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INTRODUCTION 

 

The main element that gives traditional dairy products their usual characteristics is 

their natural flora. Today, unique characteristics of many traditional dairy products 

(e.g. artisanal cheeses, kefir etc.) rely on the metabolic activities of the natural flora 
of raw milk. However, this is not the case for yogurt because yogurt milk must be 

subjected to high heat treatment to obtain a proper gel matrix prior to being 

inoculated with yogurt culture. In rare practices, yogurt is inoculated with yogurt 
of previous productions (Ozer, 2006). Considering the volume of yogurt 

production on a global scale, this practice is not applicable. Therefore, the use of 

defined cultures in large scale yogurt production is inevitable. The first use of 
starter culture in yogurt production was realized in 1919. Until early 1960s, home-

made or local yogurt productions were dominant over industrial productions 

(Aryana and Olson, 2017). With the introduction of the use of commercial 
defined starter cultures in yoghurt production, a significant success has been 

achieved in product standardization. Estimating the end product quality and 

process time has brought important commercial advantages for yogurt producers. 
Today, both industrial applications and international regulations mandate the use 

of combination of Streptococcus thermophilus (Str. thermophilus) 

and Lactobacillus delbrueckii subsp. bulgaricus (Lb. bulgaricus) as the starter 
culture in the production of yogurt. The balance between the strains of these two 

starter bacteria is of critical importance for obtaining a well-balanced textural and, 

aroma and flavor characteristics (Tamime and Robinson, 2007).  
Yogurt starter bacteria synthesize one or more metabolites that each other needs 

for development and encourage their growth mutually (Angelov et al., 2009; Smid 

and Lacroix, 2013; de Souza Oliveira et al., 2012). Since Str. thermophilus does 
not have an advanced proteolytic capacity, it cannot synthesize essential amino 

acids and free peptides required for its growth (Sieuwertz et al., 2008). In contrast, 

Lb. bulgaricus has the ability to produce free amino acids (valine, glycine, histidine 
etc.) from caseins, which are used by Str. thermophilus as growth factors 

(Ginovart et al., 2002; El-Zahar et al., 2003). The growth of Lb. bulgaricus is 

stimulated in the presence of formic acid, predominantly released by Str. 

thermophilus (Zourari et al., 1992; Settachaimongkon et al., 2014). In addition, 
the CO2 released during the urea metabolism of Str. thermophilus, is an effective 

factor enhancing the growth of Lb. bulgaricus (Routray and Mishra, 2011). The 

growth rate of each bacteria and accordingly rate of fermentation are promoted by 
this proto-cooperation, when it is compared with single culture performances 

(Yamauchi et al., 2019).   

One of the basic principles of food processing is to ensure that traditional foods are 
passed through the industrial process with the concept of food safety, while 

preserving their basic characteristics which are the reason for consumers' 

preference. This approach aims to preserve the original/traditional quality of the 
product as much as possible. The desired properties in the final product are reached 

beyond any doubt with the selection of suitable starter culture strains used in the 

production of yogurt at the industrial level. The formation of the characteristic 
taste/aroma and textural properties of yogurt is a result of the metabolic activities 

of the bacteria used and is highly strain-dependent. Since all fermentation 

metabolism is regulated by starter bacteria, correct understanding of the metabolic 
activities of yogurt bacteria and the proto-cooperation between them is very 

important in terms of modifying the characteristic properties of yogurt to meet 

consumers’ demands (Ozer, 2006). In our previous study, single isolates of Str. 
thermophilus and Lb. bulgaricus obtained from local yogurt samples obtained from 

different areas of Turkey were screened for their suitability to industrial yogurt 

productions (Uzunsoy et al., 2021). Based on the fermentation profiles (gelation 
characteristics, pH reduction profiles, aroma development capacities) of single 

isolates, candidate combinations of yogurt bacteria for industrial yogurt 

productions were selected. This study aimed to evaluate bacterial strain 
combinations selected in Uzunsoy et al. (2021) for their suitability for industrial 

yogurt productions based on gelation profiles, physical characteristics, lipolytic 

capacities and sensory properties. Since the proteolytic activities of individual 
strains used in the formation of starter combinations in the present study were low 
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(Uzunsoy, 2018), we did not consider the proteolysis as evaluations parameter in 

the present case. 

  

MATERIAL AND METHODS 

 

Bacterial strains and chemicals 

 

Bacterial isolates one Str. thermophilus (ST) and five Lb. bulgaricus (LB), Table 

1 used in this study were obtained from culture collection created by the project 

titled “Development of industrial yogurt starter combinations from single strains 

of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus 

isolated from local dairy products in Turkey” (Project No: 112D052, financially 
supported by The Scientific and Technological Research Council of Turkey-

TUBITAK). The details of the technological performances of single isolates and 

geographical locations where the isolates obtained are given in Uzunsoy et al. 

