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ABSTRACT
Article history: The post-harvest deterioration of orange fruit quality, including weight loss

and changes in biochemical attributes, which is exacerbated by drought
stress and can be influenced by pre-harvest treatments and storage
conditions. This two-year study (2021-2022) analyzed the contribution of
pre-harvest foliar applications of chitosan (500 ppm) and melatonin (100
pM), individually and in combination, on the post-harvest quality of ten-
year-old ‘Valencia’ and ‘Thomson Navel” orange trees under well-watered
Article type: and water-stressed (40% FC) conditions. The experiment, conducted at a
commercial citrus orchard in Sari, Iran, employed a factorial experiment
based on RCBD design with irrigation levels and foliar treatments as pre-
harvest factors. During the post-harvest stage, fruits were stored for 0, 30,
60, and 90 d under either traditional or modified atmosphere packaging
(MAP: 10% COz, 5% O3, 85% N>) at 5 °C. Results indicated a significant
increase in weight loss of fruit, reaching a minimum of 118.1 g for
“Valencia’ and 175 g for ‘Thomson Navel’ after 90 d. Additionally, total
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Drought stress, soluble solids increased during storage, while MAP effectively mitigated
Post-harvest storage, weight loss. Drought stress further decreased fruit weight and TSS.
Pre-harvest treatments However, chitosan and melatonin, particularly when used together, reduced

weight loss. The combined treatment resulted in the smallest weight
reduction (3.08%) in ‘Valencia’ oranges after 30 d. Antioxidant enzyme
activities (DPPH, APX, SOD, POX, PPO, and PAL) generally increased
with storage, but MAP decreased DPPH, SOD, and POX activities, while
increasing APX and PAL. The highest DPPH activity (52.64%) was
observed after chitosan application. Drought stress and chitosan/melatonin
increased antioxidant enzyme activity. During storage, total phenolic
content increased. MAP application reduced this increase, while
chitosan/melatonin application promoted it. The highest phenolic content
was recorded in ‘Valencia’ (0.93 mg g') treated with chitosan under
drought stress and conventional packaging after 60 d. Total flavonoid
content varied across treatments and storage durations, indicating complex
interactions. For example, the highest flavonoid content in ‘Valencia’ (948.6
ug gt FW) was observed under drought stress, MAP, and combined
chitosan/melatonin application after 60 d. Correlation analysis revealed
negative correlations between some antioxidant enzymes/flavonoids and
fruit  weight/quality traits and positive correlations between
phenolics/flavonoids and certain antioxidant enzymes. These findings
highlight the complex interactions among pre-harvest treatments, storage
conditions, and their combined effects on orange fruit quality and
antioxidant capacity.
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Introduction

Citrus fruits are among the most economically
important horticultural crops worldwide. In Iran
because of widespread cultivation, citrus is exposed
t to various environmental restricts, including
drought and cold stresses. Given the economic
importance of citrus production, understanding the
mechanisms underlying plant responses to water
stress and identifying strategies to enhance their
tolerance are critical research priorities (Ahluwalia et
al., 2021; Sadeghi and Jabbarzadeh, 2025). Water
stress iS a major constraint on agricultural
productivity in arid and semi-arid regions and has
been the focus of extensive research. Under water-
deficit conditions, plants undergo physiological and
biochemical modifications, including alterations in
flavonoid composition and antioxidant enzyme
activity, to adapt and mitigate stress effects (Roussos

etal., 2019).
Several studies have reported that water stress leads
to a decline in chlorophyll content and

photosynthetic activity in citrus. However, the extent
of these reductions varies depending on rootstock
and scion type, as well as the severity of drought
stress, with different citrus species and rootstocks
exhibiting distinct drought tolerance behaviors
(Zaher-Ara et al., 2016; Amiri et al., 2024). Reactive
oxygen species (ROS) are naturally produced during
aerobic metabolism; however, environmental
stressors can disrupt metabolic homeostasis,
resulting in excessive ROS accumulation (Garcia-
Caparros et al., 2021). Abiotic stresses, such as
reduced CO; availability due to stomatal closure,
exacerbate ROS accumulation. While ROS,
including hydrogen peroxide (H20;), function as
essential signaling molecules (Ahmad et al., 2025),
excessive levels can cause cellular damage and
impair photosynthesis (Hasanuzzaman et al., 2020).
To counteract oxidative stress, plants activate
antioxidant defense mechanisms, which include
enzymatic ROS scavengers such as superoxide
dismutase (SOD), peroxidase (POX), and ascorbate
peroxidase (APX) (Garcia-Caparros et al., 2021).
Among these, SOD serves as a primary defense
against superoxide radicals, converting O, into
H»O2, which is subsequently detoxified by APX and
catalase (CAT) (Dumanovi¢ et al., 2021; Singh et al.,
2023). APX plays a crucial role in maintaining
cellular redox balance by utilizing ascorbic acid
(AsA) as an electron donor to reduce H,O;, a process
dependent on the ratio of reduced glutathione (GSH)
to oxidized glutathione (GSSG) (Garcia-Caparros et
al., 2021). Multiple studies have demonstrated that
drought stress enhances antioxidant enzyme activity
in citrus species (Gongalves et al., 2016; Hussain et
al., 2018).

Chitosan and melatonin have been identified as
promising compounds for improving plant tolerance
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to environmental stressors, including water stress,
through diverse mechanisms. Chitosan enhances
plant defense by activating immune responses and
promoting the biosynthesis of flavonoids and

antioxidant enzymes. Melatonin, a potent
antioxidant, mitigates oxidative damage by
scavenging free radicals and improving the

antioxidant capacity of plants. Ahmad et al. (2020)
highlighted melatonin's role in mitochondrial
electron transport and the regulation of antioxidant
enzyme activity. Jafari and Shahsavar (2021)
reported that under severe drought conditions, citrus
species  treated with  melatonin  exhibited
significantly higher levels of total flavonoids and
phenolics compared to untreated plants.
Furthermore, their analysis confirmed hesperidin as
the dominant polyphenol in both citrus cultivars.
Chitosan, a naturally derived biopolymer obtained
through the deacetylation of chitin from crustacean
shells, has demonstrated beneficial effects on citrus
fruit quality. Tadayon et al. (2023) reported that
foliar application of chitosan improved fruit quality
characteristics in ‘Valencia’ orange trees. Similarly,
Ahmed et al. (2016) found that pre-harvest
application of chitosan enhanced growth parameters,
physiological attributes, and biochemical properties
in ‘Washington Navel’ orange trees. These
researchers further observed improvements in
pomological traits, including increased fruit weight,
firmness, and total soluble solids (TSS), following
chitosan application.

Given the significance of citrus in the agricultural
economy and the detrimental impact of water stress
on production, further research is essential to
enhance citrus tolerance to environmental stressors.
Investigating the effects of foliar application of
chitosan and melatonin on flavonoid composition
and antioxidant enzyme activity across different
citrus cultivars may provide effective strategies to
enhance productivity and improve fruit quality.
Proper storage and packaging play a crucial role in
preserving the quality and extending the shelf life of
citrus fruits (Naserzadeh and Mahmoudi, 2025). The
application of Modified Atmosphere Packaging
(MAP) alongside traditional storage methods has
been shown to reduce post-harvest losses while
maintaining the nutritional value of stored produce
(Roppolo et al., 2025). MAP is particularly effective
in prolonging the quality of agricultural products by
creating a controlled gaseous environment distinct
from ambient air, often in combination with
polyethylene films that exhibit superior gas barrier
properties (Wang et al., 2025). This approach
minimizes  enzymatic  degradation,  reduces
respiration rates by limiting oxidative reactions, and
ultimately extends the shelf life of fresh produce
(Paulauskiené et al., 2020; Tinebra et al., 2021).
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When used in conjunction with cold storage, MAP
further decreases respiration rates in horticultural
products by restricting gas and moisture exchange
through packaging (Naserzadeh and Mahmoudi,
2025).

