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Abstract

Maintaining postharvest quality of summer squash (Cucurbita pepo L.) during refrigerated 
storage remains challenging due to physiological disorders, texture loss, and disease 
development, which collectively limit marketable life. This study evaluated the effectiveness of 
passive modified atmosphere packaging (MAP) in preserving the quality of two commercially 
harvested summer squash fruit types, cocozelle and zucchini, differing in fruit morphology, 
across three independent storage trials. Passive MAP atmospheres stabilized at approximately 
8–15% O2 and 7–13% CO2 during storage at 7.5–8.0 °C for up to 21 days. Genotype-dependent 
differences in postharvest performance and MAP response were clearly observed. Cocozelle 
fruit developed pronounced chilling injury (CI) symptoms under air storage, whereas zucchini 
exhibited inherently low susceptibility to CI. In cocozelle, passive MAP consistently reduced 
CI severity and significantly decreased disease incidence and severity compared with air-stored 
controls. Although MAP resulted in limited reductions in external firmness in cocozelle, pulp 
firmness and overall fruit quality were maintained. In zucchini, CI symptoms remained minimal 
across treatments; however, passive MAP further reduced disease development and preserved 
marketable quality. The consistent performance of passive MAP across genotypes and 
independent trials demonstrates its robustness under variable conditions. These results indicate 
that, under simulated commercial conditions, passive MAP atmospheres within the tested gas 
ranges effectively mitigate quality deterioration during refrigerated storage, supporting their 
practical application for extending the postharvest life of summer squash.
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Highlights

• Passive MAP atmospheres stabilized at ~8–15% 
O2 and 7–13% CO2.

• Passive MAP mitigated chilling injury in the 
susceptible summer squash cultivar.

• Passive MAP significantly reduced postharvest 
disease incidence and severity.

• Cocozelle fruit exhibited high susceptibility to 
chilling injury.
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• Fruit quality was preserved during extended 
refrigerated storage.

Introduction

Summer squash (Cucurbita pepo L.; Cucurbitaceae) 
is a highly polymorphic species encompassing 
diverse fruit types such as cocozelle, crookneck, 
scallop, straightneck, and zucchini (Paris, 2008). 
Botanically classified as a fleshy berry, the fruit 
is harvested at an immature stage, prior to seed 
enlargement and hardening, while the rind remains 
thin, tender, and glossy (Suslow & Cantwell, 1997). 
Optimal postharvest management includes careful 
handling, prompt precooling, and storage at 5–10 
°C with approximately 95% relative humidity; 
however, even under these conditions, postharvest 
life typically does not exceed 1–2 weeks (Suslow 
& Cantwell, 1997; Kader, 2002).

Summer squash is highly sensitive to chilling, and 
storage below 5 °C leads to rapid chilling injury 
(CI) development (within 3–4 days), characterized 
by surface pitting and depressions, water-soaked 
areas, brown or dark lesions, and increased 
susceptibility to decay (Kader, 2002; Balandrán-
Quintana et al., 2003; Gajewski, 2003; Valenzuela 
et al., 2017). These physiological disorders severely 
reduce marketability, prompting extensive research 
into the molecular and physiological mechanisms 
underlying CI progression in summer squash 
(Wang & Ji, 1989; Carvajal et al., 2015; Carvajal 
et al., 2021; Valenzuela et al., 2017). To mitigate CI 
while preserving the benefits of low-temperature 
storage, several postharvest treatments have been 
evaluated, including hot water immersion (Farooq 
Bokhary et al., 2020), UV-B radiation (Tossi et 
al., 2024), 1-methylcyclopropene (Massolo et al., 
2013), abscisic acid (Castro-Cegrí et al., 2024), 
strigolactone (Wang et al., 2024), and melatonin 
(Ali et al., 2023). Genotype selection represents 
an additional strategy for managing CI suscep-
tibility, as intraspecific differences in tolerance 
have been documented among summer squash 
genotypes (Suslow & Cantwell, 1997; Carvajal 
et al., 2011). Recent studies have contributed to 

elucidating the genetic and molecular determi-
nants underlying this variation (Carvajal et al., 
2018; Megías et al., 2018; García et al., 2020). 
Fruit developmental stage can also influence 
postharvest responses to low temperature, and 
differences in commercial fruit size or maturity 
may affect chilling injury susceptibility in summer 
squash (Mencarelli, 1987). Beyond chilling injury, 
intrinsic physiological deterioration and decay 
development further constrain the commercial 
storage potential of summer squash (Snowdon, 
1990; Suslow & Cantwell, 1997).

