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Abstract

Sidr (Ziziphus spina-christi L.) is an underutilized fruit native to arid and semi-arid regions
that possesses considerable nutritional and phytochemical value. However, its potential
for controlled lactic fermentation and development into value-added fermented products
has received limited scientific attention. This study investigated the effects of five brine
formulations on the controlled fermentation of Sidr fruit pickles and monitored changes
in physicochemical properties, bioactive compounds, microbial dynamics, texture, color,
and sensory attributes during 90 days of storage at ambient temperature. The treatments
consisted of 10% NaCl (control), NaCl supplemented with sodium sorbate, NaCl with
sucrose and vinegar, NaCl with sucrose and Lactobacillus plantarum starter culture, and NaCl
with sucrose, vinegar, and garlic. Brine formulation significantly influenced fermentation
kinetics, microbial succession, and product quality throughout storage. The inoculated
treatment containing L. plantarum exhibited the most rapid acidification, reaching a pH
of 4.02 and titratable acidity of 0.24%, while maintaining the highest lactic acid bacteria
population (>9 log CFU g−1) and enhanced microbiological stability. This treatment also
showed superior retention of ascorbic acid, total phenolic compounds, antioxidant activity,
and texture compared with the non-inoculated treatments. Pearson correlation analysis
and principal component analysis (PCA) further demonstrated strong associations between
starter-culture fermentation, bioactive compound preservation, and overall product quality.
Sensory evaluation indicated that all treatments remained acceptable throughout storage;
however, the inoculated samples consistently received the highest scores for taste, texture,
and overall acceptability. Overall, the results indicate that controlled lactic fermentation
using L. plantarum represents an effective approach for enhancing the quality, stability, and
bioactive retention of fermented Sidr fruit products, supporting the valorization of this
underexploited fruit resource for sustainable food applications.

Keywords: Sidr fruit; lactic acid fermentation; brine formulation; bioactive compounds;
microbial stability; antioxidant activity; sensory quality

1. Introduction
The Sidr tree (Ziziphus spina-christi L.) is one of the few native trees that can thrive in the

dry and semi-dry regions of the Arabian Peninsula. It is in the family Rhamnaceae and the
genus Ziziphus. People mainly consume the fresh or dried fruit, which is known as jujube
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or “Sidr” (Arabic: Nabag). These fruits are rich in carbohydrates, organic acids, minerals,
carotenoids, and vitamins, especially vitamin C. They also contain a variety of phenolic
compounds, such as gallic acid, 4-hydroxybenzoic acid, catechin, rutin, and trans-cinnamic
acid. These compounds are known for their strong antioxidant properties and may have
health benefits [1–3]. Recent investigations have provided additional evidence that Z.
spina-christi contains substantial quantities of phenolics, flavonoids, and vitamin C across
different stages of maturity, thereby reinforcing its potential as a functional component in
nutraceuticals and fortified food products [4–6].

Lactic acid fermentation, a time-honored method, has long been a reliable means of
preserving plant-based foods. It is frequently employed with vegetables, and occasionally
with fruits [7,8]. Lactic acid bacteria (LAB), primarily Lactobacillus, Leuconostoc, and
Pediococcus species, metabolize fermentable sugars into organic acids, resulting in pH
reduction and improved microbiological stability during fermentation. [9–11]. Fermented
fruits and vegetables are gaining traction as enduring reservoirs of bioactive compounds
and probiotics. These foods have demonstrated the capacity to elevate antioxidant levels,
modulate gut microbiota composition, and diversify dietary intake [12,13]. Furthermore,
enzymatic biotransformation occurring during fermentation may improve the bioavail-
ability of phenolic compounds and may contribute to changes in the phenolic profile
and antioxidant activity of fermented products, thus potentially enhancing the functional
attributes of fermented products [14,15].

Numerous studies have shown that lactic acid bacteria (LAB) found in traditional
pickles can inhibit common foodborne pathogens, establishing them as naturally occur-
ring bioprotective cultures [16–19]. The brine’s composition, along with the microbial
starter, significantly affects the fermentation process, the microbial environment, and the
final product’s characteristics. Salt concentration, organic acids (e.g., acetic acid), sugars,
preservatives (such as sodium sorbate), and other constituents like garlic collectively in-
fluence water activity, osmotic gradients, and the selective pressure that promotes LAB
dominance [20,21]. While vegetable-based fermented foods have been the subject of ex-
tensive research, fruit-based fermented foods, especially those incorporating Ziziphus
species, have garnered relatively less academic scrutiny. Sidr fruit, distinguished by its
high levels of phenolic compounds and vitamin C, its firm texture, and its broad availabil-
ity, offers a promising base for developing functional fermented pickles suitable for arid
climates [5,22,23].