Numerous  studies have demonstrated the
effectiveness of MAP technology in preserving fruit
quality over extended periods. For instance, MAP
has been successfully applied to maintain the post-
harvest quality of berries (Tinebra et al., 2021),
jujube (Moradinezhad and Dorostkar, 2021), and
‘Kinnow’ tangerines (Baswal et al., 2020). In this
study, the effects of foliar application of chitosan and
melatonin on flavonoid composition and antioxidant
enzyme activity in two economically important
citrus cultivars (‘Valencia’ and ‘Thompson Navel’)
were examined under water stress conditions and
across different storage durations. The study
employed both MAP and traditional storage methods
to assess post-harvest quality retention. The primary
objective was to elucidate the mechanisms by which
chitosan and melatonin enhance plant resilience to
water stress, ultimately improving fruit quality,
tolerance to environmental stressors, and shelf life
during storage.

Materials and Methods

Experimental design and plant materials

This study examined effects of pre-harvest foliar
applications of chitosan and melatonin on post-
harvest fruit quality of two sweet orange cultivars
grown under water stress conditions. The research
was conducted during the 2021 and 2022 growing
seasons in Dasht-e-Naz Company, Sari, Iran
(36°33°50" N, 53°00°25" E). The laboratory analyses
were conducted at the Citrus and Subtropical Fruits
Research Institute in Ramsar and the Islamic Azad
University, Science and Research Branch, Tehran. A
factorial experimental design was employed,
incorporating two irrigation levels (90 and 40% field
capacity [FC]) and four pre-harvest foliar treatments:
control (water spray), chitosan (500 ppm in 0.5%
acetic acid), melatonin (100 uM), and a combined
chitosan-melatonin application. Post-harvest, fruit
storage treatments included four durations (0, 30, 60,
and 90 d) and two storage conditions (traditional
packaging (5 °C and 85%) and Modified
Atmosphere Packaging [MAP]).

The study utilized ten-year-old ‘Thompson Navel’
orange trees grafted onto ‘Citrange Carrizo’
rootstock and ‘Valencia’ orange trees grafted onto
citrumelo rootstock, both maintained under a drip
irrigation system. Foliar treatments were applied
three times a week for 60 d, starting with the onset of
drought stress. A manual pump was used to deliver
30 mL of solution per tree. The irrigation protocols
were based on the methodology of Jafari and
Shahsavar (2021). The weight method was used to
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manage stress treatments and calculate water
amounts as a percentage of FC. Dry soil was
prepared by oven-drying 4 kg of soil at 103 °C for 48
h. Water stored at FC was determined by subtracting
the dry soil weight. The chitosan foliar application
(500 ppm in 0.5% acetic acid) followed the
procedure outlined by Ahmad et al. (2016), while the
melatonin application (100 pM) was conducted as
described by Jafari and Shahsavar (2021). To
enhance solution spreading and penetration, Tween-
20 (0.1%) was added to all foliar sprays. Chitosan
and melatonin were sourced from Sigma-Aldrich.
Pest and disease management strategies, along with
overall tree maintenance practices during the growth
period, were implemented according to the protocols
established by Dasht-e-Naz Company and under the
supervision of the management team. Fruits were
harvested at commercial maturity (based on the ratio
of TSS to titratable acidity, of 6.5) and handled in
accordance with standard hygiene protocols before
being immediately transferred to cold storage. Sweet
orange fruits designated for MAP treatment were
packaged in polyethylene bags using a Multivac
A300 packaging machine, with the desired gas
composition established and maintained viaa WITT
KM100-3M  gas-mixing  controller  (Witten,
Germany). Two atmospheric conditions were used:
ambient air (control) and a modified gas mixture
consisting of 10% CO,, 5% O,, and 85% N.. All
packaged fruits were stored at 5 °C and 85% relative
humidity (RH). Fruit quality assessments were
conducted at 0, 30, 60, and 90 d of storage.

Assessment of fruit weight loss

Fruit weight loss, used as an indicator of moisture
loss (Lin and Zhao, 2007), was assessed by
measuring the weight of five randomly selected fruits
from each treatment. Initial weights were recorded
before storage, with subsequent measurements taken
at 30, 60, and 90 d to evaluate weight reduction over
time.

Biochemical analyses

Biochemical analyses were performed on two
randomly selected fruits per replicate from each
cultivar, following established protocols. Whole fruit
samples, including both flesh and peel, were utilized
for these measurements. TSS content was
determined using a refractometer (HRH30, Kruss
Company, Germany), as described by Arzani et al.
(2008).

Antioxidant enzyme activity assays

To assess antioxidant enzyme activity, ground tissue
(0.5) was homogenized in 1 mL of liquid nitrogen
and potassium phosphate buffer, followed by
centrifugation at 14,000 rpm for 15 min at 4 °C. The
resulting supernatant was collected for further
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analysis (Hammerschmidt et al., 1982). DPPH
radical scavenging activity was measured by a
spectrophotometer via adding 0.1 mL of extract to
3.9 mL of the DPPH solution, with absorbance
values recorded at 515 nm (Park et al., 2011). APX
activity was determined according to Nakano and
Asada (1981) using a reaction mixture containing
enzyme extract, potassium phosphate buffer,
ascorbic acid, and hydrogen peroxide. Absorbance
was monitored at 290 nm over a 2 min interval.
Superoxide dismutase (SOD) activity was measured
by a spectrophotometer following the method of
Giannopolitis and Ries (1977). The reaction solution
contained EDTA, phosphate buffer, methionine,
nitro blue tetrazolium (NBT), riboflavin, and enzyme
extract. After exposure to light followed by dark
incubation, absorbance was measured at 560 nm.
Peroxidase (POX) activity was assessed at 470 nm
over a 3 min interval using guaiacol, hydrogen
peroxide, and enzyme extract (Nakano and Asada,
1981). Polyphenol oxidase (PPO) activity was
determined based on catechol oxidation, following
the method of Pizzocaro et al. (1993). Clarified
supernatant was combined with phosphate buffer,
and enzyme extract was added to a buffer solution
containing sodium phosphate and catechol.
Absorbance changes were monitored at 420 nm over
a 3 min period. Phenylalanine ammonia-lyase (PAL)
activity was evaluated by measuring cinnamic acid
production, following Wang et al. (2006). A reaction
mixture containing L-phenylalanine, distilled water,
and enzyme extract was incubated before
termination with HCI. After extraction, evaporation,
and dissolution in  NaOH, cinnamic acid
concentration was measured at 290 nm.

Total phenolic content determination

Total phenolic content was measured using the
Folin-Ciocalteu method, according to the procedure
outlined by Asami et al. (2003). Briefly, a 0.5 mL
aliquot of the extract was mixed with 2.5 mL of
Folin-Ciocalteu reagent, and diluted with distilled
water (1:10). After a 2 min interval, 2 mL of a 7.5%
w/v NazCOs solution was added, and the mixture was
incubated in a water bath at 50 °C for 5 min. The
absorbance was measured at 760 nm. Total phenolic
content was expressed as mg gallic acid equivalents
per 100 g fresh weight (FW).

Flavonoid analysis

Flavonoid compounds, specifically  naringin,
hesperidin, neohesperidin, catechin, and quercetin,
were analyzed via High-Performance Liquid
Chromatography ~ (HPLC)  (Eibang,  2007).
Accordingly, the aliquot (20 pL) of the flavonoid
extract became concentrated using a rotary
evaporator. Then, it was filtered through a 0.2 pm
mesh before injection into the HPLC column. The
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flavonoid compounds were identified and quantified
by comparing their retention times and peak
intensities with those of known standards via
detection at 280 nm.

Data analysis

Statistical analyses were conducted on data that were
confirmed to follow a normal distribution. All
statistical procedures were performed using SAS
software (version 9.2). Mean comparisons were
carried out using the least significant difference
(LSD) test. Pearson’s correlation coefficients were
calculated to assess relationships between traits.
Correlation results were visualized. Positive
correlations appeared in blue and negative
correlations in red, with color intensity indicating
correlation level. Non-significant correlations were
excluded from the analysis. This assessment was
performed using Minitab version 18 and Microsoft
Excel 2018.