Passive modified atmosphere packaging (MAP) 
is a postharvest technology in which the natural 
respiration of produce interacts with the gas 
permeability properties of polymeric films, 
resulting in the establishment of atmospheres 
within the package headspace enriched in CO2 
and depleted in O2 relative to ambient air (Kader, 
2002). When appropriately balanced, these modi-
fied gas concentrations elicit favorable molecular 
and physiological responses that reduce respira-
tion and transpiration, delay senescence, reduce 
the incidence of postharvest disorders, and limit 
microbial proliferation (Kader et al., 1989; Gil 
& Beaudry, 2020). Defining commodity‑specific 
optimal gas compositions has enabled the suc-
cessful commercial adoption of MAP in a range 
of products, including whole bananas, avocados, 
asparagus, and bell pepper, as well as multiple 
fresh‑cut fruits and vegetables (Gil & Beaudry, 
2020; Mahajan et al., 2023). For whole fresh sum-
mer squash, atmospheres containing reduced O2 
(3–5%) and/or elevated CO2 (5–10%) have been 
shown to confer quality benefits, including reduc-
tions in chilling injury and delays in yellowing 
and decay progression (Mencarelli et al., 1983; 
Mencarelli, 1987; Serrano et al., 1998; Gajewski, 
2003; Moradi et al., 2024; Grzegorzewska & 
Szwejda-Grzybowska, 2025).

Although modified CO2 and O2 levels have been 
evaluated in summer squash, the effectiveness of 
MAP under commercial-scale conditions remains 
insufficiently documented. We hypothesized that 
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passive MAP in commercial-scale packaging 
would reduce postharvest quality deterioration 
during extended refrigerated storage. This study 
assessed passive MAP in 12-kg packaging units 
using two cultivars over two production seasons 
during extended cold storage (21 days). MAP 
consistently improved postharvest quality, high-
lighting its practical value for commercial storage.

Materials and Methods

Plant material

Summer squash fruits (Cucurbita pepo L.) were 
obtained from a commercial distribution center 
supplying high-quality fresh produce to super-
markets. Fruits were produced by local farmers 
in Limache, Valparaíso Region, Chile, an area 
characterized by a Mediterranean climate with 
warm, dry summers. They were harvested early 
in the morning and transported to the laboratory 
under ambient conditions, with experimental tri-
als initiated on the evening of the same day. Two 
commercially available cultivars representing 
distinct fruit types, cocozelle and zucchini, were 
used in this study (Figure 1).

Fruits were visually inspected and selected at the 
immature marketable stage based on uniform 

shape and size, a tender and glossy rind, and the 
absence of mechanical damage, discoloration, 
disease symptoms, and insect injury. Because the 
fruits were obtained through a commercial supply 
chain, information on the exact number of days 
after flowering was not available. Detailed fruit 
fresh weight, length, and width for each trial are 
provided in Table 1. Selected fruits were washed 
in a sodium hypochlorite solution (200 ppm) for 
1 min, dried with paper towels, and packed at 
approximately 12 kg per bag.

Packaging bags

Modified atmosphere packaging (MAP) bags 
were designed and manufactured by San Jorge 
Packaging S.A. Packed bags were placed in 
ventilated reusable plastic crates. Bags used for 
MAP were tightly closed using a plastic zipper, 
whereas identical bags with their ends folded but 
not sealed were used as controls. 