Fermentation is widely recognized as an effective bioprocess for improving the nu-
tritional value, sensory characteristics, shelf life, and functional properties of fruit-based
products. Among fermentative microorganisms, lactic acid bacteria (LAB), particularly
Lactobacillus plantarum, have attracted considerable attention due to their ability to en-
hance microbial safety, promote the preservation of bioactive compounds, and increase
antioxidant activity through controlled fermentation. Consequently, LAB-driven fermenta-
tions have been successfully applied to a wide range of fruits and vegetables, including
olives, berries, and dates, resulting in products with improved quality and consumer accep-
tance. Despite these advances, limited information is available regarding the fermentation
potential of underutilized fruits from arid and semi-arid regions.

Sidr (Ziziphus spina-christi L.) is a traditional fruit rich in phenolic compounds, vitamin
C, dietary fiber, and natural antioxidants, making it a promising substrate for the develop-
ment of fermented foods. However, the effects of controlled lactic fermentation and brine
formulation on its physicochemical characteristics, bioactive compounds, microbial dynam-
ics, and sensory quality have not been systematically investigated. Therefore, exploring
suitable fermentation strategies for Sidr fruit may contribute to its valorization as a stable,
value-added fermented product with enhanced quality attributes and extended shelf life.
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2. Materials and Methods
2.1. Raw Materials

Fresh Sidr fruits (Ziziphus spina-christi L.) at the immature green stage, which is considered
the most suitable maturity stage for pickling due to their firm texture and desirable processing
characteristics, were collected from local farms in Al Hofuf, Al-Ahsa Governorate, Saudi
Arabia. Fruits were selected for uniformity of size and color and were free from defects. They
were washed under running tap water to remove dust and debris, drained, and air-dried
before processing. All ingredients required for brine preparation (sodium chloride, sodium
sorbate, sucrose, vinegar, garlic, and edible oil) were obtained from the local market (Al-Ahsa,
KS). All chemicals and reagents used were of analytical grade.

2.2. Brine Preparation and Pickling Process

Five brine formulations were prepared as follows: T1: 10% NaCl (control), T2: 10%
NaCl + 200 ppm sodium sorbate, T3: 10% NaCl + 2% sucrose + 1% vinegar, T4: 10% NaCl
+ 2% sucrose + 2% L. plantarum starter, T5: 10% NaCl + 2% sucrose + 1% vinegar + 1% garlic
Figure 1. Brine solutions were heated to 85 ◦C for 15 min, cooled to ambient temperature,
and poured over the prepared fruits (1:1 w/v fruit: brine). For the inoculated treatment
(T4), a freeze-dried culture of Lactobacillus plantarum BGM40 was obtained from Egyptian
commercial supplier (BioGrowing Co., Ltd., Shanghai, China). The strain exhibited excep-
tional salt tolerance (18% NaCl), acid and bile resistance, and a favorable biosafety profile.
The culture was activated in de Man, Rogosa and Sharpe (MRS) broth at 37 ◦C for 24 h
prior to inoculation. The activated culture was added to the fermentation brine at an initial
concentration of approximately 1 × 107 CFU/mL. Sterilized glass jars (500 mL) were filled
with fruit–brine mixtures and topped with 2% edible oil to minimize oxygen exposure [24].
All jars were sealed hermetically and stored at ambient temperature (25 ± 2 ◦C) for 90 days.
Samples were withdrawn at 0, 30, 60, and 90 days for analysis.

 

Figure 1. Schematic workflow illustrating fruit preparation, brine formulation, fermentation, and
pickling procedures used for Sidr (Ziziphus spina-christi L.) fruits. The figure was initially generated
using FigureLabs (AI-assisted figure generation) and subsequently reviewed, scientifically verified, and
manually edited by the authors to improve accuracy, layout, and compliance with the journal guideline.
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2.3. Physical Measurements

Measurements were taken on freshly harvested fruits prior to processing. Fruit length,
diameter, and flesh thickness were measured using a digital Vernier caliper (±0.01 mm).
Fruit weight was determined using a precision balance (±0.001 g). Volume was assessed
using the water displacement method [25]. If (A) is the initial volume of water and (B) is
the final volume and is the total number of fruits (N), then Volume (cm3) = B − A, and
density (g cm−3) was calculated as Density (g/cm3) = weight (g)

volume (cm3)
.

2.4. Proximate and Chemical Analyses

Moisture, crude protein (Kjeldahl N × 6.25), fat, crude fiber, and ash were determined
following the methods in [26]. Total carbohydrates were calculated by difference as follows:
carbohydrates (%) = 100 − (%moisture + %protein + %ash + %ether extract + %crude fiber).
pH was measured using a digital pH meter (HI 9021M, Hanna Instruments, Germany),
and titratable acidity (as lactic acid%) was determined by alkaline titration with 0.1 N
NaOH. Ascorbic acid was quantified by 2,6-dichlorophenolindophenol titration according
to the AOAC Official Method 967.21 [26]. Pectin content was estimated as calcium pectate
precipitation method described by Ranganna [27].