Results

Fruit weight loss

Analysis of fruit weight revealed a significant
decrease during storage in both the ‘Valencia’ and
‘Thompson Navel’ cultivars. The highest recorded
fruit weight loss, observed after 90 d of storage, were
118.1 g for “Valencia’ and 175 g for ‘Thompson
Navel’ (Table 1). MAP application resulted in a
lower weight loss in the average fruit weight
compared to conventional storage. Conversely, pre-
harvest drought stress decreased the average fruit
weight of both cultivars, with a greater reduction
observed in ‘Valencia’. Pre-harvest application of
chitosan and melatonin inhibition of loss of weight
in both varieties compared to the control (water-
sprayed) treatment. The lowest weight loss in fruit
was associated with the combined application of
chitosan and melatonin (Table 1). Table 2 presents
the extent of fruit weight reduction among the
various treatments. In ‘Valencia’, the smallest
weight reduction (3.08%) was observed with
combined chitosan and melatonin treatment under
normal conditions and with MAP after 30 d of
storage. In ‘“Thompson Navel’, melatonin treatment
at comparable levels resulted in the lowest weight
reduction (4.16%). The largest weight reduction in
‘Valencia’ (65.43%) occurred with melatonin
spraying under drought stress and with conventional
packaging after 90 d of storage. In ‘Thompson
Navel’, the largest weight reduction (50.59%) was
achieved with melatonin application under well-
watered conditions, conventional packaging, and
with 90 d of storage.

Total soluble solids
TSS content decreased significantly throughout the
90 d storage compared to fresh fruit in both cultivars.
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MAP resulted in higher average TSS values
compared to conventional packaging. Pre-harvest
drought stress, however, reduced the average TSS
values compared to non-stressed conditions. The

combined application of chitosan and melatonin
performed best in increasing the average
biochemical property values, including the TSS
(Table 1).

Table 1. Impact of water stress and foliar applications of chitosan and melatonin on fruit weight and TSS in ‘Valencia’ and
‘Thompson Navel’ sweet oranges under various storage conditions.

Fruit weight (g) Total soluble solids (TSS) (%)
‘Valencia’ ‘Thompson Navel’ ‘Valencia’ ‘Thompson Navel’
Storage time (d)
0 224.4+30.4 314.6+£36.9 11.984+2.31 13.94+1.95
30 178.2+£32.5 263.5+38 10.02+1.83 12.47£1.7
60 131.2+£23.9 190.1+30.4 9.99+1.75 12.06+1.84
90 118.1+£28 175+35.3 9.46+1.88 12.01£1.88
Storage conditions
Traditional 159.2+51.2 236.3+66.2 9.81£2.33 12.442.04
MAP 166.8+£50.5 235.3467.2 10.92+1.83 12.84+1.93
Water stress
CK 166.1£50 237.7+64.7 10.3842.16 12.81+2.05
Stress 159.8+£51.7 233.9+68.7 10.35+2.18 12.42+1.92
Foliar nutrition
Ctrl 147.8+40.8 211.6+46.6 8.93+1.73 11.02+1.36
CH 153.6+42.5 230.1+64.2 10.07£1.51 12.55+1.57
MEL 175.2+55.8 250.5+69.2 10.98+2.43 13.25+2.06
CH x MEL 175.4+57.3 251.1£76.4 11.47+2.02 13.65+1.85
LSD =0.05 7.92 7.90 0.48 0.37
Interaction effects
ST x SC *x ns wE ns
ST X WS skok sk skk sk
ST X FN ek ek ek sk
SC x WS ns * ok ns
SC x FN ns *x ns **
WS x FN *x *x ns ns
STxSCxWS * * ns ns
STxSCXFN ns *x ns **
STXxWSxFN ns *x *k **
SCXWSXFN * ek * sk
STxSCxWSXFN ns *x ns **

ns,* and *: non-significant and significant at the 5% and 1% levels, respectively. Modified atmosphere packaging
(MAP), Normal irrigation (CK), Water foliar application (Ctrl), Chitosan (CH), Melatonin (MEL), Storage time
(ST), Storage conditions (SC), Water stress (WS), Foliar nutrition (FN).

Antioxidant enzyme activity

The analysis of antioxidant enzyme activity revealed
that extending the storage period increased the
activity of DPPH and antioxidant enzymes (APX,
SOD, POX, PPO, and PAL) in both cultivars. MAP
decreased DPPH antioxidant capacity and the
activities of SOD and POX compared to
conventional packaging, while increasing the
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activity of APX and PAL (Table 3). Pre-harvest
drought stress increased the antioxidant enzyme
activity (Table 3).

Foliar application of chitosan and melatonin also
increased antioxidant enzyme activity in both
cultivars compared with the water spray control. The
highest DPPH activity (52.64% and 51.69%,
respectively) and APX activity (21.1 and 15.1 U mg
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protein™ min-t) were observed with chitosan alone
and in combination with melatonin, respectively, in
both the “Valencia’ and ‘Thompson Navel’. Under
drought stress and conventional packaging, the
highest SOD activity was detected after 60 d of
storage by applying the chitosan spray solution in

both “Valencia> (31.5 U mg proteint) and
‘Thompson Navel’ (24.2 U mg proteint) samples.
The lowest SOD levels of activity (5.8 and 4.3 U mg
protein~!, respectively) were observed with the
chitosan spray solution under non-stressful
conditions in MAP after 90 d of storage (Table 4).

Table 2. Extent of weight loss in two cultivars of sweet oranges, ‘Valencia’ and ‘Thompson Navel’, under
different storage treatments, water stress, and foliar spray treatments compared to the control.

ST SC WS FS ‘Valencia’ ‘Thompson Navel’
FS1 -39.75 -12.68
wsi Fss 2591 204
sci st s 2573
wsz FSs 255 15531
s12 isi S kY
ws e
N i
O i
FS4 -25.16 -22.95
FS1 -57.82 -14.98
wst s e 29
s Fsi s 5029
wsz s 3729 312
N o
wei R E
SR B
ws R i “3
FS4 -56.7 -49
FS1 -40.76 -37.45
wsi s oy 6059
s 1 By e
wsz s iy 5203
T4 1 3503 o
wei . Sy
N o
ws e o
FS4 -59.23 -43.69

ST2, ST3, and ST4: 30, 60, and 90 d of storage; SC1 and SC2: traditional packaging and MAP; WS1 and WS2:
non-stress and water stress conditions; FS1, FS2, FS3, and FS4: foliar application of water, chitosan, melatonin,

and chitosan+ melatonin.
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Table 3. Influence of water stress, chitosan, and melatonin on antioxidant enzyme activity in two sweet orange cultivars during storage.

