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ABSTRACT

This study compared the physicochemical, color, textural, free fatty acid, volatile
compound, sensory and chemometric characteristics of white brined cheeses produced
from camel and bovine milk during 90 days of ripening. Camel milk cheese exhibited
significantly higher protein (17.19 vs. 13.07%), salt (5.33 vs. 4.08%) and Whiteness
Index (54.50 vs. 18.51) values than bovine cheese at the beginning of ripening (p<0.05).
Dry matter was not significantly affected by milk type or ripening (p>0.05), whereas pH
and titratable acidity changed significantly during ripening (p<0.05). Texture profile
analysis revealed that camel milk cheese had a softer structure, characterized by lower
hardness (689.73 vs. 800.70 g on day 1; 820.94 vs. 1850.31 g on day 90) and lower
springiness (0.88 vs. 0.93 on day 1; 0.67 vs. 0.88 on day 90) than bovine cheese (p<0.05).

Differences in free fatty acid evolution and volatile compound profiles indicated that
lipolysis and aroma development followed different biochemical pathways in the two
cheese types during ripening, with organic acids and ester compounds detected only in
bovine cheese. Despite these instrumental differences, sensory evaluation revealed
comparable appearance, odor and flavor scores between camel and bovine cheeses
(p>0.05). Hierarchical cluster analysis (HCA), principal component analysis (PCA) and
heatmap analysis successfully differentiated the cheeses according to milk type and
ripening stage. Generally, white brined cheese produced from camel milk exhibited
distinctive physicochemical, textural and aromatic characteristics while maintaining
satisfactory sensory quality. These findings provide valuable insights into the ripening
behavior of camel milk cheese and demonstrate the usefulness of chemometric
approaches for differentiating cheeses produced from different milk sources.

INTRODUCTION

Camel milk has long been consumed by nomadic communities in arid and semi-arid regions due to its nutritional benefits
and therapeutic qualities, making it a highly regarded food source (Yadav ef al. 2015). According to the latest statistics,
global camel milk production reached 4.12 million tons in 2023, reflecting the continuous growth of the camel dairy sector
over the past decade (FAO, 2023). The commercial importance of camel milk continues to increase as reflected by recent
market reports. Straits Research (2024) estimated the global camel milk products market at USD 14.09 billion in 2023 and
projected its value to reach approximately USD 25.04 billion by 2032, representing an anticipated Compound Annual
Growth Rate (CAGR) of 6.6% over the period from 2024 to 2032 (Alia et al. 2025). Camel milk and its dairy products
constitute an important source of nutrition and income for populations living in the arid and semi-arid regions of Africa,
Asia, and the Middle East. Camel milk has attracted considerable attention because of its unique nutritional composition and
the presence of bioactive components, including lactoferrin, lysozyme, and immunoglobulins, which have been associated
with antimicrobial, antioxidant, anti-inflammatory, and immunomodulatory activities. Consequently, camel milk has been
reported to support metabolic regulation, immune function, and gastrointestinal health and has shown potential benefits for
individuals with diabetes, hypertension, inflammatory bowel diseases, and milk allergies (Hassan et al. 2026).
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Camel milk is rich in protein, monounsaturated and polyunsaturated fats (PUFA and MUFA), lactoferrin, lysozyme, iron,
manganese, vitamin C, serum albumin, immunoglobulins and insulin. It also contains lower levels of a-casein and -
lactoglobulin (Brezovecki et al. 2015, Shao and Wang 2018). The lower ratio of B-lactoglobulin and B-casein in camel milk
compared to bovine milk makes it a hypoallergenic food (Yadav et al. 2015).

Nowadays, the growing interest in functional dairy products and the increasing demand for camel milk have encouraged the
development of camel milk-based cheeses. In particular, the camel dairy industry has expanded considerably in recent years,
especially in Gulf countries, where integrated dairy farms and processing facilities have become increasingly common
(Konuspayeva et al. 2009). Despite this progress, cheese production from camel milk remains technologically challenging
because of its unique physicochemical characteristics, including differences in protein composition, casein micelle structure,
and coagulation properties compared with bovine milk (Baig ef al. 2022). These characteristics influence cheese yield,
texture, ripening behavior, and ultimately the sensory quality of the final product. Although several camel milk products,
such as fermented milk, infant formula, butter, ice cream, and soft cheeses, have been commercialized, diversification of
camel milk cheese products and optimization of their quality remain important research priorities (Baig et al. 2022).

Recent studies have shown that camel milk plays an important role in the development of cheese aroma and sensory
characteristics. Hailu et al. (2018) reported that the ripening of soft brined camel milk cheese was accompanied by significant
changes in volatile compounds together with corresponding changes in rheological and sensory properties, indicating that
biochemical transformations during ripening strongly influence flavor development. Similarly, Ali et al. (2026)
demonstrated that partial replacement of bovine milk with camel milk in low-fat Feta-type cheese altered physicochemical
and rheological characteristics while promoting the formation of aroma-related compounds, including 2-pentanone, during
ripening. These findings suggest that camel milk not only modifies cheese structure but also contributes to the generation of
characteristic volatile compounds responsible for flavor.

Several technological approaches have also been explored to improve the quality of camel milk cheese. Ayyash et al. (2022)
demonstrated that the use of an exopolysaccharide-producing Lactobacillus plantarum strain isolated from camel milk
significantly improved the texture, microstructure, rheological properties, and sensory acceptance of low-fat Akawi cheese.
In addition, Bilal ez al. (2025) reported that the volatile organic compound profile of camel milk varied according to breed,
season, and geographical origin, suggesting that differences in the aroma of camel milk cheeses may partly originate from
the intrinsic volatile composition of the raw milk. Collectively, these studies demonstrate that both milk composition and
cheese-making conditions contribute to the volatile profile and sensory quality of camel milk cheeses.

Although previous studies have provided valuable information regarding the technological properties, sensory
characteristics, or volatile compounds of individual camel milk cheeses, comprehensive comparisons between camel and
bovine milk cheeses integrating physicochemical properties, fatty acid composition, volatile profiles, and chemometric
evaluation remain scarce. Such an integrated approach is essential for understanding the influence of milk origin on cheese
quality and for identifying discriminative compositional markers associated with camel milk cheese. Therefore, the present
study aimed to comparatively evaluate camel and bovine milk cheeses based on their physicochemical characteristics, fatty
acid composition, volatile compounds, and chemometric analyses to provide a comprehensive assessment of the
compositional and aromatic differences between these two dairy products.

