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ARTICLE INFO ABSTRACT

Keywords: We used gas chromatography-mass spectrometry (GC-MS) with an untargeted metabolomics
Fatty acids ) approach to look at the metabolite profiles of traditional Iranian yogurts made from cow, goat,
Unltarfeted metabolomics buffalo, and sheep milk. Results showed that different animal milks significantly influenced
Vo aFI N . physicochemical properties and fatty acid (FA) composition, resulting in diverse metabolites.
Physicochemical P . .

Starters Over 80 % of all the fatty acids in the yogurt samples were saturated. The main fatty acids found

were myristic acid (C14:0), palmitic acid (C16:0), and oleic acid + petroselenic acid (cis-9 C18:1
+ cis-6 C18:1). In total, 36 metabolites, including esters, aldehydes, alcohols, and acids, were
detected. Some important metabolites that changed yogurt profiles were 2-heptanone, methyl
acetate, 2-propanone, butyl formate, and 4-methyl benzal. Associations between metabolite
profiles and milk compositional traits were also observed, with statistical models showing a
strong correlation between metabolite profiles and FA content. This study is the first to explore
the impact of different animal sources and regions in Iran on the metabolome profiles of tradi-
tional yogurts. These results give us useful information about how metabolites differ between
species and can be used to make new dairy products based on milk compositions and metabolites,
which will help with future formulations of autochthonous starters.

1. Introduction

Dairy products are essential for a balanced diet due to their high-quality protein and abundant micronutrients. Yogurt, a beloved
fermented dairy product, has experienced remarkable growth in the market over the past few decades. Nomadic Middle Easterners
possibly discovered yogurt, which has been consumed by various civilizations for thousands of years. In Iran, like in other areas,
traditional fermentation methods were transmitted between generations, resulting in a diverse range of fermented milk and dairy
products that differ in terms of milk variety, processing techniques, and quality attributes [1]. The production methods of traditional
yogurt differ across the country, mainly depending on the type of milk used, the fermentation technique employed (such as
back-slopping or spontaneous fermentation), and the type of fermentation used (either lactic or lactic-yeast fermentation). Other
factors that affect the production process include whey removal (in the case of strained yogurt) and the inclusion of grains in the final
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Table 1
The milk composition and other parameters.
Type & Location Milk composition (%) and other parameters
Fat SNF Density Lactose Salts Protein pH Conductivity
Cow/Kermanshah 2.63 + 0.008 7.45+0.01°  31.43+0.01% 4.09+004" 0.62+001°5 272+0.01' 6.75+0.01 5.36+0.02¢
Cow/Zahedan 3.43+0.01%  830+0.01% 2955+ 0.03 457 +0.02° 0.69+ 3.05+ 0.06"  6.95+0.08"  4.52 + 0.03¢
0.00%
Cow/Khorasan 4,05+0.01°®  10.75+0.01* 3857 +0.00° 591 +0.02° 0.89+0.01° 3.94+0.066 6.19+0.05° 5.94+0.03°
Razavi
Buffalo/Sarab 8.66 + 9.07 + 0.00°®  28.68 + 0.00%"  4.07 +0.02"  0.65+0.01'  4.26 + 6.40 + 0.03'  3.66 + 0.01'
0.01°¢ 0.02°f
Buffalo/Ghilan 11.77 £ 0.04°  8.98 +0.03"® 2569 + 0.006  4.01 £0.01' 0.62 + 420+005 673+ 7.76 + 0.01°
0.03%® 0.054¢
Buffallo/Khouzestan ~ 11.04 + 8.98 +0.03®  26.20 +0.005  4.02+0.01'  0.63+ 4.20+0.05  6.81+0.07° 9.35+0.03°
0.02%° 0.03%®
Sheep/Zanjan 6.78 di 9.17 +0.02*®  30.66 +0.01%  4.12+0.018 0.68 +0.01° 4.33+0.05° 6.24 +0.06  5.03 + 0.03f
0.03¢de
Sheep/Mianeh 6.02 + 9.24 +0.02 3158 +0.01% 4.15+0.01f  0.680 +0 4.36 + 6.60 + 0.078  3.40 + 0.02)
0.00%f .01° 0.00%
Sheep/Kermanshah 9.23 + 10.98 £ 0.01°  35.75+0.01%> 493 + 0.79 + 5.17 £ 0.01*  6.62 +0.027  4.51 + 0.028
0.00°% 0.008° 0.008°
Goat/North 8.26 + 10.13 + 33.22 + 455 + 0.73 + 477 +£0.01° 671 £0.01°  3.63 + 0.02'
Khorasan 0.01°4 0.01%° 0.03%4 0.008¢ 0.00%¢
Goat/Yasuj 7.62+0.019  952+0.01%° 3468 +0.00° 4.28 + 0.71 + 450 £0.02° 7.27 £0.02*  4.15 £ 0.01%
0.008¢ 0.02¢¢
Goat/Hormozghan 7.92+0.01%  9.45+0.01 3250 +0.00° 4.24 + 0.69 + 4.47 + 6.43+0.05"  5.23 +0.01°
0.008° 0.02% 0.03%¢

Values are expressed as means from three replicates + SD; values with different superscript letters in the same columns show significant differences
according to Tukey’s pairwise comparison (P < 0.05).
SNF: solid-not-fat.

product [1]. Iranian yogurts are mainly made from cow, buffalo, sheep, or goat milk, each of which significantly influences the quality
of the final product. Local manufacturers are the leading producers in the yogurt and sour milk products category. This suggests that
each city in Iran has its own yogurt producers who cater to demand within a limited geographical area, typically near their factories.
However, there are a few major suppliers with nationwide distribution.