DPPH APX SOD POX PPO PAL
(%) (U mg protein! min) (U mg protein™) (U mg protein™ min) (U mg protein™! min) (n g FW min)
“Valencia’ ‘Thompson “Valencia’ ‘Thompson ‘Valencia’ ‘Thompson ‘Valencia’ ‘Thompson ‘Valencia’ ‘Thompson ‘Valencia’ ‘Thompson
Navel’ Navel’ Navel’ Navel’ Navel’ Navel’
Storage time (d)
0 39.01+13.98 33.78+14.37 9.1+43 6.3+2.8 11+3.1 7.2+1.9 5.6+1.3 7.9+5.4 2.5¢13 1.01+0.5 4.15£1.2 3.01+0.8
30 46.06£13.45 47.01+15.05 18+6.4 12.9+4.4 10.1£2.3 7.3+1.3 12.3£5.7 8.7£3.6 3.44+4.8 1.85+2.6 4.97+0.7 3.89+0.4
60 53.17£13.97 51.1£16.99 25.9+12.4 18.2+9 14.48.5 10.2+6.3 14.2+54 10.4+3.8 4.56+2.4 2.33+12 6.2+2.1 4.72+1.6
90 60.62+18.32 60.13+14.98 26.8+15.1 19+9.9 14.9+54 11+£3.9 13.3+£3.3 9.7£1.6 5.11£2.5 2.69+1.1 6.85+2.1 5.42+13
Storage conditions
Traditional 50.38+18.44 49.3+18.98 17.4+12.3 13£9.2 13.4+6.7 9.9+4.9 12.5£5.6 8.8+4.1 3.89+29 2.07+19 4.81x1.5 3.9+13
MAP 49.04+15.45 46.71+16.92 22.5412.5 15.2+48.1 11.8+4.5 7.9+3.1 10.2+5 9.5+3.8 3.92434 1.87+14 6.274+2.1 4.62+14
‘Water stress
CK 44.63£13.63 44.4+1591 17£10.6 12+£7.2 11.5+4.3 8.2+2.9 9.8+3.2 9.243 3.73+34 1.98+1.9 5.15¢19 4.05+1.5
Stress 54.79+18.49 51.61£19.25 22.8+13.8 16.2+9.7 13.7+6.7 9.6+5.2 12.9+6.7 9.2+4.7 4.08+2.9 1.96+14 5.93+19 447+13
Foliar nutrition
Curl 44.73£18.73 42.58+18.28 17.5+10.4 12.5+7 11.4+3.9 8.2+2.8 10.6+4.5 9+3.3 3.55+2.8 1.8+1.4 5.3242.1 4.14x15
CH 52.64+16.73 51.69+18.83 20.1+12.9 14.249.1 12.446.2 9+4.7 11.4+5 8.943.7 3.63£3.7 1.85£1.9 5.42422 4.48+13
MEL 50.05+14.65 49.02+15.67 21.1£12 14.6+8.2 12.946.5 9.5+4.3 11.6+5.5 9.243.9 4.0343.2 2.01£1.5 5.66+1.8 4.15+1.5
CH x MEL 51.44+17 48.74+18.28 21.1£14.9 15.1+10.5 13.7+5.9 8.9+4.9 11.846.7 9.7+4.7 4.4+3 222417 577417 4.27+14
LSD=0.05 3.17 4.37 2.20 1.51 1.16 0.63 0.78 0.68 0.41 0.18 0.29 0.18
Interaction effects
STX SC sk sk sk sk sk *k *k *k *k *k *k *k
STXWS ns ns sk sk sk *k *k *k *k *k *k *k
STXFS sk * ns ns sk *k *k *k *k *k *k *k
SC X WS ns ns sk sk sk *k * ns *k *k * *k
SC x FS ** ** ns ns ns ns *k * * ** ns *
WS x FS wE wE ns ns ns * ns * * wx ns ns
STXSCXWS *x *x *x *k *k *k *k *% *% *% *% *%
STXSCXFS *x *x *x *k * *k *k *% *% *% *% *%
STXWSXFS *x *x *x *k *k *k *k *% * *% *% *%
SCxWSxFS * ns ns ns ns ns wx ns * wx o wx
STxSCxWSxFS ns ns ns ns ok * * * ** ** ** **

ns,* and **: non-significant and significant at the 5% and 1% levels, respectively. Modified Atmosphere Packaging (MAP), Normal irrigation (CK), water foliar application

(Ctrl), Chitosan (CH), Melatonin (MEL), Storage time (ST), Storage conditions (SC), water stress (WS), Foliar spray (FS).
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Table 4. Combined influence of water stress, chitosan, and melatonin on antioxidant enzyme activity in two sweet orange cultivars during storage.

SOD POX PPO PAL
ST sC WS FS (U mg protein™) (U mg protein min™) (U mg protein min™) (FW p g! min™)
“Valencia’ ‘Thompson Navel’ ‘Valencia’ ‘Thompson Navel’ ‘Valencia’ ‘Thompson Navel’ ‘Valencia’ ‘Thompson Navel’
FS1 11.9+5 8.7+1.4 7.01+0.84 11.39+0.04 1.15+0.12 0.46+0.07 2.2+0.99 1.77+£0.42
wsl FS2 10.6+3 7.242.1 7.08+1.05 15.47+1.36 1.1120.11 0.6:0.04 2.49+0.63 4.12+0.06
FS3 7.943.9 8.3+0.2 6.34+0.23 10.76+1.45 1.28+0.28 0.62+0.17 5.070.49 1.81£0.1
sC1 FS4 12.342.3 53425 5.94+0.9 14.3621.09 1.81+0.19 0.590.06 5.57+0.04 3.69+0.29
FS1 11.4+2.5 72412 4.39+0.72 3.17+0.36 3.8+0.28 1.61£0.19 4.760.5 3.28+0.23
w2 FS2 11£1.3 7.7+0.8 4.91£0.76 2.72+0.81 3.32+0.79 1.33+0.25 4.4420.54 3.32+0.23
FS3 10.2£1.6 7.9+2.8 4.91+0.93 2.78+0.36 3.55+0.83 1.22+0.21 4.37+0.46 3.04+0.33
FS4 12.7+4.9 6.6:1 425£1.12 5.61+4.99 4.01£0.54 1.15+0.65 435+0.55 2.69+0.74
ST1 FS1 11.945 9.5+0.5 7.01+0.84 12.67+2.19 1.15+0.12 0.52+0.12 2.2+0.99 2.5+1.41
FS2 10.6+3 6.8+1.6 7.08+1.05 13.8643.31 1.11£0.11 0.62+0.08 2.49+0.63 3.37£1.36
WSl1 FS3 7.943.9 8.3+0.2 6.34+0.23 11.84+2.08 1.28+0.28 0.59+0.16 5.07£0.49 2.47+1.15
FS4 4.5+1.
SC2 123423 5.94+0.9 10.95+6.6 1.81+0.19 0.93+0.6 5.57+0.04 3.57+03
FS1 11.4+2.5 7.9+0.2 439+0.72 2.840.52 3.8+0.28 1.6+0.19 4.76+0.5 3.15+02
Wws2 Fs2 11+1.3 8.8+2.1 4.91+0.76 2.99+0.74 3.32+0.79 1.13+0.17 4.44+0.54 3.43+0.03
FS3 10.2£1.6 6.6=1 4.91+0.93 2.69+0.25 3.55+0.83 1.32+0.03 4374046 2.88+0.12
Fs4 12.7+49 4+1.4 425+1.12 2.86+0.63 4.01+0.54 1.93+0.24 4354055 3.01+0.24
FS1 9.1+4.3 6.3+1.9 7.78+0.49 6.31£091 1.46+0.4 5.66+0.47 5.02+1.29 3.91+0.06
— FS2 9+0.9 6.7+0.6 9.3+1.64 5.47+1.53 1.19+0.27 7.76+142 451+1.25 3.6240.55
FS3 9.5+1 5.6+0.3 9.24+1.84 5.67+0.8 1.08+0.19 4.66+1.19 4.2+0.59 3.56+0.28
sc1 Fs4 7742 6.9+0.7 8.02+127 5.05+0.58 1.5+0.35 6.15+0.8 4.49+0.68 3.3+0.41
FS1 9.8+1.8 7.6+1 19.83+1.29 9.37+137 0.58+0.08 0.23+0.12 5.09+0.31 43302
WwSs2 FS2 9+3 .4 7.142.4 22.58+1.15 9.44+123 0.57+0.14 0.33+0 4.93+03 412402
FS3 8.4+1.1 7.8+0.4 21.15+0.54 8.84+0.26 0.68+0.13 0.28+0.11 4.5+0.82 4.16+0.27
ST Fs4 10+0.7 6.6+0.9 21.9242.69 8.08+0.67 0.93+0.14 0.32+0.04 4.78+0.32 3.81+0.5
FS1 10.8+1.6 7.940.9 7.38+2.06 6.83+1.08 10.57+2.07 0.8+0.22 4.88+0.07 3.91+0.16
WSl FS2 9.5+1.1 7.1£1 8.98+3.16 5.79+0.39 14.15+2.58 0.65+0.13 5.08+0.14 4.01+0.18
FS3 12.842.1 7.2+1.1 7.59+0.65 6.42+1.18 8.87+3.71 0.56+0.1 4.540.19 3.85+0.16
s Fs4 10.3+1.5 9+1.4 6.97+0.75 5.59+0.78 11.46+1.26 0.77+0.17 4.96+0.32 3.4240.13
FS1 10.3+1.6 6.8+1 11.89+1.27 14.9420.93 0.39+0.22 0.28+0.04 5.65+0.48 4.07+0.41
Ws2 FS2 11.6+1.3 7.740.9 11.92+0.95 13.11£0.81 0.56+0.03 0.28+0.07 5.28+0.27 4414029
FS3 12.4+37 8.3+1.6 11.44+1.14 14.57+0.43 0.5+0.22 0.35+0.07 5.45+0.17 3.95+0.09
FS4 1242 8.142.2 10.33+0.43 14.25+1.57 0.56+0.08 0.45+0.06 6.12+0.4 3.86+0.04
FS1 10.6+1.9 7.240.7 11.59+0.68 8.140.56 2.94+0.45 1£0.12 2.78+0.52 2.05+0.17
ST3 SCl1 WS1 FS2 15.4+4.6 10.6+3.1 13.47+1.14 7.06+0.46 2.58+0.67 0.83+0.18 3.4+0.92 1.89+0.26
FS3 9.4433 11.8+0.9 13.22+1.43 7.8240.17 5.16+0.98 0.86+0.21 339402 2.62+022
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FS4 16.4+2 6.2+2.1 12.87+1.27 7.7+0.85 6.45+2.08 1.65+0.65 2.54+036 2.45+0.1