MATERIALS AND METHODS

Study area and experimental material

In this study, raw bovine milk was obtained from Aydin Adnan Menderes University Faculty of Agriculture (Cakmar, Aydin,
Tirkiye) and camel milk was purchased from the camel breeding farm (Kepez, Antalya) transported while maintaining the
cold chain. Cheese production and all analyses were carried out in Aydin Adnan Menderes University TARBIYOMER
(Agricultural Biotechnology and Food Safety Application and Research Center, Cakmar, Aydin). Commercial starter culture
(Yo-Flex R Express 1.0) containing L. delbrueckii subsp. bulgaricus and Streptococcus thermophilus was used in cheese
production. The cheeses were produced using NATUREN® MANDRA animal rennet (1/16.000 force) from Chr. Hansen.

Experimental design
Cheese making

The manufacturing process of cheeses is shown in Figure 1. Cheese samples (Figure 2) were stored in plastic capped
packages at 5+1°C for 90 days. The cheeses were analyzed on the 1st, 30th, 60th, and 90th days of storage. Cheese
manufacture was carried out in two independent production batches for both camel and bovine milk under identical
processing conditions. The number of independent production trials was limited by the availability of camel milk.
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Raw milk (Camel and Bovine)
Heat treatment (65 °C 30 min)

Cooling (35 °C)

v

Addition of CaCl; (40% solution, 0.02%)
Inoculation of starter culture (3% 30 min incubation)
Cooling (32 °C)

Rennet addition (1/16000 force, to coagulate in 90 minutes)
Cutting of curd into cubes (1 cm?)

Removal of whey and pressing
Brine addition (18% NaCl, 3 hours)

Packaging and storage (5£1°C 90 days)

Figure 1. Flow diagram of cheese production

(a) (b)

(c) (d)

Figure 2. Cheese samples (Uzun, 2022)
(a: camel milk curd, b: bovine milk curd, c: camel milk cheese, d: bovine milk cheese)
Physicochemical analyses

Dry matter content was assessed using the oven drying method (at 105°C), fat content using the Gerber method, and protein
content via the Kjeldahl method, all in accordance with the guidelines established by AOAC International (1995). Titratable
acidity (TA, %) was analyzed according to AOAC Standards (1999) and expressed as % of lactic acid. For pH measurement,
25 grams of grated cheese were blended with 25 milliliters of distilled water, and the pH was recorded using a digital Adwa
model pH meter, specifically the Stater 3100 from Romania. Salt content was determined using the Mohr titration method,
and the results were expressed as salt in dry matter (S/DM, %) (AOAC, 2019). Cheese sample colors were assessed with the

652



Uzun et al. Int. J. Agric. Environ. Food Sci. 2026; 10(3): 650-664

Hunter Lab Color Flex EZ (Serial Number CFEZ 1209 Model) from Hunter Associates Laboratory, Inc., located in Reston,
VA, USA. Color analysis was conducted within the Hunter Lab System, utilizing the L*, a*, and b* color spaces.

Free fatty acids

The free fatty acids composition was determined in ppm in gas chromatography (GC) according to the capillary gas
chromatography method suggested by Deeth (1983), using an Agilent GC (Agilent 7697A, Agilent Technologies, USA)
having a capillary column (30 mx0,25 mm i.d; 0,25 pm, J&W 19091F — 433, Agilent Technologies, USA).

Firstly, free fatty acids were extracted in the following way: 1 g samples of cheese were ground with 3 g of Na,SOy-
anhydrous, and then internal standard (heptanoic acid, C7) of 5 mL and 0.3 mL of 4 N H,SO4 were added. The blend was
thoroughly mixed for 1 minute, and then 5 mL of hexane was added. After allowing the samples to rest for 1 hour, the liquid
phase was extracted from the Bio-Rad column (0.8x4 cm, 2 mL bed volumes, Poly-Prep Chromatography columns)
containing deactivated alumina. Each sample was passed through the column twice. Subsequently, the column was rinsed
twice with 5 mL of hexane/diethyl ether (1:1, v/v) and dried using 5 psi of air. The dried alumina, containing free fatty acids,
was transferred to a tube. Then, 2 mL of a solution with 6% formic acid in ether was added. After that, the mixture was
centrifuged for 10 minutes at 2000 rpm. The clear part was then put into vials with a glass Pasteur pipette and kept at -18°C
until it was time for injection. For GC, the following conditions were used: SuL injection volume with a split ratio of 1/10
at 250°C, and a flow rate of Hy: air: N = 33:370:30 mL min'. The oven temperature started at 120 °C, went up to 200 °C
at a rate of 10 °C per minute, where it stayed for 2 minutes, then increased to 230 °C at 10 °C per minute and held for 3
minutes. Fatty acid standards from Sigma-Aldrich (Germany) were prepared at concentrations of 50, 100, 150, 200, and 250
parts per million (ppm) for identification, with results reported in ppm units. Each analysis was done twice for accuracy.

Volatile compounds

Solid Phase Microextraction (SPME) method was used for the extraction of volatile compounds found in cheeses (Stashenko
and Martinez 2007). Approximately 10 grams of cheese samples were placed into 40 mL amber vials, and 1 gram of NaCl
(equivalent to 10% of the sample weight) along with 10 pL of an internal standard (81 ppm, 2-methyl-3-heptanone+ 2-
methyl pantanoic acid), (Sigma-Aldrich, USA)) were added. The sealed vials were stored in a deep freezer at -25 °C until
analysis. Before injection into the gas chromatography system, the vials were kept in the SPME extraction apparatus at 40
°C for 30 minutes to equilibrate the volatile components. Then, 50/30 um Divinylbenzene/Carboxen/ Polydimethylsiloxane
(DVB/CAR/PDMS, Agilent, USA) fiber was kept on the fiber for 30 minutes to absorb volatile components and injected
into GC-MS.

