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Abstract
Chilling injury (CI)-induced surface pitting (SP) presents a significant challenge in the storage of zucchini fruit. This study aimed to determine whether the

slow-release  1-methylcyclopropene  (1-MCP)  or  pre-storage  low  humidity  conditioning  (PLHC)  could  effectively  delay  the  onset  of  SP  and  enhance  the

storage quality and antioxidant systems within polyethylene packaging (PEP)- and modified atmosphere packaging (MAP)-treated zucchini  fruit.  Results

indicated that zucchini fruit without packaging exhibited a significantly high SP after 7 d of storage at 3 ± 0.5 °C. In contrast, zucchini treated with PEP and

MAP remained free from SP for 7 and 14 d of storage, respectively. Moreover, MAP effectively suppressed SP development and decay over the whole 28-d

storage period compared to the PEP treatment. This effect was linked to reduced O2 and increased CO2 levels, which mitigated weight loss and oxidative

damage. Evidence for this included lower concentrations of malondialdehyde, superoxide anion, and hydrogen peroxide, alongside enhanced activities of

antioxidant enzymes (i.e.,  peroxidase and catalase),  and increased levels of antioxidants (i.e.,  ascorbic acid and glutathione).  Applications of slow-release

1-MCP  and  PEP  effectively  reduced  SP  and  oxidative  stress.  However,  when  combined  with  MAP,  this  treatment  resulted  in  excessive  physiological

suppression, which accelerated the loss of firmness and decay. Treating with PLHC for 1 d significantly alleviated SP, particularly when combined with MAP,

by boosting antioxidant defense and reducing weight loss (WL). In conclusion, the integration of PEP with slow-release 1-MCP, or the use of MAP alongside

PLHC for 1 d, effectively mitigated CI in zucchini fruit.
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 Introduction
Zucchini (Cucurbita pepo spp.), a globally favored vegetable, flour-

ishes in various climates and boasts significant yield potential, mak-
ing  China  one  of  its  leading  producers[1].  In  2024,  China's  zucchini
fruit  output  exceeded  10.8  million  tonnes,  with  primary  cultivation
occurring  in  Shandong,  Henan,  Hebei,  Gansu,  and  Ningxia  pro-
vinces.  Technological  advancements have facilitated the expansion
of  greenhouse  systems,  enabling  zucchini  production  in  regions
with extreme environmental conditions, such as the Qinghai-Xizang
Plateau. This expansion has addressed food scarcity in these colder
regions  by  increasing  both  yield  and  winter  supply[2−4].  Beyond  its
economic  contributions,  zucchini  fruit  is  rich  in  dietary  fiber,  vita-
mins (A, C, and K), and carotenoid antioxidants, all of which enhance
human health[5,6].

Despite  these  nutritional  and  economic  benefits,  zucchini's  high
water  content  (>  95%)  and  vigorous  metabolic  activity  make  it
highly  perishable  after  harvest,  especially  when exposed to  unsuit-
able  temperatures[7,8].  While  low-temperature storage is  commonly
employed to prolong the shelf  life of  fruit  and vegetables,  zucchini
fruit is particularly vulnerable to chilling injury (CI) at such tempera-
tures.  When  stored  below  5  °C,  zucchini  fruit  tends  to  develop

surface pitting (SP), water-soaked lesions, softening, and decay[9−11].
To  counteract  CI,  both  physical  and  chemical  strategies  have  been
devised  for  zucchini  fruit  preservation.  Physical  methods  involve
altering  the  storage  environment  or  the  fruit's  physiology,  includ-
ing  techniques  such  as  heat  treatment[12],  humidity  control  (i.e.,
near-saturation  and  high  relative  humidity  [RH])[13,14],  temperature
preconditioning[15],  UV-B irradiation[16],  controlled atmosphere stor-
age (i.e.,  low-O2 or  high-CO2)[17,18],  and modified  atmosphere  pack-
aging  (MAP)[19];  chemical  strategies  utilize  bioactive  compounds
to  modulate  physiological  pathways,  including  polyamines[20],
melatonin[21],  1-methylcyclopropene[22],  glycine  betaine[23],  and
hydrogen  sulfide[24].  Among  these  methods,  modified  atmosphere
packaging (MAP) stands out for its operational simplicity, cost-effec-
tiveness, and safety. Unlike chemical treatments that pose the risk of
residue  accumulation,  MAP  uses  gas-permeable  films  to  passively
regulate  the  levels  of  O2 and  CO2 within  the  packaging,  thereby
effectively  delaying  senescence  without  compromising  food
safety[25]. For zucchini fruit, active MAP systems have shown efficacy
in  reducing  titratable  acidity  loss,  weight  loss,  and  the  decline  in
fruit  firmness  by  actively  flushing  initial  gas  mixtures  (e.g.,  5%  O2,
10%  CO2,  85%  N2)  into  packages[19].  However,  the  effectiveness
of  passive  MAP,  which  depends  on  the  fruit's  respiration  and  the
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permeability  of  the  film  to  achieve  optimal  gas  gradients  remains
uncertain  for  the  postharvest  management  of  zucchini  fruit.  The
primary  aim  of  this  study  is  to  assess  whether  passive  MAP  can
improve  CI  tolerance  and  preserve  the  high  quality  of  cold-stored
zucchini fruit.

Despite zucchini being categorized as a non-climacteric fruit with
low ethylene production,  recent findings suggest that certain culti-
vars produce higher levels of ethylene[11,26]. This physiological varia-
tion explains the effectiveness of 1-methylcyclopropene (1-MCP), an
ethylene  receptor  inhibitor,  in  prolonging  the  postharvest  life  of
zucchini fruit by blocking ethylene signaling[27].  In 'Cronos' zucchini
fruit,  the  application  of  2,400 μL  L−1 1-MCP  treatment  significantly
reduced  ethylene  production  by  40%−45%,  decreased  electrolyte
leakage by 30%,  and delayed flesh softening over  a  storage period
of 15 d at 4 °C, followed by 2 d at 20 °C[22]. Conventional methods of
applying  1-MCP  typically  involve  fumigation,  which  necessitates
an airtight, temperature-controlled chamber. This approach is tech-
nically  complex  and  impractical  for  small-scale  farmers.  To  over-
come  this  challenge,  slow-release  1-MCP  sachets  have  been  devel-
oped  as  a  more  accessible  alternative,  allowing  treatment  without
the  need  for  specialized  equipment.  The  second  objective  of  this
study  was  to  ascertain  whether  slow-release  1-MCP  synergistically
enhances  the  efficacy  of  MAP  in  zucchini  fruit.  Should  this  not  be
the  case,  the  final  objective  was  to  investigate  alternative  pre-
storage  treatments,  such  as  temperature  and/or  relative  humidity
preconditioning, as potential substitutes for 1-MCP in MAP systems.
Addressing these questions advances the development of low-cost,
residue-free  preservation  protocols  to  extend  the  marketability  of
zucchini fruit.

 Materials and methods

 Plant material
The 'Xiuyu 170' zucchini fruit were hand-harvested from the com-

mercial greenhouse of the Dazhezi Village, Ping'an District, Haidong,
Qinghai,  China  (36°25'34''  N,  102°1'32''  E,  elevation  2,371  m).  Drip
irrigation  was  administered  daily,  with  water  supply  adjusted
according  to  the  plant's  developmental  stage  and  substrate  mois-
ture  levels,  maintaining  soil  volumetric  water  content  at  approxi-
mately  70%−80%  of  field  capacity.  This  approach  ensured  optimal
growth and minimized water stress. Fertilization was delivered via a
nutrient solution containing nitrogen (N), phosphorus (P2O5), potas-
sium  (K2O),  and  microelements  (including  Fe,  Zn,  Mn,  and  B)
through  the  irrigation  systems.  Harvesting  took  place  early  in  the
morning  (6:00−8:00  am)  to  reduce  field  heat  and  physiological
stress.  After harvesting, zucchinis weighing between 0.4 and 0.5 kg
were selected, ensuring they were free from injury or infection. The
fruit were then placed in ventilated plastic crates and transported to
the laboratory within 1.5 h.

 Experimental designs
Experiment 1: Evaluate the effect of polyethylene packaging (PEP)

and  MAP  on  CI.  A  total  of  720  zucchinis  were  divided  into  three
treatments,  with  three  replicates  of  twenty  fruits  each.  The  treat-
ments  were  as  follows:  (1)  No  packaging  (NP):  fruits  were  immedi-
ately  stored  in  a  cold  room  without  any  packaging;  (2)  PEP:  fruits
were enclosed in polyethylene bags (500 mm × 500 mm, 40 μm thick-
ness,  featuring  12  holes  of  8  mm  diameter  spaced  125  mm  apart);
(3)  MAP:  fruits  were  packed  in  MAP  bags  (O2 permeability  at  6.0  ×

10−7 mol·m−2·s−1 and  CO2 permeability  at  12.0  ×  10−7 mol·m−2·s−1,
350 mm × 400 mm, 25 μm thickness,  produced from polyethylene,
ZhongShan  Taili  Household  Products  Manufacturing  Co.  Ltd.,
Guangdong, China).  Measurements were taken at harvest and after
7, 14, 21, and 28 d of storage at 3 ± 0.5 °C (in the dark) and 90%−95%
RH. Twenty zucchini fruit from each treatment of one bag per repli-
cate were determined for SP, decay, O2 and CO2 concentrations, qual-
ity attributes (flesh firmness [FF], skin color, and WL), lipid peroxida-
tion  of  plasma  membranes,  reactive  oxygen  species  (superoxide
anion [O2·−] and hydrogen peroxide [H2O2]), and antioxidant oxidant
systems  (peroxidase  [POD],  catalase  [CAT],  ascorbic  acid  [AsA],  and
glutathione  [GSH]).  Pulp  tissue  was  rapidly  frozen  and  ground  in
liquid nitrogen before being stored at −80 °C.

Experiment  2:  Evaluate  the  effects  of  1-MCP  combined  with  PEP
or MAP on CI.  The 720 fruits  were allocated into four distinct  treat-
ments,  each  with  three  replicates  comprising  20  fruit.  The  treat-
ments were as  follows:  (1)  PEP treatment,  where fruits  were placed
in PE bags;  (2)  PEP + 1-MCP treatment,  where fruits  were placed in
PE bags with a 1-MCP sachet (500 mg containing 3.3% 1-MCP active
ingredients, Xianyang Xiqin Biotechnology Co. Ltd., Shaanxi, China);
(3)  MAP  treatment,  involving  fruits  packed  in  MAP  bags  without  a
1-MCP  sachet;  (4)  MAP  +  1-MCP  treatment,  with  fruit  in  MAP  bags
containing  a  1-MCP  sachet.  Evaluations  were  conducted  at  harvest
and after 14, 21, and 28 d of storage at 3 ± 0.5 °C and 90% ± 5% RH,
using  20  zucchini  fruits  from  each  treatment  per  replicate  as  out-
lined in Experiment 1. Given the adverse impact of the 1-MCP + MAP
treatment  on  quality,  pre-storage  low  humidity  conditioning  was
applied in Supplementary Table S1, and an optimal temperature of
15 ± 0.5 °C with 40% ± 2% RH was determined in Experiment 3.