FSl1 21.8£34 16.4£23 17.22£1.72 8.59+0.66 6.91£0.51 3.55+0.45 7.76+0.86 6.31£0.1
ws2 Fs2 31.5+5.3 242+14 13.91£2.59 8.18+0.61 6.87+1.13 1.22+0.15 7.36£0.59 5.24%0.77
FS3 29.6+0.8 17.3+4 13.061.2 17.75+0.85 8.44+0.62 2.41+0.47 5.47+0.71 5.75+0.44
Fs4 24.5+8 21+0.4 17.8+1.37 20.03+6.38 6.03+1.91 3.120.84 6.2+0.88 4.22+0.52

FS1 72414 5.1£0.8 9.78+0.73 10.17+0.35 2.03+0.6 1.56+0.18 8.17+0.7 6.37+0.28
ws1 FS2 5.840.5 4.3£0.2 11.4£2.22 9.16+0.77 1.63+0.34 1.44+0.39 7.93+0.36 6.07+0.27

FS3 11.9+4.2 8+3.1 10.39+1.98 9.88+1.24 1.63£0.61 2.740.45 6.73+0.89 6.13+0.38
SCa FS4 11.5+4.8 8.3+2.8 11.02+1.29 9.41+0.84 3.34+1.24 3.32+1.1 7.43+021 5.09:£0.66
FS1 9.1x1 5.8+0.5 10.07+1.52 9.39+1.64 6.42%1.09 3.2940.32 8.07+0.25 5.65+0.23

W2 FS2 8.8+0.9 5.6+0.5 10.94+1.7 11.6+1.02 2.14+0.48 3.25+0.51 6.96+0.05 459+0.21

FS3 6.6%1.3 6.5+0.3 23.48+1.78 9.05+0.92 4.5+0.6 4.1£0.19 8.47+0.24 4.98+0.2

Fs4 9.9+0.1 4.4+1 27.05+9.78 12.38+0.62 5.94+1.87 2.97+1.02 6.58+0.2 6.1£0.22
FS1 9.4+1.6 7.9+1.5 16.44+1.35 8.18+0.6 3.37+0.12 151021 6.01+1.2 5.38+0.52
Wws1 Fs2 10.60.6 8.6+0.7 13.14£1.9 7.75+0.52 4.81+0.52 1.41£0.21 5.93+1.1 5.26+0.34
FS3 11+1.1 8.6+1.3 12.79+1.29 10.03+0.9 4.61+1.24 2.92+0.67 5.21+0.1 5.2240.12
scl FS4 10.8+3.6 9+0.7 16.78+0.75 9.77+0.41 3.89+0.54 3.624+0.87 5.97+0.23 4.62+0.05
FS1 14.2+1.6 11.4+1.3 14.82+0.33 9.99+1.05 5.8940.53 2.26+0.23 4.010.66 3.54+0.79

Wws2 Fs2 11.6+1.1 9.9+0.3 20.12+3.31 8.88+0.57 9.26+1.02 2.04+0.55 3.59+0.32 6.56+0.1
FS3 18.8+3.5 18.4+0.7 16.99+4.02 9.69+1.23 10.19+2.2 2454032 6.53+0.83 3.19+0.16
T4 FS4 22.6+3.1 15.6+3 12.72+1.24 9.13+0.84 8.92+1.14 2314031 7.04+0.56 5.9+0.47
FS1 14.2+0.5 9.9+0.9 9.57+0.55 9.16+1.64 2.59+1.1 1.74+0.13 8.69+0.91 6.56+0.44
ws1 Fs2 20.2+0.6 14.1+0.4 10.16+3.04 11.42+0.97 235+0.29 2474028 7.39+0.81 5.99+0.4
FS3 16.4£2.6 15.8+3.8 12354222 8.79+0.85 5+2.1 2.34+0.62 7.06+0.65 5.52+0.58
SC2 Fs4 23455 11.7+1.8 11.98+0.26 11.97+0.61 5.99+13 2.05+0.26 7.94+0.69 5.48+0.44
FS1 9.6+0.6 5.9+0.5 10.34+0.14 12.31£2.1 3.82+0.6 2.66+0.25 5.1240.52 3.440.29
WwSs2 Fs2 12519 7.7+1 12.37+0.8 9.15+0.39 3.19+0.67 4.23+0.52 10.5+0.85 5.67+0.23
FS3 23.3+2.1 6.3+0.3 11.91+2.2 10.83+2.7 4.09+0.87 4.77+0.85 10.16+0.77 7.27+0.67
Fs4 9.9+0.6 15.1+1.4 10.96+0.99 8.2240.75 3.74+043 4.27+0.57 8.44+3.19 7.16+0.58
LSD=0.05 4.62 2.53 3.08 276 1.65 0.75 1.15 0.72

ST1, ST2, ST3, and ST4: 0, 30, 60, and 90 d of storage; SC1 and SC2: traditional packaging and MAP; WS1 and WS2: non-stress and drought stress conditions; FS1, FS2,
FS3, and FS4: foliar application of water, chitosan, melatonin, and chitosan+melatonin.
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The highest POX activity observed in ‘Valencia’
(27.05 U mg protein™t min?) occurred with the
combined application of chitosan and melatonin
under drought stress and MAP after 60 d of storage.
In ‘Thompson Navel’, POX activities of 17.75 and
20.03 U mg proteint min~* were recorded after 60 d
of storage under drought stress and conventional
packaging with melatonin alone and in combination
with chitosan, respectively. The lowest POX
activities in both cultivars were observed in fresh
samples treated with chitosan alone (‘Thompson
Navel’) or the combination of chitosan and
melatonin  (‘Valencia’) under drought stress
conditions (Table 4). Maximum PPO value occurred
in ‘Thompson Navel’ treated with chitosan under
non-stressful conditions and conventional packaging
(7.76 U mg proteint min?) and ‘Valencia’ with
MAP (14.15 U mg protein™* min™) after 30 d. The
lowest PPO activity was observed with the water
spray treatment under drought stress in both cultivars
(0.23 and 0.39 U mg protein™t mint, respectively)
(Table 4). The maximum PAL activity in ‘Valencia’
occurred in response to chitosan and melatonin
application individually, and in ‘Thompson Navel’
with melatonin alone or in combination with
chitosan, all under drought stress and MAP after 90

d (105, 10.16, 7.27, and 7.16 pg?t FW min?,
respectively). The minimum PAL activity occurred
in fresh samples treated with the water spray solution
under non-stressful conditions and conventional
packaging in both ‘Valencia’ (2.2 pg* FW min™?)
Navel (1.77 pgt FW min) (Table 4).

