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Abstract

Traditional Serbian pepper cultivars ‘Kurtovska ajvarusa’, ‘Grkinja babura’, and ‘Duga bela
ljuta’ were stored under different conditions (10 °C, 4 °C, and 4 °C with pre-storage hot
water dipping-HWD) for 21 days plus a 3-day shelf life. The main quality parameters
measured included mineral content, total soluble solids (TSS), titratable acidity (TA),sugar
content (glucose, fructose), organic (ascorbic and citric) acid content, and total phenolic
content (TPC). Principal component analysis (PCA) revealed cultivar-specific responses
to storage treatments. Cultivar specificity is a crucial determinant in defining optimal con-
ditions for the preservation of phytochemical composition. The cultivar ‘Kurtovska ajvar-
usa’ showed the highest retention of phenolic compounds when stored at 4 °C following
hot water treatment (HWD), whereas ‘Grkinja babura’ should be stored at 4 °C (without
hot water treatment, as it provides no additional benefits) for up to 21 days, as this ensures
balanced preservation of sugar and organic acid contents while maintaining high sensory
quality of the fruit. ‘Duga bela ljuta’ exhibited superior ascorbic acid preservation at 10 °C,
reaching 104.4 mg/100 g. Optimizing postharvest storage conditions is essential for main-
taining the nutritional quality of traditional pepper cultivars intended for both fresh con-
sumption and processing.

Keywords:traditional pepper cultivars; postharvest storage; hot water treatment; ascorbic
acid; phenolic compounds

1. Introduction

Serbia is an important regional pepper producer,and this production has an influ-
ence on Serbian agriculture and the national export economy [1]. Pepper is recognized as
a food of nutritional interest due to its high content of antioxidant compounds, particu-
larly vitamin C [2]. Traditional pepper cultivars represent unique genetic resources that
are well-adapted to local environmental conditions, demonstrate higher resistance to
pests and diseases, and fully satisfy the taste and aroma preferences of local consumers.
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In Serbia, the most favored pepper type is ‘Kapija’, followed by ‘Babura’, with red being
the most preferred fruit color. Among hot pepper consumers, the highest proportion pre-
fers moderately pungent fruits [3].

Unlike commercial hybrids, traditional peppers are bred for specific culinary uses.
Their thin pericarps and high water content make them prone to nutrient loss and spoilage,
limiting marketability [4]. Pepper fruits are highly sensitive and perishable after harvest.
The storage longevity of pepper fruits depends on several factors, including fruit type,
maturity stage, pericarp thickness, presence of natural wax, pre-storage treatments [5],
and storage conditions such as temperature and humidity [6], as well as packaging meth-
ods [7]. Shelf life was recorded at room temperature for only 3-5 days. Temperature and
humidity are critical factors for maintaining the quality of harvested peppers. The recom-
mended postharvest storage temperature and humidity for bell peppers are 7-10 °C and
90-98%, respectively [8]. However, high-humidity atmospheres promote the develop-
ment of rot, so fruit must be thoroughly cleaned before storage by, for example, using an
effective water washer at high pressure to remove microbes and their spores [9]. Peppers
stored above 7.5°C suffer water loss and shriveling. Storage below 7.5°C is best for a max-
imum shelf life of 3-5 weeks [10]. At temperatures lower than optimal, pepper fruits can
be stored for a longer period, but chilling injury becomes noticeable. The application of
hot water treatment reduces the occurrence of Cl-related damage [11].

Hot water treatment is a nonchemical and safe postharvest treatment [12]. This
method significantly maintains the firmness of the fruit, which is hollow inside, and re-
duces the occurrence of cracks on the epidermis, improving its stress resistance against
chilling injury, and thereby preserving quality during cold storage. The effectiveness of
heat treatment depends on the temperature and duration of exposure [13]. Hot water
treatments as a pre-storage treatment are also applied to other types of vegetables. In to-
mato, hot water at 50°C combined with calcium chloride maintained its firmness and ex-
tended its shelf life [14]. For eggplant, treatment at 45°C for 10 min reduced chilling injury
while doubling antioxidant activity and phenolic content [15]. In rock melon, hot water at
55°C for 1-2 min reduced fungal contamination and extended shelf life from one week to
21 days [16]. Spinach treated at 45°C for 60 s maintained carotenoid levels but showed
mixed effects on overall quality [17]. Root vegetables, including carrots, benefited from
hot water and calcium treatments that reduced decay [18], while ginger treated at 45°C
for 5 min reduced browning during low-temperature storage [19].

Despite extensive postharvest research on commercial pepper varieties worldwide,
traditional cultivars —particularly those bred for specific culinary applications rather than
storage longevity —remain largely unstudied. Most pepper storage studies focus on com-
mercial hybrids optimized for transport and extended shelf life, creating a significant
knowledge gap for heritage cultivars with unique morphological characteristics (thin per-
icarps, high water content) and distinct biochemical profiles. While HWD has been widely
applied to commercial bell peppers, its effectiveness for traditional pepper varieties has
not been systematically evaluated. This represents both a research opportunity and a prac-
tical necessity, as traditional cultivars may respond differently to postharvest treatments
due to their genetic backgrounds and selection histories favoring flavor and processing
quality over storage traits [4].

Hot water treatment is a nonchemical and safe postharvest treatment [12] that acti-
vates multiple physiological defense mechanisms. Recent research by Kantakhoo and
Imahori [13] demonstrated that HWD enhances antioxidative enzyme systems in sweet
peppers, including superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxi-
dase (APX), while upregulating phenylpropanoid pathway genes responsible for phenolic
compound biosynthesis. This method significantly maintains fruit firmness, reduces epi-
dermal cracking, and improves stress resistance against chilling injury, thereby

https://doi.org/10.3390/agronomy16020179



Agronomy 2026, 16, 179

3 of 19

preserving quality during cold storage. The effectiveness of heat treatment depends on
the temperature and duration of exposure, with optimal conditions varying by cultivar
and physiological maturity stage [13].

Chilling injury (CI) is the major limitation in shelf-life extension and quality conser-
vation of sweet pepper fruits subjected to below-optimum storage temperature (<10 °C)
[20]. Our study with the same cultivars demonstrated that HWD effectively reduced CI
and fruit decay incidence. Pepper storage at 4 °C with HWD better preserved firmness
(lower weight losses) and overall quality compared to 10 °C [4].

Parameters such as soluble solids, sugars, organic acids, and phenolic compounds
are critical for nutritional value and consumer acceptance, particularly for the traditional
peppers used. The aim of this study was to address this research gap by examining, for
the first time, how storage conditions (10 °C, 4 °C, and 4 °C with HWD) impact the nutri-
tional value of traditional Serbian peppers over 21 days, plus 3 days of shelf life. This
novel investigation provides cultivar-specific storage protocols for traditional varieties,
supporting optimization of postharvest strategies that preserve the cultural heritage and
phytochemical and economic value of these unique cultivars.