Agilent GC 7890A (Agilent, USA) gas chromatograph, equipped with a mass spectrometer was used for the separation of
volatile components and their identification in the mass spectrometer. The desorption of volatile components adsorbed on
the fiber from the fiber to the injection block using the SPME method was done manually in splitless mode and the fiber was
kept at 250 °C for 10 minutes of desorption. Volatile components separated in the DB Wax column (30 mx0.25 mm i.d.;
0.25 pm film thickness,122-7032, Agilent Technologies, USA) were determined by scanning in the 30-300 eV range on a
GC5975 C MSD (Agilent, USA) mass spectrometer. Column temperature program in gas chromatography; it was applied
for 5 minutes at 40 °C, heating to 100 °C with a 10 °C increase, heating to 200 °C with a 20 °C increase and holding for 10
minutes at this temperature.

NIST/Flavor net libraries were used to identify volatile components using mass spectrometry. The quantities of these volatile
components were determined using a formula that utilized the areas of the volatile components found in gas chromatography,
along with the internal standard employed during sample extraction.

Volatile Component Concentration (ppm)=[(% area of volatile component)/(% area of internal standard)]*0.81
Texture profiles

Texture Profile Analysis (TPA) of the both fresh (aged 1 day) and ripened cheeses (aged 90 day) were carried out using a
Texture Analyzer (Model LF Plus, Lloyd Instruments Ltd., Hampshire, UK) using cylindrical samples (2.0 cm height and
1.6 cm diameter). The test speed was set at 1.5 mm/sec, and each cut sample was compressed and set to 60%. 2.00 mm/sec
and 10.0 g were chosen as the pre-test speed and trigger force, respectively. Samples were roughly cut into 2.5 cm cubes
before analysis, wrapped in plastic film to prevent moisture loss and rested at 25+2 °C for about 30 min. Values from the
texture analysis are the average of two replicates. Using force-deformation curves, the textural parameters of hardness,
adhesiveness, springiness, cohesiveness, gumminess, chewiness and resilience were taken from the texture analyzer
exponent software to determine the texture properties of cheese samples following the procedure stated by Delgado et al.
(2011).

Sensory analysis

Sensory evaluations of cheeses were performed during ripening in duplicate by a panel of 10 trained the phrase panelists
familiar with the product with current faculty members from Aydin Adnan Menderes University (Aydin, Tiirkiye). Pieces
of cheese were cut and placed on white plates, each marked with a random three-digit number. These plates were then given
to panelists along with water and bread to cleanse their mouths between samples. The characteristics of the cheese were
assessed based on four criteria: flavor (including distinctive aftertaste), appearance (visual and color aspects), odor, and
texture (firmness and consistency). Ratings for flavor and texture ranged from 0 to 35, where 0 represented the lowest quality
and 35 the highest. Appearance properties were scored between 0 (lowest quality) and 20 points (highest quality). Panelists
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were asked to evaluate the odor on a scale from 0 (lack of characteristic odor) to 10 (strong characteristic odor) (Bodyfelt et
al. 1998).

Data collection and statistical analysis

Data were analyzed using two-way analysis of variance (two-way ANOVA) to evaluate the effects of milk type (camel and
bovine milk), ripening time, and their interaction on the physicochemical, and sensory characteristics of the cheeses.
Statistical analyses were performed using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA). When significant main effects
or interactions were detected (p<0.05; p<0.01; p<0.001), mean comparisons were performed using Duncan's multiple range
test.

In addition, principal component analysis (PCA), hierarchical clustering analysis (HCA), and heatmap visualization were
performed using JMP Pro software to investigate the relationships among the measured variables, characterize sample
grouping according to milk type and ripening time, and evaluate the associations between physicochemical properties and
volatile compounds.

RESULTS AND DISCUSSION

Gross composition of camel milk and bovine milk used for cheese making

Before making cheese, the milk samples were analyzed for their chemical characteristics which are presented in Table 1.
There were significant differences in terms of fat and density between camel and bovine milk (p<0.05). In terms of dry
matter, protein and acidity content, there were no significant differences between samples. These values were generally in
accordance with composition reported previously (Zubeir and Jabreel 2008, Konuspayeva ef al. 2009, Yurt and Ulucay
2017).

Table 1. Physical quality of raw bovine and camel milk.

Bovine Milk Camel milk
pH 6.78+0.05%" 6.57+0.13*
Fat (%) 3.45+0.07° 4.40+0.28*
Density (%) 1.026+0.00? 1.025+0.00°
Lactic acid (%) 0.11+0.00* 0.15+0.02*
Dry matter (%) 11.31+0.11* 11.60+0.35%
Protein (%) 3.15+0.07* 2.98+0.02?2

*: a,b,c values within each column carrying different superscripts are statistically different (p<0.05)
Physicochemical properties of cheeses during ripening

The changes in pH and titratable acidity of camel and bovine milk cheeses during 90 days of ripening are presented in Figure
3. Titratable acidity increased markedly during the first 30 days of ripening, followed by a more gradual increase until the
end of the storage period. This trend is most likely associated with the metabolic activity of starter cultures and the continued
production of organic acids during ripening. On Day 1, no significant differences were observed in the titratable acidity
values between camel and bovine milk cheeses (p>0.05). As ripening progressed, pH values decreased, whereas titratable
acidity increased in both cheese types. However, acidification proceeded more slowly in camel milk cheese than in bovine
milk cheese.
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Figure 3. pH values and titratable acidity of cheeses
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The slower acidification observed in camel milk cheese has been attributed to the intrinsic antimicrobial properties of camel
milk, including the presence of bioactive compounds such as lactoferrin, lysozyme, and immunoglobulins, which may
partially inhibit the growth and metabolic activity of lactic acid bacteria (Benkerroum et al. 2011; Konuspayeva and Faye,
2021). To overcome this limitation, thermophilic yoghurt starter cultures have been recommended for camel milk cheese
manufacture because they are less affected by the antimicrobial components of camel milk and possess a high acidification
capacity. Nevertheless, despite the use of thermophilic starter cultures in the present study, acid development in camel milk
cheese remained slower than that in bovine milk cheese, indicating that the compositional characteristics of camel milk
continue to influence the fermentation process.

Table 2 presents the physicochemical characteristics and color properties of bovine and camel milk cheeses during 90 days
of ripening, together with the effects of milk type, storage time, and their interaction as determined by two-way ANOVA.

Table 2. Physicochemical properties and color values of camel and bovine cheese.