Storage conditions

Three independent storage trials were conducted 
(Table 1). No dedicated precooling treatment was 
applied before storage; refrigerated storage began 
on the evening of harvest. In Trial 1, cocozelle 

Figure 1. External and internal appearance of cocozelle (A) and zucchini 
(B) fruits used in this study.
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fruits were packed in three replicate bags per 
treatment (MAP and control; n = 3) and stored for 
21 days at 7.5 ± 0.4 °C and 97.0 ± 4.9% relative 
humidity (RH). After cold storage, fruits were 
removed from the bags and held for an additional 
5 days at 20.1 ± 1.3 °C and 48.4 ± 1.8% RH to 
simulate room temperature retail shelf-life condi-
tions. Trial 2 was also conducted with cocozelle 
fruit, using four replicate packages per treatment, 
with each package consisting of one bag (n = 4). 
Fruits were stored for 21 days inside the bags at 
7.9 ± 0.4 °C and 95.3 ± 4.2% RH, followed by 3 
additional days outside the bags under the same 
temperature and RH conditions to simulate refriger-
ated retail shelf life. Trial 3 was performed using 
zucchini fruit, with four replicate packages per 
treatment (n = 4). Fruits were stored for 21 days 
under cold conditions (8.1 ± 0.4 °C, 95.0 ± 3.9% 
RH), followed by 3 additional days outside the 
bags under the same environmental conditions to 
simulate refrigerated retail shelf life. Temperature 
and RH values reported for all trials correspond 
to conditions measured in the storage chamber, 
not inside the bags.

Headspace gas composition

Oxygen (O2) and carbon dioxide (CO2) concentra-
tions inside MAP bags were measured at each 
sampling time using a portable gas analyzer 
(Dansensor CheckPoint, Ringsted, Denmark). 
Measurements were performed on days 0, 8, 15, 
and 21 in Trial 1; on days 0, 5, 14, and 21 in Trial 
2; and on days 0, 8, 16, and 21 in Trial 3.

Quality attributes quantification

Fruit quality was evaluated at harvest (day 
0), after cold storage, and after the additional 
shelf-life period. At each sampling time, five 
fruits per bag were randomly selected for all 
measurements, ensuring representation of 
within-bag variability. External color was 
measured at two opposite equatorial points 
and pulp color was determined on freshly cut 
transverse sections near the calyx, avoiding 
seminal cavities, using a colorimeter (CR-400; 
Konica Minolta, Osaka, Japan). Color was 
expressed in the CIE LCh system as lightness 
(L*), chroma (C*), and hue angle (h°). External 
firmness was measured twice in the same equa-
torial region used for color assessment, with 
fruits rotated 90° to avoid previously contacted 
tissue. Internal firmness was measured on the 
same cut sections at two equidistant central 
points. Firmness (N) was determined using an 
automatic fruit texture analyzer with a 20-mm 
cylindrical probe (GS-15; Guss Manufacturing 
Ltd., Cape Town, South Africa). Soluble solids 
content (SSC, °Brix) was determined from pulp 
juice using a digital refractometer (Master T; 
Atago Co., Tokyo, Japan). Visual quality at-
tributes included chilling injury and disease 
severity (0 = no symptoms; 1 = traces; 2 = low; 
3 = high; 4 = severe), overall visual quality (1 
= very bad; 2 = bad; 3 = regular; 4 = moderate; 
5 = good; 6 = very good; 7 = excellent), and 
disease incidence, expressed as the percentage 
of symptomatic fruits per bag.

Table 1. Summary of the three independent trials conducted with summer squash (Cucurbita pepo L.), including fruit 
type, morphological characteristics, storage date, and replication. Fruit fresh weight, length, and width are expressed as 
mean ± standard deviation.