Experiment  3:  Evaluate  the  effects  of  pre-storage  low  humidity
conditioning (PLHC) combined with PEP or MAP on CI. The 720 fruit
were  divided  into  six  treatments,  each  with  three  replicates  of  20
fruit,  and  subjected  to  the  following  processes:  (1)  PEP  treatment
involved  packing  the  fruit  into  PE  bags  and  placing  them  in  cold
storage;  (2)  PEP + 1 d PLHC treatment required storing the fruit  for
1  d  at  15  ±  0.5  °C  with  40% ± 2% RH before  packing them into  PE
bags  and  placing  them  in  cold  storage;  (3)  PEP  +  2  d  PLHC  treat-
ment  followed  the  same  procedure  as  the  previous  treatment  but
extended  the  storage  period  to  2  d.  (4)  MAP  treatment  involved
packing the fruit into MAP bags immediately after harvest, followed
by cold storage; (5) MAP + 1 d PLHC treatment involved storing the
fruit  for  1  d at  15 ± 0.5 °C with 40% ± 2% RH before packing them
into MAP bags and placing them in cold storage; (6) MAP + 2 d PLHC
treatment  extended this  storage period to  2  d  before  packing fruit
into MAP bags and storing them in cold conditions.  At harvest and
after 21 and 28 d of cold storage, 20 zucchini fruit  from each treat-
ment, representing one bag per replicate, were assessed as outlined
in Experiment 1.

 Evaluations of CI-induced surface pitting (SP)
and decay

When fruit  were removed from each cold storage period,  the CI-
induced SP was determined after 4 h of temperature equilibration at
20  °C  (50%−60%  RH)  and  quantified  using  the  SP  index,  assessed
visually  by  a  panel  of  five  trained  judges.  These  judges  evaluated
both the superficial area affected by SP damage and the severity of
SP (Fig. 1a). A standardized 5-point scale was employed[26]: 0, no SP;
1, 0%−25% SP; 2, 25%−50% SP; 3, 0%−75% SP; and 4, 75%−100% SP.
The  SP  index  was  calculated  by  summing  the  number  of  zucchini
fruit in each category, multiplying by the respective factor (0, 1, 2, 3,
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or 4), and dividing by 10 fruit. The percentage of fruit exhibiting any
form  of  decay  per  replicate  was  used  to  indicate  the  decay  level,
although no decay organisms were identified.

 Evaluations of O2 and CO2 concentrations
The concentrations of  O2 and CO2 in bags were determined dur-

ing  storage  using  O2 and  CO2 analyzers  (FW-UHQV-K531,  Forensics
Detectors, Rolling Hills Estates, CA, USA).

 Evaluations of flesh firmness (FF), skin color, and
weight loss (WL)

A  digital  firmness  tester  (GY-4,  Yueqing  Handi  Instrument  Co.,
Zhejiang,  China)  equipped  with  a  35  mm  probe  was  used  to  mea-
sure firmness by pressing 2.0 mm into the zucchini fruit at its widest
point.  This  measurement  was  taken  once  per  replicate,  and  the
maximum force was recorded in Newtons (N). Prior to measuring FF,
the  skin  color  was  assessed  with  a  colorimeter  (CR-400,  Konica

Minolta, Osaka, Japan), and the hue angle was calculated[28]. WL was
determined using the formula: WL = ([Initial fruit weight − Final fruit
weight] / Initial fruit weight) × 100%.

 Determinations of malondialdehyde (MDA),
superoxide anion (O2·−), and hydrogen peroxide
(H2O2)

MDA  content[29]:  For  each  replicate,  2  g  of  frozen  pulp  tissue
powder  were  homogenized  in  5.0  mL  of  10%  (w/v)  trichloroacetic
acid  (TCA)  and  then  centrifuged  at  10,000  g  for  10  min  at  4  °C.  In
a  15-mL  glass  tube,  2.0  mL  of  the  supernatant  was  combined  with
2.0  mL of  0.67% (w/v)  thiobarbituric  acid.  After  boiling the mixture
for  20  min  at  95  °C,  it  was  cooled  in  ice  water.  Absorbance  was
measured at 450, 532, and 600 nm using an Agilent BioTek Synergy
H1 multi-mode microplate reader (Agilent Technologies,  Inc.,  Santa
Clara,  CA,  USA).  MDA  content  was  calculated  using  the  formula:
6.45 × (OD532 − OD600) − 0.56 × OD450.  Results were expressed on a
fresh weight basis as μmol kg−1.

 

Fig.  1  (a)  Zucchini  fruit  depicting a  range in  severity  of  chilling injury  (CI)-induced surface pitting (SP).  (b)  SP index,  and (c)  decay incidence of  the no
packaging (NP)-, polyethylene packaging (PEP)-, and modified atmosphere packaging (MAP)-treated zucchini fruit after 7, 14, 21, and 28 d of storage at
3 ± 0.5 °C. Values are presented as the mean ± standard deviation (SD). (d) The zucchini fruit treated with NP, PEP, and MAP after 7, 28, and 28 d of storage
at 3 ± 0.5 °C, respectively.
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O2·− content[30]:  For  each  replicate,  1  g  of  frozen  pulp  tissue
powder  was  homogenized  in  5.0  mL  of  5.0%  (w/v)  TCA  and  then
centrifuged  at  10,000  g  for  10  min  at  4  °C.  In  a  15-mL  glass  tube,
1.0  mL  of  the  supernatant  was  combined  with  0.425  mL  of  50  mM
sodium phosphate buffer (pH 7.4) and 0.075 mL of 10 mM hydroxy-
lammonium  chloride.  This  mixture  was  incubated  in  darkness  at
37 °C for 20 min. Subsequently, 1.5 mL of 17 mM 3-aminobenzene-
sulfonic  acid  and  1.5  mL  of  7.0  mM  1-naphthylamine  were  added,
and the mixture was incubated in darkness at 20 °C for 24 h. Absorb-
ance  was  measured  at  540  nm.  A  standard  calibration  curve  was
constructed using sodium nitrite, and the results were expressed on
a fresh weight basis as mg kg−1.

H2O2 content[30]:  For  each  replicate,  1  g  of  frozen  pulp  tissue
powder  was  homogenized  in  5.0  mL  of  50  mM  sodium  phosphate
buffer (pH 7.2) and then centrifuged at 10,000 g for 10 min at 4 °C. In
a  15-mL  glass  tube,  1.0  mL  of  the  supernatant  was  combined  with
1.0 mL of distilled water and 2.0 mL of an assay reagent containing
0.5  mM  ammonium  ferrous  sulfate,  50  mM  H2SO4,  0.2  mM  xylenol
orange,  and  20  mM  D-sorbitol.  Following  a  30  min  incubation  in
darkness at 20 °C, absorbance was measured at 560 nm. A standard
calibration  curve  was  constructed  using  H2O2,  and  results  were
expressed on a fresh weight basis as mg kg−1.

 Determinations of peroxidase (POD), catalase
(CAT), ascorbic acid (AsA), and glutathione (GSH)

POD  activity[30]:  For  each  replicate,  1  g  of  frozen  pulp  tissue
powder  was  homogenized  in  5.0  mL  of  50  mM  sodium  phosphate
buffer (pH 7.4) and subsequently centrifuged at 10,000 g for 10 min
at  4  °C.  In  a  15-mL  glass  tube,  0.15  mL  of  the  supernatant  was
combined with 0.65 mL of 50 mM sodium phosphate buffer (pH 7.4),
3.0 mL of  25 mM guaiacol,  and 0.2 mL of  50 mM H2O2.  One unit  of
POD activity was defined as the enzyme quantity required to induce
a 0.01 OD change per min at 470 nm.

CAT  activity[30]:  For  each  replicate,  1  g  of  frozen  pulp  tissue
powder  was  homogenized  in  5.0  mL  of  50  mM  sodium  phosphate
buffer at pH 7.4, then centrifuged at 10,000 g for 10 min at 4 °C. In a
15-mL glass tube, 0.1 mL of the supernatant was mixed with 2.9 mL
of  50  mM  sodium  phosphate  buffer  at  pH  7.4,  which  contained
20  mM  H2O2.  One  unit  of  CAT  activity  was  defined  as  the  enzyme
amount that could induce a 0.01 OD change per min at 240 nm.

AsA  content[31]:  Three  grams  of  frozen  pulp  tissue  powder  per
replicate were homogenized in  3.0  mL of  5.0% (w/v)  TCA and then
centrifuged  at  10,000  g  for  10  min  at  4  °C.  In  a  15-mL  glass  tube,
0.5 mL of the supernatant was combined with 0.5 mL of 5.0% (w/v)
TCA,  0.8  mL  of  42.5%  (w/v)  phosphoric  acid,  0.8  mL  of  2.0%  (w/v)
2,2'-bipyridine,  and  0.4  mL  of  3.0%  (w/v)  FeCl3.  The  mixture  was
incubated  in  darkness  at  42  °C  for  1  h.  Absorbance  was  then  mea-
sured  at  525  nm.  A  standard  calibration  curve  using  ascorbic  acid
was constructed,  and the results  were expressed on a fresh weight
basis as mg kg−1.

GSH  content[32]:  For  each  replicate,  3  g  of  frozen  pulp  tissue
powder  were  homogenized  in  3.0  mL  of  5.0%  (w/v)  TCA,  then
centrifuged  at  10,000  g  for  10  min  at  4  °C.  In  a  15-mL  glass  tube,
0.5  mL  of  the  supernatant  was  combined  with  0.8  mL  of  distilled
water,  2.0  mL  of  100  mM  Tris-HCl  buffer  (pH  8.9),  and  0.2  mL  of
4.0  mM  5,5-dithiobis-2-nitrobenzoic  acid.  This  mixture  was  incu-
bated  in  the  dark  at  20  °C  for  10  min.  Absorbance  was  then  mea-
sured  at  412  nm.  A  standard  calibration  curve  was  created  using
reduced glutathione,  and results  were expressed on a fresh weight
basis as mg kg−1.

 Statistical analysis
The  experiments  employed  a  completely  randomized  design.

A one-way analysis  of  variance (ANOVA)  assessed significant  differ-
ences  in  the  data  utilizing  Fisher's  protected  least  significant
difference (LSD) test at p < 0.05. Two-way ANOVA was performed on
the data using treatment (T) and storage time (ST) as the variability
factors.  All  analyses  were  performed  using  IBM  SPSS  Statistics  soft-
ware, v19.0 (IBM Co., Armonk, NY, USA).

 Results

 Effects of PEP and MAP on the CI of zucchini fruit
After  7  d  of  storage  at  3  ±  0.5  °C,  the  NP-treated  zucchini  fruit

exhibited  CI-induced  SP  with  a  high  index  of  4.00  (Fig.  1b, d).  In
contrast,  the  PEP-treated  fruit  began  showing  SP  with  an  index  of
2.20  after  14  d,  which  increased  to  4.00  by  day  28.  For  the  MAP-
treated fruit,  an  SP index of  1.03  was  recorded on day 21,  rising to
1.70  after  28  d  (Fig.  1d).  No  decay  was  detected  in  either  NP- or
MAP-treated  fruit  during  the  7- and  28-d  storage  periods,  respec-
tively  (Fig.  1c).  However,  the  PEP-treated  fruit  experienced  a  decay
incidence of  23.33% on day 21,  escalating to 56.67% by day 28.  As
the NP-treated zucchini developed (Fig. 1d) a severe SP index of 4.00
after just 7 d, no further elevation was carried out during the 14−28
d of the storage period.

For  the  evaluation  of  gas  components  and  quality  attributes  at
harvest  and  during  storage,  as  detailed  in Table  1,  the  NP  and  PEP
treatments exhibited O2 concentrations of 18.60% and CO2 concen-
trations  of  0.00%  after  7  and  28  d  of  storage,  respectively.  In  con-
trast, the O2 concentration within MAP bags declined to 7.57% after
28  d,  while  CO2 levels  rose  to  6.46%  by  day  14  before  slightly
decreasing  to  5.56%  by  day  28.  No  significant  differences  were
observed among NP, PEP, or MAP treatments compared to the FF at
harvest for storage periods of 7, 14, and 28 d. However, a reduction
in FF was noted in PEP-treated zucchini during the 21−28 d storage
period.  Furthermore,  after  28  d,  the  PEP-treated  zucchini  exhibited
a  significantly  lower  hue  angle  compared  to  the  MAP-treated  fruit.
Skin  lightness  decreased  in  the  PEP  and  MAP  treatments  during
the  7−14  and  14−28  d  storage  periods,  respectively,  although  an
increase  in  skin  lightness  was  detected  in  PEP-treated  fruit  after
28  d.  As  storage  time  increased,  all  zucchini  fruits  showed  an
increase in WL, with MAP-treated fruit exhibiting a lower rate of WL
compared  to  PEP-treated  fruit  during  the  14−28  d  storage  period.
ANOVA  indicated  significant  differences  in  O2 concentration,  CO2

concentration, FF, skin lightness, and WL between treatment (T) and
storage time (ST).