Sample Day 1 Day 30 Day 60 Day 90 Milk Day  MilkxDay
Dry matter Bovine 4595074  44.43£1.85 43.96£3.62  43.05£1.56
(DM), % Camel  45.5142.08  4621+1.13  44.59+0.73  44.7543.67 nsons
Salt/DM, %  Bovine  4.08+0.03 4.10£0.02  5.44+0.68 498:124 o ns

Camel  5.33+0.52 566£0.01  5.52+1.03 4.85+0.31

Bovine 27.50£042  27.92+0.16 2694037  28.02:0.02 o
Fat, % Camel  26.95:021  26.06£1.30 25794234  25.37+0.88

Bovine  13.07+1.15 13.98+0.94 14.64+0.43 14.16+0.83

Protein, % Camel 17.19+0.53 16.76+0.92 15.33 £0.72 14.77+0.26 o e )

Bovine  89.12+1.32 90.13£0.66  88.52+0.24 87.29+1.06 .. % s
L* Camel  92.37+0.33 92.17+£0.41 90.05+0.32 91.59+1.45

Bovine  -0.59+0.68 -0.41+0.34 -0.72+0.64 -0.54+0.45 " ns ns
a* Camel  -1.33+0.18 -1.04+0.14 -1.06+0.77 -1.03+0.12

Bovine  11.36+2.70 10.77£0.07  9.96+1.32 10.60+£1.37 ., ns ns
b* Camel  5.78+0.34 5.65+0.70 4.89+053 5.68+0.57

Bovine  18.51£14.79  25.36+1.30  25.03+£7.12 18.76£9.49 ... ns ns
WIE Camel  54.50+2.43 54.63+4.30  53.05+1.73 53.06+6.30

ns: not significant (p>0.05); * p<0.05; ** p<0.01; *** p<0.001.

The dry matter (DM) content of bovine and camel milk cheeses ranged from 43.05 to 46.21% throughout the 90-day ripening
period (Table 2). Two-way ANOVA revealed that neither milk type nor storage time significantly affected DM content, and
no significant milkxstorage interaction was observed (p>0.05). The absence of significant differences indicates that moisture
retention remained relatively stable in both cheese types during ripening. Since all cheeses were manufactured under
identical conditions and ripened in brine, moisture loss was likely minimized, resulting in comparable dry matter contents
throughout storage. Similar findings have been reported for brined camel milk cheeses, where standardized processing
conditions contributed to stable dry matter values during ripening (Hailu ez al. 2018; Baig et al. 2022).

Salt in dry matter (S/DM, %) was significantly affected by milk type (p < 0.05), whereas storage time and the milk x storage
interaction were not significant (p>0.05) (Table 2). Camel milk cheese generally exhibited higher S/DM values than bovine
milk cheese throughout ripening.

The higher salt in dry matter content observed in camel milk cheese may be related to differences in curd microstructure and
salt diffusion during brining. Salt uptake in brined cheeses is primarily governed by diffusion and is influenced by the
porosity of the protein matrix, moisture distribution, and cheese microstructure. Compared with bovine milk, camel milk
forms a less compact protein network due to its lower k-casein content and larger casein micelles, which can facilitate salt
penetration into the curd during brining. Consequently, camel milk cheese may retain relatively higher salt levels than bovine
cheese under similar manufacturing conditions. The lack of a significant storage effect suggests that salt distribution reached
equilibrium during the early stages of ripening and remained relatively stable thereafter. Similar trends have been reported
in cheeses manufactured from camel milk or camel-bovine milk blends, where cheese microstructure had a greater influence
on salt uptake than ripening time (Abdalla ez al. 2022; Ali et al. 2024).

Fat content was significantly affected by milk type (p<0.05), whereas storage time and the milk x storage interaction were
not significant (p>0.05) (Table 2). Bovine milk cheese exhibited slightly higher fat content than camel milk cheese
throughout ripening.

The higher fat content of bovine milk cheese may be attributed to differences in fat retention during coagulation. The weaker
protein network formed in camel milk, resulting from its distinct casein composition, may reduce fat entrapment within the
curd and increase fat losses into the whey. The absence of significant changes during storage indicates that ripening had little
effect on the overall fat content. Similar findings have been reported for camel milk and camel-bovine milk mixed cheeses
(Abdalla ef al. 2022; Ali et al. 2024).

Protein content was significantly affected by milk type (p<0.001), while storage time had no significant effect (p>0.05).
However, a significant milk x storage interaction (p <0.05) indicated that changes in protein content during ripening differed
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between bovine and camel milk cheeses (Table 2). Camel milk cheese exhibited higher protein content at the beginning of
ripening, although this difference gradually decreased during storage. The higher protein content of camel milk cheese is
likely associated with differences in milk composition and curd characteristics. Although proteolysis occurs during ripening,
total protein determined by the Kjeldahl method is generally expected to remain relatively stable because it measures total
nitrogen. Therefore, the observed changes are more likely related to differences in moisture redistribution and curd
composition during ripening rather than to protein degradation itself. Similar observations have been reported for camel milk
cheeses, in which compositional characteristics of camel milk influenced protein distribution during ripening (Abdalla et al.
2022; Ali et al. 2024).

Color parameters were predominantly influenced by milk type. Significant differences (p < 0.001) were observed between
bovine and camel milk cheeses for L*, b*, and whiteness index (WIE), while the a* value was also affected by milk type (p
< 0.05). In addition, storage time significantly influenced only the L* value (p < 0.05), whereas no significant milk x storage
interaction was observed for any color parameter (Table 2).

Camel milk cheese exhibited a brighter and whiter appearance than bovine milk cheese, as reflected by its higher L* and
WIE values. In contrast, bovine milk cheese showed a more creamy-yellow appearance, indicated by its higher b* values.
These differences are mainly attributed to the intrinsic composition of the two milk types. Camel milk contains lower levels
of carotenoid pigments because -carotene is more efficiently converted into vitamin A than in bovine milk, resulting in a
naturally whiter appearance. Moreover, differences in casein structure and fat globule characteristics influence light
scattering within the cheese matrix, contributing to the distinct visual appearance of camel and bovine milk cheeses. The
slight decrease in lightness during ripening may be associated with structural changes in the cheese matrix and moisture
redistribution, which modify light reflectance. Similar color characteristics have been reported for camel milk cheeses and
camel-bovine milk cheeses in previous studies (Abdalla et al. 2022; Ali et al. 2024).