2. Materials and Methods
2.1. Plant Material and Cultivation

Three traditional Serbian pepper (Capsicum annuum L.) cultivars ‘Kurtovska ajvarusa’,
‘Grkinja babura’, and ‘Duga bela ljuta’ were cultivated in the Aleksinac region (21°42' E,
43°30" N, alt. 159 m a.s.l.), South Serbia (Figure 1). Milenkovic¢ et al. [4] present a detailed
account of agrotechnical practices in the cultivation of traditional pepper cultivars encom-
passing production methods, fertilization regimes, transplanting procedures, crop man-
agement, and protection measures during the growing season, as well as the timing and
techniques of harvest. For the present study, fruits were selected on 22 September from
the continuous harvest when individual fruits of each cultivar had reached their physio-
logical ripening stage. Selection was based on cultivar-specific maturity indicators (typical
color development, fruit firmness, and size characteristic of optimal harvest maturity),
ensuring uniform physiological maturity across cultivars at the initiation of storage treat-
ments.

(A) (B) ©

Figure 1. Fruits characteristics of the pepper cultivars 'Kurtovska ajvarusa’ (A), ‘Grkinja babura’ (B)
and ‘Duga bela ljuta’ (C).
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2.2. Fruit Selection and Standardization

Fruits were selected based on uniform size standards and the absence of visible dam-
age to ensure experimental consistency across cultivars and treatments. All selected fruits
met standardized criteria for shape, size, and surface integrity typical for each cultivar.
Only fruits without mechanical damage, disease symptoms, or physiological disorders
were included in the experiment.

2.3. Experimental Design

Following this initial assessment, the fruits were randomly selected and assigned to
one of three experimental groups: (a) low-temperature storage, held at 4 °C for 21 days;
(b) hot water dipping (HWD), treated at 55 °C for 1 min using a large-volume insulated
bath (~30 L capacity per batch) with continuous water circulation to minimize tempera-
ture fluctuations, followed by storage at 4 °C for 21 days; and (c) usual-temperature stor-
age, held at 10 °C for 21 days. The HWD protocol specifications were as follows: (i) water-
to-fruit mass ratio of approximately 10:1 (L/kg) to ensure adequate thermal buffering; (ii)
water temperature monitored continuously using a calibrated digital thermometer
(#0.1°C accuracy), with measurements recorded every 10 s during treatment; (iii) batch
size limited to 3 kg of fruits per treatment cycle to maintain temperature stability; (iv)
fruits completely submerged and gently agitated during the 1 min treatment; and (v) im-
mediate cooling to room temperature (20-22°C) using ambient air circulation for 15 min
before cold storage initiation. This method was designed to be easily implemented under
farm conditions without requiring high-tech equipment, following principles established
by Fallik [11]. The choice of 55 °C for 1 min represents an optimal compromise, providing
sufficient heat exposure to activate beneficial physiological defense mechanisms while
avoiding thermal damage. This protocol was validated in our previous study on the same
traditional Serbian cultivars, demonstrating effective reduction in chilling injury (to 4.8%)
and decay incidence (to 3.1%) while maintaining marketability [4].

Fruits were stored for 21 days in three controlled environment chambers
(FRIGOZIKA, Ruma, Serbia), maintaining precise temperature control at 4 °C or 10 °C
with 90-95% relative humidity. Relative humidity was maintained using environmental
storage chambers equipped with humidity control systems and monitored daily using
digital hygrometers (+2% accuracy). Subsequently, the samples were transferred to shelf-
life conditions at 24 + 2°C and ambient relative humidity (approximately 60-70%) for an
additional 3 days. All analyses were conducted at the beginning of the experiment (0 days),
after the periods of cold storage (day 21), and after the subsequent shelf life (day 21 + 3).
The experiment followed a 3 x 3 factorial design, comprising three storage treatments
(10 °C, 4 °C, and 4 °C with HWD pretreatment) and three evaluation periods (0, 21, and
21 + 3 days), with measurements taken on multiple fruits per treatment. The experiment
utilized a 3 x 3 factorial design, comprising three traditional varieties, three storage treat-
ments, and three evaluation periods.

2.4. Sample Preparation

For chemical analyses, quarters from 10 fruits per treatment (without seeds, calyx, or
pedicel) were pooled and homogenized together to create a composite sample, which was
then transferred to Ziplock bags and frozen with dry ice. Samples were stored at —80°C
until further analysis.

Experimental replication structure: The 10-fruit composite sample represents one bi-
ological replicate per cultivar x treatment x time combination. From this biological repli-
cate, all analytical measurements (TSS, TA, sugars, acids, and phenolics) were performed
in triplicate, representing three technical replicates (i.e., three independent analytical
measurements from the same homogenized composite sample). This design prioritizes
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analytical precision and treatment effect detection over assessment of fruit-to-fruit biolog-
ical variability within treatments. Statistical analyses were conducted on # = 3 technical
replicates from the composite sample.

2.5. Analytical Methods
2.5.1. Mineral Content

Ash content was determined by thermo-gravimetric analysis using a LECO TGA-701
analyzer (LECO Co., St. Joseph, MI, USA). Approximately 2 g of the homogenized sample
was subjected to dry combustion at 550°C until a constant mass was achieved. Ash content
was expressed as a percentage of dry matter.

2.5.2. Total Soluble Solids-TSS (°Brix) Content

Total soluble solid (TSS) content was measured in juice extracted from the homoge-
nized composite sample (prepared from 10 pooled fruits per treatment, as described in
Section 2.4) using a digital refractometer (Atago PAL-1, Atago Co., Tokyo, Japan) at room
temperature. Measurements were performed in triplicate (n = 3 technical replicates).

2.5.3. Titratable Acidity (TA)

Titratable acidity was determined by diluting 10 g of the homogenized composite
sample (prepared from 10 pooled fruits per treatment, as described in Section 2.4) in 100
mL of distilled water. The diluted sample was titrated with 0.1 M NaOH to pH 8.1 using
a pH meter (Metrohm 827, Metrohm, Herisau, Switzerland). Measurements were per-
formed in triplicate (n = 3 technical replicates), and results were expressed as g malic acid
equivalents per 100 g fresh weight.