In  the  assessment  of  biochemical  changes  during  harvest  and
storage,  as  presented  in Table  2,  the  NP  treatment  led  to  signifi-
cantly higher levels of MDA, O2·−, and H2O2, alongside reduced POD
activity,  AsA,  and  GSH  compared  to  the  PEP  and  MAP  treatments
after 7 d of  storage.  Extending the storage duration from 7 to 28 d
resulted in notable increases in MDA, O2·−, and H2O2 with a decrease
in CAT activity, AsA, and GSH in both the PEP and MAP treatments.
However, zucchini fruit treated with MAP maintained lower levels of
MDA,  O2·−,  and  H2O2 with  higher  concentrations  of  AsA  and  GSH
compared to those treated with PEP. The POD and CAT levels in PEP-
treated  fruit  peaked  after  14  d  of  storage,  whereas  in  MAP-treated
fruit,  these  levels  peaked  after  28  and  21  d,  respectively.  ANOVA
indicated significant differences for MDA, O2·−, H2O2, POD, CAT, and
AsA between T and ST, although not for GSH.
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 Effect of slow-release 1-MCP on the CI of PEP-
and MAP-treated zucchini fruit

For  PEP-treated  fruit,  the  SP  index  significantly  rose  to  4.00  over
28  d  of  storage  at  3  ±  0.5  °C  (Fig.  2a).  In  contrast,  SP  was  initially
detected and observed in  PEP + 1-MCP-,  MAP-,  and MAP + 1-MCP-
treated zucchini with index levels of 0.07, 2.30, and 0.93 after 14, 21,
and 21 d of storage, respectively, before increasing to 2.97, 1.63, and
3.60 by day 28 (Fig. 2c). Notably, no decay was observed in zucchini
treated  with  PEP  +  1-MCP  and  MAP  throughout  the  entire  28-d
period  (Fig.  2b).  Conversely,  PEP- and  MAP  +  1-MCP-treated  fruit
exhibited a decay incidence of 16.67% and 10.00% after 21 d, which
rose to 23.33% and 43.33% by day 28, respectively.

In Table  3,  the  evaluations  of  gas  components  and  quality
attributes  at  harvest  and  during  storage  reveal  distinct  patterns
among the treatments. The PEP and PEP + 1-MCP treatments consis-
tently  maintained  the  O2 and  CO2 concentrations  at  18.60%  and
0.00%,  respectively,  throughout  the  storage  period.  Conversely,
MAP  and  MAP  +  1-MCP  treatments  exhibited  a  decrease  in  O2

concentration  accompanied  by  an  increase  in  CO2 concentration.
Specifically,  for  MAP  treatment,  the  O2 concentration  in  bags  was

8.97%  after  14  d  of  storage,  rising  slightly  to  9.28%  by  day  28.  In
contrast,  the O2 concentration in MAP + 1-MCP treatment continu-
ously declined from 7.65% to 4.49%. The CO2 concentration in MAP-
and  MAP  +  1-MCP-treated  fruit  was  5.77%  and  6.12%  after  14  d  of
storage,  increasing  to  6.20%  and  9.50%  by  day  28,  respectively.
Regarding FF, no significant difference was noted in PEP and PEP +
1-MCP treatments during the initial 21 d of storage compared to the
harvest. However, extending storage to 28 d led to a reduction in FF
for both treatments. Although the MAP treatment showed lower FF
after  14  and  21  d,  the  FF  of  MAP-treated  fruit  was  similar  to  that
of  PEP  and  PEP  +  1-MCP-treated  fruit.  In  contrast,  the  inclusion  of
1-MCP in the MAP treatment resulted in a rapid FF loss over the 28-d
storage  period.  For  PEP-treated  fruit,  the  hue  angle  diminished
rapidly from 14 to 28 d of storage, whereas MAP treatment delayed
the  yellowing  process.  After  28  d  of  storage,  the  PEP  treatment
resulted  in  notably  higher  skin  lightness,  whereas  no  differences
were  detected  among  the  other  treatments  either  at  harvest,  or
during  storage.  As  the  storage  period  increased,  all  treatments
exhibited  enhanced  WL.  However,  the  PEP  +  1-MCP,  MAP,  and
MAP + 1-MCP treatments significantly curtailed WL throughout the

 

Table 1.  Effects of no packaging (NP), polyethylene packaging (PEP), and modified atmosphere packaging (MAP) on gas components (O2 and CO2 concentrations) in
bags and quality attributes (fruit firmness [FF], hug angle, skin lightness, and weight loss [WL]) of zucchini fruit at harvest and after storage at 3 ± 0.5 °C (Experiment 1).

Treatment Storage time
(d)

O2 concentration
(%)

CO2 concentration
(%)

FF
(N)

Hug angle
(h)

Skin lightness
(L*)

WL
(%)

At harvest 0 − − 44.23 ± 1.42 a 122.34 ± 0.49 abc 54.57 ± 4.75 b −
NP 7 18.60 ± 0.00 a 0.00 ± 0.00 d 44.37 ± 2.26 a 122.07 ± 1.59 abc 50.20 ± 4.13 bcd 3.92 ± 0.51 c
PEP 7 18.60 ± 0.00 a 0.00 ± 0.00 d 46.37 ± 3.88 a 123.81 ± 0.45 a 48.53 ± 2.15 cd 0.76 ± 0.08 e
MAP 7 11.93 ± 0.35 b 4.40 ± 0.22 c 43.93 ± 2.59 a 123.53 ± 1.38 ab 51.68 ± 3.45 bcd 0.70 ± 0.05 e
PEP 14 18.60 ± 0.00 a 0.00 ± 0.00 d 46.40 ± 1.35 a 122.90 ± 0.12 abc 42.24 ± 2.50 e 2.24 ± 0.23 d
MAP 14 8.53 ± 0.25 c 6.46 ± 0.34 a 44.40 ± 1.01 a 123.82 ± 0.63 a 48.39 ± 2.31 cd 1.09 ± 0.12 e
PEP 21 18.60 ± 0.00 a 0.00 ± 0.00 d 37.67 ± 2.20 b 121.09 ± 1.91 cd 52.01 ± 3.56 bcd 5.28 ± 0.36 b
MAP 21 8.43 ± 0.45 c 6.34 ± 0.42 a 44.13 ± 4.39 a 123.38 ± 1.85 ab 47.45 ± 0.49 d 1.34 ± 0.11 e
PEP 28 18.60 ± 0.00 a 0.00 ± 0.00 d 32.03 ± 1.97 c 119.52 ± 1.51 d 62.83 ± 2.51 a 7.54 ± 0.88 a
MAP 28 7.57 ± 0.28 d 5.56 ± 0.25 b 44.33 ± 1.31 a 121.66 ± 0.95 bc 53.51 ± 1.93 bc 2.06 ± 0.08 d
T *** *** ** * ns ***
ST *** *** *** *** *** ***
T × ST *** *** *** ns *** ***

Values  are  presented  as  means  of  three  replicates  ±  SD.  Different  lowercase  letters  indicated  significant  differences  among  means  using  Fisher's  protected  least
significant difference (LSD) test at p < 0.05. T, treatment; ST, storage time; ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level;
*** significant effect at the 0.001 level.

 

Table  2.  Effects  of  no  packaging  (NP),  polyethylene  packaging  (PEP),  and  modified  atmosphere  packaging  (MAP)  on  malondialdehyde  (MDA)  content,  reactive
oxygen species (superoxide anion [O2·−] and hydrogen peroxide [H2O2]), antioxidant enzymes (peroxidase [POD] and catalase [CAT]), and antioxidants (ascorbic acid
[AsA] and glutathione [GSH]) of zucchini fruit at harvest and after storage at 3 ± 0.5 °C(Experiment 1).

Treatment Storage time
(d)

MDA
(μmol kg−1)

O2·−
(mg kg−1)

H2O2
(mg kg−1)

POD
(U kg−1)

CAT
(U kg−1)

AsA
(mg kg−1)

GSH
(mg kg−1)

At harvest 0 3.72 ± 0.15 e 0.85 ± 0.11 ef 8.69 ± 0.40 f 54.60 ± 2.40 ef 11.73 ± 1.40 bcd 152.57 ± 6.99 a 10.50 ± 0.70 a
NP 7 32.93 ± 1.18 a 2.39 ± 0.14 a 16.28 ± 1.58 a 24.73 ± 2.69 g 13.07 ± 1.51 ab 36.77 ± 3.89 f 2.57 ± 0.74 f
PEP 7 4.71 ± 0.49 e 0.72 ± 0.03 f 10.52 ± 0.50 d 64.27 ± 1.33 de 6.93 ± 1.17 e 133.00 ± 3.08 b 9.17 ± 0.31 b
MAP 7 3.82 ± 0.32 e 0.87 ± 0.08 ef 9.06 ± 0.34 ef 47.27 ± 2.53 f 5.00 ± 0.87 f 149.07 ± 3.50 a 10.40 ± 0.44 a
PEP 14 7.12 ± 0.44 d 1.18 ± 0.14 d 11.80 ± 0.76 c 166.47 ± 9.22 a 13.87 ± 0.70 a 109.83 ± 6.31 c 8.00 ± 0.66 c
MAP 14 6.50 ± 0.56 d 0.94 ± 0.05 e 10.25 ± 0.28 de 109.93 ± 11.42 c 10.07 ± 0.99 d 133.93 ± 4.41 b 9.47 ± 0.25 b
PEP 21 10.55 ± 0.83 c 1.58 ± 0.09 c 13.01 ± 0.44 b 119.97 ± 5.60 c 10.17 ± 1.47 cd 86.27 ± 3.42 d 6.50 ± 0.53 d
MAP 21 7.02 ± 0.17 d 1.12 ± 0.07 d 10.59 ± 0.57 d 118.70 ± 8.75 c 12.00 ± 1.44 abc 126.80 ± 3.42 b 8.80 ± 0.40 bc
PEP 28 14.84 ± 1.27 b 1.80 ± 0.08 b 16.20 ± 0.70 a 71.67 ± 8.30 d 6.27 ± 0.31 ef 78.13 ± 3.71 e 4.80 ± 0.26 e
MAP 28 7.68 ± 1.01 d 1.14 ± 0.09 d 11.83 ± 0.57 bc 137.47 ± 5.75 b 7.23 ± 0.40 e 113.77 ± 2.18 c 6.73 ± 0.47 d
T *** *** *** *** *** *** ***
ST *** *** *** *** *** *** ***
T × ST *** *** ** *** *** *** ns

Values are presented as means of three replicates ± SD. Different lowercase letters indicated significant differences among means using Fisher's protected LSD test at
p < 0.05. T, treatment; ST, storage time. ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001
level.
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28-d  storage  period,  with  the  MAP  treatment  being  particularly
effective.  Furthermore,  ANOVA  indicated  significant  differences  in
O2 concentration,  CO2 concentration,  FF,  skin  lightness,  and  WL
between T and ST.

