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P <
0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P 5 0.015. Mean percentage in-
creases in SSC from 0 to 21 d were ‘Osage’ 138%, ‘Traveler’ 163%, ‘Freedom’ 129%, and ‘Ponca’
159%. Data represent n 5 3 biological replicates per cultivar, with 20 berries per replicate.

HORTSCIENCE VOL. 60(12) DECEMBER 2025 2275

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-11-23 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



during storage coincided with increased red-
ness. Conversely, L* was positively associ-
ated with hue angle (r 5 0.72, P < 0.001),
suggesting that berries with higher lightness
retained less red coloration. SSC correlated
positively with SSC/TA ratio (r 5 0.90, P <
0.001), reflecting the coupled accumulation

of sugars and decline in acids during storage.
These results provide a mechanistic under-
standing of how fruit color, biochemical
traits, and physiological disorders collectively
shape commercial quality outcomes.

PCA. The PCA biplot and variance struc-
ture are shown in Fig. 16, with supporting

eigenvalues and loadings provided in
Supplemental Fig. 1 and Supplemental
Table 1. Significant PCA loadings (|loading|
> 0.4) are presented in Supplemental Table 2.
The first two principal components explained
81.7% of the total variance (PC1 5 67.2%,
PC2 5 14.5%). PC1 was strongly and posi-
tively associated with firmness, MI, and SSC,
and negatively associated with leakage, myce-
lium, and RDR. Thus, PC1 primarily captured
overall storability and resistance to postharv-
est disorders. PC2 was positively associated
with respiration rate and negatively with hue
angle and TCD (|loading|> 0.4), capturing vari-
ation in metabolic activity and color stability.

Cultivars separated clearly in the score
plot. ‘Osage’ and ‘Traveler’ grouped on the
positive side of PC1, characterized by higher
firmness, superior MI, and lower disorder in-
cidence. ‘Freedom’ and ‘Ponca’ grouped on
the negative side of PC1, reflecting high
leakage, elevated RDR, and faster softening.
Along PC2, ‘Freedom’ aligned with higher
respiration rates, whereas ‘Ponca’ associated
with stronger declines in hue angle and color
stability. The PCA therefore distinguished
cultivar-specific physiological and quality
responses, confirming ‘Osage’ and ‘Traveler’
as the most resilient cultivars under cold
storage.

CSQI. The CSQI combines key quality fea-
tures such as firmness, SSC, SSC/TA ratio,
and the MI, along with physiological traits like
weight loss, leakage, mycelium growth, and
mycelium incidence (decay). It reveals differ-
ences among cultivars' storage performance
at 1 �C (Fig. 17). ‘Osage’ had the highest CSQI
(10.95), demonstrating excellent firmness,
marketability, and low leakage and RDR;
‘Traveler’ also performed well (10.77), with
good storage ability and minimal deterioration.
Conversely, ‘Freedom’ (�0.74) and ‘Ponca’
(�0.98) scored negatively, indicating vulnera-
bility to storage loss. ‘Freedom’ experienced
sharp increases in leakage, mycelium, and
RDR within 14 d, whereas ‘Ponca’ showed the
worst results, with high leakage, mycelium, and
rapid decline in marketability. Overall, CSQI
effectively measures blackberry storage capac-
ity, aligning with MI trends and highlighting
postharvest differences. It identified ‘Osage’
and ‘Traveler’ as the most suitable for long-
term storage, with ‘Freedom’ and ‘Ponca’
limited in potential.

Discussion

Blackberries are highly perishable be-
cause of their delicate fruit structure and
rapid physiological changes after harvest.
Storing them at 1 �C helps to prolong their
shelf life by slowing metabolic processes.
In this study, four blackberry cultivars from
North Florida, Osage, Traveler, Freedom,
and Ponca, were evaluated for their ability
to retain quality over 0, 7, 14, and 21 d of
cold storage.