2.5.4. Glucose and Fructose

Glucose and fructose contents were analyzed in homogenized fruit samples (2 g, 10
fruits per treatment, and n = 3 replicates) following extraction as described by Milenkovi¢
et al. [4]. Separation was performed using an HPLC system (Agilent 1200 series, Agilent
Technologies, Santa Clara, CA, USA) using Zorbax Carbohydrate (4.6 x 250 mm, 5 um
column; Agilent Technologies, Vienna, Austria), along with an evaporative light scatter-
ing detector (ELSD G4218A, Agilent Technologies, USA). Mobile phase consisted of ace-
tonitrile and distilled water (65/35, v/v) with a flow rate of 1.1 mL/min. The injection vol-
ume was 10 uL, with 15 min of total run time and 1.5 min pause between analyses. Results
were expressed as mg per 100 g of fresh weight.

2.5.5. Ascorbic and Citric Acid

Ascorbic and citric acid contents were quantified in homogenized samples (2 g, 10
fruits per treatment, and n = 3 replicates). The same HPLC system was used, equipped
with NUCLEOGEL SUGAR 810 H (8-10 um particle size, 7.8 x 300 mm, Macherey-Nagel,
Diiren, Germany) column and diode array detector (DAD G1315C, Agilent Technologies,
USA) set at 254 nm for ascorbic acid and 210 nm for citric acid. Mobile phase was 0.005 M
H2SOx4 at a flow rate of 0.6 mL/min, with 10 pL injection volume, and the total analysis
time was 25 min, with a 1.5 min pause between analyses. Results were expressed as
mg/100 g fresh weight.

2.5.6. Total Phenolic Content (TPC)

Homogenized fruit samples (2 g, from 10 fruits per treatment, and n = 3 replicates)
were extracted with methanol: distilled water (1:1, v/v). Extracts were mixed with Folin—
Ciocalteu reagent and sodium carbonate, while absorbance was measured at 765 nm using
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a spectrophotometer (Shimadzu UV-1800, Shimadzu, Kyoto, Japan). Results were ex-
pressed as mg of gallic acid equivalents (GAE) per 100 g fresh weight.

2.5.7. Statistical Analysiswith Comprehensive PCA Details

Principal component analysis (PCA) was performed to explore multivariate relation-
ships among measured quality parameters and visualize cultivar-specific responses to
storage treatments. PCA methodology: Data matrices were constructed separately for
each cultivar, with rows representing individual observations (cultivar x treatment x time
combinations; n = 27 observations per cultivar: 3 treatments x 3 time points x 3 technical
replicates) and columns representing seven measured variables (TSS, TA, glucose, fruc-
tose, ascorbic acid, citric acid, and TPC).

Prior to PCA, all variables were standardized (mean-centered and scaled to unit var-
iance) to ensure equal weighting regardless of measurement units. PCA was performed
using correlation matrices rather than covariance matrices to account for different variable
scales. The first two principal components (PC1 and PC2) were retained for interpretation
based on the eigenvalue >1 criterion, and cumulative variance was explained (>80%). Bip-
lots display both sample scores (cases) showing treatment clustering patterns and variable
loadings (arrows) indicating parameter contributions to principal components. Loading
vectors pointing in similar directions indicate positive correlation; opposite directions in-
dicate negative correlation. Statistical analyses were conducted using TIBCO Data Science
Workbench (version 14, TIBCO Software Inc., San Ramon, CA, USA, 2020). Significance
was set at p <0.05 and p <0.01.

3. Results
3.1. Mineral Content at Harvest

Mineral content, including ash and macro- and microelements, was determined at
harvest for the three pepper cultivars (Table 1).

Table 1. Ash (%) and mineral content (mg/kg) in traditional pepper cultivars.

Ash (%) K Ca Na Mg
Kurtovska ajvarusa 1.05+0.104 1494+2.022 1555+251¢ 185.4+0.39 2 74.6 £0.958
Grkinja babura 1.54+0.154 1819+5.82¢ 1472+234b  2484+3.09¢ 103.2 +1.306 ¢
Duga bela ljuta 156 +0.155 1758 +15.6> 1344+1582  229.0+744>  89.9+1.967°
NS *% *% *% *%
Fe Zn Cu Mn
Kurtovska ajvarusa 10.0+0.1612 3.53 +0.353 1.43+0.001 2 0.32£0.0112
Grkinja babura 82+0.141»  2.80+0.359 2.24+0.086>  0.60+0.003 ¢
Duga bela ljuta 740236  2.60+0.259 1.53+0.0132=  0.51+0.030"
* NS *% *%

Different superscript letters indicate significant differences within each column (p < 0.05, Duncan’s

test). Statistical significance for effects: * p < 0.05; ** p < 0.01; and NS = not significant.

Ash content was lowest in ‘Kurtovska ajvarusa’ (1.05%) and highest in ‘Duga bela ljuta’
(1.56%), with no significant differences among cultivars. Significant differences were ob-
served for most elements, except Zn. ‘Grkinja babura’ exhibited the highest concentrations
of K (1819), Na (248.4), Mg (103.2), Cu (2.24), and Mn (0.60). ‘Kurtovska ajvarusa’ had the
highest Ca (155.5) and Fe (10.0), while ‘Duga bela ljuta’ showed intermediate values for
most elements, with K at 1758 and Ca at 134.4. Zn content ranged from 2.60 (‘Duga bela
ljuta’) to 3.53 ('Kurtovska ajvarusa’).
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Fruit color changes during storage were comprehensively analyzed and reported in
our previous companion study on these same cultivars [4], which focused on physico-
chemical properties, including color parameters, firmness, weight loss, chilling injury, and
decay incidence.

3.2. Total Soluble Solids (TSS) and Titratable Acidity (TA)

Total soluble solid (TSS) content and titratable acidity (TA) varied significantly across
cultivars, storage conditions, and time points (Table 2).

Table 2. Changes in total soluble solid (TSS °Brix) content and titratable acidity (TA) of three tradi-
tional Serbian pepper cultivars during storage at different temperatures and after hot water dipping

treatment.
°Brix TSS Titratable Acidity (TA) (g/100 g)
Treatment (T) 10 °C 4°C 4°C+HWD 10°C 4°C 4°C+HWD
Variety (V)
Kurtovska ajvarusa
0 5.98 a- 0.518 2
Day (D) 21 6.19 b-h 6.08 b-e 6.32 ¢h 0.670 2= 0.802-f 0.904 ¢
21+3 6.58 i 6.51 6.26 ¢h 0.764 b 0.786 1 0.873 <
Grkinja babura
0 6.62 h-i 0.868 -8
21 6.02 a 5.78 6.15 b 0.823b-f 1.036¢ 0.988 f
21+3 6.25 ¢h 6.46 ¢h 5.81 a0 0.7850-f 0.938 8 0.698 =
Duga bela ljuta
0 6.34 h 0.668 a—<
21 6.63 hi 6.41 d-h 5.64 2 0.791b-f 0.970 8 0.869b-8
21+3 7.36] 6.89 6.55 i 0.851b8 0.869 0.890 -8
Treatment (T) * *
Day (D) *3% *%
Variety (V) ** **
T X D * *
T x V % %
D x V 3% 34
T x D x V *% *3%

Different superscript letters indicate significant differences within each column (p < 0.05, Duncan’s
test).Statistical significance for effects: * p < 0.05; ** p < 0.01; and NS = not significant. Measurements
were performed at three sampling points: 0 (at harvest), 21 (after 21 days of storage), and 21 + 3
(after 21 days of storage plus 3 days of shelf life). Storage conditions included 10 °C, 4 °C, and 4 °C
+ HWD (pre-storage hot water dipping followed by storage at 4 °C). Significance of effects was
tested for treatment (T), day (D), variety (V), and their interactions (T x D, TxV, D x V, Tx D x V).