2.5. Phytochemical Determinations
2.5.1. Total Phenolics

Total phenolic content (TPC) was determined using the Folin–Ciocalteu colorimetric
method. Briefly, phenolic compounds were extracted from the samples using 80% methanol
(v/v). An aliquot of the extract was mixed with 10% (v/v) Folin–Ciocalteu reagent and
allowed to react for 5 min, followed by the addition of 7.5% sodium carbonate solution.
The mixture was incubated in the dark at room temperature for 30 min, and absorbance
was measured at 765 nm using a UV–Vis spectrophotometer. Gallic acid was used as the
calibration standard, and the results were expressed as mg gallic acid equivalents (GAE)
per 100 g sample [28].

2.5.2. Total Flavonoids

Total flavonoid content (TFC) was determined using the aluminum chloride colori-
metric assay and expressed as mg quercetin equivalents (QE) per 100 g [29].

2.5.3. Total Carotenoids

Carotenoids were extracted using petroleum ether: methanol: ethyl acetate (1:1:1,
v/v/v) and measured at 450 nm using a UV–Vis spectrophotometer (MSE PRO 325). TCC
was calculated using.

Carotenoids (mg/g) =
A450 × V × D

M
where A450 = absorbance, V = extract volume (mL), D = dilution factor, M = sample weight
(g) [30,31].

2.5.4. Texture Analysis

Fruit firmness was measured using a TA-XTplus Texture Analyzer (Stable Micro
Systems, UK) equipped with a 2 mm cylindrical probe. The probe penetrated 10 mm of
mesocarp at 10 mm/s with a trigger force of 3 g. Three fruits per treatment per storage
interval were analyzed, and results were expressed as mean ± SD [32].
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2.5.5. Color Measurement

The methodology described by [33] was used for color measurement, with minor
modifications. Using a colorimeter (CR-400, Konica Minolta, Chiyoda City, Japan) that was
calibrated with a standard white plate (L* = 96.15, a* = 0.12, b* = 1.73), we measured the
color difference (L*, a*, and b* values). Measurements were performed on three replicate
samples per treatment of Sidr pickles at zero and after 90 days.

2.5.6. Microbiological Analysis

Total bacterial counts (TBCs) were calculated from Nutrient Agar (NA) plates incu-
bated aerobically at 37 ◦C for 48 h. Lactic acid bacteria (LAB) were plated on de Man,
Rogosa and Sharpe (MRS) agar and incubated anaerobically at 37 ◦C for 48 h. Molds
and yeasts were plated on Potato Dextrose Agar (PDA) acidified with tartaric acid and
incubated aerobically at 25 ◦C for 3–5 days. Microbial counts were expressed as log CFU
g−1. Media compositions for LAB enumeration followed [34].

All treatments were prepared in triplicates as independent fermentation batches (bio-
logical replicates). Microbiological analyses were conducted separately for each replicate,
and results were expressed as mean ± standard deviation (n = 3).

2.5.7. Sensory Evaluation

The sensory analysis of pickling fruits was conducted using affective acceptance
and purchase intention tests, as described by Mashitoa, et al. [35]. Sensory evaluation
was conducted by a semi-trained panel consisting of 15 panelists (eight males and seven
females) aged between 22 and 50 years from the College of Agricultural and Food Sciences,
King Faisal University. Prior to evaluation, panelists received a brief orientation session
on the sensory attributes and scoring procedure. Samples were coded with random three-
digit numbers and presented in a randomized order under identical serving conditions.
Drinking water was provided between samples to minimize carry-over effects. Panelists
evaluated color, odor, taste, texture, and overall acceptability using a 10-point hedonic
scale ranging from 1 (dislike extremely) to 10 (like extremely) [35,36]. Evaluations were
done on days 0, 30, and 90. The mean scores were used for statistical analysis. The
sensory evaluation involved voluntary tasting of food products presenting minimal risk to
participants. Informed consent was obtained from all participants prior to the evaluation.
Ethical review and approval were waived because the study involved low-risk sensory
assessment of food products and did not collect personal or sensitive information.

2.6. Statistical Analysis

All experiments were conducted in triplicate (n = 3), and data are presented as mean
± standard deviation. One-way analysis of variance (ANOVA) was performed using SPSS
v.25.0 (IBM, Armonk, NY, USA). Significant differences among means were determined by
Duncan’s multiple range test at p ≤ 0.05 [37].