Color retention and visual quality. Changes
in the blackberry fruit surface color are the
first sign of quality decline. Maintaining color
during storage is crucial for keeping the fruit

Fig. 9. Titratable acidity (TA, % citric acid equivalents) of four blackberry cultivars (Osage, Traveler,
Freedom, and Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent interquartile
range (IQR), horizontal lines indicate medians, and whiskers show 1.5 � IQR. Letters above boxes
indicate mean separation by Fisher’s least significant difference test (P # 0.05). Analysis of vari-
ance results: cultivar (C) 5 ns; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P 5
0.007. Mean percentage declines in TA from 0 to 21 d were ‘Osage’ –39%, ‘Traveler’ –33%, ‘Free-
dom’ –31%, and ‘Ponca’ –43%. Data represent n 5 3 biological replicates per cultivar, with 20 ber-
ries per replicate.

Fig. 10. Soluble solids concentration/titratable acidity (SSC/TA) ratio of four blackberry cultivars (Os-
age, Traveler, Freedom, and Ponca) during storage at 1 �C for 0, 7, 14, and 21 d. Boxes represent
interquartile range (IQR), horizontal lines indicate medians, and whiskers show 1.5 � IQR. Letters
above boxes indicate mean separation by Fisher’s least significant difference test (P # 0.05). Anal-
ysis of variance results: cultivar (C) 5 P < 0.0001; storage duration (SD) 5 P < 0.0001; interac-
tion (C � SD) 5 P 5 0.0028. Mean percentage increases in SSC/TA from 0 to 21 d were ‘Osage’
1110%, ‘Traveler’ 1146%, ‘Freedom’ 189%, and ‘Ponca’ 1171%. Data represent n 5 3 biologi-
cal replicates per cultivar, with 20 berries per replicate.
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marketable. In our study, we observed signifi-
cant shifts in berry surface color metrics, such
as (L*, a*, hue angle, and total color), during
cold storage at 1 �C across four different culti-
vars. Specifically, the L* value (Lightness) and

hue angle steadily decreased from 0 to 21 d of
storage, indicating the fruit surface was dark-
ening. Conversely, the a* value increased as
storage progressed, suggesting a rise in red
pigmentation, which is linked to RDR.

Among the cultivars, Osage maintained the
highest visual quality with minimal RDR,
whereas Freedom and Ponca were more prone
to color loss and darkening.

These results are supported by previous
studies on berry fruits, where Palonen and
Weber (2019) observed similar patterns in
raspberry genotypes, where cold storage led
to decreased L* values and increased a*, par-
ticularly in the Heritage cultivar, which is
high in anthocyanins. They emphasized that
differences between genotypes affect how the
fruit’s color remains stable after harvest, re-
gardless of ethylene presence. In addition,
Horvitz et al. (2017) reported changes in the
coloration of Andean blackberries during stor-
age and ripening, associated with the buildup
and breakdown of anthocyanins. Furthermore,
Kr€uger et al. (2011) and Kalt et al. (1999) es-
tablished that anthocyanin levels generally in-
crease as the fruit ripens and may continue to
do so during storage, although this growth
slows near freezing temperatures. Particularly,
Kalt et al. (1999) found that at temperatures
between 10 and 20 �C, raspberries’ antioxidant
and anthocyanin content increased, whereas at
0 �C, these levels remained stable, accounting
for the minimal pigment changes observed at
1 �C (Samaniego et al. 2020). In another study,
Bordonaba et al. (2010) found that anthocyanin
production in blackcurrants is highly influ-
enced by temperature, with the most signifi-
cant pigment increases observed between 5
and 12 �C. Although our storage temperature
was lower, the observed decrease in L* and in-
crease in a* still indicate metabolic changes in
pigment composition, possibly due to post-
harvest enzymatic activity or cell membrane
degradation. The occurrence of RDR, which
involves the appearance of red coloration on
black drupelets during storage, has been linked
to the loss of anthocyanins, pH variations, and
membrane damage. Furthermore, Edgley et al.
(2020) reported higher RDR in cultivars with
lower cellular integrity and firmness, consistent
with our results. Cultivars like Freedom and
Ponca with reduced firmness also had higher
RDR and greater changes in a* and hue angle,
indicating a physiological association. Overall,
postharvest color changes vary by cultivar and
are linked to traits like firmness, pigment
makeup, and membrane stability. Choosing
cultivars that retain more anthocyanins and
have better structural integrity (e.g., Osage)
can enhance visual appeal and consumer
acceptance during cold storage.