Cheese free fatty acids change during ripening

The FFA profiles of the white cheeses during 90 days of storage are shown in Table 3. Milk type significantly affected the
concentrations of C4, C6, C12, and C18:2 fatty acids, whereas storage time significantly influenced C4, C6, C10, and C12.
A significant milk X storage interaction was observed for C4 and C10, indicating that the release of these fatty acids during
ripening differed between bovine and camel milk cheeses. In contrast, no significant differences were observed for C8, C14,
Cl16, C18, and C18:1 (p>0.05).

Lipolysis is one of the principal biochemical events occurring during cheese ripening and involves the hydrolysis of milk
triglycerides by residual indigenous lipoprotein lipase, coagulant-associated lipolytic activity and microbial esterases. The
released FFAs contribute directly to flavour development, particularly the short- and medium-chain fatty acids, and
simultaneously act as precursors for methyl ketones, secondary alcohols, esters and lactones formed during ripening.
Consequently, the FFA profile provides valuable information not only on the extent of lipid hydrolysis but also on the
biochemical pathways responsible for cheese aroma development. Recent studies have further demonstrated that the
physicochemical properties of camel milk, including differences in fat globule characteristics and the protein matrix,
influence enzyme accessibility to milk fat and therefore modify lipolytic patterns during cheese maturation (Ali ef al. 2026;
Mbye et al. 2020).

Among the quantified FFAs, butyric acid (C4:0) exhibited the greatest variation, being significantly affected by milk type,
storage time and their interaction (p < 0.05). Fresh camel milk cheese contained no detectable butyric acid, whereas its
concentration increased progressively during ripening. In contrast, bovine milk cheese showed substantially higher initial
C4:0 concentrations followed by a gradual decline throughout storage. Because butyric acid has one of the lowest sensory
thresholds among cheese FFAs, even small concentration changes markedly influence the characteristic flavour of ripened
cheeses. The distinct release pattern observed in camel milk cheese most likely reflects differences in triglyceride
organization and the accessibility of lipolytic enzymes within the cheese matrix. Recent investigations have shown that
camel milk forms a structurally different protein network, which influences moisture retention, fat entrapment and enzyme
diffusion during ripening, thereby modifying lipolytic activity compared with bovine milk cheese (Ali et al. 2026; Mbye et
al. 2020).

Caproic (C6:0), capric (C10:0) and lauric (C12:0) acids also changed significantly during ripening and reflected the
progressive hydrolysis of milk triglycerides. These medium-chain fatty acids are recognized contributors to the characteristic
creamy, buttery and piquant flavor of ripened cheeses and are frequently used as indicators of lipolytic intensity. The
different temporal patterns observed between bovine and camel milk cheeses suggest that milk composition affected both
the rate and extent of lipid hydrolysis. In camel milk cheeses, the unique composition of the casein network and fat globule
membrane has been reported to regulate enzyme accessibility and substrate availability, resulting in lipolytic behavior that
differs from conventional bovine milk cheeses. Similar observations have recently been reported in low-fat Feta-type cheeses
containing camel milk, where modifications in cheese microstructure were accompanied by changes in lipolysis and flavor
development during ripening (Ali ef al. 2026; Mbye et al. 2020).

Linoleic acid (C18:2) was the only long-chain unsaturated fatty acid significantly affected by milk type, whereas palmitic
(C16:0), stearic (C18:0) and oleic (C18:1) acids remained relatively stable throughout storage. The limited variation of these
long-chain fatty acids suggests that triglycerides containing long-chain acyl groups were less susceptible to hydrolysis under
the applied ripening conditions. Similar findings have been reported in ripened cheeses, where lipolysis preferentially

656



Uzun et al. Int. J. Agric. Environ. Food Sci. 2026; 10(3): 650-664

releases short- and medium-chain fatty acids because of their greater contribution to flavor formation and their higher
susceptibility to enzymatic hydrolysis (Hailu ef al. 2018).

Overall, the present results demonstrate that milk type exerted a greater influence than storage time on the release of several
individual FFAs, particularly the short- and medium-chain fatty acids. These compounds represent the primary intermediates
linking lipolysis with aroma generation; therefore, the differences observed between bovine and camel milk cheeses are
expected to influence the formation of volatile compounds and, consequently, the overall flavor profile during ripening (Ali
et al. 2026).

Table 3. Free fatty acids of bovine and camel cheese (ppm).

FFA  Sample Day1l Day 30 Day 60 Day 90 Milk Day MilkxDay
Bovine  25.62+1,44 29.15+0.39 9.03+0.71 8.75+0.48

C4 ks sokk kokk
Camel ND 8.20+0.18 9.00+0.42 9.11+0.17

6 Bovine  32.68+0.68 31.89+5.44 71.17+13.79 65.86+7.79 . "

ns

Camel  49.93+1534 62.70+1.10 73.42+2.57 64.50+1.56
Bovine  2(.35+8.85 16.84+0.61 52.06+25.88 28.80+0.51

C8 ns ns ns
Camel  23.58+0.42 22.2440.58 21.60+0.06 20.31+0.28

10 Bovine  58.57+49.61 30.49+2.52 238.73+£98.75 134.85+9.34 . .

ns

Camel  107.49+21.42 111.31+6.85 108.97+0.05 92.94+7.51
Bovine  42.41+10.11 38.46+0.93 66.67+14.14 59.02+7.91

C12 dokok * ns
Camel  21.50+1.34 27.93+3.97 29.01+2.11 40.14+2.98
Bovine  169.25+5.81 159.09+14.78 257.62+87.95 185.94+11.33

Cl4 ns ns ns
Camel  116.76+7.32 148.95+23.36 159.52+10.67 218.29+0.86
Bovine  2708.10+1803.14 1106.77+55.39  1740.30£422.02 1194.27+47.95

Cl6 ns ns ns
Camel  992.79+51.85 924.84+1.00 917.52+42.11 921.08+3.21
Bovine  823.17+4.51 682.48+43.07 891.33+127.55  795.33+115.73