2.7. Multivariate Statistical Analysis

Pearson’s correlation analysis was performed to evaluate the relationships among
physicochemical properties, bioactive compounds, microbial counts, texture, color at-
tributes, and sensory characteristics of pickled Sidr fruits. The resulting correlation matrix
was visualized using a heatmap. In addition, Principal Component Analysis (PCA) was
conducted on standardized data to identify the main sources of variation and to assess
the relationships among treatments, storage periods, and quality-related variables. All
multivariate analyses were carried out using Python software (version 3.11) (colab) with
the Pandas, Scikit-learn, and Seaborn libraries.
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3. Results
3.1. Physical Characteristics of Fresh Sidr Fruit

The fresh Sidr (Ziziphus spina-christi L.) fruits exhibited an oval shape with yellow
skin, averaging 32.8 ± 2.1 g in weight and 4.5 ± 0.45 cm in length Table 1. The average
fruit density of 1.04 g cm−3 shows that the tissue is firm and dense, which is good for
fermentation. The measured volume (31.4 cm3) was strongly related to weight (R2 = 0.981,
p < 0.001) Figure 2. A strong linear relationship indicates uniform tissue density and
consistent fruit morphology, which are desirable for controlled brine penetration and
textural stability during fermentation.

Table 1. Physical characteristics of fresh Sidr (Ziziphus spina-christi L.) fruits.

Attributes Means ± SD

shape oval
skin color yellow
weight (g) 32.8 ± 2.10

length (cm) 4.5 ± 0.45
diameter (cm) 3.6 ± 0.18
volume (cm3) 31.4 ± 2.90

density (g/cm3) 1.04 ± 0.03
flesh thickness (mm) 7.0 ± 0.21

Values represent mean ± SD (n = 3).

Figure 2. Linear relationship between fruit weight and volume of Sidr (Ziziphus spina-christi L.) fruits.
Each point represents the meaning of three replicates ± SD.

3.2. Physiochemical Composition of Fresh Sidr Fruit Before Pickling

The data presented in Table 2 indicate that fresh Sidr (Ziziphus spina-christi L.) fruit
possesses a well-balanced nutritional composition and is a rich source of bioactive com-
pounds with considerable antioxidant potential. The fruit contained 24.12% moisture and
75.88% total solids, indicating a relatively high dry matter content. Protein, fat, crude
fiber, ash, and total carbohydrates contents were 2.34%, 0.49%, 2.15%, 1.84%, and 68.28%,
respectively. Pectin content reached 1.02%, while the fruit exhibited a pH of 5.22 and
titratable acidity of 0.16%. In addition, Sidr fruit contained substantial amounts of ascorbic
acid (111.87 mg/100 g), total phenolics (184.98 mg GAE/100 g), total flavonoids (145.11 mg
CE/100 g), and total carotenoids (122.84 mg RE/100 g), resulting in an antioxidant activity
of 62.73%. These findings demonstrate the high nutritional and functional value of Sidr fruit
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and support its suitability as a substrate for lactic acid fermentation and the development
of value-added fermented products.

Table 2. Physiochemical composition of fresh Sidr fruit (g/100 g).

Components Values

Moisture % 24.12 ± 0.65
Total solids 75.88 ± 2.23
Protein % 2.34 ± 0.21

Fat % 0.49 ± 0.10
Crude fibers % 2.15 ± 0.08

Ash % 1.84 ± 0.09
Total carbohydrates % 68.28 ± 0.18

Pectin % 1.02 ± 0.13
Total acidity % 0.16 ± 0.09

pH 5.22 ± 0.21
Ascorbic acid (mg/100 g) 111.87 ± 1.35

Total phenolic mg GAE/100 g 184.98 ± 3.18
Total flavonoids (mg CE/100 g) 145.11 ± 1.30
Total carotenoids (mg RE/100 g) 122.84 ± 2.44

Antioxidant activity % 62.73 ± 1.87
Values represent mean ± SD (n = 3).

3.3. Changes in pH, Acidity, and Moisture During Storage After Pickling

Table 3 and Figure 3 show the moisture content, total acidity, and pH values of Sidr
pickles. Moisture content is a key determinant of product quality, as it influences the
stability of bioactive compounds, texture, and overall shelf-life of fermented fruit products
during storage. The data showed that there were no big changes in the moisture content
of any of the samples at zero time. The values were between 23.68% (T5) and 24.18% (T1).
The moisture content decreased during storage. Sidr pickles followed the predicted pattern
of increasing acidity and decreasing pH after being stored at room temperature for 90 days.
The inoculation treatment (T4, NaCl + sucrose + starter) caused the highest acidification,
with a pH of 4.02 and a titratable acidity of 0.24%. The control (T1) kept its pH at 5.17.

Table 3. Effect of different brine solutions on moisture content, total acidity, pH and ascorbic acid
content of Sidr pickles during storage at ambient temperature for 90 days.