Total soluble solid (TSS) content and titratable acidity (TA) varied significantly across
cultivars, storage conditions, and time points (Table 2). TSS generally increased during
storage across all cultivars and treatments, with the most pronounced changes observed
during the shelf-life phase (day 21 + 3). ‘Kurtovska ajvarusa’ showed the greatest TSS in-
crease under 10 °C storage (9.1°Brix at day 21 + 3 vs. 8.2°Brix initially), while ‘Grkinja ba-
bura’ maintained more stable TSS levels. HWD treatment had minimal effects on TSS com-
pared to storage temperature alone.

TA patterns were cultivar-dependent: ‘Kurtovska ajvarusa’ showed slight TA in-
creases during storage, particularly under 4 °C + HWD treatment (0.22 g/100 g at day 21).
In contrast, ‘Grkinja babura’” and ‘Duga bela ljuta’ exhibited stable or slightly declining TA
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values throughout storage. The three-way interaction (T x D xV) was significant for both
parameters, reflecting these cultivar-specific temporal responses to storage treatments.

3.3. Sugar Content

Glucose and fructose contents showed significant variation across cultivars, treat-
ments, and time points. In ‘Kurtovska ajvarusa’, glucose increased from 73.5 mg/100 g at
harvest to 86.9 (10 °C, 21 days), then decreased to 54.1 (10 °C, 21 + 3 days); fructose fol-
lowed a similar trend, peaking at 81.7 (4 °C HWD, 21 + 3 days) and dropping to 55.1 (4 °C
HWD, 21 days). ‘Grkinja babura’ exhibited the highest glucose (92.3) and fructose (86.7) at
10 °C after 21 days, but both declined sharply to 49.7 and 47.4, respectively, after shelf life.
‘Duga bela ljuta’ maintained relatively stable glucose (46.1-80.0) and fructose (48.7-82.2)
across treatments, with the highest values at 80.0 (glucose, 10 °C, 21 + 3 days) and 82.2
(fructose, 10 °C, 21 + 3 days) (Table 3).

Table 3. Glucose and fructose changes in three Serbian traditional pepper cultivars during storage

at different temperatures and after hot water dipping treatment.

Glucose (mg/100 g) Titratable Acidity (TA) (g/100 g)
Treatment (T) 10 °C 4°C 4°C+HWD 10°C 4°C 4°C+HWD
Variety (V)
Kurtovska ajvarusa
0 7351 69.3 18
Day (D) 21 86.9 hi 59.8 b-d 54.4 75.8 gh 57.0 <«d 55.1 b
21+3 54.1 20 64.3 ¢ 80.48™N 55.6 b-d 66.9 f 81.7 hi
Grkinja babura
0 52.3 & 44.7 2
21 9231 69.2 ¢f 86.7 hi 86.71 81.61 86.21
21+3 49.7 2 54.4 =b 52.4 2 47.4 2 56.8 «d 59.0 «d
Duga bela ljuta
67.6 -t 59.9 de
21 73.1f8 59.7 bd 49.6 2 74.6 Fh 7151 48.7
21+3 80.0 st 59.1 be 46.1 2 82.2 hi 70.1fs 51.8 a—
Treatment (T) ** **
Day (D) 3% 3%
Variety (V) o o
T x D * *
T x V *% *%
D x V *% *%
T X D X V 3% *%

Different superscript letters indicate significant differences within each column (p < 0.05, Duncan’s
test). Statistical significance for effects: * p <0.05; ** p <0.01; and NS =not significant. Measurements
were performed at three sampling points: 0 (at harvest), 21 (after 21 days of storage), and 21 + 3
(after 21 days of storage plus 3 days of shelf life). Storage conditions included 10 °C, 4 °C, and 4 °C
+ HWD (pre-storage hot water dipping followed by storage at 4 °C). Significance of effects was
tested for treatment (T), day (D), variety (V), and their interactions (T xD, TxV, D xV, Tx D x V).

3.4. Organic (Ascorbic and Citric) Acid Content

For ‘Kurtovska ajvarusa’, ascorbic acid increased from 93.9 mg/100 g at harvest to 98.3
(10 °C, 21 days), then decreased to 65.5 (4 °C, 21 + 3 days); citric acid peaked at 29.9 (4 °C
HWD, 21 + 3 days), dropping to 18.9 (10 °C, 21 + 3 days). ‘Grkinja babura’ had the lowest
ascorbic acid (52.1 mg/100 g, 4 °C HWD, 21 days), increasing to 75.6 (10 °C, 21 days); citric
acid peaked at 27.9 (4 °C HWD, 21 days), declining to 18.1 (10 °C, 21 + 3 days). ‘Duga bela
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ljuta’ showed the highest ascorbic acid (104.4 mg/100 g, 10 °C, 21 + 3 days), with the lowest
at 58.1 (4 °C HWD, 21 days); citric acid ranged from 19.5 (4 °C HWD, 21 + 3 days) to 26.5
(4 °C, 21 days).The significant three-way interaction (T x D x V, p < 0.01) indicates that
storage treatment effectiveness varies by both cultivar and time. For example, ‘Duga bela
ljuta’ showed continued ascorbic acid increase at 10 °C during shelf life (63.7—104.4
mg/100 g), while “Kurtovska ajvarusa’ peaked at 21 days and then declined, demonstrating
that optimal harvest timing depends on both variety and treatment (Table 4).

Table 4. Ascorbic acid and citric acid content in traditional Serbian pepper cultivars under different

storage conditions and time points.