Fruit firmness and weight loss. Fruit
firmness is one of the most important post-
harvest quality attributes in blackberries,
directly influencing storage life, consumer
acceptance, and market value. In this study,
firmness declined significantly across all
cultivars during 21 d of cold storage, except
for Osage, which consistently retained higher
firmness values throughout the storage period,
whereas Freedom and Ponca softened more
rapidly. This pattern of softening is typical of
climacteric soft fruits. It is primarily attributed
to the enzymatic degradation of cell wall com-
ponents and the middle lamella, leading to
reduced cell adhesion and tissue softening

Fig. 11. Leakage (%) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) during stor-
age at 1 �C for 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal lines indicate
medians, and whiskers show 1.5 � IQR. Letters above boxes indicate mean separation by Fisher’s
least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P <0.0001;
storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001. At 21 d, mean leakage
was ‘Ponca’ 89%, ‘Freedom’ 58%, ‘Traveler’ 49%, and ‘Osage’ 43%. Data represent n 5 3 biolog-
ical replicates per cultivar, with 20 berries per replicate.

Fig. 12. Mycelium growth (%) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca) dur-
ing storage at 1 �C for 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal lines
indicate medians, and whiskers show 1.5 � IQR. Letters above boxes indicate mean separation by
Fisher’s least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5
P < 0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001. At 21 d,
mean mycelium incidence was ‘Ponca’ 23%, ‘Freedom’ 17%, ‘Osage’ 15%, and ‘Traveler’ 9%.
Data represent n 5 3 biological replicates per cultivar, with 20 berries per replicate.

HORTSCIENCE VOL. 60(12) DECEMBER 2025 2277

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-11-23 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



(Brummell 2006). Similar cultivar-dependent
differences have been reported previously,
with firmer genotypes showing superior post-
harvest quality. For example, Strik et al. (2008)
and Salgado and Clark (2016) highlighted the
influence of genetic background on firmness,

and Perkins-Veazie et al. (1996) observed that
cultivars such as Navaho maintained structural
integrity better than softer types.

The loss of firmness in the present study
was closely associated with weight loss over
time. During the first 7 d of storage, weight loss

was relatively low, but it increased markedly
after 14 and 21 d, particularly in ‘Freedom,’
which also exhibited the lowest firmness. This
supports earlier findings that softer cultivars
tend to lose more water, likely due to greater
cell membrane permeability and progressive
cell wall breakdown, which accelerate dehydra-
tion (Segantini et al. 2017). These results are
consistent with the work of Lawrence and
Melgar (2018), who reported more weight loss
with long storage duration. A practical consider-
ation of the present results is the direct economic
impact of weight loss during storage. Across cul-
tivars, fruit lost�13% of their initial weight be-
tween 7 and 14 d at 1 �C. In the United States,
fresh-market blackberries are commonly sold
in 6-oz (170 g) clamshells at retail prices of
USD $4.50–6.00 per package. At this price
point, a 13% reduction in marketable weight
corresponds to an estimated loss of 60–80 cents
per clamshell. On a commercial scale, this
equates to �USD $1,400–1,900 per metric
tonne of fruit. The extent of shrinkage varied
among cultivars: Ponca showed the greatest
weight loss, translating into proportionally
higher economic losses, whereas Osage re-
tained the lowest weight loss and better-
preserved marketable yield. ‘Traveler’ and
‘Freedom’ displayed intermediate responses,
with weight loss greater than ‘Osage’ but less
severe than ‘Ponca’. These differences reduce
not only the saleable yield but also the visual
quality and consumer acceptance, underscoring
the importance of cultivar selection and im-
proved postharvest handling practices to mini-
mize shrinkage and preserve market value
during storage. Collectively, the findings em-
phasize the importance of cultivar selection in
postharvest management. Firmer cultivars such
as Osage not only better maintain firmness but
also show minimum water loss.