Storage Period/Days
Components T1 T2 T3 T4 T5

Moisture%

0 24.18 ± 0.03 Aa 24.11 ± 0.04 Aa 23.71 ± 0.04 Aa 24.09 ± 0.08 Aa 23.68 ± 0.03 Aa
30 23.01 ± 0.08 Ba 23.8 ± 0.17 Ba 22.53 ± 0.12 Bb 23.77 ± 0.11 Ba 22.51 ± 0.07 Bb
60 22.23 ± 0.14 Ca 22.43 ± 0.13 Ca 19.38 ± 0.11 Cb 20.12 ± 0.07 Cb 19.18 ± 0.02 Cb
90 19.22 ± 0.03 Da 19.35 ± 0.06 Da 16.78 ± 0.03 Db 19.31 ± 0.11 Da 16.36 ± 0.07 Db

Total acidity%

0 0.08 ± 0.01 Dd 0.11 ± 0.034 Dc 0.138 ± 0.15 Da 0.123 ± 0.21 Db 0.140 ± 0.11 Da
30 0.10 ± 0.02 Cc 0.124 ± 0.43 Cb 0.142 ± 0.45 Ca 0.138 ± 0.03 Ca 0.139 ± 0.13 Ca
60 0.125 ± 0.08 Bd 0.138 ± 0.21 Bc 0.170 ± 0.00 Bb 0.182 ± 0.11 Ba 0.168 ± 0.21 Bb
90 0.131 ± 0.11 Ad 0.145 ± 0.00 Ac 0.188 ± 0.06 Ab 0.244 ± 0.02 Aa 0.18 ± 0.04 Ab

pH

0 6.30 ± 1.36 Aa 5.82 ± 0.64 Ac 5.47 ± 0.13 Ad 6.12 ± 0.35 Ab 5.45 ± 0.53 Ad
30 6.18 ± 1.06 Ba 5.68 ± 0.49 Bb 5.11 ± 0.10 Bc 5.45 ± 0.44 Bd 5.12 ± 0.64 Bc
60 5.62 ± 1.12 Ca 5.17 ± 0.52 Cb 4.88 ± 0.01 Cc 4.68 ± 0.48 Cd 4.76 ± 1.36 Cc
90 5.17 ± 0.64 Da 4.67 ± 0.14 Db 4.49 ± 0.34 Dc 4.02 ± 0.82 Dd 4.50 ± 1.23 Dc

Within each column, means followed by the same uppercase letter are not significantly different at the 5%
probability level. Within each row, means followed by the same lowercase letter are not significantly different at
the 5% level. T1: 10% NaCl (control), T2: 10% NaCl + 200 ppm sodium sorbate, T3: 10% NaCl + 2% sucrose + 1%
vinegar, T4: 10% NaCl + 2% sucrose + 2% L. plantarum starter, T5: 10% NaCl + 2% sucrose + 1% vinegar + 1% garlic.
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Figure 3. Changes in pH and titratable acidity of Sidr pickles during 90 days of storage at
ambient temperature.

3.4. Vitamin C, Total Phenolics, and Antioxidant Activity

Ascorbic acid decreased significantly (p < 0.05) throughout storage in all treatments
(Figure 4). However, the inoculated treatment (T4) retained the highest ascorbic acid
content after 90 days (52.2 mg/100 g), representing approximately 60% of its initial value
and indicating greater vitamin C retention than the other brine formulations. Total phenolic
content (TPC) also declined during storage; nevertheless, T4 and T5 maintained the highest
TPC values after 90 days (138 and 129 mg GAE/100 g, respectively), whereas the control
treatment decreased to below 80 mg GAE/100 g. Antioxidant activity followed a similar
trend, with T4 exhibiting the highest DPPH radical-scavenging activity (62.6%) after 90 days.
A strong positive correlation was observed between TPC and antioxidant activity (r = 0.91),
consistent with the multivariate analysis.

Figure 4. Changes in ascorbic acid, total phenolic content, and antioxidant activity of pickled Sidr
fruits as a result of different brine solutions during storage at ambient temperature for 90 days. Values
are means ± SD. Different lowercase letters indicate significant differences among treatments within
the same storage period, whereas different uppercase letters indicate significant differences among
storage periods within the same treatment at p ≤ 0.05.
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3.5. Firmness (Textural) Properties of Pickled Sidr Fruit During Storage Period

Firmness is an important quality attribute affecting the sensory acceptability of fer-
mented fruit products. As shown in Figures 5 and 6, the firmness of pickled Sidr fruits,
measured as piercing force (N), decreased progressively during storage in all treatments.
Initial firmness values (approximately 14 N) did not differ significantly among treatments
(p > 0.05). After 90 days of storage, the inoculated treatment (T4, Lactobacillus plantarum)
retained the highest firmness (11.9 N), whereas the uninoculated control (T1) showed the
lowest value (7.4 N).

Figure 5. Changes in texture (firmness) of pickled Sidr fruits as a result of different brine solutions
during storage at ambient temperature for 90 days. Values are means ± SD. Different lowercase
letters indicate significant differences among treatments within the same storage period, whereas
different uppercase letters indicate significant differences among storage periods within the same
treatment at p ≤ 0.05.

  

Figure 6. Representative photographs showing the visual appearance of pickled Sidr (Ziziphus
spina-christi L.) fruits produced using different brine formulations after 90 days of storage at
ambient temperature.