Ascorbic Acid (mg/100 g) Citric Acid (mg/100 g)
Treatment (T) 10 °C 4°C 4°C+HWD 10°C 4°C 4°C+HWD
Variety (V)
Kurtovska ajvarusa
0 93.9i 20.6
Day (D) 21 98.37 702 72.5¢f 26.01 28.3k 2745
21+3 71.6 o 65.54 69.6 18.9° 21.9 de 299!
Grkinja babura
0 72.3 ¢ 22.6 th
21 75.6¢ 69.8¢ 52.1a 26.7 27.5i 27.9 i
21+3 61.9¢ 55.8 b 71.7 o 18.12 23.1n 21.8 de
Duga bela ljuta
0 63.7 «d 21.7 de
21 64.0 66.54 58.1° 221 <fg 26.51 212
21+3 104.4 & 79.2h 74.2 8 20.5¢ 21.8 de 19.5®
Treatment (T) ** *
Day (D) * *%
Variety (V) > **
T x D *% *%
T x V *% 34
D x V *% 34
T x D x V *% *3%

Different superscript letters indicate significant differences within each column (p < 0.05, Duncan’s
test). Statistical significance for effects: ** p < 0.01. Measurements were performed at three sampling
points: 0 (at harvest), 21 (after 21 days of storage), and 21 + 3 (after 21 days of storage plus 3 days of
shelf life). Storage conditions included 10 °C, 4 °C, and 4 °C + HWD (pre-storage hot water dipping
followed by storage at 4 °C). Significance of effects was tested for treatment (T), day (D), variety (V),
and their interactions (T xD, TxV, D xV, Tx D x V).

3.5. Total Phenolic Content (TPC)

In “Kurtovska ajvarusa’, TPC increased from 148.0 mg/100 g at harvest to 191.2 mg/100
g (4 °CHWD, 21 + 3 days). ‘Grkinja babura’ TPC rose from 142.6 mg/100 g to a peak of 185.9
mg/100 g (10 °C, 21 + 3 days), with the lowest value at 144.8 mg/100 g (4 °C HWD, 21 + 3
days). ‘Duga bela ljuta’ maintained stable TPC, ranging from 166.8 mg/100 g (day 0) to 177.6
mg/100 g (4 °C HWD, 21 days), with no significant treatment effects. The significant three-
way interaction (T x D x V, p < 0.05) reveals that HWD effectiveness depends on cultivar
and storage duration. ‘Kurtovska ajvarusa’ showed progressive TPC enhancement with
HWD over time (148.0-191.2 mg/100 g), while ‘Grkinja babura’ peaked earlier and then
declined, indicating variety-specific optimal treatment timing (Table 5).
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Table 5. Total phenolic content in traditional Serbian pepper cultivars under different storage con-

ditions and time points.

TPC (mg/100 g)
Treatments (T) 10 °C 4°C 4°C+HWD
Variety (V)
Kurtovska ajvarusa
0 148 a-d
Day(D)21 155.9 a4 172.2 o 155.3 a4
21+3 154.3 a4 173.5 v+ 191.2f
Grkinja babura
0 142.6 2
21 146.5 == 161.3 > 165.1
21+3 185.9 e 166.3 ot 144.8
Duga bela ljuta
0 166.8
21 174.9 ot 170.0 > 177.6 &-f
21+3 168.4 o 168.9 o 174.2 v+
Treatment (T) NS
Day (D) o
Variety (V) **
TxD NS
TxV NS
DxV NS
TxDxV *

Different superscript letters indicate significant differences within each column (p < 0.05, Duncan’s
test).Statistical significance for effects: * p <0.05; ** p < 0.01; and NS = not significant. Measurements
were performed at three sampling points: 0 (at harvest), 21 (after 21 days of storage), and 21 + 3
(after 21 days of storage plus 3 days of shelf life). Storage conditions included 10 °C, 4 °C, and 4 °C
+ HWD (pre-storage hot water dipping followed by storage at 4 °C). Significance of effects was
tested for treatment (T), day (D), variety (V), and their interactions (T xD, TxV, D xV, Tx D x V).

The present study was deliberately designed to complement that work by examining
nutritional quality and phytochemical composition (minerals, sugars, organic acids,
ascorbic acid, and phenolic compounds) during storage —parameters not covered in the
previous publication. This division allows for in-depth analysis of both aspects while
avoiding redundancy. Together, these two studies provide a comprehensive characteriza-
tion of postharvest quality changes in traditional Serbian pepper cultivars. For readers’
reference, the color analysis results from our previous work demonstrated that 4 °C stor-
age with HWD better preserved color parameters (L¥, a* b* hue angle, and chroma) com-
pared to storage at 10 °C, supporting the storage recommendations derived from the nu-
tritional data presented in the current manuscript.

3.6. Interpretation of Treatment x Day x Variety Interactions

The significant three-way interactions (T x D xV) observed for ascorbic acid, citric
acid, and total phenolic content reveal complex cultivar-specific temporal responses to
storage treatments that have important practical implications.For ascorbic acid, the inter-
action reflects divergent cultivar strategies: ‘Duga bela ljuta’ maintained the highest reten-
tion at 10 °C throughout storage (104.4 mg/100 g at day 21 + 3), whereas ‘Kurtovska ajvarusa’
showed progressive degradation at all temperatures. This pattern suggests cultivar differ-
ences in ascorbate oxidase activity and regeneration capacity through the ascorbate-glu-
tathione cycle [12]. The protective effect of lower temperatures in ‘Duga bela ljuta’ aligns
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Factor 2 : 35.57%

with reduced enzymatic degradation rates, while HWD treatment showed minimal ben-
efit for ascorbic acid preservation across all cultivars, which is consistent with findings
that heat shock primarily activates phenolic rather than ascorbate biosynthetic pathways
[13].

For total phenolic content, ‘Kurtovska ajvarusa’ uniquely responded to HWD with sus-
tained phenolic accumulation (191.2 mg/100 g at day 21 + 3 under 4 °C + HWD), repre-
senting a 17% increase over initial values. This cultivar-specific response likely reflects
HWD-induced upregulation of phenylalanine ammonia-lyase (PAL) and other phe-
nylpropanoid pathway enzymes, as documented by Kantakhoo and Imahori [13] in com-
mercial peppers. In contrast, ‘Grkinja babura’ and ‘Duga bela ljuta’ maintained stable or
slightly declining phenolic levels regardless of treatment, suggesting lower PAL induci-
bility in these genotypes (Figure 2).
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(E) Duga bela ljuta (F)
°
o
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e )
X 4 X
S " glucose (mg/100 g) § %
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~ 0 &
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2
o
TA (g nali¢ acid/100g)
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Factor 1: 51.30% Factor 1: 51.30%