In Table  4,  the  evaluation  of  biochemical  changes  during
harvest  and  storage  revealed  significant  increases  in  MDA,  O2·−,
and  H2O2 alongside  decreases  in  AsA  and  GSH  across  all  treat-
ments  throughout  the  storage  periods.  When  comparing  the  PEP
treatment  with  the  addition  of  1-MCP,  there  was  a  further

reduction in the accumulation of MDA, O2·−,  and H2O2, as well as in
the  losses  of  AsA  and  GSH.  Moreover,  MAP  maintained  higher
levels  of  AsA  and  GSH  with  lower  levels  of  MDA,  O2·−,  and
H2O2 compared  to  the  PEP  +  1-MCP  treatment.  Conversely,  the
addition  of  1-MCP  to  MAP  accelerated  the  accumulation  of  MDA,
O2·−,  and  H2O2 and  reduced  AsA  and  GSH  more  rapidly  than  MAP
alone  and  PEP  +  1-MCP  treatments.  The  POD  levels  in  fruit  treated
with PEP, PEP + 1-MCP, MAP and MAP + 1-MCP peaked after 14, 21,
28, and 14 d of storage, respectively. Similarly, CAT levels peaked in

 

Fig.  2  (a)  Surface  pitting  (SP)  index,  and  (b)  decay  incidence  of  the  polyethylene  packaging  (PEP)-,  PEP  +  1-methylcyclopropene  (1-MCP)-,  modified
atmosphere packaging (MAP)-, and MAP + 1-MCP-treated zucchini fruit after 14, 21, and 28 d of storage at 3 ± 0.5 °C. Values are presented as the mean ±
SD. (c) The zucchini fruit treated with PEP + 1-MCP, PEP + 1-MCP, and MAP + 1-MCP after 21, 28, and 28 d of storage at 3 ± 0.5 °C, respectively.

 

Table 3.  Effect of postharvest 1-methylcyclopropene (1-MCP) on gas components (O2 and CO2 concentrations) in bags and quality attributes (fruit firmness [FF], hug
angle, skin lightness, and weight loss [WL]) of the polyethylene packaging (PEP)- and modified atmosphere packaging (MAP)-treated zucchini fruit at harvest and after
storage at 3 ± 0.5 °C (Experiment 2).

Treatment Storage time
(d)

O2 concentration
(%)

CO2 concentration
(%)

FF
(N)

Hug angle
(h)

Skin lightness
(L*)

WL
(%)

At harvest 0 − − 49.27 ± 3.73 a 123.14 ± 0.36 ab 51.63 ± 3.58 bc −
PEP 14 18.60 ± 0.00 a 0.00 ± 0.00 f 46.83 ± 0.61 abc 120.84 ± 1.51 cd 49.83 ± 1.57 c 1.93 ± 0.18 e
PEP + 1-MCP 14 18.60 ± 0.00 a 0.00 ± 0.00 f 47.93 ± 2.78 ab 122.39 ± 1.20 abcd 49.88 ± 2.17 c 0.85 ± 0.07 h
MAP 14 8.97 ± 0.27 c 5.77 ± 0.24 e 43.87 ± 3.07 bcde 123.62 ± 0.49 a 51.75 ± 3.64 bc 0.79 ± 0.10 h
MAP + 1-MCP 14 7.65 ± 0.14 d 6.12 ± 0.13 cd 41.80 ± 3.12 de 121.16 ± 1.48 bcd 51.79 ± 2.54 bc 0.76 ± 0.06 h
PEP 21 18.60 ± 0.00 a 0.00 ± 0.00 f 46.27 ± 5.42 abcd 118.32 ± 0.77 ef 55.90 ± 3.00 b 3.95 ± 0.16 b
PEP + 1-MCP 21 18.60 ± 0.00 a 0.00 ± 0.00 f 49.80 ± 2.41 a 121.44 ± 2.18 abcd 50.07 ± 2.35 c 1.46 ± 0.11 fg
MAP 21 9.01 ± 0.18 bc 5.98 ± 0.21 d 43.97 ± 1.68 bcde 123.04 ± 1.11 abc 51.27 ± 2.53 bc 1.23 ± 0.14 g
MAP + 1-MCP 21 6.57 ± 0.36 e 8.30 ± 0.14 b 34.00 ± 0.87 f 120.52 ± 1.04 de 53.38 ± 1.86 bc 1.59 ± 0.09 f
PEP 28 18.60 ± 0.00 a 0.00 ± 0.00 f 41.60 ± 2.19 e 117.09 ± 2.24 f 61.47 ± 2.20 a 6.34 ± 0.35 a
PEP + 1-MCP 28 18.60 ± 0.00 a 0.00 ± 0.00 f 42.70 ± 0.10 cde 120.72 ± 1.36 d 50.00 ± 4.07 c 2.42 ± 0.23 c
MAP 28 9.28 ± 0.13 b 6.20 ± 0.13 c 43.67 ± 1.70 bcde 123.31 ± 1.51 ab 51.95 ± 5.14 bc 2.01 ± 0.10 de
MAP + 1-MCP 28 4.49 ± 0.18 f 9.50 ± 0.12 a 27.67 ± 3.34 g 120.36 ± 0.92 de 54.15 ± 0.98 bc 2.26 ± 0.11 cd
T *** *** *** *** ** ***
ST *** *** *** * * ***
T × ST *** *** ** ns * ***

Values are presented as means of three replicates ± SD. Different lowercase letters indicated significant differences among means using Fisher's protected LSD test at
p < 0.05. T, treatment; ST, storage time. ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001
level.
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PEP,  PEP + 1-MCP, MAP, and MAP + 1-MCP treatments after 14,  14,
21,  and  14  d  of  storage,  respectively.  ANOVA  indicated  significant
differences in ROS, antioxidant enzymes, and antioxidants between
T and ST.

 Effects of PLHC on the CI of PEP- and MAP-
treated zucchini fruit

After 21 d of storage at 3 ± 0.5 °C, the SP indexes for PEP-, PEP +
1 d PLHC-, PEP + 2 d PLHC-, MAP-, MAP + 1 d PLHC-, and MAP + 2 d
PLHC-treated  zucchini  were  3.40,  1.63,  2.20,  0.63,  0.33,  and  1.43
respectively.  These  values  increased  to  4.00,  1.97,  2.70,  1.80,  0.97,
and  2.00  after  28  d  (Fig.  3a, c).  Notably,  no  decay  was  observed  in
the PEP + 1 d PLHC, PEP + 2 d PLHC, MAP, and MAP + 1 d PLHC treat-
ments  throughout  the  entire  28-d  period  (Fig.  3b).  In  contrast,  the
PEP- and MAP + 2 d PLHC-treated fruits exhibited decay incidences
of 6.67% and 10.00% after 28 d.

In  the  evaluations  of  gas  components  and  quality  attributes  at
harvest and during storage, as detailed in Table 5, the PEP and PEP +
1  and  2  d  PLHC  treatments  consistently  maintained  O2 and  CO2

concentrations  at  18.60%  and  0.00%,  respectively,  throughout
the  storage  period.  Predictably,  MAP,  irrespective  of  PLHC  treat-
ment, led to low O2 and elevated CO2 levels within the bags. Specifi-
cally, the O2 concentration for MAP, MAP + 1 d PLHC, and MAP + 2 d
PLHC  treated  fruit  was  11.87%,  11.80%,  and  13.27%  after  21  d  of
storage,  subsequently  decreasing  to  9.63%,  9.53%,  and  11.23%  by
28  d.  Similarly,  the  CO2 concentration  of  these  treatments  was
recorded at 4.76%, 4.21%, and 3.20% after 21 d, increasing to 5.94%,
5.99%,  and  4.47%  by  28  d,  respectively.  At  harvest,  all  treatments
exhibited a decrease in FF, although the PEP + 1 d PLHC-, MAP + 1 d
PLHC-, and MAP + 2 d PLHC-treated fruits maintained relatively high
FF values  after  28 d  of  storage.  The PEP and PEP + 2  d  PLHC treat-
ments  showed  low  hug  angles  after  21  and  28  d  of  storage.  Addi-
tionally,  the  MAP  +  2  d  PLHC-treated  fruits  demonstrated  a  reduc-
tion in hug angle after 28 d of storage. In terms of skin lightness, the
MAP  +  1  d  PLHC  treatment  showed  no  change  during  storage
compared  to  harvest,  whereas  other  treatments  resulted  in
increased  skin  lightness.  The  WL  was  mitigated  by  PLHC  and  MAP,

with the MAP + 1 d PLHC treatment significantly reducing WL over
the  28-d  storage  period.  ANOVA  indicated  significant  differences
in  O2 concentration,  CO2 concentration,  skin  lightness,  and  WL
between T and ST.

In  evaluating  the  biochemical  changes  during  harvest  and  stor-
age  as  shown  in Table  6,  there  were  notable  increases  in  MDA
and  O2·− levels,  alongside  a  decrease  in  AsA  across  all  treatments
throughout the storage periods compared to the harvest. After 21 d
of  storage,  fruit  treated  with  MAP  +  2  d  of  PLHC  maintained  H2O2

and GSH levels comparable to those at harvest. However, extending
the storage to 28 d led to increased H2O2 and decreased GSH across
all  treatments.  The  fruits  treated  with  PEP-,  PEP  +  2  d  PLHC-,  and
MAP + 1 d PLHC exhibited high POD activities after 21 d of storage.
In  contrast,  those  treated  with  PEP  +  1  d  PLHC-,  MAP-,  and  MAP  +
2  d  PLHC  showed  elevated  POD  activities  after  28  d  of  storage.
Regarding  CAT  activity,  all  treatments  demonstrated  higher  levels
after both 21 and 28 d of storage compared to the harvest. ANOVA
indicated  significant  differences  in  MDA,  O2·−,  H2O2,  POD,  AsA,  and
GSH between T and ST, but not in CAT.

 Discussion

 Utilizing the PEP and MAP on resisting the CI of
zucchini fruit

The primary challenge for local growers lies in marketing zucchini
while maintaining its  firmness and dark green color,  essential  qual-
ity  parameters.  Wholesalers,  markets,  and  retailers  demand  prod-
ucts free from disorders such as decay, scuffing, bruising, or SP upon
receipt[33].  However,  zucchini  is  highly  prone  to  quality  deteriora-
tion  and  physiological  disorders  induced  by  CI,  especially  when
stored below 5 °C[34]. In this study, storage at 3 ± 0.5 °C quickly trig-
gered  CI  symptoms  in  NP-treated  fruit,  with  the  SP  index  reaching
4.00 within just 7 d (Fig. 1b), alongside significant WL (Table 1). This
demonstrated  that  although  low-temperature  storage  slowed
metabolic  activity[7,35−37],  it  paradoxically  accelerated  SP  develop-
ment,  likely  due  to  membrane  damage  and  oxidative  stress  under

 

Table 4.  Effect of postharvest 1-methylcyclopropene (1-MCP) on malondialdehyde (MDA) content, reactive oxygen species (superoxide anion [O2·−] and hydrogen
peroxide  [H2O2]),  and  antioxidant  enzymes  (peroxidase  [POD]  and  catalase  [CAT]),  and  antioxidants  (ascorbic  acid  [AsA]  and  glutathione  [GSH])  of  polyethylene
packaging (PEP)- and modified atmosphere packaging (MAP)-treated zucchini fruit at harvest and after storage at 3 ± 0.5 °C (Experiment 2).