Total phenolic content

In both cultivars, total phenolic content exhibited an
increase with increasing storage duration. MAP
more decreased the phenolic content than
conventional packaging. Pre-harvest spraying with
chitosan and melatonin increased the phenolic
content compared with water spraying (Table 5). The
lowest phenolic content was observed in fresh
‘Valencia’ (0.11 mg g?) and ‘Thompson Navel’
(0.16 mg g*) samples treated with melatonin under
well-watered conditions in both packaging types.
The maximum total phenolic content was detected in
60 and 90 d samples under drought stress and
conventional packaging: ‘Valencia’ treated with
chitosan (0.93 and 0.90 mg g?) and ‘Thompson
Navel’ treated with melatonin (1.48 and 1.48 mg g~
1) (Table 6).

Table 5. Influence of water stress and chitosan/melatonin on total phenolic and flavonoid levels in stored ‘Valencia’ and
‘Thompson Navel’ sweet oranges.

Total phenolic content

Total flavonoid content

(mg g’ GA) (ng g' FW)
‘Valencia’ ‘Thompson Navel’ ‘Valencia’ ‘Thompson Navel’
Storage time (d)
0 0.23+0.2 0.32+0.2 509.8+24 398+16.5
30 0.52+0.2 0.79+0.4 546.7+20.6 428.1+12.5
60 0.57+0.2 0.86+0.3 595.1+£27.3 480+22.4
90 0.6+0.2 0.86+0.3 579.4+15.1 492.9+14.7
Storage conditions
Traditional 0.56+0.3 0.76+0.4 535.5+15.4 457.3+13
MAP 0.4+0.2 0.66+0.4 579.9+16.2 442.2+12
Water stress
CK 0.48+0.2 0.71+0.3 538.9+15.3 433.5+11.9
Stress 0.48+0.3 0.7+0.4 576.5+16.4 466+12.9
Foliar spray
Ctrl 0.42+0.2 0.61+0.3 581.3+25.7 469.6x£17.2
CH 0.5+0.3 0.74+0.4 560.5+13.7 449.7+13.3
MEL 0.51+0.3 0.76+0.5 554.6+28.5 440.2+21.5
CH x MEL 0.49+0.2 0.72+0.3 534.4+19.5 439.5+18.1
Interaction effects
ST X SC ek ek ek sk
ST X WS ek ek ek sk
ST X FS ek ek * sk
SC X WS ns ek ek sk
SC X FS ek ek ek sk
WS X FS % ek ek skek
ST x SC x WS ns * *k **
STXSCXFS ek ek ek skek
STXWSXFS ek ek ek skek
SCXWSXFS ek ek ek skek
STXSCXWSXFS ek ek ek skek

ms,*, and **: non-significant and significant at the 5% and 1% levels, respectively.
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Table 6. Water stress and foliar treatment interactions showing effects on phenolic and flavonoid composition in stored sweet
orange fruit.

Total phenolic content Total flavonoid content
ST scC ws FS (mg g GA‘)Thompson (ng g' FW)
‘Valencia’ Navel® ‘Valencia’ ‘Thompson Navel’
FSI 0.24+0.08 0.38£0.05 349.9:43.6 324.546.1
Fs2 0.25+0.1 0.3620.14 510.2+13.4 414.4x13
Wl FS3 0.11x0.05 0.16£0.06 690.994.9 5349448
sl Fs4 0.5+0.31 0.7+0.44 446.7+22.2 336.1+12.4
FSI 0.210.05 0.28£0.06 680.6436.5 499322
FS2 0.13+0.04 0.18£0.05 682240.3 53494224
we2 FS3 0.25£0.08 0.33£0.15 261.4418.4 213.0418.5
Fs4 0.14+0.03 0.23+0.1 456.4+12.4 345.6+9.7
o Fsl 0.24+0.08 0.3320.12 349.9+43.6 341.7423.3
Fs2 0.25+0.1 0.3620.14 510.2+13 .4 461.5+34.1
" FS3 0.11x0.05 0.1620.06 690.9+94.9 476.1261 4
FS4 0.5+0.31 0.71£0.43 446.7+22.2 386.1+59.4
e FSI 0.21£0.05 0.25+0.1 261.4+18.4 241.5+46.8
FS2 0.1320.04 0.2320.04 682+40.3 449.5+101.2
" FS3 0.25+0.08 0.29+0.19 680.6+36.5 499.8+32.3
FS4 0.14+0.03 0.23+0.02 456.4+12.4 309.2+30.4
FSI 0.4720.18 0.68+0.09 362.1:44.8 384.520.9
FS2 0.88+0.23 1.35£0.37 528.7+13.1 414.6+15.1
! FS3 0.70.19 1.060.1 702497.2 249.6:23.5
FS4 0.7+0.04 1.06+0.04 456.7422.4 376.1+12.5
! FSI 0.65+0.1 1.060.1 675.6+38.2 453.4£17
FS2 0.49£0.14 0.810.23 665.6+44.4 590.3+18.8
w2 FS3 0.87+0.16 14+0.16 2844253 4873428
FS4 0.78£0.12 12720.13 4753477 55044326
o FSl 0.36=0.06 0.55+0.07 492.3+19.4 492.9+21.8
w1 FS2 0.36:0.06 0.55+0.07 650.1424.8 3854134
ES3 0.28+0 0.420.01 5243+24.6 515.5+29.7
Fs4 0.5120.04 0.75%0.05 650.8+44.1 387.7+24.4
e ESl 0.340.08 0.470.12 659.5+41.9 389.3+15.1
FS2 0.45+0.02 0.62:£0.04 53524124 308.4412.6
we2 FS3 0.1520.01 0.22£0.01 7205421 1 306.1421.6
FS4 0.240.09 0.33£0.12 363.8429.2 37844183
FS1 0.8+0.19 0.58+0.03 338.5438.6 264.8418.5
FS2 0.8+0.03 0.5420.05 402.1410.6 205.7410.9
Wt FS3 0.66+0.16 1.0120.06 35724985 28364122
FS4 0.37+0.06 0.680.04 3829411 8 283449 3
ST3 >t FS1 0.470.04 0.57+0.13 665.1443.2 5§76.146.7
FS2 0.93£0.11 0.82:£0.04 6101442 55716.8
we2 FS3 0.46:£0.04 1.48+0.19 70934172 58794193
FS4 0.85:0.04 0.77+0.05 79294305 585.0411.2
sc2 wsl FS1 0.340.09 1.16+0.27 672.3498.5 5511474
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FS2 0.32+0.02

1.16+0.06

608+34.1 528.1425.2
ES3 0.6+0.1 0.94+0.23 801.8433.1 664.1£9.1
FS4 0.4+0.02 0.56:0.08 850,741 4 689.85.1
FSI 0.34+0.07 0.59+0.05 5836420 453.1412.6
ws2 FS2 0.47+0.04 1.170.11 425.949.4 328,848
ES3 0.89+0.1 0.6+0.04 43434232 333.4421.1
FS4 0.45+0.01 1.1240.06 048.6424 5 697292
FS1 0.77+0.16 0.58+0.03 653.7102.1 598.3+4.1
FS2 0.74+0.03 0.540.05 5342412, 516,653
! FS3 0.63£0.12 1.0120.06 557.6+67.3 512.8+15.7
scl Fs4 0.38+0.06 0.68+0.04 538.2+14.5 508.9+11.9
FSI 0.45+0.04 0.57+0.13 593 820.6 5677473
FS2 0.9+0.11 0.82+0.04 522435 498.3+22.7
W2 FS3 0.45+0.04 1.48+0.19 642.9433 1 632.6£103
FS4 0.83+0.06 0.77+0.05 679.7424.9 656443
ST4 FS1 0.42+0.1 1.16£0.27 702.8428.6 535.346.1
FS2 0.38+0.03 1.1620.06 468.544 8 389340 5
WSl FS3 0.68+0.12 0.94-0.23 466.4432.7 3404921
FS4 0.5+0.02 0.56+0.08 538.9+15.7 430.4+10.5
52 FS1 0.3740.1 0.59+0.05 47554116 3370472
FS2 0.52+0.07 1.1720.11 633.4210.9 433,648
" ES3 1.0120.11 0.6+0.04 769.5427.3 574.2+17.2
FS4 0.53+0.01 1.12+0.06 49314223 354.8415
LSWS =0.05 0.16 0.22 103.66 74.55

ST1, ST2, ST3, and ST4: 0, 30, 60, and 90 d of storage; SC1 and SC2: traditional packaging and MAP; WS1 and
WS2: non-stress and drought stress conditions; FS1, FS2, FS3, and FS4: foliar application of water, chitosan,

melatonin, and chitosan+ melatonin.