Cl18 ns ns ns

Camel  702.98+22.60 632.26+66.16 612.75+62.71 535.45+14.02

Cl18:1 Bovine  2323.27+93.83 2025.80+67.16  2984.78+380.35 2477.09+262.13
: ns ns ns
Camel 2048.18+13.52 1936.86+203.34 1913.24+119.82 1861.04+23.72

Bovine = 282.13+0.21 241.41+£22.53 387.09+10.97 353.15+120.27  * ns ns

CI82 Camel  253.65425.96  264.96£11039  256.81+47.02  198.81<16.87

ns: not significant (p>0.05); * p<0.05; ** p<0.01; *** p<0.001.
Volatiles during ripening

The volatile profile of bovine and camel milk cheeses during ripening is presented in Table 4. A total of aromatic
hydrocarbons, terpenes, ketones, aldehydes, alcohols, esters and volatile fatty acids were identified throughout the 90-day
ripening period. Two-way ANOVA revealed that the concentrations of several volatile compounds were significantly
affected by milk type, storage time and/or their interaction, indicating that both the intrinsic composition of the milk and
biochemical changes occurring during ripening influenced aroma development. The detected volatile compounds mainly
originated from lipid degradation, amino acid catabolism and plant-derived constituents naturally transferred from milk,
reflecting the complexity of flavour formation in ripened cheeses.

Terpenes constituted the predominant group of plant-derived volatile compounds detected during the early stages of ripening,
with D-limonene being the most abundant terpene in both bovine and camel milk cheeses. Unlike lipid-derived aroma
compounds, terpenes are not primarily generated during cheese ripening but are transferred from animal feed into milk fat
and subsequently retained during cheese manufacture. The gradual decrease in D-limonene and other terpenes during
storage, particularly after 30 days, is likely associated with volatilization and redistribution within the cheese matrix rather
than extensive microbial transformation. Similar observations have been reported in ripened cheeses, where terpene profiles
are mainly influenced by feeding practices and the botanical origin of milk rather than ripening metabolism (Ali et al. 2026).

Volatile compounds originating from lipid metabolism showed distinct differences between bovine and camel milk cheeses
throughout ripening. Hexanoic acid, octanoic acid and decanoic acid were detected at significantly higher concentrations in
bovine cheese, whereas only trace amounts or no detectable levels were observed in camel cheese. These medium-chain
fatty acids are generated through the hydrolysis of milk triglycerides and are recognized as major contributors to the
characteristic cheesy, rancid and fatty flavor notes of ripened cheeses. Their higher abundance in bovine cheese is consistent
with the more extensive release of free fatty acids observed during ripening, suggesting that lipolysis proceeded more
actively in bovine cheese than in camel cheese. Differences in milk fat globule structure, the organization of the protein
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matrix and enzyme accessibility may have contributed to the lower production of lipid-derived volatile compounds in camel
milk cheese. Similar observations have been reported in recent studies comparing camel and bovine milk cheeses, where the
unique physicochemical characteristics of camel milk resulted in slower lipid degradation and consequently a milder aroma
profile (Ali et al. 2026).

Table 4. Volatile profiles of bovine and camel cheese.

Milk
RT Sample Day1 Day 30 Day 60 Day 90 Milk Day X
Day
Ethylbenzene 587 Bovine ND 1.10+0.05 nd nd
. ns ns ns
Camel 3.42+0.25 2.28+0.17 nd nd
B.enzene. 1.3- 6.08 Bovine  3.38+1.60  1.57+0.96 nd nd . exs ws
dimethyl- ' Camel  3.09£0.08  10.12+2.32  nd nd
p-Xylene Bovine  8.30£1.92  5.70+1.75 nd nd
6.26 ns *k ns
Camel  13.31£1.27 1.72+0.03 nd nd
beta.- 684 Bovine  2.3140.16 nd nd nd .
. ns ns
Myrcene Camel  2.02+0.02 1.26£0.02 nd nd
2-Nonanone 11.22 Bovine nd nd 3.51+0.85 2.20+0.22
. ns ns ns
Camel nd nd nd nd
Bicyclo[3.1.0] 279 Bovine nd 0.61+0.86 nd nd
hexane. ' Camel  0.19+0.07 0.73:028  nd nd ns nsoons
Cyclohexene. Bovine  1.40£125 0244034 nd nd
1-methyl-4-
1 thvl 9.43 ns ns ns
(1-methy Camel  0.78+0.04 1.16+0.87 nd nd
ethylidene)
beta.-Pinene Bovine  0.77+1.09  1.66+0.16 nd nd
6.98 ns ns ns
Camel nd nd nd nd
D-Limonene 723 Bovine  66.23+2.55 68.07£1.79  51.03£1.29  26.15+35.09 - .
. ns
Camel 64.2242.71 67.52+0.19 nd nd
gamma.- 874 Bovine  3.41+0.03  18.82+21.80 nd 0.60+0.85 e
1 . ns ns
Terpinene Camel 3284038 3.484038  nd nd
p-Cymene Bovine  0.89+0.01  1.40+0.72 nd 1.09+0.05
9.18 ns ns ns
Camel 2.244+0.37 nd nd nd
0-Cymene Bovine  1.66+£0.95  0.49+0.69 nd nd
9.15 ns ns ns
Camel 1.18+1.67 2.20+0.03 nd nd
Octanoicacid. Bovine  0.49+0.44  0.88+0.11 nd 1.05+1.48
methylester 1125 0 4 034:002  nd nd nseooms s
Decanoicacid. Bovine  0.21+£0.30  0.46+0.04 1.16+£0.14  0.74+0.07
methy] ester 1538 Camel nd nd nd nd ns ns s
Benzaldehyde Bovine nd nd nd nd
13.84 ok * *
Camel  0.24+0.00  1.07+0.24 15.60£9.86  15.63+0.84
Linalool Bovine  0.28+0.18  0.20+0.29 nd nd
14.65 ns ns ns
Camel 0.09+0.12 nd nd nd
Silanediol. |63 DBovine  049:0.69  0.19:0.27  nd nd " . .
dimethyl "7 Camel  0.84+0.05 nd 5.0042.99  3.70+1.00
Oxime-. Bovine  0.76£0.01  0.84+0.12 3.97+1.06 1.99+0.59
methoxy- 17.18 ns ns ns
pheny] Camel nd 0.71+0.04 4.90+6.93  5.27+7.45
Hexanoicacid Bovine  1.21+0.80  2.69+1.30 11.88+4.10  9.75+0.19
17.73 dokk gk sk
Camel  0.09+0.13  0.08+0.11 nd nd
18.20 Bovine nd 0.22+0.31 0.96+1.36 3.36+1.50 ns ns ns
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Phenylethyl