Yogurt has a higher content of group B vitamins, minerals, and proteins compared to milk. Although different animal milk types
have relatively similar compositions, each has its own superior characteristics. It is known that milk from different animals, like cows,
sheep, buffalo, and goats, has different amounts of protein and fat. This can make starter cultures act in different ways, which can lead
to the formation of low-molecular-weight compounds in fermented dairy products [2]. For instance, compared to cow milk, goat milk
has minimal to no as1-casein, smaller fat globules (3.5 pm compared to 4.5 pm in cow milk), and a higher proportion of medium-chain
fatty acids (30-35 % versus 10-15 % in cow milk) [3,4].

During the fermentation process, Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus convert lactose, the main
carbohydrate in milk, into lactic acid. This acid production lowers the pH and causes milk proteins to coagulate, forming a viscous, gel-
like structure [5]. L. bulgaricus is mostly responsible for the production of acid, while S. thermophilus is primarily responsible for the
flavor and texture of yogurt. In addition to the mentioned strains, other lactic acid bacteria, such as Leuconostoc mesenteroides and
Lactiplantibacillus plantarum, can also be present in traditional yogurts [6]. In the fermentation process of yogurt, lactic acid bacteria
(LAB) break down carbohydrates, proteins, and fats. These reactions are called glycolysis, proteolysis, and lipolysis, and they happen
because LAB is active. During these catabolic processes, a variety of volatile and non-volatile metabolites like carbohydrates, organic
acids, peptides, amino acids, and other low-molecular-weight molecules are generated [7]. During milk fermentation, LAB produces
approximately 400 volatile chemicals. These volatile molecules are among the most important modulators of yogurt flavor. As a result,
volatile organic molecules are an unavoidable indicator of customer acceptance and purchase intent [8]. Some of the flavor-linked
metabolites are carbonyl compounds (like acetaldehyde), diketones (like diacetyl [2,3-butanedione] and 2,3-pentanedione), vola-
tile carboxylic acids (like butyric and acetic acids), and other organic compounds. Furthermore, carbonyl compounds make up the
majority of the volatile organic chemicals that contribute to the flavor of regular yogurt (e.g., acetaldehyde, acetone, 2-butanone,
diacetyl, and ethyl acetate). On the other hand, the volatile elements in yogurt can change during storage, depending on the cul-
ture, mix formulation, and storage conditions [7,9]. Therefore, comprehending the metabolic processes of starter strains during
fermentation requires understanding both volatile and non-volatile metabolite profiles.

Metabolomics stands out as one of the most promising tools for examining metabolite changes in fermented dairy products,
enabling detection of metabolites (up to 1500 Da) even in minute quantities [10]. Metabolomics can be classified into untargeted and
targeted metabolomics, depending on the specific objectives and characteristics of the investigation. Untargeted metabolomics aims to
collect information on a diverse array of chemicals, providing more extensive coverage. Due to the presence of a wide range of volatile
flavor compounds in food products, untargeted metabolomics is a more suitable approach for analyzing food samples than targeted
metabolomics. Untargeted metabolomics focuses on detecting dynamic changes across several metabolites, while targeted
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metabolomics emphasizes specific metabolites [11]. Using non-targeted metabolomics techniques helps us understand and measure
metabolites, giving us a quick look at what’s going on in a biological system [12,13].

The utility of GC-MS in the analysis of metabolite profiles in milk from various species has been well established [14-17]. These
studies have revealed that variations in milk composition due to geographical location, milk types, traditional production methods,
and microflora can influence the volatile components in yogurts. However, to the best of our knowledge, the fatty acid and metabolite
profiles of Iranian traditional yogurt have not been investigated through metabolomics approaches. The goal of this study was to look
at fatty acids, volatile and non-volatile metabolites, and a non-targeted metabolomics approach using GC-MS.

2. Materials and methods
2.1. Chemicals and reagents

All solvents and chemicals used were GC/MS grade from Sigma Aldrich, USA. Nonadecanoic acid (purity >95 %) was used as an
internal standard.

2.2. Sample collection

Twelve samples of traditional yogurts made from different ruminants, along with the fresh milk used to produce them, were
collected from native producers in various regions of Iran (as listed in Table 1). Due to the limitation of allocated funds, we selected
several samples from the same regions, and after pooling the samples from the same regions, they were subjected to metabolomics
analysis. The samples were collected in sterilized tubes and stored at a temperature of —18 °C until analysis, which was conducted 48 h
after collection. In the traditional Iranian yogurt-making process, milk of all types is boiled and condensed to about two-thirds of its
original volume. Once the milk has cooled down to a temperature of 40-45 °C, the previous batch of yogurt is used to inoculate the new
batch through a process known as back-sloping. After 12 h, the fermentation process is terminated, resulting in a natural yogurt with a
firm consistency and cooked flavor. All these operations are manually conducted in rural settings, using traditional methods that have
been passed down through generations and without the use of any machinery. It is worth noting that sheep, goats, and buffalos are
primarily raised in rural areas, grazing on pasture fodder. Additionally, due to the presence of specific breeds in certain locations, all
yogurt samples were collected after weaning their lambs and kids.