Respiration rate declined progressively
during storage in all cultivars, reflecting the sup-
pression of metabolic activity at low tempera-
tures. Cold storage slows enzymatic reactions
and reduces substrate utilization, thereby lower-
ing CO2 production (Kader 2002). Similar re-
ductions in respiration have been documented
in other soft fruits, including strawberries and
blueberries, where near-freezing conditions limit
energy demand and delay senescence (Perkins-
Veazie and Collins 2002). The decline observed
in this study may also reflect reduced avail-
ability of fermentable substrates as storage
progressed, along with downregulation of key
respiratory enzymes. Although this suppression
can extend storability, it also signals a gradual
transition toward senescence, which ultimately
compromises fruit quality beyond 2 to 3 weeks
of storage.

RDR. RDR is a postharvest disorder that
negatively affects the cosmetic visual quality
and marketability of blackberries. RDR inci-
dence varied among cultivars and increased
with storage time. ‘Freedom’ was most RDR
susceptible, whereas ‘Osage’ had the lowest
levels. Moreover, RDR roughly doubled from 7
to 21 d of storage across all cultivars. These re-
sults support previous studies showing a strong
genetic influence on RDR and its negative

Fig. 13. Red drupelet reversion (RDR, %) of four blackberry cultivars (Osage, Traveler, Freedom, and
Ponca) during storage at 1 �C for 7, 14, and 21 d. Boxes represent interquartile range (IQR), hori-
zontal lines indicate medians, and whiskers show 1.5 � IQR. Letters above boxes indicate mean
separation by Fisher’s least significant difference test (P # 0.05). Analysis of variance results: culti-
var (C) 5 P < 0.0001; storage duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001.
At 21 d, mean RDR incidence was ‘Freedom’ 45%, ‘Ponca’ 18%, ‘Osage’ 16%, and ‘Traveler’
12%. Data represent n 5 3 biological replicates per cultivar, with 20 berries per replicate.

Fig. 14. Marketability index (MI, %) of four blackberry cultivars (Osage, Traveler, Freedom, and Ponca)
during storage at 1 �C for 7, 14, and 21 d. Boxes represent interquartile range (IQR), horizontal lines indi-
cate medians, and whiskers show 1.5 � IQR. Letters above boxes indicate mean separation by Fisher’s
least significant difference test (P # 0.05). Analysis of variance results: cultivar (C) 5 P < 0.0001; stor-
age duration (SD) 5 P < 0.0001; interaction (C � SD) 5 P < 0.0001. Mean percentage declines in MI
from 7 to 21 d were ‘Osage’ –19%, ‘Traveler –17%, ‘Freedom’ –29%, and ‘Ponca’ –36%. Data repre-
sent n 5 3 biological replicates per cultivar, with 20 berries per replicate.

2278 HORTSCIENCE VOL. 60(12) DECEMBER 2025

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-11-23 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



relation to fruit firmness (Armour et al. 2021;
Perkins-Veazie et al. 1996).

Furthermore, multiple methods explain
RDR, including anthocyanin degradation, cell
wall breakdown, electrolyte leakage, and pH
changes. Edgley et al. (2020) associated RDR
with anthocyanin loss and cell damage in sus-
ceptible cultivars, corresponding with reduced
firmness and increased leakage. In this study,
results show cultivars with higher RDR also
had higher leakage and lower firmness. ‘Os-
age,’which maintained the firmest consistency,
had the lowest RDR, suggesting cell wall in-
tegrity protects against pigment loss. Lawrence
and Melgar (2018) observed lower RDR in
‘Osage’ and ‘Traveler’ compared with more
susceptible ‘Natchez’ and ‘Chester’. In addi-
tion, Armour et al. (2021) found a significant
negative correlation between firmness and

RDR over two seasons (r 5 -0.53 in 2018;
r 5 -0.36 in 2019), supporting the role of
tissue softening and membrane damage in
RDR development.