Camel nd 0.13£0.19 3.08+4.36  18.55+19.24
Alcohol
Octanoic acid Bovine  1.25+0.40  2.08+0.78 9.19+3.70  7.97+1.37
19.03 Rk ook *
Camel  0.19+0.16  0.29+0.03 nd 1.09+1.55
Nonanoic acid Bovine  0.12+0.18 nd 0.71£1.01 0.43+0.00
19.66 ns ns ns
Camel nd 0.07+0.10 nd nd
n-Decanoic Bovine  0.58+£0.20  0.74+0.03 5.67+3.00  4.32+0.82
acid 20.43 ok * *
Camel 0.45+0.45 nd nd nd

RT.:Retention time; nd: Not ddetermined; ns: not significant (p>0.05); * p<0.05; ** p<0.01; *** p<0.001.

Although free medium-chain fatty acids were detected in both cheeses, their conversion into volatile aroma-active
compounds appeared to be more pronounced in bovine cheese, indicating differences not only in lipolysis but also in the
subsequent metabolic pathways responsible for flavor generation.

Protein-derived volatile compounds also exhibited marked differences between the two cheese types. Benzaldehyde was
detected exclusively in camel milk cheese and its concentration increased significantly after 60 days of ripening, whereas it
was not detected in bovine cheese. Likewise, phenylethyl alcohol accumulated to substantially higher levels in camel cheese
during the later stages of ripening. Both compounds are closely associated with the microbial catabolism of phenylalanine.
Benzaldehyde, which imparts characteristic bitter almond-like aroma notes, is formed through the degradation of
phenylpyruvate via o-keto acid metabolism, whereas phenylethyl alcohol is produced through the reduction of
phenylacetaldehyde in the Ehrlich pathway (Molimard and Spinnler, 1996; Yvon and Rijnen, 2001). The occurrence of
benzaldehyde in camel milk cheese has previously been reported by Hailu et al. (2018), supporting the findings of the present
study. Overall, the higher abundance of benzaldehyde and phenylethyl alcohol suggest that amino acid catabolism
contributed more extensively to flavor development in camel milk cheese than in bovine cheese. These findings are
consistent with the concept that cheese volatile compounds arise from multiple biochemical pathways, including proteolysis,
lipolysis, residual lactose metabolism, free amino acid metabolism and citrate degradation, all of which are influenced by
milk composition and ripening conditions (McSweeney, 2017).

Generally, the results demonstrated that milk type exerted a pronounced effect on the evolution of volatile compounds
throughout ripening. Bovine milk cheese was characterized by higher concentrations of lipid-derived volatile acids and
ketones, indicating a greater contribution of lipolytic reactions to aroma formation. In contrast, camel milk cheese exhibited
a volatile profile enriched in protein-derived compounds, particularly benzaldehyde and phenylethyl alcohol, suggesting that
amino acid catabolism played a more prominent role during ripening. These observations were consistent with the
differences observed in the free fatty acid profiles and reflect the distinctive physicochemical characteristics of camel milk,
including its protein matrix and fat globule organization, which influence enzyme accessibility and the progression of
biochemical reactions. Consequently, the present findings demonstrate that the unique composition of camel milk modifies
the pathways of flavor development during cheese ripening, resulting in an aroma profile that differs substantially from that
of bovine milk cheese.

Texture profiles during ripening

The texture profile parameters of bovine and camel milk cheeses during ripening are presented in Table 5. Texture is one of
the most important quality attributes of cheese and is closely associated with the physicochemical characteristics of the curd,
including moisture distribution, protein network organization, fat content and the extent of proteolysis during ripening. The
two-way ANOVA revealed that several texture parameters were significantly influenced by milk type, storage time and their
interaction, indicating that the distinct compositional and structural characteristics of camel and bovine milk affected the
mechanical properties of the cheeses throughout ripening.

Texture profile analysis demonstrated that milk type markedly influenced the mechanical properties of the cheeses during
ripening. Hardness and springiness were significantly affected by milk type, storage time and their interaction (p<<0.001 and
p<0.05), whereas adhesiveness, cohesiveness, gumminess, chewiness and resilience showed variable responses depending
on milk type and ripening. Bovine cheese exhibited a pronounced increase in hardness, gumminess and chewiness
throughout storage, while camel milk cheese remained softer and showed a greater reduction in springiness. These
differences are mainly attributed to the distinctive protein composition of camel milk, particularly its lower k-casein content
and larger casein micelles, which produce a weaker and more open gel network than bovine milk. Consequently, the camel
milk protein matrix undergoes less structural reinforcement during ripening, resulting in lower firmness and reduced
resistance to deformation. Moreover, progressive proteolysis and moisture redistribution during ripening contributed to the
gradual changes in texture parameters in both cheese types, although their effects were more evident in bovine cheese due
to its denser casein network. Since gumminess and chewiness are derived from hardness, cohesiveness and springiness, the
higher values observed in bovine cheese reflected the combined effect of increased firmness and maintained elasticity,
whereas the softer and less elastic structure of camel cheese limited the development of these parameters. Similar
relationships between milk composition, protein microstructure and texture evolution have been reported for camel milk
cheeses by Bekele et al. (2019), Ali et al. (2026), confirming that the unique physicochemical characteristics of camel milk
play a decisive role in determining cheese texture during ripening.
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The texture results corroborate the physicochemical, free fatty acid and volatile compound findings, indicating that the
unique casein structure and protein matrix of camel milk modify the biochemical and structural changes occurring during
ripening, ultimately leading to a cheese with a softer texture and a distinct quality profile compared with bovine milk cheese.

Table 5. Texture profile analysis of cheeses.