2.3. Analysis of yogurt—produced milk composition

We measured the fat, proteins, lactose, solid, not fat (SNF), density, salts, pH values, and conductivity of milk samples for making
yogurt using a Milkoscan Lactoscan MCC W V1 (Milkotronic, Bulgaria), following the ISO 9622:2013 (IDF 141:2013) procedure. The
measurements were carried out at 25 °C and in three replicates to assess reproducibility.

2.4. Profiling of fatty acids

2.4.1. Sample preparation

The analysis of fatty acids (FA) in yogurt samples was performed by gas chromatography [18]. For this purpose, yogurt fat was
extracted with a mixture of methanol and methylene chloride in a ratio of 1:9, followed by the evaporation of the solvent under a
vacuum at 40 °C [19]. The extracted fats were methylated using the Sukhija and Palmquist methods [20]. All extractions were carried
out in triplicate.

2.4.2. Gas chromatography

A gas chromatography (GC) machine (Shimadzu GC-17 AAF, V3, 230 V series; Shimadzu Corporation, Kyoto, Japan) with a flame
ionization detector (FID) and a molten silica capillary column (SP-2380, 100 m x 0.25 mm; Supelco Inc.) was used to measure the fatty
acids. This experiment used helium gas as the carrier and 250 °C injector and detector temperatures. The column temperature program
is set as follows: The initial temperature (40 °C for 1 min) was reached at 240 °C at a rate of 5 °C per minute, and then the final
temperature was maintained for 10 min. To determine the retention time, a mixture of standard fatty acids and purified acids (Sigma-
Aldrich Chemicals, USA) was used. Nonanoic acid was also selected as an internal standard. The relative metabolite levels in each
sample were normalized for fat-free dry matter.

2.5. Profiling of volatile compounds

2.5.1. Preparation and purging of samples

Ten grams of finely homogenized yogurt were combined with 10 g of dehydrated sodium sulfate and placed in a suitable U-shaped
vial. The 4460 A automatic refining system and a sample trap condenser (O.I. Analytical, College Station, TX, USA) with a Tenax trap
were used to extract volatile compounds. A flow of 40 ml/min of completely pure helium was used as the purification gas; the pu-
rification was controlled by a thermal sleeve for 20 min at 40 °C. The compounds collected in the non-cold trap were adsorbed at 220
°C for 2 min. The valves were kept at 180 °C, while the transmission line was kept at 120 °C. After adsorption, it was washed by
purification at 220 °C for 40 min. All extractions were carried out in triplicate.
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2.5.2. Refining and trapping of samples

The 4460 A was connected to an HP 6890 Series gas chromatographic system coupled to a selective mass detector (Hewlett-
Packard, Palo Alto, CA, USA). Data were collected and analyzed using a Vectra XM 5/166 PC and a Hewlett-Packard Enhanced
ChemStation G1701AA. The HP-INNOWax with a 60-m, 0.25-mm-diameter hair column coated with cross-linked polyethylene glycol
(0.25-mm film thickness) was used to separate the volatile compounds. The separation conditions were as follows: Helium was a
carrier gas with a constant of 1 ml per minute (min), a split ratio of 30:1, and an injection port at 200 °C. The furnace’s temperature
program was as follows: 32 °C for 7 min. The furnace operated at 32 °C for 7 min, then increased the temperature at a rate of 6 °C per
minute until it reached 220 °C, and finally maintained this temperature for 5 min. Lne (from the gas chromatograph to the mass
spectrometer) was kept at 220 °C. The detector operated in scan mode (3 scans per second) and total chromatogram mode (ion) from
19 to 250 amu. Ionization was performed by electronic ionization at eV 70. The ion source was kept at 220 °C, quadrupled to 108 °C,
and calibrated automatically. Peak identification was performed by comparing the MS spectrum with the HP Wiley 275 library and the
spectrum of injected standards, as well as the shelf life of the standards, if any.

2.6. Data analysis

Before we did a clustering analysis of the metabolome data, we used principal component analysis (PCA) to get a sense of how the
samples were distributed, find outliers, and find features that were not quite right. After that, Partial Least Squares Discriminant
Analysis (PLS-DA) and Ward’s method were used to find volatiles and fatty acids that could tell the difference between yogurt samples
from different species and regions. Using the algorithms implemented in the Vegan package of R software version 4.2.1, we obtained
variable importance in projection (VIP) scores to highlight and project the importance of each studied metabolite in discriminating
profiles in the studied samples. In this study, we focused on VIP scores in the PLS-DA predictive component, considering only those
metabolites with VIP values greater than 1 as a discriminant between the classes. The models’ quality was assessed using the cu-
mulative parameters R2X, R2Y, and Q2Y, and the models were deemed significant only if the difference between R2Y and Q2Y was less
than 0.50.

Descriptive statistical analyses, including mean and standard deviation (SD), were performed using SPSS (IBM® SPSS® Statistics
23) software. The significance of differences at the 5 % level was determined using analysis of variance (ANOVA) and t-test (P < 0.05).
All biochemical tests were conducted in triplicate for accuracy, and the entire experiment was repeated three times (n = 6).