Parameter Trial 1 Trial 2 Trial 3

Fruit type Cocozelle Cocozelle Zucchini

Fresh weight (g) 418.8 ± 12 460.6 ± 47 572 ± 26

Length (cm) 21.0 ± 1.0 22.9 ± 3.0 23.8 ± 4.0

Width (cm) 5.8 ± 1.0 6.1 ± 3.0 7.3 ± 2.0

Storage date Dec 2023 –Jan 2024 Jan 2025–Feb 2025 Dec 2024–Jan 2025

Bags per treatment (n) 3 4 4
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Data analysis

All data were analyzed using R software (R Core 
Team, 2024). For fruit quality attributes, mean 
values were calculated per fruit when applicable, 
and bag means at each sampling time were used 
for statistical analysis. Multivariate analysis of 
organoleptic parameters was performed using prin-
cipal component analysis (PCA) with the prcomp 
function to explore treatment-related patterns and 
relationships among biological replicates. The 
effect of treatment (MAP vs. control) on continu-
ous variables was assessed using Student’s t-test 
(t.test function), whereas ordinal visual scores and 
percentage data were analyzed using the Wilcoxon 
rank-sum test (wilcox.test function). Graphical 
outputs were generated using the ggplot2 package 
(Wickham, 2016). 

Results and Discussion

Passive MAP effects in cocozelle fruit

The benefits of elevated CO2 and/or reduced O2 
atmospheres in summer squash have primarily 
been evaluated under controlled atmosphere (CA) 
experimental systems (Mencarelli et al., 1983; 
Mencarelli, 1987; Serrano et al., 1998; Gajew-
ski, 2003; Moradi et al., 2024; Grzegorzewska 
& Szwejda-Grzybowska, 2025). Using 21% O2 
combined with increasing CO2 concentrations 
(0–10%), Mencarelli (1987) reported a negative 
correlation between CO2 levels and CI severity in 
zucchini cv. Romanesco, identifying 5% CO2 as the 
most effective atmosphere for maintaining overall 
fruit quality stored for 19 days at 5 °C followed 
by 4 days at 13 °C in air. Similarly, exposure to 
5 or 40% CO2 for 24 h significantly reduced CI 
symptoms in zucchini cv. Elite stored in air at 2 
°C for 12 d, an effect associated with decreased 
putrescine and abscisic acid accumulation in 
both skin and pulp tissues (Serrano et al., 1998). 

In Trial 1, modified atmosphere packaging (MAP) 
rapidly altered the headspace gas composition, 

reaching mean concentrations of 12.9 ± 1.1% 
CO2 and 7.7 ± 1.4% O2 by day 8 of storage, which 
remained relatively stable thereafter (Figure 
2A). PCA based on organoleptic parameters 
showed clear separation among treatments and 
sampling times, indicating differences in fruit 
quality responses between MAP and control 
during cold storage and subsequent shelf life at 
room temperature (Figure 2B). Notably, MAP 
fruit at 21 d of cold storage clustered closer to the 
initial condition, whereas control fruit showed 
greater divergence.

MAP influenced several quality attributes of stored 
cocozelle summer squash fruit in Trial 1 (Figure 
2C). The effect on color depended on the parameter, 
fruit site, and sampling time. External color was 
minimally affected by treatment after 21 d of cold 
storage, except for higher chroma (C*) values in 
control fruit. After 5 d at room temperature outside 
the bags, differences in external C* persisted, and 
significant effects were also observed for lightness 
(L*) and hue angle (h°). Internal color was gener-
ally less affected by treatment, with differences 
limited to L* at 21 d and C* after shelf life. MAP 
fruit exhibited significantly lower external firm-
ness after cold storage and shelf life, while internal 
firmness and soluble solids content (SSC) did not 
differ between treatments. These changes were 
accompanied by a marked reduction in chilling 
injury, disease severity, and disease incidence 
scores in MAP fruit, resulting in higher overall 
visual quality compared with control fruit. Although 
Wilcoxon rank-sum tests did not detect statistically 
significant differences for visual parameters (0.05 
≤ p < 0.1), cocozelle fruit showed relatively high 
susceptibility to chilling injury, with mean visual 
scores approaching 3 (high) in control fruit at both 
sampling points.