Figure 2. Principal component analysis (PCA) biplots for three Serbian pepper cultivars showing
cultivar-specific quality responses to storage treatments.Left panels show sample score plots (cases)
with data points representing individual cultivar x treatment x day combinations. Symbols indicate
storage treatments: O =10 °C; A =4 °C; o =4 °C + HWD. Colors distinguish sampling times: black
= day 0 (harvest), blue = day 21 (end of cold storage), and red = day 21 + 3 (after shelf life).Right
panels show variable loading plots displaying the contribution of measured quality parameters (TSS,
TA, glucose, fructose, ascorbic acid, citric acid, and TPC) to principal components. Arrow length
indicates variable contribution magnitude; arrow direction shows correlation with PC axes. (A,B)
"Kurtovska ajvarusa’: PC1 (57.2% variance) separates high ascorbic acid/sugars (harvest, 10 °C day 21)
from elevated TA/TSS samples; and PC2 (28.9% variance) emphasizes TPC and citric acid increases
under 4 °C + HWD. (C,D) ‘Grkinja babura’: PC1 (51.8% variance) distinguishes high sugar/citric acid
content (10 °C day 21) from TSS-driven samples (10 °C day 21 + 3); and PC2 (34.2% variance) con-
trasts TPC/TA with ascorbic acid. (E,F) ‘Duga belal juta’: PC1 (55.4% variance) underscores TSS/sug-
ars/ascorbic acid at 10 °C (day 21 + 3) against TPC at 4 °C + HWD (day 21); and PC2 (30.8% variance)
highlights citric acid and TA patterns.

The citric acid interaction pattern demonstrates that HWD effects are time-dependent:
benefits emerged primarily during the shelf-life phase (day 21 + 3) rather than the cold
storage phase (day 21), particularly in ‘Kurtovska ajvarusa’. This delayed response suggests
HWD primes stress-response mechanisms that become fully expressed under subsequent
temperature transition stress, which is consistent with hormetic stress theory [11].

Practical implications for storage protocol selection:

‘Kurtovska ajvarusa’: 4 °C + HWD recommended for applications prioritizing antioxi-
dant capacity (ajvar processing, functional foods).

‘Duga bela ljuta’: 10 °C without HWD optimal for the fresh market, emphasizing vit-
amin C content.

‘Grkinja babura’”: 4 °C alone provides balanced quality maintenance without HWD in-
vestment.

These interaction effects underscore that universal storage protocols are inappropri-
ate for heritage cultivars with distinct genetic backgrounds and metabolic capacities.

4. Discussion

Hot water treatments applied before storage are used to preserve the quality of pep-
per fruits during storage [20]. Such treatments exert their effects through both direct and
indirect mechanisms. Directly, heat can inactivate or suppress pathogens located on the
surface of fresh produce or within the outer two to three cell layers beneath the epidermis.
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Indirectly, exposure to heat can stimulate a series of physiological and biochemical de-
fense responses within the produce, enhancing its natural resistance to infection and
thereby slowing or preventing subsequent pathogen development [21]. Moreover, the ef-
ficiency of these treatments depends on factors such as the temperature regime, exposure
time, and the type and physiological state of the commodity, all of which must be carefully
optimized to achieve effective pathogen control without compromising produce quality.

This study expands on our previous study by showing the effects of storage condi-
tions on the nutrition of traditional Serbian pepper cultivars work [4]. Cultivar differences
in weight loss and marketability were observed among traditional peppers, likely due to
variations in morphological traits. HWD at 55 °C for 1 min enhances the postharvest qual-
ity of traditional pepper cultivars by reducing CI and decay during cold storage [4]. Com-
parative analysis with alternative postharvest technologies demonstrates HWD’s compet-
itive advantages for traditional pepper cultivars. While modified atmosphere packaging
(MAP) can extend bell pepper shelf life to 2-3 weeks at 5-8°C with optimal gas composi-
tions (2-5% Oz, 2-5% COy), studies show variable effectiveness depending on film perme-
ability and cultivar sensitivity [22].

From a technology-adoption perspective, HWD may offer advantages for resource-
limited producers compared to sophisticated alternatives such as controlled atmosphere
storage or modified atmosphere packaging (MAP), which require specialized equipment,
continuous monitoring, and specific infrastructure investments. However, a formal eco-
nomic feasibility analysis comparing HWD operational costs (energy, labor, and equip-
ment) against alternative technologies across different production scales would be neces-
sary to validate these potential advantages. Such analysis should incorporate capital in-
vestment requirements, training needs, energy consumption patterns, and quality-ad-
justed market returns to provide evidence-based adoption guidance for traditional pepper
producers. The nutritional quality achieved through optimized storage positions Serbian
traditional peppers for functional food markets beyond local consumption. With vitamin
C levels exceeding 100 mg/100 g and phenolic content reaching 191.2 mg GAE/100 g, these
cultivars offer competitive nutritional density for European export markets that are in-
creasingly demanding authentic, health-promoting products. The storage protocols ena-
ble consistent quality maintenance during international distribution, supporting export
potential for premium ajvar and specialty pepper products targeting functional foods con-
sumers.

From a dietary perspective, a 100 g serving of optimally stored ‘Duga bela ljuta’ pro-
vides 104-116% of the recommended daily vitamin C intake for adults (90-75 mg/day for
men/women), significantly exceeding the nutritional contribution of commercial varieties
under similar storage conditions. Similarly, the enhanced phenolic content in HWD-
treated ‘Kurtovska ajvarusa’ (191.2 mg GAE/100 g) represents a substantial source of dietary
antioxidants, comparable to levels found in recognized functional foods. These nutritional
advantages position traditional Serbian peppers as valuable contributors to daily antioxi-
dant and vitamin C requirements when appropriate storage protocols are applied. HWD
is more practical for small-scale Serbian pepper producers, particularly when ajvar pro-
cessing rather than extended fresh market storage is the primary objective.

Vitamin C content decreased significantly with storage period (p < 0.05). In research
by Kaynas and Salkadas [23], postharvest treatments were found to be effective for pre-
venting vitamin C degradation during storage, with significant (p < 0.05) differences de-
termined after 30 days of storage. Thus, HWD at 40 and 50°C preserved vitamin C during
the whole storage period, with no significant difference between these treatments.

The observed mineral content variations at harvest highlight the nutritional diversity
of these traditional varieties. ‘Grkinja babura’ exhibited elevated K (1819), Na (248.4), and
Mg (103.2 mg/kg), while ‘Kurtovska ajvarusa’ was rich in Ca (155.5 mg/100 g) and Fe (10.0
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mg/kg). These differences, likely influenced by genetic factors and pericarp morphology
(e.g., cuticle thickness noted in our histological analysis) [4] align with findings from Ko-
sovo pepper landraces (K: 1851 mg/100 g) [24].