3.6. Changes in Color Attributes of Pickled Sidr Fruit During Storage Period

Figure 7 illustrates the effects of brine formulation and storage duration on the color
attributes (L, a, and b*) of pickled Sidr fruits. At the beginning of storage, no significant
differences (p > 0.05) were observed among treatments for L*, a*, or b* values, indicating
similar initial color characteristics. Initial L* values ranged from 67.95 to 68.23, reflecting the
high lightness of freshly prepared pickles. After 90 days of storage, L* values decreased in all
treatments, with T1 showing the lowest value (32.60) and T4 retaining the highest value (55.14).
The a* values increased progressively during storage in all treatments, indicating a shift toward
greater redness, whereas b* values showed a slight, non-significant decrease after 90 days.
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Overall, storage resulted in reduced lightness (L*), increased redness (a*), and a slight decline in
yellowness (b*), with the magnitude of these changes varying among brine formulations.

  
L* a* b* 
(A) (B) (C) 

Figure 7. Effect of different brine formulations on the color attributes of pickled Sidr fruits at Day
0 and Day 90 of storage at ambient temperature: (A) L* (lightness), (B) a* (redness), and (C) b*
(yellowness). Bars represent the mean ± SD (n = 3). Different lowercase letters indicate significant
differences among treatments within the same storage period, whereas different uppercase letters
indicate significant differences between Day 0 and Day 90 within the same treatment at p ≤ 0.05.

3.7. Microbial Counts of Pickled Sidr Fruit During Storage Period

Changes in total bacterial count (TBC), lactic acid bacteria (LAB), and mold and yeast
counts during fermentation are presented in Table 4 and Figure 8. TBC increased progressively
in all treatments throughout the 90-day fermentation period, rising from 1.22–1.54 log CFU/g
at day 0 to 5.11–7.20 log CFU/g at day 90. The highest TBC was recorded in the control
treatment (T1; 7.20 log CFU/g), whereas the lowest value was observed in T5 (5.11 log CFU/g).
Molds and yeasts were not detected at 0 and 30 days in most treatments. Low counts appeared
after 60 days and remained low at the end of storage, ranging from 0.19 to 0.50 log CFU/g.
The control treatment (T1) exhibited the highest mold and yeast count, whereas lower counts
were observed in T3, T4, and T5. The LAB population increased continuously throughout
fermentation in all treatments, with the greatest increase observed in the inoculated treatment
(T4). At the beginning of fermentation, LAB counts ranged from 0.25 to 0.72 log CFU/g in the
non-inoculated treatments, compared with 2.76 log CFU/g in T4. By day 90, LAB populations
reached 9.10 log CFU/g in T4, whereas the control treatment (T1) recorded the lowest count
(2.78 log CFU/g).

Table 4. Changes in total bacterial count (TBC) and molds and yeasts (log CFU g−1) in Sidr (Ziziphus
spina-christi L.) fruit pickles during fermentation and storage at ambient temperature.

Storage Period/Days
Parameters T1 T2 T3 T4 T5

Total bacterial
counts (TBC)

0 1.54 ± 0.09 Da 1.41 ± 0.22 Db 1.31 ± 0.18 Dc 1.36 ± 0.36 Dc 1.22 ± 0.09 Dd
30 2.46 ± 1.06 Ca 2.32 ± 1.2 Cb 2.20 ± 0.89 Cc 2.28 ± 0.66 Cb 2.06 ± 0.38 Cc
60 4.41 ± 0.59 Ba 3.44 ± 0.27 Bb 3.31 ± 0.18 Bb 3.39 ± 0.33 Bb 3.08 ± 0.44 Bc
90 7.20 ± 0.29 Aa 5.62 ± 0.11 Ab 5.33 ± 1.02 Ab 5.52 ± 0.98 Ab 5.11 ± 0.56 Ab

Molds and yeasts

0 ND ND ND ND ND
30 ND ND ND ND ND
60 0.30 ± 0.09 Ba ND ND ND ND
90 0.50 ± 0.02 Aa ND 0.280 ± 0.11 Bb 0.20 ± 0.13 Bb 0.19 ± 0.08 Bb

Within each column, means followed by the same uppercase letter are not significantly different at the 5%
probability level. Within each row, means followed by the same lowercase letters are not significantly different at
the 5% level, T1: 10% NaCl (control), T2: 10% NaCl + 200 ppm sodium sorbate, T3: 10% NaCl + 2% sucrose + 1%
vinegar, T4: 10% NaCl + 2% sucrose + 2% L. plantarum starter, T5: 10% NaCl + 2% sucrose + 1% vinegar + 1% garlic.

https://doi.org/10.3390/fermentation12070322

https://doi.org/10.3390/fermentation12070322


Fermentation 2026, 12, 322 11 of 17

 
(A) TBC (B) LAB 

Figure 8. Changes in (A) total bacterial counts (TBCs) and (B) lactic acid bacterial (LAB) counts of Sidr
fruit during fermentation as a result of different brine solutions over 90 days at ambient temperature.
Data are presented as means ± SD. Different lowercase letters indicate significant differences among
treatments within the same fermentation period, whereas different uppercase letters indicate significant
differences among fermentation periods within the same treatment at p ≤ 0.05.