Total flavonoid content

The total flavonoid content in both of ‘Valencia’ and
‘Thompson Navel’” orange cultivars varied
significantly across different treatments and storage
durations (Tables 5 and 6). In “Valencia’, the highest
total flavonoid content (948.6 pg g FW) was
observed after 60 d of storage (ST3) under drought
stress (D2), modified atmosphere packaging (MAP),
and combined foliar application of melatonin and
chitosan (FN4). Conversely, the lowest flavonoid
content (261.4 pg g* FW) was recorded in
“Valencia’ after 0 d (ST1) under drought stress (D2),
MAP, and foliar water application.

In ‘Thompson Navel’, the highest total flavonoid
content (697 pg g FW) was noted after 60 d of
storage (ST3) under drought stress (D2), MAP, and
a combination of chitosan and melatonin foliar
application. The lowest flavonoid content (213.2 g
gt FW) was observed after 0 d (ST1) under drought
stress (D2), conventional packaging (SC1), and
melatonin  foliar application (FN3). Overall,
flavonoid content increased with storage time,
although variations were noted depending on the
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specific combinations of storage conditions, drought
stress, and foliar treatments. Drought stress exhibited
a complex effect, sometimes increasing and at other
times decreasing the flavonoid content, influenced
by other factors. Similarly, the effects of chitosan
and melatonin were context-dependent.
Additionally, MAP played a significant role in
influencing flavonoid content. These findings
indicated a complex interplay between the factors
affecting flavonoid accumulation in these orange
cultivars.

Simple correlation results

The findings indicated that increased activity levels
of antioxidant enzymes, such as APX and PAL, were
significantly and negatively correlated with fruit
weight in both cultivars, suggesting an inverse
relationship between these attributes. In the
‘Valencia’ cultivar, phenol content exhibited a
negative correlation with fruit weight but showed
significant positive correlations with APX and POX.
Similarly, in the ‘Thompson Navel’ cultivar, phenol
content was negatively correlated with fruit weight
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but demonstrated significant positive correlations
with DPPH, APX, PPO, and PAL. Flavonoid
compounds displayed negative correlations with

pomological and most biochemical traits in both
cultivars; however, they were positively correlated
with antioxidant enzyme activities (Table 7).

Table 7. Simple Pearson’s correlation between total flavonoid content and antioxidant enzyme activities of ‘Valencia’ and
‘Thompson Navel’ sweet orange cultivars under the influence of storage treatments, water stress, and foliar spray.

1 2 3 4 5 6 7 8 9
2 0.48™ “Valencia’
3 -0.36" -0.13n0s
4 -0.42" -0.13n0s 0.11ms
5 -0.20ms -0.17ms 0.08ns 0.48™
6 -0.49™ -0.37" 0.42" 0.31" 0.110s
7 -0.28" -0.21m 0.23ns 0.19n0s 0.33" 0.110s
8 -0.35" -0.11ms 031" 0.55* 0.25" 0.23" 0.107
9 -0.47" -0.30" 0.19ms 0.33" 0.24" 0.54* 0.12ns 0.22°
10 -0.28" -0.36" 0.150s 0.06" 0.081s 0.181s 0.23" 0.02ns 0.16m

1 2 3 4 5 6 7 8 9

2 0.39"
3 -0.38" -0.06m
4 -0.47" -0.21ms 0.40" ‘Thompson Navel’
5 -0.35" -0.20m 031" 0.64™
6 -0.23" -0.03ns 0.06m 0.37" 0.20ms
7 -0.36" -0.02ms 0.17ms 0.26" 0.04rs -0.12n0s
8 -0.52™" -0.22° 0.35" 0.48" 0.20ms 0.21ns 0.34"
9 -0.41° -0.24" 0.32* 0.44" 0.20ms 0.17ns 0.36" 0.43"
10 -0.22° -0.21° 0.14rs 0.08"s 0.171s 0.071s 0.08"s 0.33" 0.120s

s * and ™ indicate non-significant and significant differences at the 5% and 1% probability levels, respectively.
1. Fruit weight, 2. total soluble solids, 3. DPPH, 4. APX, 5. SOD, 6. POX, 7. PPO, 8. PAL, 9. total phenol content,

10. total flavonoids content.
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Discussion

Initial weight loss was greater in non-stressed
samples than in stressed samples. However, after 60
and 90 days of storage under MAP conditions, no
significant differences were detected between the
two groups. This indicates that MAP effectively
reduces decay during storage by regulating fruit
respiration, making it a suitable method for
preserving water-stressed fruits for up to 90 days.
The reduced gas exchange and water loss under
MAP contribute to minimizing overall weight loss.
These results align with previous studies. Baswal et
al. (2020) reported similar findings for mandarins
stored under MAP at 5-7 °C, while Ibrahim and Gad
(2015) observed minimal weight loss in oranges
stored under both passive and active modified
atmospheres. The high humidity within polyethylene
packaging significantly delayed juice loss and
slowed ripening due to altered gas composition.
Although oranges are classified as non-climacteric
fruits, their TSS content progressively increases
during storage. Both TSS and titratable acidity are
key indicators of citrus fruit taste and quality, with a
higher TSS-to-titratable acidity ratio reflecting
greater sweetness (Lado et al., 2018). Comparable
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trends in TSS changes across storage periods have
been documented for ‘“Thompson Navel’ oranges by
Nasiri et al. (2019).

No significant differences were observed in DPPH
antioxidant capacity between drought-stressed and
non-stressed treatments in either cultivar. This may
be explained by the adaptive mechanisms plants
employ in response to water stress. In water-limited
environments, where water availability is the main
constraint, yield depends on efficient water
absorption supported by root system adaptations
(Bodner et al., 2015). A strong correlation between
osmotic regulation capacity and drought tolerance
has also been reported (Silva et al., 2023).

Drought stress significantly influenced the activity of
antioxidant enzymes such as APX, SOD, and PAL in
both cultivars. However, its effect on POX and PPO
was significant only in ‘Valencia’, whereas
‘Thompson Navel” showed no significant
differences in POX and PPO activities compared
with non-stressed conditions. Similar increases in
SOD, APX, and catalase activity under drought
stress have been reported in citrus (Dos Santos et al.,
2019).

Environmental stresses impair photosynthesis by
limiting CO: fixation, reducing NADP* production,
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and disrupting the electron transport chain. These
disruptions promote the accumulation of reactive
oxygen species (ROS), including superoxide,
hydrogen peroxide, hydroxyl radicals, and singlet
oxygen (Dmitrieva et al., 2020). Excessive ROS can
cause oxidative damage through lipid peroxidation
as well as protein and nucleic acid degradation. To
counteract this, plants activate antioxidant defense
mechanisms, often characterized by enhanced
activity of enzymes such as SOD, APX, and POX
(Hasanuzzaman et al., 2020).