3. Results and discussion

In this study, we analyzed the primary components of each yogurt (Table 1). The results across different milk types revealed that
Ghilan buffalo’s milk had the highest fat content at 11.77 %, whereas Kermanshah cow’s milk had the lowest at 2.63 %. Overall,
buffalo milk had, on average, twice as much as cow milk. Interestingly, a significant variation (P < 0.05) in fat content was observed
across all species. The high-fat content renders buffalo milk especially well-suited for the production of dairy products, such as
mozzarella cheese, known for its characteristic fresh and stringy texture [21]. Regarding protein content, Kermanshah sheep’s milk
and Kermanshah cow’s milk exhibited the highest and lowest values at 5.17 % and 2.72 %, respectively. Previous studies have
indicated comparable total protein levels in buffalo, cow, sheep, and camel milk, whereas goat milk has been observed to exhibit a
higher protein content [22]. The disparity in protein contents across regions is attributed to genetic variations among these animal
species, as well as differences in breed and feed. Among the species, Khorasan Razavi cow’s milk had the highest lactose content at
5.91 %, while Ghilan buffalo’s milk had the lowest at 4.01 %. Furthermore, Khorasan Razavi cow’s milk had the highest concentration
of salts at 0.89 %, whereas Ghilan buffalo’s milk had the lowest salt content at 0.62 %. A negative correlation between salt content and
electrical conductivity was observed, indicating that the conductivity decreases as the amount of salt increases. This effect arises due to
the presence of mineral electrolytes and colloidal ions, which decrease the resistance to the flow of electric current in water, the main
constituent of milk.

Additionally, it was noted that Kermanshah sheep’s milk exhibited a higher solid-not-fat (SNF) content compared to other species,
while Khouzestan buffaloes’ milk showed notably higher conductivity levels. Lactose and salts, acting as osmolytes, influence milk’s
freezing point. Regarding SNF content, Kermanshah sheep’s milk had the highest percentage at 10.98 %, whereas Kermanshah cow’s
milk had the lowest at 7.45 %. Camel milk contained more SNF than cattle, sheep, and goats. The highest density for Khorasan Razavi
cow’s milk was 38.57 %, and the lowest for Ghilan buffalo’s milk was 25.69 %. Similar significant pH variations were also observed,
with a notable difference in the pH of Yasouj’s goat milk (7.27). Genetic differences consistently have a significant impact on milk
composition; however, other factors such as calving, age, birth order, nutrition, feeding behaviors, lactation stage, and environmental
conditions also contribute. The conductivity of milk is highly correlated with the amount of mineral electrolytes such as chlorides,
phosphates, and citrates. The results of the current study are in line with the findings of previous researchers [22-26].

3.1. Investigation of fatty acid profile

The raw FA profile data of the studied samples was normalized before analysis. As seen in Supplementary Fig. 1, the bell shape
indicates the normal data distribution. Based on the length of the carbon chain or saturation, fatty acids can be broken down into three
groups: short-chain length FA (SCFA), medium-chain length FA (MCFA), and long-chain length FA (LCFA). They can also be broken
down into three types: saturated, monounsaturated, and polyunsaturated. A total of 15 analytes were investigated in this study, and 11
individual FAs (one SCFA, 4 MCFA, 3 LCFA, one MUFA, and 2 PUFA) were identified in yogurt samples. The FA profile of yogurt
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samples from different regions and animals is shown in complementary Table 1. An investigation of FA profiling showed that saturated
FAs form more than 80 % of the major components of total fatty acids in all yogurts from different regions and animals. The differences
in FA measurements between regions for the same animal type are relatively small, indicating a consistent fatty acid profile across
regions within each animal type. However, there are slight variations, such as in cows, where Khorasan Razavi’s shows a slightly
higher mean compared to Kermanshah.

In this study, the SCFA (C1:0-C5:0), which is crucial in the maintenance of human health, accounts for approximately 4.51 % and
4.38 % of all saturated FA in sheep and goat samples, respectively. But, the SCFA (mainly butyric acid, C4) made up less than 3 % of all
the saturated FA in yogurt from cows and buffalo. This might be because the rumen absorbed propionate and butyrate and then
changed them into small, volatile branched-chain fatty acids like caprylic and capric acids. Furthermore, sheep milk is distinguished by
a greater amount of butyric acid (C4:0) and ©-3 FA compared to other types of milk from ruminant animals [21]. In cow samples, the
percentage of medium-chain FA was approximately 26 % of the total fat, higher than in other species. Buffalo, goat, and sheep samples
had similar levels of medium-chain FAs. Values recorded for caprylic acid (C8:0) in goat milk were almost 3.5 times higher than those
in cow and buffalo yogurts. Goat milk has been found to be a rich source of SCFAs, which are easily digestible [27], with a relatively
high content of MCFAs [28]. It is noteworthy that a higher concentration of capric acid was also recorded for cow milk; this is in
contrast with the previous research [16,17,29-31]. This difference in capric acid values can be attributed to quite many known
intrinsic factors, such as the stage of lactation, breed, production technology, and genotype; or extrinsic factors, e.g., feeding rate,
production method, and the difference in the location where samples were collected [32-34]. Caprylic and capric acids, which come
from medium-chain FA tissue metabolism due to their absorption in the rumen, are also responsible for the distinct aroma and flavor of
goat yogurt [35]. The results of our study showed that lauric acid (C12:0) was found to be the most abundant among the medium-chain
FAs in all of the species. Some studies have found that goat milk has a higher percentage of medium-chain FA [2,30,36]. A concen-
trations and profiles in final products are mostly determined by the fatty acid content of raw milk as well as production methods in
dairy processing. In the current research, both buffalo (23 %) and cow (21.5 %) yogurt samples showed a higher relative percentage of
myristic acid (C14:0). Interestingly, palmitic acid (16:0) was found to be the most prevalent FA, regardless of ruminant breed and type.
The concentration of stearic acid (C 18:0) was significantly higher in Sarab and Khouzestan buffalo yogurt (P < 0.05) (12.96 and 12.64
%, respectively) and lower in Mianeh sheep yogurt (8.36 %). The mammary gland synthesizes myristic and palmitic acids by de novo
processes, while stearic and oleic acids are obtained from plasma lipoproteins.