Treatment Storage time
(d)

MDA
(μmol kg−1)

O2·−
(mg kg−1)

H2O2
(mg kg−1)

POD
(U kg−1)

CAT
(U kg−1)

AsA
(mg kg−1)

GSH
(mg kg−1)

At harvest 0 4.04 ± 0.14 h 0.82 ± 0.04 g 7.95 ± 0.14 g 58.37 ± 1.92 e 12.17 ± 1.31 c 165.30 ± 6.19 a 11.37 ± 0.57 a
PEP 14 8.02 ± 0.17 d 1.04 ± 0.07 de 10.00 ± 0.37 de 160.83 ± 3.42 a 14.17 ± 0.77 a 117.60 ± 2.35 d 8.40 ± 0.17 d
PEP + 1-MCP 14 5.53 ± 0.40 fg 0.90 ± 0.03 f 8.88 ± 0.16 f 115.57 ± 11.22 c 12.72 ± 0.94 bc 151.13 ± 4.80 b 9.67 ± 0.29 bc
MAP 14 5.35 ± 0.42 g 0.83 ± 0.05 fg 8.84 ± 0.26 f 117.03 ± 3.87 c 10.84 ± 0.99 d 154.90 ± 3.77 b 9.90 ± 0.36 b
MAP + 1-MCP 14 6.55 ± 0.29 ef 1.00 ± 0.05 e 9.02 ± 0.14 f 134.03 ± 9.91 b 14.37 ± 1.03 a 150.93 ± 7.41 b 9.73 ± 0.25 b
PEP 21 11.38 ± 0.59 b 1.42 ± 0.03 b 12.20 ± 0.44 c 132.17 ± 2.84 b 9.39 ± 0.36 e 90.73 ± 1.71 f 7.00 ± 0.20 e
PEP + 1-MCP 21 6.74 ± 0.35 e 1.09 ± 0.06 d 9.40 ± 0.56 ef 165.93 ± 19.04 a 11.90 ± 0.18 cd 139.73 ± 5.50 c 8.10 ± 0.36 d
MAP 21 5.92 ± 0.37 efg 1.07 ± 0.03 de 9.04 ± 0.27 f 123.57 ± 5.94 bc 13.74 ± 0.60 ab 152.70 ± 3.40 b 9.17 ± 0.35 c
MAP + 1-MCP 21 8.40 ± 0.47 d 1.26 ± 0.06 c 11.84 ± 0.49 c 132.30 ± 9.36 b 9.04 ± 0.18 e 109.50 ± 6.94 e 8.30 ± 0.26 d
PEP 28 17.60 ± 0.73 a 1.68 ± 0.04 a 15.16 ± 0.56 a 83.43 ± 4.72 d 5.29 ± 0.30 fg 80.47 ± 1.85 g 5.50 ± 0.20 g
PEP + 1-MCP 28 7.55 ± 0.46 b 1.23 ± 0.06 c 12.01 ± 0.81 c 85.67 ± 3.87 d 6.43 ± 0.58 f 114.23 ± 5.75 de 6.43 ± 0.40 f
MAP 28 6.77 ± 0.33 e 1.03 ± 0.05 de 10.27 ± 0.25 d 154.43 ± 7.24 a 8.54 ± 0.53 e 133.87 ± 1.71 c 7.03 ± 0.15 e
MAP + 1-MCP 28 9.70 ± 1.51 c 1.60 ± 0.03 a 13.83 ± 0.63 b 48.07 ± 8.33 e 4.74 ± 0.35 g 86.17 ± 3.97 fg 5.20 ± 0.30 g
T *** *** *** *** *** *** ***
ST *** *** *** *** *** *** ***
T × ST *** *** *** *** *** *** ***

Values are presented as means of three replicates ± SD. Different lowercase letters indicated significant differences among means using Fisher's protected LSD test at
p < 0.05. T, treatment; ST, storage time. ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001
level.
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chilling conditions. The strong link between low RH, water loss, and
the  onset  of  SP  was  well-documented[38].  Consequently,  maintain-
ing a humid micro-environment around zucchini fruit was crucial for
mitigating  SP[39].  Previous  research  had  demonstrated  that  SP  was
eliminated  when  zucchini  was  stored  under  high  RH  conditions,
such as in packinghouse patios or sealed packages[13,14,38,40,41]. In the
present study, the use of PEP effectively delayed SP onset until  day
14 and significantly reduced early WL (Table 1).  This highlighted its
efficacy as a physical barrier that maintained high local RH and mini-
mized  dehydration[42].  These  findings  were  consistent  with  studies
on other  cucurbits,  where  plastic  film packaging reduced CI  at  low
temperatures by preserving moisture[43].

Despite  the  initial  advantages,  PEP  did  not  ensure  long-term
protection. By day 28, the SP index in PEP-treated fruit escalated to
4.00,  matching that of  NP,  while decay incidence surged to 56.67%
(Fig.  1c).  This  suggested  that  although  PEP  effectively  reduced  WL
and maintained a relatively high RH around the fruit, it failed to alle-
viate oxidative stress during extended storage. Notably, PEP-treated

fruit  showed  increased  MDA  levels  and  a  progressive  depletion  of
AsA  and  GSH  during  14–28  d  of  storage  (Table  2),  indicating  that
ROS might  cause severe oxidative damage over  prolonged storage
periods.  Conversely,  MAP  not  only  preserved  high  RH,  but  also
created  a  protective  gaseous  environment,  which  helped  suppress
respiration[41] and,  crucially,  reduced  oxidative  stress  (Table  2).
Consequently,  SP  development  was  significantly  delayed,  with  a
lower  SP  index  of  1.03  observed  (Fig.  1b).  Additionally,  MAP  main-
tained elevated enzymatic antioxidant capacity and postponed the
peaks  of  POD  and  CAT  activity,  indicating  a  more  balanced  stress
response, delaying senescence and tissue degradation[24,44,45]. Over-
all,  these  findings  indicated  that  although  PEP  offered  short-term
physical  protection  by  maintaining  high  RH  and  reducing  WL,  it
lacked  the  physiological  regulation  required  to  mitigate  long-term
chilling-induced  oxidative  damage.  Conversely,  MAP  combined
physical and biochemical protection, proving to be a more effective
strategy for  prolonging the postharvest  life  of  zucchini  during low-
temperature storage.

 

Fig.  3  (a)  Surface pitting (SP)  index,  and (b)  decay incidence of  the polyethylene packaging (PEP)- and modified atmosphere packaging (MAP)-treated
zucchini fruit with 1 and 2 d pre-storage low humidity conditioning (PLHC) after 21 and 28 d of storage at 3 ± 0.5 °C. Values are presented as the mean ±
SD. (c) The zucchini fruit treated with PEP + 1 d PLHC, PEP + 2 d PLHC, MAP + 1 d PLHC, and MAP + 2 d PLHC after 28 d of storage at 3 ± 0.5 °C.
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 Utilizing the slow-release 1-MCP in PEP and MAP
to resist the CI of zucchini fruit

Although  zucchini  is  classified  as  a  non-climacteric  vegetable,
in  this  study  the  ethylene  production  rate  between  0.10  and
0.12 μL kg−1 h−1 was found in PEP and MAP treatments after 14−28
and  21−28  d  of  storage  at  3  ±  0.5  °C,  respectively  (Supplementary
Table  S2).  As  expected,  no  ethylene  was  determined  after  add-
ing  the  1-MCP  to  the  PEP  or  MAP  bags.  These  results  suggested
that  ethylene  signaling  modulated  stress  responses,  including  the
regulation  of  oxidative  metabolism  and  senescence  under  low
temperatures[46,47].  As  a  result,  the  incorporation  of  slow-release  1-
MCP  into  PEP  postponed  the  onset  of  SP  by  7  d  and  reduced  the
final  SP index to 2.97 after 28 d of  storage at 3 ± 0.5 °C,  which was
significantly  lower  than the  4.00  observed with  PEP alone (Fig.  2a).

Remarkably, no decay was observed throughout the storage period,
indicating  that  this  protective  effect  was  closely  associated  with
1-MCP's  ability  to  alleviate  CI  and  enhance  pathogen  resistance[48].
Our  results  also  demonstrated  that  fruit  treated  with  PEP  +  1-MCP
accumulated  significantly  lower  levels  of  O2·−,  H2O2,  and  MDA
compared  to  those  treated  with  PEP  alone.  Additionally,  key  anti-
oxidants  such  as  AsA  and  GSH  were  better  preserved,  and  the
peak  activities  of  antioxidant  enzymes  POD  and  CAT  were  delayed
from  day  14  (PEP  treatment)  to  day  21  (PEP  +  1-MCP  treatment)
(Tables  3, 4).  These findings indicated that  1-MCP,  under  the ambi-
ent gas conditions provided by PEP, effectively reduced ROS genera-
tion  and  membrane  lipid  peroxidation,  while  enhancing  cellular
redox  buffering  capacity,  thus  slowing  senescence  and  improving
chilling tolerance[49].

 

Table 5.  Effects of  1 and 2 d pre-storage low humidity conditioning (PLHC) on gas components (O2 and CO2 concentrations)  in bags and quality attributes (fruit
firmness [FF], hug angle, skin lightness, and weight loss [WL]) of polyethylene packaging (PEP)- and modified atmosphere packaging (MAP)-treated zucchini fruit at
harvest and after storage at 3 ± 0.5 °C (Experiment 3).

Treatment Storage time
(d)

O2 concentration
(%)

CO2 concentration
(%)

FF
(N)

Hug angle
(h)

Skin lightness
(L*)

WL
(%)

At harvest 0 − − 49.03 ± 5.72 a 122.97 ± 0.77 a 48.71 ± 2.54 e −
PEP 21 18.60 ± 0.00 a 0.00 ± 0.00 f 32.80 ± 2.45 ef 120.15 ± 0.91 c 55.69 ± 1.89 c 3.87 ± 0.24 b
PEP + 1 d PLHC 21 18.60 ± 0.00 a 0.00 ± 0.00 f 43.00 ± 3.29 b 122.12 ± 1.10 ab 53.45 ± 0.83 cd 1.52 ± 0.13 f
PEP + 2 d PLHC 21 18.60 ± 0.00 a 0.00 ± 0.00 f 39.80 ± 3.39 bcd 119.73 ± 1.22 c 56.26 ± 1.69 bc 1.84 ± 0.10 e
MAP 21 11.87 ± 0.21 c 4.76 ± 0.10 b 37.37 ± 2.06 cde 122.85 ± 0.44 a 55.88 ± 2.61 c 1.13 ± 0.06 g
MAP + 1 d PLHC 21 11.80 ± 0.20 c 4.21 ± 0.14 d 42.97 ± 4.76 b 122.86 ± 2.28 a 56.31 ± 1.96 bc 1.11 ± 0.09 gh
MAP + 2 d PLHC 21 13.27 ± 0.25 b 3.20 ± 0.17 e 42.87 ± 2.35 b 122.50 ± 0.51 a 48.53 ± 1.71 e 0.87 ± 0.08 h
PEP 28 18.60 ± 0.00 a 0.00 ± 0.00 f 32.03 ± 1.63 f 118.55 ± 0.99 c 61.88 ± 1.49 a 6.07 ± 0.24 a
PEP + 1 d PLHC 28 18.60 ± 0.00 a 0.00 ± 0.00 f 41.77 ± 1.15 bcd 122.70 ± 0.27 a 59.41 ± 0.98 ab 2.05 ± 0.19 de
PEP + 2 d PLHC 28 18.60 ± 0.00 a 0.00 ± 0.00 f 37.00 ± 1.41 de 120.35 ± 1.95 bc 61.24 ± 1.55 a 3.09 ± 0.14 c
MAP 28 9.63 ± 0.15 e 5.94 ± 0.12 a 37.27 ± 2.73 cde 122.65 ± 0.98 a 54.94 ± 1.40 c 2.19 ± 0.13 d
MAP + 1 d PLHC 28 9.53 ± 0.14 e 5.99 ± 0.22 a 38.67 ± 2.20 bcd 119.92 ± 0.70 c 56.39 ± 1.30 bc 2.05 ± 0.06 de
MAP + 2 d PLHC 28 11.23 ± 0.22 d 4.47 ± 0.11 c 42.10 ± 3.30 bc 122.64 ± 1.10 a 51.00 ± 3.28 de 1.12 ± 0.13 g
T *** *** *** *** *** ***
ST *** *** ns ns *** ***
T × ST *** *** ns ns ** ***

Values are presented as means of three replicates ± SD. Different lowercase letters indicated significant differences among means using Fisher's protected LSD test at
p < 0.05. T, treatment; ST, storage time. ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001
level.