To evaluate the reproducibility of MAP effects 
on cocozelle fruit, a second storage trial was 
conducted under similar cold conditions but with 
a higher number of biological replicates and a 
refrigerated retail shelf-life phase (Figure 3). As 
in Trial 1, MAP rapidly modified the headspace 
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Figure 2. Postharvest quality of cocozelle summer squash during Trial 1. (A) CO2 and O2 concentration dynamics in the 
package headspace. (B) Principal component analysis (PCA) integrating all measured quality parameters under MAP 
and control conditions during storage. (C) Changes in quality attributes during 21 days of cold storage followed by 5 
days at room temperature outside the packaging. Color parameters are expressed in the CIE LCh color space as lightness 
(L*), chroma (C*), and hue angle (h°). Additional measurements include soluble solids content (SSC, °Brix), external 
and internal (pulp) firmness (N), fresh weight loss (FWL, %), chilling injury and disease severity (0 = no symptoms; 4 = 
severe), disease incidence (% of fruit showing symptoms), and overall visual quality (1 = very bad; 7 = excellent). Symbols 
represent averages of individual boxes (five randomly selected fruits per box), with squares indicating treatment means ± 
standard error (n = 3). Treatment effect on continuous variables was assessed using Student’s t-test, whereas ordinal visual 
scores and percentage data were analyzed using the Wilcoxon rank-sum test. Significance levels are indicated as follows: 
ns, not significant; §, 0.05 ≤ p < 0.1; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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atmosphere, reaching mean concentrations of 8.9 
± 0.5% CO2 and 11.9 ± 0.6% O2 by day 5 of stor-
age (Figure 3A). Thereafter, CO2 concentrations 
gradually decreased, while O2 levels increased 
slightly over the remainder of the storage period, 
reaching 6.6 ± 0.5% CO2 and 14.8 ± 0.6% O2. 
This resulted in an overall less intense modified 

atmosphere compared with Trial 1. PCA in Trial 
2 revealed clear separation among treatments 
and sampling times, confirming distinct quality 
trajectories for MAP and control fruit during 
refrigerated storage and shelf life (Figure 3B). 
Notably, the additional 3 d of refrigerated shelf 
life outside the bags had a stronger influence on 

Figure 3. Postharvest quality of cocozelle summer squash during Trial 2. (A) CO2 and O2 concentration dynamics in the 
package headspace. (B) Principal component analysis (PCA) integrating all measured quality parameters under MAP 
and control conditions during storage. (C) Changes in quality attributes during 21 days of cold storage followed by 3 
days outside the packaging at the same refrigeration temperature. Color parameters are expressed in the CIE LCh color 
space as lightness (L*), chroma (C*), and hue angle (h°). Additional measurements include soluble solids content (SSC, 
°Brix), external and internal (pulp) firmness (N), fresh weight loss (FWL, %), chilling injury and disease severity (0 = 
no symptoms; 4 = severe), disease incidence (% of fruit showing symptoms), and overall visual quality (1 = very bad; 7 = 
excellent). Symbols represent averages of individual boxes (five randomly selected fruits per box), with squares indicating 
treatment means ± standard error (n = 4). Treatment effect on continuous variables was assessed using Student’s t-test, 
whereas ordinal visual scores and percentage data were analyzed using the Wilcoxon rank-sum test. Significance levels 
are indicated as follows: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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control fruit, whereas MAP samples remained 
overall more tightly clustered.

Color responses in cocozelle fruit during Trial 2 
were moderate and parameter-dependent, with 
no significant treatment effect on external or 
internal color after 21 d of storage, but significant 
differences in external h° and internal L* after 
the additional 3 d of refrigerated shelf life (Figure 
3C). MAP fruit exhibited lower external firm-
ness than control fruit at both sampling points, 
while internal firmness and SSC were largely 
unaffected. Consistent with Trial 1, despite the 
reduction in external firmness, MAP signifi-
cantly reduced chilling injury, disease severity, 
and disease incidence, resulting in higher visual 
quality scores compared with control fruit at both 
evaluation times.