Various studies have proven that ruminant fats generally consist of low levels of trans-FA, which range from 1 % to 8 %. There are
geometric and transpositional isomers of oleic acid. The main one is t11-C18:1 (vaccenic acid, t11), which is mostly found in ruminant
fats as the trans isomer [37,38]. Vaccenic acid was not detected in any yogurt samples in the present study. However, the opposite
trend was noticed for oleic acid and petroselenic acid (cis-9 C18:1+ cis-6 C18:1).

The combined concentration of oleic acid and vaccenic acid in goat and sheep samples was significantly higher (P < 0.05) than in
buffalo and cow samples (22 and 17 times higher, respectively). In addition, North Khorasan goat yogurt had the highest concen-
trations of oleic acid and vaccenic acid. Linoleic and a-linolenic acids are two PUFAs that are not synthesized by the mammary glands
[39]. As demonstrated in Supplementary Table 1, the percentage of linoleic acid (C18:2) in goat and sheep yogurts was not signifi-
cantly different (P < 0.05), while it was significantly higher in all buffalo and cow yogurts. Significant variation was found in
a-Linolenic among yogurt samples (P < 0.05). In comparison to cow and buffalo yogurts, goat and sheep yogurts had higher con-
centrations of a-Linolenic. The percentage difference was 3.82 % and 3.36 %, respectively. On the other hand, Hormozghan goat
yogurt had the highest concentration (1.96 %). In contrast, Ghilan buffalo yogurt had the lowest content (0.57 %). It is because some
breeds of cattle have a lot of cellulolytic bacteria in their rumen. These bacteria make odd-chain fatty acids [40]. This is why there are
higher levels of oleic acid and a-linolenic acid [40].

The level of conjugated linoleic acid (CLA) was also found to be higher in goat and sheep yogurt than in other species [30]. Our
results comply very well with those reported by Sarma et al., 2021 [16] and Caboni et al., 2019 [10]. It has been shown that feeding
lactating dairy cows that are supplemented with grape pomace impacts the quality of both milk and the dairy products that are
generated from it, generally increasing the content of polyunsaturated FA (Ianni & Martino, 2020). It was also seen that higher lipolysis
by microbes and milk enzymes naturally increased free FA, especially in yogurt samples that had olive leaves added [41]. As a result, it
is difficult to compare the percentage of each specific free FA in different yogurt samples because a variety of factors influence it.

The generated heatmap (Supplementary Fig. 2) illustrates the relationships among various fatty acids in the yogurt samples,
revealing two distinct correlation patterns among the 11 fatty acids. The study found that butyric acid (4:0) had a positive relationship
with oleic acid + petroselenic acid (cis-9 C18:1 + cis-6 C18:1) and linoleic acid (18:2). On the other hand, caproic acid (C6:0) had a
positive relationship with caprylic acid (8:0). Conversely, butyric acid (4:0) displayed a negative correlation with myristic acid
(C14:0), palmitic acid (C16:0), stearic acid (C18:0), and capric acid (C10:0).

The correlation analysis (Supplementary Fig. 3) revealed significant (P < 0.05) variations in metabolites across the yogurt samples.
Specifically, methyl acetate showed a strong positive correlation (>0.9) with diacetyl, octadecadienoic acid, benzoic acid, and butyric
acid. In the same way, 2-butane, hexyl hexanoate, 2-heptanone, and butyl formate all had strong positive relationships with furan
metabolites.

Furthermore, strong negative correlations (<—0.9) were seen, showing that the presence of methyl acetate and diacetyl metabolites
was opposite to that of furan, butyl formate, 2-heptanone, 4-methylbenzaldehyde, and octalactone metabolites. It was also found that
the furfural metabolite had a strong negative relationship with the anethole metabolite and a strong positive relationship with the 2,5-
dimethyloxan-2-yl methanol metabolite.
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3.2. Volatile profile

The innately volatile elements in raw milk, which are altered by pasteurization, fermentation, processing, and storage, provide the
underlying flavor of dairy products. The natural microbiome in indigenous yogurts does not significantly produce the volatile organic
compounds typically found in yogurt; instead, these compounds originate from the milk. Supplementary Table 2 shows the volatile
compounds identified in the traditional yogurt samples. Using GC-MS analysis, a total of 36 compounds were identified in the yogurt
samples. The most predominant class was carbonyl compounds (11), followed by acids (9), alcohols (5), esters (5), aromatic com-
pounds (3), heterocyclic compounds (2), and terpenes (1). Among all metabolites, we found 18 that differed significantly across
various types and locations. Additionally, nine metabolites were detected exclusively in specific animals. There were no traces of 2-
propanone, 2-butanone, methyl acetate, hexyl hexanoate, or diacetyl found in cow or buffalo yogurt, but more of these compounds
were found in samples of sheep and goat milk. On the other hand, compounds such as 2-heptanone, butyl formate, furan, and 2-oxo-
pentanedioic acid were not found in sheep and goat yogurts.