Texture

Properties Sample 1. day 90. day Milk Day Milk XDay

Bovine 800.70£17.68 1850.3148.19 ers evs s
Hardness Camel 689.73+170.60 820.94+70.78

Bovine -12.48£1.07 -5.52+0.03 " " .
Adhesivenes Camel -20.1043.47 -27.83+5.22

Bovine 0.9340.004 0.88+0.002 s e s
Springines Camel 0.88+0.00 0.67+0.02

Bovine 0.180.02 0.17+0.01 . " "
Cohesivenes Camel 0.27+0.02 0.25+0.03

Bovine 159.59+11.86 318.004420.59 . .
Gummines Camel 197.005+55.41 210.11+41.54 ”

Bovine 146.3949.72 280.15+19.29 .
Chewiness Camel 174.27+48.73 139.71423.45 " ”

Bovine 0.093+0.01 0.075+0.00 . o .
Resilience Camel 0.132+0.01 0.085+0.003

ns: not significant (p>0.05); * p<0.05; ** p<0.01; *** p<0.001.
Sensory properties during ripening

The sensory evaluation results are presented in Figure 4. Milk type had no significant effect on the appearance, odor or flavor
scores of the cheeses throughout ripening (p>0.05), whereas texture scores were significantly lower for camel milk cheese
than for bovine cheese. Although instrumental color analysis revealed significant differences in b values between the cheeses,
these differences were not reflected in the appearance scores. Instrumental color measurements are more sensitive than visual
assessment and can detect subtle differences that may remain below the perception threshold of panelists, particularly in
white brined cheeses with a generally similar appearance. Likewise, despite the differences observed in pH, no significant
differences were detected in odor or flavor scores, indicating that flavor perception depends on the combined effects of
volatile compounds, salt content, fat composition and buffering capacity rather than pH alone. The lower texture scores of
camel milk cheese were consistent with the instrumental texture measurements, which showed lower hardness, springiness
and chewiness compared with bovine cheese. These characteristics are attributed to the distinctive casein composition of
camel milk, resulting in a weaker protein matrix and softer cheese structure. In addition, the relatively higher salt content of
camel cheese may also have contributed to its lower texture scores by promoting moisture loss and influencing protein
interactions during ripening (Leclercq-Perlat et al. 2024). Despite these differences, all cheeses were considered acceptable
by the panelists throughout storage. Similar sensory responses have been reported for camel milk cheeses by Hailu et al.
(2018), whereas Shahein et al. (2014) observed lower sensory scores for camel milk cheese than for buffalo milk blends.
The salt content of the cheeses in the present study (4.08—5.66% salt in total solids) was within the range permitted by the
Turkish Food Codex for white brined cheese and may have positively contributed to flavor development, as previously
suggested by Benkerroum (2010).
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Figure 4. Chart representing mean scores of the sensory properties of cheeses at day 1 (solid lines) and day 90 (dashed
lines) of ripening: bovine cheese; camel cheese.

Principal component analysis and heat map analysis

Principal component analysis (PCA) was used to evaluate the relationships among the physicochemical properties, fatty acid
composition, and volatile compounds of camel and bovine milk cheeses during ripening (Figure 5). The first two principal
components explained 48.3% of the total variance, with PC1 and PC2 accounting for 26.6% and 21.7%, respectively. The
score plot revealed a clear separation of the cheese samples according to milk type and ripening stage.

PCA biplot of cheese quality traits
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Figure 5. Principal component analysis (PCA) and biplot of cheese samples

The loading plot indicated that PC1 was mainly associated with volatile compounds, particularly y-terpinene, D-limonene,
p-xylene, ethylbenzene, B-myrcene, o-cymene, and benzene, 1,3-dimethyl-, together with lactic acid (LA), whereas medium-
chain fatty acids, including C6, C8, C10, C12, C14, octanoic acid, hexanoic acid, and n-decanoic acid, contributed negatively
to this component. In contrast, PC2 was mainly influenced by color parameter b*, fat content, C4, C12, C16, C18:2, dry
matter, and octanoic acid in the positive direction, while WIE, benzaldehyde, silanediol, dimethyl-, protein, and pH showed
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negative loadings. These variables were the main contributors to the discrimination of camel and bovine milk cheeses during
ripening, indicating that both milk type and ripening affected the overall physicochemical and volatile profiles of the cheeses.

Pearson correlation analysis was performed to evaluate the relationships among the physicochemical properties, fatty acid
composition, and volatile compounds of camel and bovine milk cheeses during ripening (Figure 6). As expected, pH showed
a negative correlation with lactic acid (r = —0.709), reflecting the progressive acidification during ripening. Strong positive
correlations were observed among the medium-chain fatty acids, indicating similar changes during the ripening process.
Likewise, several volatile compounds were positively correlated, suggesting similar formation patterns during cheese
maturation. Among the color parameters, L* was positively correlated with the whiteness index (WIE), whereas b* exhibited
a strong negative correlation with WIE. Overall, the correlation analysis complemented the PCA findings by demonstrating
the relationships among physicochemical properties, fatty acids, and volatile compounds that contributed to the
differentiation of camel and bovine milk cheeses during ripening.
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Figure 6. Heat map analysis and correlations of the bovine and camel cheese samples at the different periods

CONCLUSION

This study compared white brined cheeses produced from camel and bovine milk throughout 90 days of ripening by
evaluating their physicochemical properties, texture, free fatty acid composition, volatile compounds, sensory characteristics
and chemometric profiles. The results showed that milk type played a key role in determining cheese quality. Camel milk
cheese differed from bovine cheese in several physicochemical and textural properties, exhibiting a softer structure with
lower hardness and springiness, which is mainly associated with the specific protein composition of camel milk. Differences
in free fatty acid release and volatile compound formation also indicated that flavor development followed different
biochemical pathways in the two cheese types during ripening.
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Although instrumental analyses revealed significant differences between camel and bovine cheeses, these differences were
not fully reflected in the sensory evaluation. Similar appearance, odor and flavor scores suggested that the analytical
variations did not negatively affect the overall acceptability of camel milk cheese. In addition, PCA and heatmap analyses
clearly separated the cheeses according to milk type, confirming that the compositional and biochemical differences
observed during ripening were sufficient to distinguish camel and bovine cheeses.

Taken together, the results show that camel milk can be successfully used in the production of white brined cheese with
characteristic physicochemical, textural and aromatic properties. The combined use of conventional analytical methods and
chemometric tools provided a broader understanding of the changes occurring during ripening and highlighted the distinctive
characteristics of camel milk cheese. These findings may contribute to the optimization of camel milk cheese manufacture
and support future efforts toward its wider industrial production and commercialization.
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