Passive MAP effects in zucchini fruit

Summer squash genotypes differ markedly in their 
postharvest performance, with cultivars exhibiting 
substantial variation in CI susceptibility (Suslow 
& Cantwell, 1997; Carvajal et al., 2011; Megías et 
al., 2018). Such differences have been associated 
with distinct ethylene production patterns and 
stress responses (Megías et al., 2017; Carvajal et 
al., 2018; García et al., 2020). 

To determine whether the effects observed in co-
cozelle were reproducible across summer squash 
fruit types, a third storage trial was performed 
using zucchini fruit under comparable cold 
storage conditions (Figure 4). In Trial 3, MAP 
rapidly established a modified atmosphere, with 
CO2 concentrations increasing to 6.5 ± 0.5% CO2 
and 14.7 ± 0.5% O2 within the first 8 d of storage, 
remaining relatively stable thereafter (Figure 4A).

Multivariate analysis confirmed treatment- and 
time-dependent separation of fruit quality attributes 
(Figure 4B). Initial samples were clearly distin-
guished from stored fruit, and MAP and control 
treatments followed divergent trajectories during 
cold storage. MAP samples remained more tightly 

grouped, whereas control fruit showed greater 
displacement in multivariate space. Control fruit 
were not evaluated after the additional refriger-
ated shelf-life period due to severe deterioration 
observed at 21 d of cold storage.

In zucchini fruit, MAP exerted a consistent ef-
fect on external color parameters (Figure 4C). 
Significant treatment differences were observed 
for L*, C*, and h°, with MAP fruit maintaining 
higher L* and h° values and lower C* compared 
with control fruit after storage. Internal color 
parameters were significantly affected only for 
L*. In addition, MAP-treated zucchini exhibited 
significantly higher external and internal firmness 
than controls after storage (Figure 4C). Soluble 
solids content did not differ significantly between 
the treatments, whereas fresh weight loss differed 
significantly between treatments, though the 
magnitude of the difference was minor. Nota-
bly, chilling injury scores remained minimal in 
both treatments; however, disease severity and 
incidence were significantly higher in control 
fruit, resulting in superior visual quality scores 
in MAP-treated fruit during storage. Due to the 
severe deterioration observed in control fruit 
after 21 d of cold storage, additional refrigerated 
shelf-life evaluations were not conducted for this 
treatment.

Among summer squash types, zucchini is con-
sidered one of the most chilling-tolerant (Suslow 
& Cantwell, 1997). Consistently, Grzegorzewska 
and Szwejda-Grzybowska (2025) reported only 
slight CI symptoms in zucchini ‘Lanka F1’ after 
20 days at 4 or 8 °C under air, controlled atmo-
sphere, or dynamically controlled atmosphere 
storage. In the present study, clear differences 
in CI severity were observed between the two 
fruit types evaluated. Cocozelle fruit developed 
pronounced CI symptoms, whereas zucchini ex-
hibited minimal to no visible injury after 21 days 
of storage at approximately 7.5–8.0 °C (Figures 
2–4). At 8 °C, a controlled atmosphere of 5% CO2 

/ 2% O2 significantly reduced disease severity and 
increased marketable value compared with air 
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Figure 4. Postharvest quality of zucchini summer squash during Trial 3. (A) CO2 and O2 concentration dynamics in the 
package headspace. (B) Principal component analysis (PCA) integrating all measured quality parameters under MAP 
and control conditions during storage. (C) Changes in quality attributes during 21 days of cold storage followed by 3 
days outside the packaging at the same refrigeration temperature. Color parameters are expressed in the CIE LCh color 
space as lightness (L*), chroma (C*), and hue angle (h°). Additional measurements include soluble solids content (SSC, 
°Brix), external and internal (pulp) firmness (N), fresh weight loss (FWL, %), chilling injury and disease severity (0 = 
no symptoms; 4 = severe), disease incidence (% of fruit showing symptoms), and overall visual quality (1 = very bad; 7 = 
excellent). Symbols represent averages of individual boxes (five randomly selected fruits per box), with squares indicating 
treatment means ± standard error (n = 4). Treatment effect on continuous variables was assessed using Student’s t-test, 
whereas ordinal visual scores and percentage data were analyzed using the Wilcoxon rank-sum test. Significance levels 
are indicated as follows: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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storage (Grzegorzewska & Szwejda-Grzybowska, 
2025). Additional studies have shown that con-
trolled atmospheres combining 5% CO2 / 3% O2, 
3% CO2 / 3% O2, or 10% CO2 / 5% O2 enhance 
postharvest quality and marketability of zucchini 
during extended refrigerated storage (3–6 °C) for 
up to 3–4 weeks (Gajewski, 2003; Moradi et al., 
2024). In agreement with these reports, passive 