 

Table 6.  Effects of 1 and 2 d pre-storage low humidity conditioning (PLHC) on malondialdehyde (MDA) content, reactive oxygen species (superoxide anion [O2·−] and
hydrogen peroxide [H2O2]), antioxidant enzymes (peroxidase [POD] and catalase [CAT]), and antioxidants (ascorbic acid [AsA] and glutathione [GSH]) of polyethylene
packaging (PEP)- and modified atmosphere packaging (MAP)-treated zucchini fruit at harvest, and after storage at 3 ± 0.5 °C (Experiment 3).

Treatment Storage time
(d)

MDA
(μmol kg−1)

O2·−
(mg kg−1)

H2O2
(mg kg−1)

POD
(U kg−1)

CAT
(U kg−1)

AsA
(mg kg−1)

GSH
(mg kg−1)

At harvest 0 4.14 ± 0.19 i 0.98 ± 0.04 h 9.88 ± 0.38 i 47.00 ± 1.67 g 9.03 ± 0.67 d 134.97 ± 4.06 a 8.27 ± 0.31 a
PEP 21 12.14 ± 0.75 b 1.65 ± 0.07 b 15.44 ± 0.45 b 79.40 ± 6.58 d 8.77 ± 0.21 d 65.70 ± 3.06 h 4.23 ± 0.25 e
PEP + 1 d PLHC 21 8.22 ± 0.44 fg 1.29 ± 0.01 de 12.56 ± 0.20 fg 69.87 ± 1.89 ef 11.93 ± 0.40 b 117.60 ± 2.95 bc 6.20 ± 0.20 c
PEP + 2 d PLHC 21 9.97 ± 0.84 de 1.44 ± 0.06 c 13.85 ± 0.29 cd 95.47 ± 2.27 c 9.00 ± 0.50 d 86.32 ± 2.28 f 4.67 ± 0.42 e
MAP 21 8.07 ± 0.80 g 1.23 ± 0.05 ef 12.20 ± 0.29 gh 74.87 ± 4.03 de 10.23 ± 0.75 c 111.60 ± 2.59 c 6.60 ± 0.20 bc
MAP + 1 d PLHC 21 9.26 ± 0.43 ef 1.21 ± 0.05 f 13.33 ± 0.39 de 116.73 ± 4.96 b 10.47 ± 0.42 c 102.10 ± 2.26 d 6.63 ± 0.23 bc
MAP + 2 d PLHC 21 5.70 ± 0.51 h 1.12 ± 0.03 g 10.18 ± 0.35 i 80.33 ± 6.18 d 12.83 ± 0.35 a 122.13 ± 4.74 b 7.90 ± 0.10 a
PEP 28 14.99 ± 0.32 a 1.88 ± 0.08 a 18.65 ± 0.39 a 62.40 ± 3.68 f 4.63 ± 0.38 g 54.43 ± 3.26 i 2.20 ± 0.30 g
PEP + 1 d PLHC 28 9.08 ± 0.25 efg 1.31 ± 0.04 d 12.92 ± 0.47 ef 98.27 ± 3.46 c 7.33 ± 0.42 e 93.23 ± 3.13 e 5.23 ± 0.32 d
PEP + 2 d PLHC 28 11.66 ± 1.34 bc 1.48 ± 0.04 c 15.95 ± 0.30 b 73.77 ± 3.66 de 5.00 ± 0.20 fg 74.57 ± 3.46 g 2.97 ± 0.21 f
MAP 28 8.64 ± 0.37 fg 1.23 ± 0.03 ef 13.09 ± 0.28 ef 119.20 ± 4.23 b 5.70 ± 0.20 f 99.50 ± 0.66 de 4.53 ± 0.32 e
MAP + 1 d PLHC 28 8.87 ± 0.58 cd 1.33 ± 0.03 d 14.42 ± 0.41 c 79.27 ± 8.54 d 5.67 ± 0.23 f 99.87 ± 4.20 de 4.33 ± 0.29 e
MAP + 2 d PLHC 28 6.09 ± 0.23 h 1.16 ± 0.05 fg 11.77 ± 0.30 h 142.97 ± 10.84 a 8.93 ± 0.45 d 112.13 ± 9.73 c 6.97 ± 0.15 b
T *** *** *** *** *** *** ***
ST *** *** *** *** *** *** ***
T × ST * ** *** *** ns ** ***

Values are presented as means of three replicates ± SD. Different lowercase letters indicated significant differences among means using Fisher's protected LSD test at
p < 0.05. T, treatment; ST, storage time. ns, no significant effect; * significant effect at the 0.05 level; ** significant effect at the 0.01 level; *** significant effect at the 0.001
level.
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Conversely, the combination of 1-MCP with MAP did not result in
synergistic advantages; instead, it hastened quality decline. Initially,
SP  was  suppressed,  but  then  surged  to  3.60  by  day  28,  surpassing
even the PEP treatment, while decay incidence increased to 43.33%
(Fig.  2, Table  4).  This  phenomenon  might  be  attributed  to  1-MCP
heightening  chilling  sensitivity  in  immature  fruit  and  vegetables
such  as  bananas,  citrus,  and  tomatoes,  possibly  due  to  their  low
ethylene production capacity[48,50,51].  In this study, the zucchini fruit
were  harvested  at  an  immature  stage  with  no  ethylene  detected,
increased  sensitivity  was  observed  only  in  the  MAP  +  1-MCP  treat-
ment, not in the PEP + 1-MCP treatment. Thus, immaturity alone was
not  solely  responsible  for  the  heightened  sensitivity  to  CI  induced
by  1-MCP.  The  deterioration  in  the  MAP  +  1-MCP  treatment  coin-
cided  with  a  gradual  shift  in  the  internal  atmosphere,  where  O2

levels  fell  to  4.49%  and  CO2 accumulated  to  9.50%  by  day  28
(Table  3),  creating  a  hypoxic  and  hypercapnic  environment.  In
such  conditions,  the  inhibition  of  ethylene  perception  by  1-MCP
appeared to disrupt the fruit's  adaptive stress response. Ethylene is
increasingly recognized not only as a senescence hormone, but also
as a  signaling molecule involved in activating antioxidant defenses
and anaerobic metabolism under hypoxia[52]. By inhibiting ethylene
receptors,  1-MCP  appeared  to  impair  the  fruit's  ability  to  activate
protective pathways essential for surviving low-O2 stress. This impair-
ment  likely  led to  uncontrolled ROS accumulation,  an early  decline
in  POD  and  CAT  activities  (peaking  on  day  14),  and  a  rapid  deple-
tion of  AsA and GSH (Table 4).  The resulting oxidative burst  proba-
bly  triggered  premature  cell  death  and  tissue  softening,  causing
a  rapid  decrease  in  fruit  firmness.  Consequently,  while  1-MCP
enhanced chilling tolerance under PEP, its combination with MAP in
low O2 conditions might have compromised CI resistance. Based on
these  findings,  incorporating  1-MCP  into  MAP  posed  a  high  risk
when storing zucchini fruit at low temperatures.

 Utilizing the PLHC in PEP and MAP to resist the CI
of zucchini fruit

Pre-storage  conditioning  methods,  such  as  hot  water
treatment[53] and  nitric  oxide  application[54],  had  become  effective
strategies  to  enhance postharvest  stress  tolerance in  chilling-sensi-
tive zucchini fruit. In this study, PLHC for either 1 or 2 d before cold
storage  significantly  mitigated  CI,  especially  when  combined  with
MAP. After 28 d of storage, the chilling injury index decreased from
4.00 in PEP-treated fruit to 1.97 and 2.70 in fruit treated with PEP +
1 d PLHC, and PEP + 2 d PLHC, respectively. In MAP-treated fruit, the
chilling injury  index was  further  reduced to  1.80,  0.97,  and 2.00  for
MAP, MAP + 1 d PLHC, and MAP + 2 d PLHC treatments, respectively
(Fig.  3a).  Notably,  no decay occurred in the treatment of  PEP + 1 d
PLHC,  PEP  +  2  d  PLHC,  MAP,  or  MAP  +  1  d  PLHC  during  the  entire
storage period, indicating that PLHC effectively decreased the fruit's
susceptibility  to  both  chilling  injury  and  microbial  infection.  The
protective effect of PLHC was likely due to the hardening of the fruit
stem (Supplementary  Fig.  S1)  and surface,  which  primed the  fruit's
antioxidant  defense  system  and  enhanced  membrane  stability
under  chilling  stress.  For  instance,  PLHC,  particularly  the  1  d  treat-
ment, effectively reduced the accumulation of MDA and O2·−, which
were indicators of oxidative damage, and better preserved AsA and
GSH levels  during storage (Table  6).  These  findings  concurred with
earlier studies indicating that pre-storage low RH conditioning could
enhance  antioxidant  systems,  thus  improving  low-temperature
tolerance[55]. Notably, the duration of PLHC was crucial in determin-
ing  its  effectiveness.  A  1  d  PLHC  provided  the  most  robust  protec-
tion  for  both  PEP  and  MAP  systems,  as  evidenced  by  the  lowest
SP  index,  highest  retention  of  fruit  firmness,  and  minimal  WL.  In

contrast, a 2 d PLHC treatment was less beneficial, particularly under
PEP conditions.  Specifically,  the  combination of  2  d  PLHC with  PEP
resulted in elevated levels of MDA and H2O2 and accelerated FF loss
compared  to  the  1  d  PLHC  treatment  (Tables  5, 6).  This  suggested
that extending the PLHC duration might trigger fruit senescence or
cellular damage. When PLHC was applied in conjunction with MAP,
it  further  enhanced  chilling  tolerance,  quality,  and  antioxidant
retention. This improvement was possibly due to PLHC strengthen-
ing  cellular  defenses  and  MAP  creating  a  favorable  internal  atmo-
sphere.  Consequently,  a  1  d  PLHC  emerged  as  the  most  effective,
simple,  cost-efficient,  and  practical  strategy  for  commercial  use,
particularly when combined with MAP liners. This approach offered
substantial  protection  against  chilling  injury  and  prolonged  the
shelf life of zucchini fruit.