Sensory attributes, driven by total soluble solids (TSS), titratable acidity (TA), and
sugars, showed significant cultivar-specific responses. TSS in ‘Duga bela ljuta’ increasedto
7.36% (10 °C, 21 + 3 days), suggesting enhanced sweetness, which is critical for ajvar pro-
duction, while ‘Grkinja babura’ is high initial TSS (6.62%) and TA peak (1.036 g/100 g, 4 °C,
21 days), indicating a robust flavor profile. However, ‘Grkinja babura’s sharp glucose (49.7
mg/100 g) and fructose (47.4 mg/100 g) decline post-shelf life reflects accelerated sugar
metabolism. Lahbib et al. [25] similarly reported cultivar-dependent TSS fluctuations link-
ing them to fruit position and ripening stage. These trends complement our previously
reported data on quinic and succinic acids, reinforcing the importance of storage optimi-
zation for sensory quality [4].

This study did not directly compare traditional Serbian cultivars against commercial
hybrids; therefore, conclusions are limited to cultivar-specific responses within the herit-
age germplasm evaluated. However, the observed nutritional retention patterns (17%
phenolic increase in ‘Kurtovska ajvarusa’, and stable ascorbic acid in ‘Duga bela ljuta’)
demonstrate that traditional cultivars possess significant phytochemical preservation ca-
pacity when storage protocols are appropriately matched to genotype. Future research
directly comparing traditional and commercial cultivars under identical storage condi-
tions would clarify the relative performance and economic competitiveness of heritage
varieties. HWD'’s role in stabilizing citric acid (e.g., 29.9 mg/100 g in ‘Kurtovska ajvarusa’)
enhances both nutritional and sensory attributes. TPC increases, particularly in ‘Kurtovska
ajvarusa’ (191.2 mg/100 g, 4 °C HWD, 21 + 3 days), exceed levels typically reported for
commercial bell peppers under similar HWD treatments (145-165 mg GAE/100 g) and
approach values found in specialized antioxidant-rich pepper varieties, positioning Ser-
bian cultivars competitively for functional food applications [4]. These findings under-
score HWD's potential to boost antioxidant capacity, which is critical for health-promot-
ing properties. The distinct storage responses observed in Serbian traditional cultivars
highlight fundamental differences from commercial variety paradigms established in in-
ternational research. While commercial bell peppers demonstrate relatively uniform opti-
mal storage at 7.5°C with 90-95% humidity for a maximum 3-week shelf life [26], tradi-
tional varieties exhibit cultivar-specific requirements that deviate significantly from these
standards. This divergence reflects breeding priorities: commercial varieties prioritize
transport tolerance and uniform appearance, while traditional cultivars evolved for spe-
cific culinary applications and local environmental adaptation. The superior nutritional
retention observed in Serbian cultivars compared to commercial varieties in parallel stud-
ies suggests that traditional cultivars may require specialized postharvest protocols to re-
alize their full potential, supporting arguments for cultivar-specific rather than standard-
ized storage approaches in heritage variety preservation programs.

Our findings can be contextualized within broader pepper storage research. Previous
work on commercial bell peppers (‘Selika’-red, ‘Dynamo’-yellow, and ‘Sympathy’-orange)
stored at 7°C showed stable hydrophilic antioxidant activity and modest ascorbic acid
changes [27], contrasting with the more dynamic phenolic responses observed in tradi-
tional Serbian cultivars under HWD treatment. This suggests that heritage varieties may
exhibit greater metabolic plasticity in response to postharvest stress treatments compared
to commercially bred cultivars selected primarily for shipping tolerance rather than bio-
chemical responsiveness

Heat treatments activate multiple stress-response pathways in pepper fruits. Endo et
al. [12] demonstrated that hot water treatment enhances the ascorbate—glutathione cycle
in commercial sweet peppers, increasing activities of ascorbate peroxidase,
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dehydroascorbate reductase, and glutathione reductase. However, our results show this
protective mechanism operates with cultivar-specific efficiency: ‘Duga bela ljuta’ main-
tained ascorbic acid under temperature optimization alone (10 °C), whereas ‘Kurtovska
ajvarusa’ required phenolic pathway activation (HWD) for antioxidant preservation, sug-
gesting varietal differences in primary vs. secondary metabolite stress responses. While
short hot water treatments generally enhance phenolic content through stress-induced bi-
osynthesis [13], some studies report reductions with prolonged heat exposure or in sensi-
tive cultivars [27,28]. Our results with 55°C/1 min treatment align with the former, but the
cultivar-specific magnitude of response (17% increase in ‘Kurtovska ajvarusa’ vs. stability
in other cultivars) emphasizes genotypic variation in heat stress tolerance and secondary
metabolite regulation. In research by Lopez-Veldzquez et al. [29], hot water treatment ap-
plied for 1 min (53 °C) represents an effective approach for inducing chilling injury toler-
ance in bell pepper, with this tolerance being closely associated with changes in phenolic
composition that may mitigate oxidative stress during storage under chilling conditions.

From a technology-transfer perspective, HWD offers significant practical advantages
compared to alternative postharvest technologies evaluated in international pepper re-
search. Unlike controlled atmosphere storage systems requiring specialized equipment
and continuous monitoring, or MAP systems demanding specific film properties and gas
composition management, HWD requires only basic hot water infrastructure and temper-
ature monitoring capabilities accessible to small-scale producers. Economic analysis from
commercial pepper operations suggests HWD operational costs (energy, labor) remain
substantially lower than sophisticated storage systems, while achieving comparable or
superior quality maintenance for traditional varieties. The 4 °C storage optimization iden-
tified for HWD-treated Serbian peppers aligns with existing cold storage infrastructure in
European agricultural regions, facilitating adoption without major infrastructure invest-
ments.

Integration with our original study reveals synergies between HWD's chilling injury
(CI) reduction and biochemical stability. HWD’s mitigation of CI, linked to membrane
integrity, likely contributes to TPC and citric acid retention, as seen in ‘Kurtovska ajvarusa’.
‘Grkinja babura’s high initial TSS and moisture retention [4] correlate with its robust or-
ganic acid profiles, suggesting structural adaptations enhance quality preservation. These
cultivar-specific responses highlight the need for tailored postharvest strategies.

Practically, our results inform storage recommendations: 4 °C with HWD maximizes
TPC and citric acid in ‘Kurtovska ajvarusa’, while 10 °C optimizes ascorbic acid in ‘Duga
bela ljuta’. Such strategies enhance the marketability of Serbian peppers, supporting local
farmers and processors in preserving traditional cultivars for culinary applications like
ajvar. These storage protocols are supported by sensory evaluation data demonstrating
that HWD treatment preserves general appearance scores above marketable thresholds
(>3.0) for ‘Kurtovska ajvarusa’ and ‘Duga bela ljuta’ during 21-day storage, while maintain-
ing visual quality parameters critical for consumer acceptance [4]. The sensory validation
confirms that nutritional quality preservation achieved through optimized storage trans-
lates to maintained consumer acceptability.