One of the most prevalent metabolites found in the various yogurt samples was 4-methylbenzaldehyde. Although aldehydes are
unstable and readily convert into alcohols or their corresponding acids, they can still contribute malt, oil, or butter aroma to yogurt [7,
42]. Methylbenzaldehyde is a cherry- and fruity-tasting aldehyde found in yogurt, produced mainly from the oxidation of unsaturated
fatty acids [43]. No significant differences (P > 0.05) were observed among the animals for 4-methylbenzaldehyde. However,
benzaldehyde showed significant variability across different types of yogurts (cow, buffalo, sheep, and goat) and locations. Notably,
Mianeh sheep yogurt exhibited the lowest benzaldehyde content (4.53 %) among all yogurt types tested.

Lipid oxidation is the most common hydrocarbon source. Significant differences were observed in hydrocarbon concentrations
between the samples. Additionally, furan was found exclusively in cow and buffalo yogurt samples, constituting 1.1 % of the volatile
compounds, while diacetyl was present only in sheep and goat yogurt samples. Diacetyl and acetaldehyde are the most potent flavor
compounds in yogurt. In the current study, no statistically significant differences (P > 0.05) in acetaldehyde concentrations were
observed across the different yogurt species. Low acetaldehyde levels can be attributed to non-starter lactic acid bacteria, dis-
tinguishing yogurt from other fermented dairy products like milk [44]. This may be due to the reduction of diacetyl to acetoin. Urbach
(1995) suggests that starter bacteria can potentially reduce diacetyl to acetoin, while non-starter lactic acid bacteria further convert it
to 2-butanone, thereby having a minor influence on the flavor of dairy products. Additionally, key constituents of yogurt, such as fats,
proteins, and carbohydrates, can significantly mitigate actual volatile emissions [45,46]. Notably, 2-butanone, dimethyl sulfide,
ethanol, and 2-propanone, all known to create off-flavors in milk and dairy products, have been documented. Ketones, like other
volatile compounds, are found in yogurt [47]. Streptococcus thermophilus fermentation has a significant impact on ketone content. The
preheating process initially accelerates milk ketone synthesis [48]. Then, during fermentation, the autoxidation reactions of unsat-
urated fatty acids can produce ketone molecules [48]. For example, 2-heptanone is synthesized by the p-oxidation of saturated fatty
acids followed by decarboxylation or decarboxylation of f-ketoacids found naturally in milk fat. Some methyl ketones, however, were
not found in all the yogurts. Interestingly, 2-propanone was only identified in sheep’s milk at a higher amount.

Ketones, which give yogurt its distinctive smell, are primarily formed by the oxidation of unsaturated fatty acids, heat degradation,
and microbial metabolism. They experience the greatest increase in odor emissions following oral processing [49]. The key ketones
found in this study were 2-heptanone and 2,3-pentanedione. The chemical decarboxylation of 2-aceto-2-hydroxybutyrate leads to the
production of 2,3-pentanedione. Acetone was found at various levels in all yogurts from different species, with a slightly sweet flavor, a
small portion derived from milk, and the majority produced by lactic acid bacteria metabolism. According to Cheng (2010), acetone
plays a negative role in the flavor of yogurts. 2-heptanone and 2-nonone, common ketones in cheese, were found only in cow and
buffalo samples in this study.

Esters are formed by enzymatic or chemical esterification of free fatty acids and alcohols. Most esters contribute to fruity and floral
odors by reducing the spiciness and bitterness of fatty acids and amines, thereby enhancing the odor [7,50]. Among the esters, ethyl
acetate was predominant in the samples. Alcohols are primarily formed by the oxidation of fats and the reduction of aldehydes and
ketones. The majorities of them are classified as intermediates and play a role in the synthesis of esters [51]. In our study, meso-3,
4-hexanediol was found at lower levels compared to other alcohols in all yogurt samples. Additionally, meso-3,4-hexanediol and
(2,5-dimethyloxan-2-yl) methanol were notably elevated in Kermanshah cow yogurt. Despite variations in 2-methyl-1-butanethiol
across different species, the concentration was twice as high in sheep and goat yogurts. It is worth noting that some aldehydes with
citrus and fresh odors were converted to alcohols with greasy odors during fermentation and storage, affecting the flavor of the yogurt.