Beyond their damaging effects, ROS also function as
signaling molecules, initiating defense responses and
enzyme activation. Among these, SOD plays a
pivotal role by catalyzing the conversion of
superoxide radicals into hydrogen peroxide and
oxygen, thereby serving as a primary scavenger of
ROS (Delfani et al., 2021). Elevated SOD activity
under drought stress not only reduces oxidative
damage but also promotes superoxide-mediated
signaling pathways and upregulates SOD gene
expression. The resulting hydrogen peroxide is
further neutralized by POX enzymes (Gupta et al.,
2018; Hasanuzzaman et al., 2020). Although
relatively stable, H>O. can diffuse across cell
membranes and react with superoxide to form highly
reactive hydroxyl radicals, making its detoxification
crucial for cellular integrity. Unlike many other
antioxidant enzymes, peroxidases exhibit broad
substrate specificity, enabling them to neutralize a
wide range of oxidative stressors. Consistent with the
present findings, previous studies have documented
increased catalase, POX, and SOD activity in
‘Thompson Navel’ oranges exposed to drought stress
(Delfini et al., 2021). Similarly, Habibi et al. (2022)
reported elevated APX, SOD, PAL, PPO, and POX
activities in citrus fruits under water-deficit
conditions.

The observed increase in antioxidant enzyme
activities and the accumulation of phenolic and
flavonoid compounds in response to chitosan and
melatonin treatments, particularly under drought
stress, are consistent with the findings of Saini et al.
(2022), who reported a direct link between enhanced
antioxidant potential and higher concentrations of
bioactive compounds such as flavonoids and
phenols. Our results, showing elevated antioxidant
enzyme activities (DPPH, APX, SOD, POX, PPO,
and PAL) alongside increased total phenolic and
flavonoid content in treated fruits, support this
relationship.

The fluctuations in antioxidant activity observed
over the 90-day storage period likely reflect the
dynamic changes in bioactive compound
concentrations and ongoing metabolic processes,
including respiration. A general decline in
antioxidant levels was observed under both
traditional and MAP storage, with the most
pronounced reduction occurring in water-stressed

756

samples stored conventionally for 90 days. This
sharp decrease may result from the combined effects
of pre-harvest water deficit, which depletes
metabolic reserves, and the absence of modified
atmosphere conditions to slow deterioration during
extended storage.

Interestingly, MAP storage appeared to mitigate the
adverse effects of pre-harvest drought stress on post-
harvest antioxidant content. Reductions in
antioxidant levels under MAP were not significantly
different between stressed and non-stressed groups,
suggesting that the controlled gaseous environment
slowed respiration and degradation of bioactive
compounds, thereby preserving antioxidant capacity.
Notably, oranges subjected to drought stress and
stored in MAP exhibited the highest total phenol
content.

Total phenol levels increased over time under both
storage conditions, with MAP consistently
promoting greater phenolic compound accumulation
than traditional storage. This may be attributed to
differences in enzyme activity and phenylpropanoid
pathway regulation (Song et al., 2025). Given the
critical role of phenolic compounds in plant defense
against oxidative stress and pathogens (Rao and
Zheng, 2025), their higher accumulation in stress-
treated samples is expected. While all antioxidant
enzymes contributed to polyphenol accumulation
during storage, further research is needed to clarify
the mechanisms of polyphenol synthesis under
drought conditions and MAP storage. It is
hypothesized that the regulatory pathways governing
phenolic biosynthesis differ between MAP and
traditional storage methods. Similar trends have been
reported for oranges during storage by Shu et al.
(2025).

Environmental changes during storage influence
flavonoid accumulation (Guo et al., 2022). Cold
storage, in particular, has been shown to alter the
phenolic composition of citrus fruits, often resulting
in elevated flavonoid concentrations (Baswal et al.,
2020). Since shelf life and quality are critical for
tropical fruit imports stored under cold conditions
(Saberi et al., 2018), strategies that mitigate quality
loss are of great importance.

Pre-harvest foliar applications of chitosan and
melatonin significantly improved fruit quality and
alleviated the negative effects of drought stress,
especially when applied in combination. These
findings are consistent with those of Jafari and
Shahsavar (2021), who demonstrated that melatonin
application under drought conditions enhanced both
guantitative and qualitative traits in citrus. Similarly,
our results showing melatonin’s role in maintaining
post-harvest quality—by reducing weight loss and
preserving biochemical attributes—resonate with the
work of Hayati et al. (2023), who reported that
melatonin extended the postharvest life of Physalis
fruit while enhancing nutritional quality. The
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reduction in weight loss observed in our melatonin-
treated oranges under drought stress parallels this
protective effect.

Additional evidence from Liao et al. (2024) supports
these observations, showing that melatonin
combined with interstock application preserved
‘Kiyomi tangor’ fruit quality during cold storage by
activating antioxidant responses. Our findings of
increased antioxidant enzyme activity in melatonin-
treated fruits, particularly when combined with
chitosan, suggest that melatonin mediates its
protective effects partly through the upregulation of
antioxidant defense systems. By counteracting
oxidative stress induced by drought and storage
conditions, this activation contributes to maintaining
fruit quality.

The combined chitosan—melatonin treatment further
reduced weight loss and helped sustain TSS in both
‘Valencia’ and ‘Thompson Navel’ oranges under
well-watered and drought-stressed conditions. This
outcome can be attributed to the complementary
protective mechanisms of the two compounds.
Chitosan, as a natural biopolymer, likely formed a
semi-permeable coating on the fruit surface,
reducing transpiration and respiration rates and
thereby minimizing weight loss—consistent with its
role as a physical barrier (Massimo and Cerana,
2018). In addition, chitosan may have elicited plant
defense responses, preserving cell integrity and
reducing metabolic degradation during storage.
Concurrently, melatonin’s strong antioxidant
activity, as described by Mansouri et al. (2021),
likely scavenged ROS generated during stress and
senescence, protecting cellular components and
delaying quality decline.

The synergistic effects of chitosan and melatonin
suggest that the physical barrier and defense
elicitation properties of chitosan act in concert with
melatonin’s antioxidant and signaling functions to
provide superior protection against post-harvest
deterioration. This raises the possibility of cross-talk
between their respective signaling pathways, a
mechanism that warrants further investigation.

Conclusion

This two-year study demonstrates the significant and
interactive effects of pre-harvest drought stress,
foliar applications of chitosan and melatonin, and
post-harvest storage conditions on the fruit quality
and antioxidant properties of ‘Valencia’ and
‘Thompson Navel’ sweet oranges. Prolonged storage
(up to 90 days) resulted in an inevitable decline in
fruit weight and total soluble solids (TSS); however,
MAP effectively mitigated weight loss compared
with conventional storage. Pre-harvest drought stress
exacerbated these declines, underscoring the
sensitivity of citrus fruit to water scarcity.
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The foliar application of chitosan (500 ppm) and
melatonin (100 pM)—particularly in combination—
significantly inhibited post-harvest weight loss,
demonstrating a synergistic effect with clear
potential for maintaining fruit marketability.
Antioxidant enzyme activities generally increased
during storage, but their expression was strongly
influenced by both the storage environment and pre-
harvest treatments. MAP tended to suppress DPPH,
SOD, and POX while enhancing APX and PAL,
indicating  differential impacts on specific
antioxidant pathways. Notably, pre-harvest drought
stress as well as chitosan and melatonin application
consistently enhanced overall antioxidant enzyme
activity, reflecting an induced defense response.
Storage also promoted the accumulation of total
phenolic content, which was further enhanced by
chitosan and melatonin, especially under drought
stress and conventional packaging. By contrast,
MAP appeared to limit this accumulation. Flavonoid
content displayed more complex patterns, varying
according to pre-harvest treatment and storage
duration,  suggesting intricate  biochemical
regulation. Correlation analysis further clarified
these interactions, revealing potential trade-offs
between certain antioxidant enzymes and fruit
weight, while highlighting positive associations
between phenolic and flavonoid levels with
antioxidant enzyme activities.
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