3.8. Sensorial Attributes of Sidr Fruit Pickle During Storage Period

Figure 9 presents the sensory evaluation of pickled Sidr fruits produced using different
brine formulations during 90 days of storage at ambient temperature. Sensory quality
was assessed based on color, odor, taste, texture, and overall acceptability using a 10-point
hedonic scale. Color scores were initially high for all treatments (7.10–7.90), with T4
receiving the highest score at the beginning of storage. Although color scores gradually
declined during storage, all treatments remained within the acceptable sensory range after
90 days (5.22–6.62). Odor scores showed only minor changes throughout storage, and all
treatments maintained acceptable ratings (>6.0), with T3, T4, and T5 consistently scoring
higher than the control. Taste scores differed significantly among treatments (p ≤ 0.05),
with T4 recording the highest values throughout storage, followed by T5. Taste was the only
sensory attribute that improved during storage, whereas the remaining attributes showed
a gradual decline. Texture scores decreased progressively in all treatments; however, T4
retained the highest value after 90 days (7.61), followed by T5 (7.39) and T3 (7.34), while the
control treatment (T1) recorded the lowest score (6.88). A similar trend was observed for
overall acceptability, with T4 consistently receiving the highest scores throughout storage,
followed by T5 and T3, indicating greater consumer acceptability of these formulations.

   
Zero day after 30 day after 90 days 

Figure 9. Sensory evaluation scores of Sidr pickles at 0, 30, and 90 days of storage.
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3.9. Multivariate Analysis (PCA and Correlation Heatmap) of Physicochemical and Microbial
Dynamics in Pickled Sidr Fruit

To better characterize the relationships among physicochemical attributes and micro-
bial parameters of pickled Sidr fruit, Pearson’s correlation analysis and principal component
analysis (PCA) were performed (Figure 10). The correlation heatmap (Figure 10A) revealed
strong positive correlations among ascorbic acid, total phenolic content (TPC), antioxidant
activity, and texture (firmness). In contrast, total bacterial count (TBC) showed negative cor-
relations with these quality-related variables. Lactic acid bacteria (LAB) exhibited positive
correlations with antioxidant activity and other bioactive-related parameters.

 

(A) (B) 

Figure 10. Pearson’s correlation heatmap (A) and principal component analysis (PCA) (B) biplot
showing the relationships among ascorbic acid (AA), total phenolic content (TPC), antioxidant activity,
texture, lactic acid bacteria (LAB), and total bacterial count (TBC) in pickled Sidr fruits subjected to
different brine formulations during storage at ambient temperature. The correlation heatmap reveals
the strength and direction of associations among the studied variables, whereas the PCA biplot
summarizes their multivariate relationships and treatment clustering patterns. The first principal
component (PC1) explained 70.02% of the total variance, while the second principal component (PC2)
explained 23.33%, together accounting for 93.35% of the overall variability.

The PCA biplot (Figure 10B) further differentiated the samples according to storage
period and brine formulation. PC1 explained 70.02% of the total variance and was posi-
tively associated with ascorbic acid, TPC, antioxidant activity, and texture, whereas TBC
was positioned in the opposite direction. PC2 accounted for an additional 23.33% of the
variance and was primarily associated with LAB counts. Together, the first two principal
components explained 93.35% of the total variance. Samples collected during the early
storage period (0–30 days) were clustered on the positive side of PC1, whereas samples
stored for 60–90 days shifted toward the negative side of PC1. The inoculated treatment
(T4) formed a distinct cluster and was closely associated with higher antioxidant activity,
phenolic content, texture, and LAB counts, together with lower TBC values compared
with the remaining treatments.

4. Discussion
The present study demonstrated that brine composition markedly influenced the

physicochemical, microbiological, and sensory qualities of pickled Sidr fruits during storage.
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The progressive reduction in moisture content observed across all treatments is consistent
with osmotic dehydration, commonly associated with salt-based fermentations, in which
water migrates from plant tissues into the surrounding brine due to osmotic pressure
differences [25,33]. However, treatments supplemented with sucrose and starter culture,
particularly T4, retained higher moisture levels than the control, suggesting improved
preservation of tissue integrity during fermentation and storage [7,32].

Changes in acidity and pH further confirmed the active progression of fermentation.
The continuous increase in titratable acidity and corresponding decline in pH was more
pronounced in T4, consistent with the activity of the inoculated starter culture. Similar
observations have been reported in fermented fruits and vegetables, where starter-culture
fermentation accelerates acid production and promotes product stability [12,13,38–40]. The
lower pH values observed in T3 and T5 may also be attributed to the combined effects of
vinegar addition and fermentation-derived organic acids, creating favorable conditions for
lactic acid bacterial development [21].