Preharvest environmental stress, particu-
larly high temperatures, and excessive ultra-
violet radiation, has also been implicated in
triggering RDR (Perkins-Veazie et al. 1999).
In this study, however, storage was main-
tained at 1 �C under controlled conditions,
suggesting that the observed differences were
primarily attributable to inherent cultivar physi-
ology and their postharvest responses, rather
than external environmental factors.

SSC, TA, and SSC/TA ratio. The levels of
SSC, TA, and their ratio SSC/TA are impor-
tant indicators of blackberry flavor, influencing
sweetness and tartness, and thus consumer
preference and quality. Our study found that

cultivar type and storage duration significantly
affected SSC and the SSC/TA ratio, whereas
TA levels were primarily affected by duration
of storage. The ‘Osage’ consistently showed
the highest SSC and SSC/TA ratios, suggest-
ing it maintains flavor better. An increase in
SSC over storage time is associated with wa-
ter loss and starch breakdown (Kim et al.
2015). Similar results by Kim et al. 2015 indi-
cated SSC increased during storage, with TA
mainly remaining stable. As TA decreased,
the SSC/TA ratio increased, which is consis-
tent with Oliveira et al. (2014), who observed
that factors like temperature, genetics, and
low oxygen conditions influence sugar and
acid levels. Genetic differences also played a
role; the higher SSC and lower TA in ‘Osage’
contributed to a more favorable balance be-
tween sweetness and acidity, aligning with

Fig. 15. Correlation heat map showing relationships among postharvest quality and physiological attributes of blackberry fruit stored at 1 �C for up to 21 d. Traits in-
clude color parameters (L*, a*, hue angle, total color difference), respiration rate, firmness, soluble solids concentration (SSC), titratable acidity (TA), SSC/TA ra-
tio, fruit weight loss, leakage, mycelium growth, red drupelet reversion (RDR), and marketability index (MI). Pearson’s correlation coefficients (r) are shown
within cells, with the scale corrected to reflect the full range from –1 to 11. Significance is indicated as *P # 0.05, **P # 0.01, and ***P# 0.001.
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previous research (Kim et al. 2015). Metabolic
activities such as respiration cause changes in
SSC and TA, with higher temperatures acceler-
ating their decline (Ayala-Zavala et al. 2004).
Cooler storage conditions slowed down this
process, raising the SSC/TA ratio, especially
in firmer varieties like ‘Osage’. Conversely,
softer varieties such as ‘Freedom’ experienced
reductions in marketability due to microbial
growth and leakage, despite having biochemi-
cal benefits.

Postharvest physiological disorders and
marketability. Leakage and mycelium growth
emerged as key indicators of postharvest

deterioration in blackberries, with both factors
strongly influenced by cultivar and storage du-
ration. ‘Ponca’ consistently showed the highest
levels of juice leakage and fungal development,
whereas ‘Osage’ and ‘Traveler’ were far less
affected. This reinforces the importance of
cultivar choice for maintaining quality during
storage. As storage advanced from 7 to 21 d,
leakage and fungal incidence increased, par-
ticularly in softer cultivars such as Ponca and
Freedom. This trend reflects the progressive
breakdown of cell walls and cuticle integrity,
which not only releases cell contents but also
creates a humid microenvironment that favors

fungal proliferation. Similar associations among
leakage, tissue damage, and decay have been
reported in raspberries (Palonen and Weber
2019) and blackberries (Lawrence and Melgar
2018). The strong link between leakage and
fungal growth in our study suggests that firmer
cultivars, like Osage, resist both tissue rupture
and subsequent fungal invasion, thereby main-
taining quality.

The MI, which integrates visual appear-
ance, texture, and decay, provided a useful
measure of these combined effects. As ex-
pected, MI declined steadily with storage du-
ration, with a sharp drop after 14 d, reflecting
the cumulative impact of softening, leakage,
and fungal development. ‘Osage’ and ‘Trav-
eler’ consistently retained higher MI values
across the 21 d period, supported by their
firmness and resistance to leakage and RDR.
In contrast, ‘Freedom’ and especially ‘Ponca’
recorded lower MI values, which aligned
with their higher incidence of leakage and de-
cay. These findings agree with earlier work in
blackberries (Armour et al. 2021; Lawrence
and Melgar 2018), where genotypes with fir-
mer textures and lower RDR were better able
to maintain commercial value over extended
storage.