Both non-volatile and volatile carboxylic acids play a crucial role as flavor components in dairy products, enhancing the product’s
sensory characteristics [52]. Although lactic acid is not a volatile carboxylic acid, it is discussed here due to its significant role in
determining the flavor of yogurt. Lactic acid contributes significantly to the scent and flavor of yogurt. It is a key taste and functionality
ingredient in many fermented foods, giving yogurt its refreshingly tart flavor. Some researchers think that amino acids are the most
important building blocks for most volatile fatty acids because they help make acids. Other researchers think that C2-C4 acids are
mostly made by lactic acid bacteria and C4-C20 acids are mostly made by breaking down fat [7]. Nine acidic compounds—thioctic
acid, octadecadienoic acid, hexanoic acid, octanoic acid, decanoic acid, and butyric acid-were identified in the volatile fraction of all
yogurts. Among the nine identified acids, hexanoic acid and octanoic acid were the main acidic compounds in all yogurt types except
for Khouzestan buffalo yogurt, which was different from previous reports [7,53]. Additionally, 4-methyl-3-pentanoic acid was not
present in cow yogurt, while 2-oxopentanedioic acid was only detected in cow yogurts and at a significantly higher concentration
(eight times higher) in Khouzestan buffalo yogurt.

Terpenes are organic compounds produced by plants as secondary metabolites. They are commonly found in shrubs, grasses, and
trees, and are particularly abundant in plants from hilly areas. When animals consume a diet rich in terpene-containing vegetation,
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Fig. 1. (a): Scores plots of (a) Principal component analysis (PCA), (b) Partial least squares discriminant analysis (PLS-DA) of the fatty acid profile
of Buffalo, Cow, Goat, and Sheep yogurt samples. Three samples were analyzed from each group. Each color symbol represents the source of
sampling. The x-axis represents the correlation coefficients of principal components and FA, and the y-axis represents the correlation coefficient
between principal components and FA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

terpenes can also be present in milk and consequently in yogurts, imparting flavors reminiscent of desserts [54,55]. In the present
study, limonene was detected in all samples except Zahedan cow yogurt. The highest concentrations were found in Kermanshah cow
yogurt and Khouzestan buffalo yogurt, with levels nearly four times higher than those in the other yogurts. This suggests that variations
in feed, environmental conditions, and microbial populations specific to each region and type of milk influence limonene levels.
Anethole, a derivative of phenylpropene, is found in the essential oils of anise and fennel (Clarke, 2008). Buffalo yogurt from Zahedan
(6.29 %) had the highest concentration of anethole, while cow and goat milk from Kermanshah (0.96 %) had the lowest.

3.2.1. Cluster analysis of identified metabolites

In this study, PCA was employed to understand the effects of different animals and locations on the fatty acid profiles and volatile
compounds of the yogurt samples. This method allows investigators to examine all identified metabolites, describe their influence in
one sample, and compare those results to effects in different samples (Worley & Powers, 2013). For fatty acid profiles, PCA showed four
separate groups, with samples clustering separately on the PCA score plot, showing big differences in how they were put together
(Fig. 1). Specifically, buffalo, sheep, cow, and goat yogurts exhibited distinct fatty acid profiles. The first and second components
explained 84.6 % and 11.2 % of the variance, respectively, underscoring the robustness of the model. Overall, PCA captured a large
proportion of the variance in FA, making the visual separation effective and meaningful. The tight clustering within each ellipse
suggests that each group has low variability.

To find important metabolites that help with differentiation in the PLS-DA method, values with variable importance in projection
(VIP) scores >1 were chosen to show how the FA characteristics of various samples were different. Oleic acid and petroselenic acid (cis-
9 C18:1 and cis-6 C18:1) had the highest VIP score, followed by myristic acid and palmitic acid. These FA were identified as differential
compounds distinguishing between animal groups, with oleic acid and petroselenic acid indicating the unique feature of goat’s fatty
acid profile. Significant differential FA in buffalo yogurt samples included myristic acid, palmitic acid, and stearic acid, while capric
acid and lauric acid showed high VIP scores in cow yogurts. Additionally, the heat map using the Ward method highlighted signifi-
cantly different FA between species (Fig. 2, panels a, b).

For volatile compounds, PCA was used on the GC-MS data variables to show what was the same and what was different about the
yogurt samples from different animals. This led to the identification of three separate species groups. The PCA score plots showed
similar patterns for buffalo and cow samples, indicating a close relationship between their metabolites. There was no clear grouping
among the cow and buffalo metabolites, suggesting that breed and location had a minimal effect on the volatile profiles of their
yogurts. In contrast, goat and sheep samples formed separate clusters, demonstrating a clear distinction between these species. The
first and second components accounted for 47.3 % and 27.4 % of the variation in volatile metabolites, respectively (Fig. 3a). The
significant differences between the groups highlighted the substantial variability in the volatile metabolite profiles of the tested yo-
gurts. However, there was a big difference in the amount of fatty acids found in all species in the PCA plots. This suggests that the
natural microbiome system in yogurts may have a bigger effect on how they taste and how volatile their profiles are.
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Fig. 2. (A): Validation metrics for the PLS-DA model, R2Y and Q2. (B): Variable importance in projection (VIP) values above 1.5 derived from PLS-
DA, to compare the variability of FA between 4 species. (C) Plots obtained by cross-validation method (leave-one-out cross-validation [LOOCV])
applied on partial least squares-discriminant analysis (PLS-DA) of volatile data. (D): Variable importance in projection (VIP) values above 1.5
derived from PLS-DA, to compare the variability of volatile between 4 species.