The microbiological results were consistent with these physicochemical changes. The
inoculated treatment exhibited the highest LAB population throughout storage, confirming
the successful establishment of the starter culture and its contribution to fermentation
stability. In contrast, greater mold and yeast development was detected in the control
treatment, whereas sodium sorbate-containing samples showed effective suppression of
fungal growth, reflecting the preservative action of sorbate under acidic conditions [18].
Attention should be given to the markedly lower mold and yeast counts observed in T4 and
T5 at the end of storage compared with the control treatment (T1). This finding indicates
that both formulations provided a less favorable environment for fungal growth during
fermentation and storage. In T4, the rapid establishment of Lactobacillus plantarum and
the associated acidification caused microbial stability through rapid acidification and the
establishment of a dominant LAB population. In T5, the combined presence of vinegar
and garlic may have further contributed to the suppression of molds and yeasts due to
their well-documented antimicrobial properties. Consequently, these treatments exhibited
improved microbiological stability during storage compared with uninoculated control.
These findings agree with previous reports highlighting the importance of controlled
fermentation in improving the microbial quality and storage stability of fermented fruit
products [9,11,17].

Brine formulation also influenced the retention of bioactive compounds and antioxi-
dant activity. The superior preservation of ascorbic acid, total phenolic compounds, and
antioxidant activity in T4 suggests that controlled fermentation conditions contribute to
maintaining these quality attributes throughout storage. This observation was further
supported by the strong positive correlations among bioactive compounds and antioxidant
activity revealed by the correlation analysis and PCA, indicating that treatments associated
with enhanced fermentation performance were also characterized by improved retention
of functional quality parameters [8,10,12,13].

Texture and color stability were similarly affected by fermentation conditions. The
inoculated treatment maintained the highest firmness values and exhibited superior color
retention during storage. These findings indicate that rapid acidification and controlled
fermentation may contribute to preserving structural and visual quality attributes of the
product. Comparable trends have been reported for other fermented fruits and vegeta-
bles, where fermentation conditions significantly influence texture preservation and color
stability [36,41].

The present findings demonstrate that brine formulation plays a key role in determin-
ing the fermentation performance and quality characteristics of pickled Sidr fruits. Among
the tested treatments, the inoculated formulation containing Lactobacillus plantarum (T4)
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consistently exhibited superior retention of bioactive compounds, higher LAB populations,
improved texture preservation, and greater sensory acceptability throughout storage. The
rapid acidification observed in this treatment was associated with enhanced fermentation
efficiency and greater microbiological stability compared with the uninoculated treatments.
The integration of physicochemical, microbiological, and sensory data indicates that con-
trolled lactic fermentation represents a promising approach for improving the quality
and storage stability of Sidr fruit pickles. In particular, the association of T4 with higher
antioxidant activity, phenolic retention, and LAB highlights its potential as an effective
fermentation strategy for the development of value-added fermented Sidr products. Future
studies should investigate metabolomic changes during fermentation, characterize volatile
compounds, and employ factorial experimental designs to further elucidate interactions
between fermentation conditions and storage responses.

A limitation of the present study is that treatment effects were evaluated separately
within each storage interval using one-way ANOVA. While this approach allowed for
direct comparison among brine formulations at each storage period, it did not permit
evaluation of potential interactions between treatment and storage time. Future studies
employing factorial experimental designs and two-way ANOVA could provide a more
comprehensive assessment of these interactions and further improve interpretation of
fermentation and storage responses.

5. Conclusions
The present study demonstrated that brine formulation plays a critical role in deter-

mining the fermentation performance, microbial dynamics, and quality characteristics of
pickled Sidr (Ziziphus spina-christi L.) fruits during storage. Among the tested formulations,
the treatment containing 10% NaCl, 2% sucrose, and Lactobacillus plantarum starter cul-
ture (T4) showed superior performance, characterized by rapid acidification, enhanced
microbiological stability, greater retention of ascorbic acid and phenolic compounds, higher
antioxidant activity, and improved texture and color preservation throughout 90 days of
storage. Multivariate analyses further confirmed the strong association between starter-
culture fermentation and the maintenance of desirable quality attributes. In addition,
the inoculated treatment achieved the highest lactic acid bacteria populations and consis-
tently received the greatest sensory acceptance scores during storage. Overall, the findings
indicate that controlled lactic fermentation using L. plantarum is an effective approach
for improving the quality, stability, and bioactive compound retention of fermented Sidr
fruit products. This strategy may contribute to the valorization of this underutilized fruit
resource and support the development of value-added fermented foods adapted to arid
and semi-arid regions. Future studies should focus on metabolomic characterization of
fermentation-derived compounds, assessment of probiotic survival during storage, and
pilot-scale validation to facilitate potential industrial applications.
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