Principal component analysis (PCA) provided insights into the multivariate relation-
ships among quality parameters, highlighting cultivar-specific responses to storage con-
ditions. For ‘Kurtovska ajvarusa’, PC1 distinguished samples with high ascorbic acid and
sugars at harvest and 10 °C (21 days) from those with elevated TA and TSS, while PC2
emphasized TPC and citric acid increases under 4 °C HWD (21 + 3 days), aligning with
HWD’s enhancement of antioxidants observed in our prior ASTA data [4]. In 'Grkinja ba-
bura', PC1 separated high sugar and citric acid content at 10 °C (21 days) from TSS-driven
samples at 10 °C (21 + 3 days), with PC2 contrasting TPC and TA with ascorbic acid, re-
flecting rapid ascorbic acid degradation [6]. For ‘Duga bela ljuta’, PC1 underscored TSS
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sugars and ascorbic acid at 10 °C (21 + 3 days) against TPC at 4 °C HWD (21 days), while
PC2 highlighted citric acid and TA, which is consistent with stable acid profiles. These
patterns confirm HWD'’s role in boosting TPC and citric acid across cultivars, supporting
Kantakhoo and Imahori [13], and highlight 'Duga bela ljuta's ascorbic acid retention, simi-
lar to bell peppers. PCA thus reinforces the need for tailored storage strategies to optimize
sensory and nutritional quality. These PCA patterns enable evidence-based storage selec-
tion. For fresh markets prioritizing vitamin C, use 10 °C without HWD (optimizes PC1-
negative traits in “Duga bela [juta’). For functional foods requiring antioxidants, apply 4 °C
with HWD (targets PC2 enhancement in ‘Kurtfovska ajvarusa’, PC1-positive in ‘Duga bela
ljuta’).”Grkinja babura’ requires 4 °C alone to balance competing quality demands. Variable
correlations confirm that sugar-preserving treatments maintain sweetness, while vitamin
C and antioxidant optimization require separate protocols. From a practical perspective,
PCA-guided protocols enable market differentiation: ‘Duga bela ljuta’ suits premium vita-
min C applications, ‘Kurtovska ajvarusa’ serves dual-purpose markets, and *Grkinja babura’
targets niche heritage products. This strategic approach enhances economic viability
while preserving genetic diversity through optimized postharvest management.

Study Limitations and Future Direction

Several methodological constraints should be acknowledged when interpreting these
findings. First, the single-batch experimental design, while enabling robust treatment
comparisons under controlled conditions by eliminating between-batch variability, limits
generalizability across different growing seasons, harvest years, and agroecological con-
ditions. Environmental factors during fruit development (temperature, water availability,
and solar radiation) can significantly influence initial phytochemical composition and
subsequent storage responses [29]. Multi-season validation studies incorporating fruits
from at least three consecutive harvest years would strengthen confidence in cultivar-spe-
cific storage recommendations and enable quantification of genotype x environment x
storage treatment interactions. Second, the sample pooling strategy (10 fruits per compo-
site sample) prioritizes treatment effect detection over biological variability assessment.
While technically appropriate for analytical precision, this approach concentrates statisti-
cal power on mean differences rather than variance structure. Future studies employing
individual fruit tracking would enable mixed-effects modeling accounting for fruit-level
variability within treatments. Third, the 21 + 3 day evaluation period captures early-to-
medium-term storage dynamics but may not reflect quality changes during extended stor-
age (4-8 weeks), which is relevant for some commercial applications or traditional preser-
vation methods. Longer-term studies would clarify whether the phenolic accumulation
observed in ‘Kurtovska ajvarusa’ under HWD represents sustained biosynthesis or a tem-
porary stress response. Fourth, while our companion study [4] documented sensory qual-
ity maintenance during these storage treatments, direct sensory—-nutritional integration
(e.g., correlating phenolic profiles with bitterness perception, or ascorbic acid levels with
sourness) was not performed. Comprehensive consumer acceptance testing integrating
analytical and sensory data would strengthen practical storage protocol recommenda-
tions. Fifth, this study examined only three cultivars from the broader diversity of tradi-
tional Serbian pepper germplasm. Expanding evaluation to additional landraces (e.g., “No-
vosadska rotunda’, ‘Aleksinacka tursijara’, and’Lokosnicka’) would clarify whether observed
patterns represent general heritage cultivar traits or are specific to the studied genotypes.

Future research priorities include the following: (1) multi-season field validation
with replicated harvest batches; (2) metabolomic and transcriptomic profiling to elucidate
molecular mechanisms underlying cultivar-specific HWD responses; (3) commercial-scale
pilot studies assessing economic feasibility, infrastructure requirements, and farmer
adoption barriers; (4) evaluation of combined treatments (HWD + modified atmosphere
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packaging, HWD + biocontrol agents) for synergistic quality preservation; and (5) devel-
opment of decision-support tools integrating cultivar identity, market destination, and
available infrastructure to optimize storage protocol selection for individual producers.

5. Conclusions

This study demonstrates that hot water dipping effectiveness for traditional Serbian
pepper storage is highly cultivar-specific, with treatment benefits varying substantially
among genotypes. The key practical finding is that HWD investment can only be justified
for certain cultivars targeting specific markets.

Among the three cultivars evaluated, only Kurtovska ajvarusa showed clear respon-
siveness to HWD treatment. When treated at 55°C for one minute and stored at 4 °C, this
cultivar exhibited substantial phenolic content increases and enhanced citric acid reten-
tion compared to storage without treatment. This response makes HWD economically jus-
tifiable for Kurtovska ajvarusa when targeting ajvar processing or antioxidant-focused ap-
plications.

In contrast, HWD provided no measurable improvements for the other cultivars.
Grkinja babura maintained balanced sugar and organic acid profiles equally well under
4 °C storage alone, while Duga bela ljuta achieved optimal ascorbic acid retention at 10 °C
without heat pretreatment. For these cultivars, producers should focus on optimized tem-
perature management rather than investing in heat treatment infrastructure.Principal
component analysis confirmed that HWD effects primarily activate phenolic biosynthetic
pathways rather than preserving ascorbic acid or modifying sugar metabolism, explaining
why treatment benefits are cultivar-dependent.

Important limitations constrain these findings. The study evaluated only three culti-
vars from a single growing season using a single-batch experimental design, limiting in-
ference to broader pepper diversity and multi-year variability. Given these constraints,
HWD implementation should be approached as a cultivar-specific strategy rather than a
universal protocol. Producers with HWD-responsive varieties targeting processed prod-
ucts may justify treatment investment, while those with non-responsive cultivars should
prioritize temperature optimization alone. Multi-season validation across expanded cul-
tivar collections remains essential before recommending widespread HWD adoption for
traditional Serbian pepper production.
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