Similar to PCA, data clustering using PLS-DA score plots of volatile compounds showed unique patterns for each species (Fig. 3b).
Buffalo, cow, sheep, and goat samples formed four separate clusters with a certain distance from each other in terms of volatile
metabolites. Goat and sheep yogurt samples exhibited higher variability, with a wider spread in the score plot than buffalo and cow
yogurt samples. The goodness of fit (R2Y) and predictive ability (Q2) parameters were used to verify the accuracy and predictability of
the PLS-DA model. The first and second components accounted for 45.8 % and 27.1 % of the variation in volatile metabolites in
different samples, respectively. A comparison of the VIP method (Fig. 2; panels c, d) identified 15 metabolites with significant dif-
ferences in abundance between the samples. Compounds with VIP values above 1.5 were selected based on the PLS-DA loading values.
There were 15 different metabolites that were tested. Three of them were significantly different between the yogurts. These were
myristic acid (C14:0), palmitic acid (C16:0), and oleic acid and petroselenic acid (cis-9 C18:1 and cis-6 C18:1).

Ward’s method aims to minimize the differences within clusters by merging those with the smallest dissimilarities. The process
starts with each item as an individual cluster, progressively combining similar items into existing clusters. This continues until all items
are grouped into one cluster in the final stage, with each item starting with its own cluster. Once items are clustered, they remain
together. The goal is to identify the optimal number of stages required to effectively cluster the items [56]. The clustering of fatty acid
profiles using Ward’s method, illustrated in Fig. 4, identified two primary clusters, each divided into two sub-clusters. Butyric acid
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principal components and metabolites. (b): Partial least squares discriminant analysis (PLS-DA) for volatiles. (For interpretation of the references to
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e . 2 elass

6-orepng-unybno,

t
g
§

g-orepng-unybno

Hin
eeite
111

c4:0 Buttalo
coc1s:1 +coc1s:1 [ 4 g::
c18:2

c6.c9.c12C18:3

C6:0

c8:0

C12:0

C16:0

C18:0 -2

C10:0

C14:0

Fig. 4. Heatmap visualizing the top different FA’s concentrations among the species. Colored cells correspond to concentration value (samples in
column and compounds in a row). Data presented were normalized and subjected to T-test/ANOVA and features were standardized to auto-scaling.

(4:0), oleic acid + petroselenic acid (cis-9 C18:1+ cis-6 C18:1), and linoleic acid (18:2) were all in sub-cluster 1, and their presence
patterns were the same across all the samples. Despite differences in these fatty acids’ presence patterns in sheep samples compared to
cow and buffalo samples, they showed similarities with goat samples. Sub-cluster 2 comprised caproic acid, caprylic acid, and
a-linolenic acid (C18:3 (cis 9, 12, and 15), which shared a presence pattern. The presence pattern of these fatty acids in buffalo samples
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Fig. 5. Heatmap plot clusters of volatile compounds in yogurt samples from diverse species.

differed significantly from goat and sheep samples but was similar to cow samples. Capric acid, myristic acid, palmitic acid, and stearic
acid were all in sub-cluster 3, and their presence patterns in the samples were similar. Lauric acid, on the other hand, was in sub-cluster
4, and its presence pattern was different. Except for lauric acid, the fatty acid profiles in buffalo samples matched those in cow samples,
while sheep samples were similar to goat samples. Lauric acid showed a unique presence pattern, with similarities between goat and
buffalo samples and cow and sheep samples. To identify the four main groups of yogurt metabolites, a heat map using Ward’s method
was created, as shown in Fig. 5. This figure reveals differences in the abundance of metabolites between yogurts from different species.
The metabolite profiles of goat and sheep samples are clustered into individual groups, in contrast to buffalo and cow yogurt profiles.

4. Conclusion
In the present study, the GC-MS-based metabolomics approach successfully highlighted the differences in FA and volatiles between

various ruminants and regions in traditional Iranian yogurts. The milk from four different animal sources (buffalo, cow, goat, and
sheep) used for yogurt production was analyzed and compared. Significant differences in the fatty acids and metabolites were observed
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among the yogurts produced from these different types of milk. These differences were primarily attributed to milk composition, feed
variations, environmental conditions, and region-specific microbial populations. The main FAs that set cow, buffalo, sheep, and goat
yogurts apart were myristic acid (C14:0), palmitic acid (C16:0), and a mix of oleic acid and petroselenic acid (cis-9 C18:1 + cis-6
C18:1). Two-heptanone, methyl acetate, two-propanone, butyl formate, and four-methyl benzaldehyde were named as important
metabolites in yogurts that are volatile compounds. In projection using the PLS-DA algorithm, variable importance indicated that
myristic acid and capric acid (C:10) could be used as important indicators of FA for buffalo and cow yogurt. In contrast, samples from
goats showed the highest VIP scores for oleic acid and petroselenic acid (cis-9 C18:1 and cis-6 C18:1). It was found that 2-heptanone,
methyl acetate, 2-propanone, butyl formate, and 4-methyl benzaldehyde are some of the most important volatile compounds that help
yogurts stand out. Overall, the connections found between metabolites and important milk traits suggest that the metabolite profile
could be used as a predictive biomarker in different areas of the dairy industry, such as creating new hybrid dairy products using
different types of milk and autochthonous starter cultures. Although the study was constrained to a limited number of regions in Iran
due to funding and resource limitations and did not account for a higher number of samples per region or seasonal variability in milk
metabolites affecting yogurts, the promising results encourage further research in this area.
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