Importantly, these cultivar differences were
also captured in the CSQI, which integrates
both quality and physiological traits into a
composite measure of storability. ‘Osage’
and ‘Traveler’ achieved the highest CSQI
scores, confirming their resilience under pro-
longed cold storage, whereas ‘Ponca’ and
‘Freedom’ ranked lowest, reflecting their sus-
ceptibility to leakage, fungal growth, and re-
duced firmness. The close alignment among
MI, physiological disorders, and CSQI under-
scores that leakage and fungal development
are not only critical markers of deterioration

Fig. 16. Principal component analysis (PCA) of postharvest quality and physiological traits in four blackberry cultivars (Osage, Traveler, Freedom, and
Ponca) stored at 1 �C. (A) PCA scores plot (PC1 vs. PC2) showing cultivar � storage duration combinations. (B) PCA loadings plot displaying only vari-
ables with absolute loading values > |0.4| (respiration, hue angle, total color). PC1 and PC2 explained 67.2% and 14.5% of the variance, respectively
(81.7% cumulative). A scree plot of variance explained per component (Supplemental Fig. 1) and a table of eigenvalues and loadings (Supplemental Ta-
bles 1 and 2) are provided.

Fig. 17. Cold Storage Quality Index (CSQI) of four blackberry cultivars (Osage, Traveler, Freedom,
and Ponca) stored at 1 �C. Values represent composite Z-scores derived from normalized quality
traits (firmness, soluble solids concentration [SSC], SSC/titratable acidity, marketability index) and
physiological attributes (weight loss, leakage, mycelium incidence, and red drupelet reversion). Pos-
itive scores indicate superior storability, whereas negative scores reflect weaker performance under
cold storage conditions.
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but also reliable predictors of market value
and overall storage potential.

Conclusion

This research evaluated the postharvest
performance of four commercial blackberry
varieties, ‘Osage’, ‘Traveler’, ‘Freedom’, and
‘Ponca’, grown in North Florida and stored at
1 �C for up to 21 d. Significant genetic differ-
ences were observed in berry surface color,
firmness, weight loss, RDR, decay, and bio-
chemical characteristics. ‘Osage’ demonstrated
the best cold storage tolerance, maintained
firmness, reduced leakage and RDR, and stable
soluble solids up to 21 d. ‘Traveler’ also per-
formed well, with less decay and acceptable
firmness but moderate leakage restricted its op-
timal storage life to �14–21 d. ‘Freedom’
showed faster firmness loss and higher leakage
and mycelium development, limiting its com-
mercial storage potential to �14 d. Ponca was
the least tolerant cultivar, with rapid quality
deterioration driven by severe leakage, high
RDR, and firmness decline, making it suitable
for only 7–14 d of storage. The CSQI analysis
supported these findings, ranking Osage and
Traveler as superior cultivars for extended cold
storage, whereas Freedom and Ponca were less
suitable. These results provide cultivar-specific
guidance for postharvest handling and under-
line the importance of selecting genotypes with
stronger cold tolerance to maintain blackberry
quality during storage.

Industry-focused recommendation
From a practical standpoint, these findings

provide clear guidance for growers and sup-
ply chain managers. ‘Osage’ is well-suited for
long-distance marketing and export, as it re-
tains quality for up to 21 d at 1 �C. ‘Traveler’
can also support regional and some extended
supply chains but should ideally be marketed
within 14–21 d to avoid losses from leakage.
‘Freedom’ requires more careful handling and
should be limited to domestic or short-chain
distribution, with storage not exceeding 14 d.
‘Ponca’ is best suited for local markets where
fruit can be sold within 7–14 d of harvest, as
its susceptibility to leakage and RDR makes it
unsuitable for long-term storage or export.
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