MAP in this study significantly reduced disease 
incidence and severity while maintaining overall 
fruit quality in zucchini fruit, demonstrating 
benefits even in a cultivar with inherently low 
CI susceptibility (Figures 4–5B). Variation in 
fruit developmental stage between the two fruit 
types may also have contributed to these con-
trasting responses, as maturity can influence 

Figure 5. Representative images of cocozelle (A) and zucchini (B) fruits after 21 days of cold storage under control and 
modified atmosphere packaging (MAP) conditions.
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chilling injury susceptibility in summer squash 
(Mencarelli, 1987).

Overall implications for commercial storage

Identifying an appropriate MAP strategy remains 
challenging, as optimal atmospheric conditions are 
shaped by biological variability among cultivars 
and lots, preharvest and postharvest factors, and the 
dynamic responses of tissues to storage duration, 
temperature, relative humidity, and fluctuating O2, 
CO2, and ethylene levels (Saltveit, 2003). Despite 
this complexity, our results demonstrate that 
passive MAP consistently improved postharvest 
quality of summer squash across two seasons and 
two fruit types under extended, commercially 
simulated storage conditions.

The passive MAP atmospheres established at 
approximately 9% O2 / 13% CO2 and 12% O2 / 
8% CO2 consistently alleviated CI symptoms in 
cocozelle summer squash fruit across two inde-
pendent trials (Figures 2, 3, 5A). The substantial 
reduction in CI was accompanied by significantly 
lower external firmness in MAP fruit compared 
with controls, whereas pulp firmness remained 
unaffected (Figures 2–3). This effect was more 
pronounced in Trial 1, in which higher CO2 con-
centrations were established. In Trial 2, MAP 
fruit exhibited an overall 15% reduction over the 
whole storage period in external firmness relative 
to initial values. A decrease in fruit firmness under 
elevated CO2 atmospheres was also reported by 
Mencarelli (1987). Taken together, the three trials 
indicate that MAP consistently improved visual 
quality and reduced disease development during 
refrigerated storage, with genotype-dependent 
differences observed in firmness and chilling 
injury responses among summer squash types.

Overall, the consistent performance of passive 
MAP across three independent trials and two 
contrasting summer squash fruit types supports 
its potential as a practical strategy to improve 
postharvest quality under commercial condi-

tions. Given the inherent variability associated 
with cultivar selection, preharvest practices, and 
seasonal factors, postharvest technologies capable 
of mitigating chilling injury and disease develop-
ment are particularly valuable. Collectively, the 
present results demonstrate that passive MAP 
can provide a robust and commercially feasible 
approach to maintaining fruit quality during 
extended refrigerated storage.

Conclusions

Passive MAP atmospheres of approximately 
8–15% O2 and 7–13% CO2 effectively reduced 
chilling injury and disease development in sum-
mer squash, with genotype-dependent responses. 
Cocozelle fruit exhibited high susceptibility to 
chilling injury, which was markedly alleviated by 
MAP, whereas zucchini showed inherently low 
chilling sensitivity but benefited from reduced 
disease development and improved overall quality. 
Despite modest reductions in external firmness in 
cocozelle fruit, overall fruit quality was preserved. 
These findings support the integration of passive 
MAP into commercial summer squash handling 
systems as a simple and effective strategy to sustain 
fruit quality during extended refrigerated storage.
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