 Conclusions
This study illustrated that MAP was markedly more effective than

PEP or NP in mitigating CI and preserving the postharvest quality of
zucchini fruit stored at 3 ± 0.5 °C. MAPs protective effect was due to
its  modification  of  internal  gas  composition,  which  suppressed
respiration,  reduced  weight  loss,  and  delayed  the  accumulation  of
ROS  and  membrane  lipid  peroxidation.  Additionally,  MAP  main-
tained  antioxidant  systems,  such  as  AsA,  GSH,  POD,  and  CAT,
thereby  enhancing  tolerance  to  oxidative  stress.  The  use  of  slow-
release  1-MCP  with  PEP  further  diminished  CI  development  and
decay  incidence.  However,  combining  1-MCP  with  MAP  resulted
in  excessive  ROS  accumulation,  accelerated  firmness  loss,  and
increased decay.  In  contrast,  PLHC,  particularly  for  1  d,  significantly
improved  chilling  tolerance,  especially  when  combined  with  MAP.
This conditioning treatment primed the fruit's antioxidant defenses
and  reduced  oxidative  damage,  leading  to  lower  SP,  reduced  WL,
and  delayed  decay.  A  1  d  PLHC  was  optimal,  while  a  2  d  PLHC
showed  diminishing  returns,  highlighting  a  narrow  window  for
effective  acclimation.  These  findings  collectively  indicated  that  an
integrated  approach  involving  MAP,  PEP  +  1-MCP,  and  MAP  +  1  d
PLHC  presented  the  most  promising  strategy  for  extending  the
postharvest  life  of  zucchini  fruit  during  low-temperature  storage.
Of the treatments assessed, the combination of MAP and 1 d PLHC
proved  most  effective  in  maintaining  quality  and  reducing  chilling
injury,  offering  a  practical  solution  for  the  zucchini  supply  chain.
These results enhance our understanding of CI mechanisms in chill-
ing-sensitive  vegetables,  and  provide  valuable  insights  for  improv-
ing postharvest management practices.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
data curation,  formal analysis,  methodology,  software:  Xu M, Zhi  H;
writing − original draft: Xu M, Zhi H, Na T; methodology: Na T; writ-
ing − review  and  editing:  Na  T,  Dong  Y;  investigation:  Na  T,  Liu  X,
Yang S, Duan W, Xu S, Ma X, Ren L, Dong Y; resources: Liu X, Yang S,
Duan  W,  Xu  S,  Ma  X,  Ren  L;  conceptualization,  funding  acquisition,
project administration, supervision, validation, visualization: Dong Y.
All  authors  reviewed  the  results  and  approved  the  final  version  of
the manuscript.

 Data availability

The  datasets  generated  during  and/or  analyzed  during  the
current  study  are  available  from  the  corresponding  author  on
reasonable request.

  Optimal technologies to reduce zucchini chilling

Page 10 of 12   Xu et al. Technology in Horticulture 2026, 6: e014



 Acknowledgements

We thank the Qinghai  Province Science and Technology Special-
ist Project (2025-NK-P59) for funding.

 Conflict of interest

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/tihort-0026-0007.

Dates

Received 22 December 2025; Revised 15 March 2026; Accepted 25
March 2026; Published online 12 May 2026

References
 Tie  J,  Gao  X,  Liu  Y,  Chen  W,  Hu  L,  et  al. 2024. Improving  the  value  of
planting  and  breeding  waste  compost  in  agricultural  applications:  a
zucchini  cultivation  case  and  circular  agricultural  models  analysis.
Chemical Engineering Journal 496:153984

[1]

 Toscano  S,  Branca  F,  Ferrante  A,  Romano  D. 2021. Zucchini  squash
production in conventional and organic cultivation systems. Advances
in Horticultural Science 35:195−206

[2]

 Yu L, Liu S, Wang F, Liu Y, Liu H, et al. 2022. Strategies for agricultural
production management based on land, water and carbon footprints
on the Qinghai-Tibet Plateau. Journal of Cleaner Production 362:132563

[3]

 Liu  Y,  Zhen  L,  Shao  Q,  Ye  J,  Xie  S. 2025. Spatiotemporal  patterns
in  production  and  consumption  of  major  foods  in  Qinghai,  China.
Foods 14:736

[4]

 Martínez-Valdivieso  D,  Font  R,  Fernández-Bedmar  Z,  Merinas-Amo  T,
Gómez P, et al. 2017. Role of zucchini and its distinctive components in
the modulation of degenerative processes: genotoxicity, anti-genotox-
icity, cytotoxicity and apoptotic effects. Nutrients 9:755

[5]

 Thanh  NC,  Eed  EM,  Elfasakhany  A,  Brindhadevi  K. 2023. Antioxidant,
anti-inflammatory and anti-proliferative activities of green and yellow
zucchini (Courgette). Applied Nanoscience 13:2251−2260

[6]

 Carvajal  F,  Martinez  C,  Jamilena  M,  Garrido  D. 2011. Differential
response  of  zucchini  varieties  to  low  storage  temperature. Scientia
Horticulturae 130:90−96

[7]

 Al  Lawati  R,  Al  Shukaili  Z,  Al-Dairi  M,  Pathare  PB. 2024. Effect  of  aloe-
vera coating on the quality of mechanically damaged zucchini during
long-term storage. Sustainable Chemistry and Pharmacy 39:101603

[8]

 Carvajal F, Palma F, Jamilena M, Garrido D. 2015. Cell wall metabolism
and  chilling  injury  during  postharvest  cold  storage  in  zucchini  fruit.
Postharvest Biology and Technology 108:68−77

[9]

 Pristijono P, Bowyer MC, Scarlett CJ, Vuong QV, Stathopoulos CE, et al.
2018. The application of low pressure storage to maintain the quality
of  zucchinis. New  Zealand  Journal  of  Crop  and  Horticultural  Science
46:254−263

[10]

 García A, Aguado E, Cebrián G, Iglesias J, Romero J, et al. 2020. Effect of
ethylene-insensitive  mutation etr2b on  postharvest  chilling  injury  in
zucchini fruit. Agriculture 10:532

[11]

 Wang CY. 1994. Combined treatment of heat shock and low tempera-
ture  conditioning  reduces  chilling  injury  in  zucchini  squash. Posthar-
vest Biology and Technology 4:65−73

[12]

 Zuo X,  Cao S,  Jia  W,  Zhao Z,  Jin  P,  et  al. 2021. Near-saturated relative
humidity  alleviates  chilling  injury  in  zucchini  fruit  through  its  regula-
tion  of  antioxidant  response  and  energy  metabolism. Food  Chemistry
351:129336

[13]

 Zuo  X,  Cao  S,  Zhang  M,  Cheng  Z,  Cao  T,  et  al. 2021. High  relative
humidity  (HRH)  storage  alleviates  chilling  injury  of  zucchini  fruit  by
promoting  the  accumulation  of  proline  and  ABA. Postharvest  Biology
and Technology 171:111344

[14]

 Wang  CY,  Kramer  GF,  Whitaker  BD,  Lusby  WR. 1992. Temperature
preconditioning  increases  tolerance  to  chilling  injury  and  alters  lipid
composition  in  zucchini  squash. Journal  of  Plant  Physiology
140:229−235

[15]

 Tossi  VE,  Regalado  JJ,  Martínez  J,  Galván  A,  Martinez  Tosar  LJ,  et  al.
2024. UV-B  alleviates  postharvest  chilling  injury  of  zucchini  fruit
associated with a reduction in oxidative stress. Postharvest Biology and
Technology 212:112850

[16]

 Wang  CY,  Ji  ZL. 1989. Effect  of  low-oxygen  storage  on  chilling  injury
and polyamines in Zucchini squash. Scientia Horticulturae 39:1−7

[17]

 Serrano  M,  Pretel  MT,  Martínez-Madrid  MC,  Romojaro  F,  Riquelme  F.
1998. CO2 treatment of zucchini squash reduces chilling-induced phys-
iological  changes. Journal  of  Agricultural  and  Food  Chemistry
46:2465−2468

[18]

 Moradi  M,  Ahmadi  E,  Dashti  F. 2024. Investigating  the  effect  of
chitosan  edible  coating,  modified  atmosphere  packaging,  and  nano
packaging  film  on  improving  the  quality  characteristics  of  zucchini
(Cucurbita Pepo L.). Agricultural Mechanization 9:15−31

[19]

 Martı́nez-Téllez MA.,  Ramos-Clamont MG, Gardea AA, Vargas-Arispuro
I. 2002. Effect  of  infiltrated  polyamines  on  polygalacturonase  activity
and  chilling  injury  responses  in  zucchini  squash  (Cucurbita  pepo L.).
Biochemical and Biophysical Research Communications 295:98−101

[20]

 Ali  S,  Nawaz A,  Naz  S,  Ali  M,  Ejaz  S,  et  al. 2023. Exogenous  melatonin
mitigates  chilling  injury  in  zucchini  fruit  by  enhancing  antioxidant
system activity,  promoting endogenous proline and GABA accumula-
tion, and preserving cell wall stability. Postharvest Biology and Technol-
ogy 204:112445

[21]

 Medina-Santamarina J,  Serrano M, Ruiz-Aracil  MC,  Ilea MIM, Martínez-
Romero D, et al. 2022. A synergistic effect based on the combination of
melatonin  with  1-methylcyclopropene  as  a  new  strategy  to  increase
chilling tolerance and general quality in zucchini fruit. Foods 11:2784

[22]

 Yao  W,  Xu  T,  Farooq  SU,  Jin  P,  Zheng  Y. 2018. Glycine  betaine  treat-
ment  alleviates  chilling  injury  in  zucchini  fruit  (Cucurbita  pepo L.)  by
modulating  antioxidant  enzymes  and  membrane  fatty  acid  metab-
olism. Postharvest Biology and Technology 144:20−28

[23]

 Yi B, Liu Y, Wu Z, Zheng Y, Chen H, et al. 2024. Hydrogen sulfide allevi-
ates chilling injury of zucchini fruit by regulating antioxidant capacity,
endogenous  hydrogen  sulfide,  proline,  and  polyamine  metabolism.
Postharvest Biology and Technology 208:112638

[24]

 Qu P, Zhang M, Fan K, Guo Z. 2022. Microporous modified atmosphere
packaging to extend shelf life of fresh foods: a review. Critical Reviews
in Food Science and Nutrition 62:51−65

[25]

 Megías Z, Martínez C, Manzano S, García A, del Mar Rebolloso-Fuentes
M, et al. 2016. Ethylene biosynthesis and signaling elements involved
in chilling injury and other postharvest quality traits in the non-climac-
teric fruit of zucchini (Cucurbita pepo). Postharvest Biology and Technol-
ogy 113:48−57

[26]

 Lee HE, Choi ST, Lee JW, Do KR. 2006. Effects of 1-methylcyclopropene
on  the  postharvest  life  and  fruit  quality  of  squash  (Cucurbita spp.).
Korean Journal of Horticultural Science and Technology 24:471−475

[27]

 McGuire  RG. 1992. Reporting  of  objective  color  measurements.
HortScience 27:1254−1255

[28]

 Hodges  DM,  DeLong  JM,  Forney  CF,  Prange  RK. 1999. Improving  the
thiobarbituric  acid-reactive-substances  assay  for  estimating  lipid
peroxidation in plant tissues containing anthocyanin and other inter-
fering compounds. Planta 207:604−611

[29]

 Dong Y, Liu L, Zhao Z, Zhi H, Guan J. 2015. Effects of 1-MCP on reactive
oxygen  species,  polyphenol  oxidase  activity,  and  cellular  ultra-struc-
ture of core tissue in ‘Yali’ pear (Pyrus bretschneideri Rehd.) during stor-
age. Horticulture, Environment, and Biotechnology 56:207−215

[30]

 Kampfenkel  K,  Vanmontagu  M,  Inze  D. 1995. Extraction  and  determi-
nation  of  ascorbate  and  dehydroascorbate  from  plant  tissue. Analyti-
cal Biochemistry 225:165−167

[31]

 Brehe  JE,  Burch  HB. 1976. Enzymatic  assay  for  glutathione. Analytical
Biochemistry 74:189−197

[32]

 Rana MK, Brar A. 2017. Pepino. In Vegetable Crops Science, ed. Rana MK.
1st Edition.  Boca  Raton,  FL,  USA:  CRC  Press.  pp.  901–914  doi:
10.1201/9781315116204

[33]

Optimal technologies to reduce zucchini chilling  

Xu et al. Technology in Horticulture 2026, 6: e014   Page 11 of 12

https://doi.org/10.48130/tihort-0026-0007
https://doi.org/10.48130/tihort-0026-0007
https://doi.org/10.48130/tihort-0026-0007
https://doi.org/10.48130/tihort-0026-0007
https://doi.org/10.48130/tihort-0026-0007
https://doi.org/10.1016/j.cej.2024.153984
https://doi.org/10.36253/ahsc-10277
https://doi.org/10.36253/ahsc-10277
https://doi.org/10.1016/j.jclepro.2022.132563
https://doi.org/10.3390/foods14050736
https://doi.org/10.3390/nu9070755
https://doi.org/10.1007/s13204-021-02111-z
https://doi.org/10.1016/j.scienta.2011.06.016
https://doi.org/10.1016/j.scienta.2011.06.016
https://doi.org/10.1016/j.scp.2024.101603
https://doi.org/10.1016/j.postharvbio.2015.05.013
https://doi.org/10.1080/01140671.2017.1383277
https://doi.org/10.3390/agriculture10110532
https://doi.org/10.1016/0925-5214(94)90008-6
https://doi.org/10.1016/0925-5214(94)90008-6
https://doi.org/10.1016/j.foodchem.2021.129336
https://doi.org/10.1016/j.postharvbio.2020.111344
https://doi.org/10.1016/j.postharvbio.2020.111344
https://doi.org/10.1016/S0176-1617(11)80940-5
https://doi.org/10.1016/j.postharvbio.2024.112850
https://doi.org/10.1016/j.postharvbio.2024.112850
https://doi.org/10.1016/0304-4238(89)90031-9
https://doi.org/10.1021/jf970864c
https://doi.org/10.22034/jam.2024.63091.1288
https://doi.org/10.1016/S0006-291X(02)00631-9
https://doi.org/10.1016/j.postharvbio.2023.112445
https://doi.org/10.1016/j.postharvbio.2023.112445
https://doi.org/10.1016/j.postharvbio.2023.112445
https://doi.org/10.3390/foods11182784
https://doi.org/10.1016/j.postharvbio.2018.05.007
https://doi.org/10.1016/j.postharvbio.2023.112638
https://doi.org/10.1080/10408398.2020.1811635
https://doi.org/10.1080/10408398.2020.1811635
https://doi.org/10.1016/j.postharvbio.2015.11.001
https://doi.org/10.1016/j.postharvbio.2015.11.001
https://doi.org/10.1016/j.postharvbio.2015.11.001
https://doi.org/10.21273/hortsci.27.12.1254
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s13580-015-0094-1
https://doi.org/10.1006/abio.1995.1127
https://doi.org/10.1006/abio.1995.1127
https://doi.org/10.1016/0003-2697(76)90323-7
https://doi.org/10.1016/0003-2697(76)90323-7
https://doi.org/10.1201/9781315116204


 Cantwell M, Suslow TV. 2009. Squash (soft rind); Recommendations for
maintaining postharvest quality: pumpkin and winter squash. Posthar-
vest Technology 1164:3p

[34]

 Palma F,  Carvajal  F,  Lluch C,  Jamilena M,  Garrido D. 2014. Changes in
carbohydrate  content  in  zucchini  fruit  (Cucurbita  pepo L.)  under  low
temperature stress. Plant Science 217:78−86

[35]

 Carvajal F, Palma F, Jamilena M, Garrido D. 2015. Preconditioning treat-
ment  induces  chilling  tolerance  in  zucchini  fruit  improving  different
physiological  mechanisms  against  cold  injury. Annals  of  Applied  Biol-
ogy 166:340−354

[36]

 Zhi  H,  Wang  L,  Jiang  L,  Dong  Y. 2024. Harvest  maturity  in  relation  to
decay,  quality  attributes,  and antioxidant properties  of  'Ruaner'  pears
(Pyrus  ussuriensis)  after  cold  storage  and  at  shelf. Technology  in  Horti-
culture 4:e030

[37]

 Fonseca JM,  Cinco RA. 2006. Evaluation of  commercial  alternatives to
reduce postharvest  pitting of  organically  grown zucchini  and cucum-
ber. Acta Horticulturae 712:291−298

[38]

 Xiao X, He XM, Zhang SY, Jia JY, Yin JW, et al. 2022. Study on the mech-
anism  of  inhibiting  chilling  injury  of  cucumber  during  low  tempera-
ture storage by foam box packaging. Food and Fermentation Industries
48:196−203 (in Chinese)

[39]

 Zuo  X,  Cao  S,  Ji  N,  Li  Y,  Zhang  J,  et  al. 2022. High  relative  humidity
enhances  chilling  tolerance  of  zucchini  fruit  by  regulating  sugar  and
ethanol  metabolisms  during  cold  storage. Postharvest  Biology  and
Technology 189:111932

[40]

 Zuo X, Wang J, Wu Z, Jin P, Zheng Y. 2025. High relative humidity stor-
age  mitigates  chilling  injury  in  zucchini  fruit  via  regulating  the
CpMYB63-mediated  cell  wall  degradation. Postharvest  Biology  and
Technology 222:113388

[41]

 Lucera  A,  Costa  C,  Mastromatteo  M,  Conte  A,  Del  Nobile  MA. 2010.
Influence of different packaging systems on fresh-cut zucchini (Cucur-
bita pepo). Innovative Food Science & Emerging Technologies 11:361−368

[42]

 Wang  CY,  Qi  L. 1997. Modified  atmosphere  packaging  alleviates
chilling  injury  in  cucumbers. Postharvest  Biology  and  Technology
10:195−200

[43]

 Zheng  Y,  Fung  RWM,  Wang  SY,  Wang  CY. 2008. Transcript  levels  of
antioxidative  genes  and oxygen radical  scavenging enzyme activities
in  chilled  zucchini  squash  in  response  to  superatmospheric  oxygen.
Postharvest Biology and Technology 47:151−158

[44]

 Grzegorzewska  M,  Szwejda-Grzybowska  J. 2025. The  impact  of
controlled  and  dynamically  controlled  atmospheres  on  the  storage
ability  and  sustainable  supply  chain  of  zucchini  fruit. Sustainability
17:8781

[45]

 Wills  RBH,  Ku  VVV,  Shohet  D,  Kim  GH. 1999. Importance  of  low  ethy-
lene  levels  to  delay  senescence  of  non-climacteric  fruit  and  vegeta-
bles. Australian Journal of Experimental Agriculture 39:221−224

[46]

 Kou  X,  Feng  Y,  Yuan  S,  Zhao  X,  Wu  C,  et  al. 2021. Different
regulatory  mechanisms  of  plant  hormones  in  the  ripening  of  climac-
teric  and  non-climacteric  fruits:  a  review. Plant  Molecular  Biology
107:477−497

[47]

 Watkins CB. 2007. The effect of 1-MCP on the development of physio-
logical  storage  disorders  in  horticultural  crops. Stewart  Postharvest
Review 3:1−6

[48]

 Guo S, Li T, Wu C, Fan G, Wang H, et al. 2021. Melatonin and 1-methyl-
cyclopropene  treatments  on  delay  senescence  of  apricots  during
postharvest  cold  storage  by  enhancing  antioxidant  system  activity.
Journal of Food Processing and Preservation 45:e15863

[49]

 Biswas P,  East  AR,  Hewett EW, Heyes JA. 2014. Ripening delay caused
by 1-MCP may increase tomato chilling sensitivity. New  Zealand  Jour-
nal of Crop and Horticultural Science 42:145−150

[50]

 Chang LY, Sargent SA, Kim J, Brecht JK. 2022. Delaying ripening using
1-MCP  reveals  chilling  injury  symptom  development  at  the  putative
chilling  threshold  temperature  for  mature  green  banana. Frontiers  in
Plant Science 13:966789

[51]

 Hartman S, Sasidharan R, Voesenek LACJ. 2021. The role of ethylene in
metabolic acclimations to low oxygen. New Phytologist 229:64−70

[52]

 Bokhary  SUF,  Wang  L,  Zheng  Y,  Jin  P. 2020. Pre-storage  hot  water
treatment  enhances  chilling  tolerance  of  zucchini  (Cucurbita  pepo L.)
squash  by  regulating  arginine  metabolism. Postharvest  Biology  and
Technology 166:111229

[53]

 Jiménez-Muñoz  R,  Palma  F,  Carvajal  F,  Castro-Cegrí  A,  Pulido  A,  et  al.
2021. Pre-storage nitric oxide treatment enhances chilling tolerance of
zucchini  fruit  (Cucurbita  pepo L.)  by S-nitrosylation  of  proteins  and
modulation of the antioxidant response. Postharvest Biology and Tech-
nology 171:111345

[54]

 Shin Y, Liu RH, Nock JF, Holliday D, Watkins CB. 2007. Temperature and
relative humidity effects on quality,  total ascorbic acid, phenolics and
flavonoid  concentrations,  and  antioxidant  activity  of  strawberry.
Postharvest Biology and Technology 45:349−357

[55]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

  Optimal technologies to reduce zucchini chilling

Page 12 of 12   Xu et al. Technology in Horticulture 2026, 6: e014

https://doi.org/10.1016/j.plantsci.2013.12.004
https://doi.org/10.1111/aab.12189
https://doi.org/10.1111/aab.12189
https://doi.org/10.1111/aab.12189
https://doi.org/10.48130/tihort-0024-0028
https://doi.org/10.48130/tihort-0024-0028
https://doi.org/10.48130/tihort-0024-0028
https://doi.org/10.17660/actahortic.2006.712.32
https://doi.org/10.13995/j.cnki.11-1802/ts.029001
https://doi.org/10.1016/j.postharvbio.2022.111932
https://doi.org/10.1016/j.postharvbio.2022.111932
https://doi.org/10.1016/j.postharvbio.2025.113388
https://doi.org/10.1016/j.postharvbio.2025.113388
https://doi.org/10.1016/j.ifset.2009.08.002
https://doi.org/10.1016/S0925-5214(97)01405-1
https://doi.org/10.1016/j.postharvbio.2007.06.016
https://doi.org/10.3390/su17198781
https://doi.org/10.1071/ea98123
https://doi.org/10.1007/s11103-021-01199-9
https://doi.org/10.2212/spr.2007.2.11
https://doi.org/10.2212/spr.2007.2.11
https://doi.org/10.1111/jfpp.15863
https://doi.org/10.1080/01140671.2013.870218
https://doi.org/10.1080/01140671.2013.870218
https://doi.org/10.1080/01140671.2013.870218
https://doi.org/10.3389/fpls.2022.966789
https://doi.org/10.3389/fpls.2022.966789
https://doi.org/10.1111/nph.16378
https://doi.org/10.1016/j.postharvbio.2020.111229
https://doi.org/10.1016/j.postharvbio.2020.111229
https://doi.org/10.1016/j.postharvbio.2020.111345
https://doi.org/10.1016/j.postharvbio.2020.111345
https://doi.org/10.1016/j.postharvbio.2020.111345
https://doi.org/10.1016/j.postharvbio.2007.03.007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant material
	Experimental designs
	Evaluations of CI-induced surface pitting (SP) and decay
	Evaluations of O2 and CO2 concentrations
	Evaluations of flesh firmness (FF), skin color, and weight loss (WL)
	Determinations of malondialdehyde (MDA), superoxide anion (O2·−), and hydrogen peroxide (H2O2)
	Determinations of peroxidase (POD), catalase (CAT), ascorbic acid (AsA), and glutathione (GSH)
	Statistical analysis

	Results
	Effects of PEP and MAP on the CI of zucchini fruit
	Effect of slow-release 1-MCP on the CI of PEP- and MAP-treated zucchini fruit
	Effects of PLHC on the CI of PEP- and MAP-treated zucchini fruit

	Discussion
	Utilizing the PEP and MAP on resisting the CI of zucchini fruit
	Utilizing the slow-release 1-MCP in PEP and MAP to resist the CI of zucchini fruit
	Utilizing the PLHC in PEP and MAP to resist the CI of zucchini fruit

	Conclusions
	Author contributions
	Data availability
	Acknowledgements
	Conflict of interest
	Supplementary information
	References