(2021). All chemicals were provided from Sigma-Aldrich Co. (Sigma-Aldrich Co., 

St. Louis, MO, USA) unless otherwise stated. Cow’s milk was supplied from 
Ankara University Dairy Farm and yogurt production was performed at Pilot Dairy 

Plant of Ankara University, Ankara, Turkey.  

 

Table 1 Combinations of isolates used in the study 

Bacteria Strain 
Codes in the present 

study 

Str. thermophilus KLDS SM ST5 

Lb. bulgaricus 

MGB27-2 
IMAU11365 

SKB1083 

MN-BM-F01 
JCM1002 

LB2 
LB3 

LB5 

LB6 
LB7 

 

Preparation of combined cultures and yogurt production 

 

For pre-activation of stock cultures, freeze-dried isolates of Lb. bulgaricus and Str. 

thermophilus were inoculated into 5 mL of MRS and M17 broths, respectively. Lb. 
bulgaricus strains were incubated at 43°C for 72 h under anaerobic conditions and 

Str. thermophilus strains were incubated at 37°C for 24 h aerobically, and were 

kept at 4°C for 24 h after incubation. These pre-activated strains of Str. 
thermophilus and Lb. bulgaricus (ca. 9 log cfu/mL) were mixed in a 1:1 ratio to 

prepare culture combinations as widely attributed in the literature (Tamime and 

Robinson, 2007). Yogurt samples were produced by inoculating ca. 9 log cfu/mL 
of combined cultures into 500 mL of fresh cow’s milk [3.2% (w/v) milk fat and 

3.0% (w/v) protein] which was heat-treated at 90 °C for 10 min. Samples were 

incubated at 43°C until pH 4.6 was attained, and then were stored at 4 °C for 21 
days.  

 

Determination of acidification profiles of combined strains 

 

The pH values of milk samples inoculated with each combination of yogurt 

bacteria were monitored during fermentation with hourly intervals at 43 ºC until 
pH 4.6 was attained. pH measurements were achieved by means of a combined 

electrode pH-meter (Hanna Instruments, Rhode Island, USA).  

 
Quantification of free fatty acids (FFAs) of yogurt samples 

 

Lipid extraction. Lipid extraction from yogurt samples was carried out as per de 

Jong and Badings (1990). For this purpose, 3 g of yogurt sample was mixed with 

8 g of anhydrous sodium sulfate. This mixture is transferred to a capped flask, and 

0.3 mL of 2.5 M H2SO4, 1 mL of internal standard solution [valeric acid (C5:0), 
heptanoic acid (C7:0), heptadecanoic acid (C17:0), each at a concentration of 0.5 g/L] 

and 15 mL ether/heptane (1:1) were added to each sample mixture. The samples 

were mixed by vortex for 1 min and centrifuged at 490 x g for 2 min. The upper 
clear phase was transferred to capped bottles containing 1 g of anhydrous sodium 

sulfate, and collected for solid-phase extraction. 

Solid-Phase Extraction. The aminopropyl columns (AccuBond II SPE, Agilent 
Technologies Ltd., CA, USA) were preconditioned with 10 mL of heptane before 

use. The collected supernatant from the previous step was passed through the 
column under vacuum and the triglycerides were eluted. Then, neutral triglycerides 

were removed by passing 20 mL of hexane:2-propanol (3:2, v/v) mixture. The fatty 

acids attached to the column filling material were extracted with 2.5 mL of ether 
solution containing 2% formic acid and the entire free fatty acid extract was taken 

into 1 mL amber vials (Agilent Technologies Ltd., CA, USA), capped with 

polytetrafluoroethylene (PTFE) septa (Agilent Technologies Ltd., CA, USA). 
FFAs were determined by injecting 0.5 μL of this solution directly on the gas 

chromatography (GC 6890 series, Agilent Technology, CA, USA) equipped with 

a flame ionization detector (FID) and TR-FFAP capillary column (30 m x 0.25 mm 

x 0.25 µm CP7420, Agilent Technologies Ltd, CA, USA) . Nitrogen (purity:  

≥99.999%) was used as carrier gas at a flow rate of 2 mL/min.  The oven 

temperature was kept at 260°C and the injector temperature was set at 250°C. 0.5 
μL aliquots were injected on column with a split ratio of 1:40. The temperature 

program was initially kept at 90 °C for 1 min, then increased by 7 °C per min to 

240 °C and kept constant at this temperature for 15 min.  

For calculation of FFAs concentrations, a standard mixture was prepared at five 

concentrations (100-500 mg/kg). 0.05 g of each fatty acid was weighed and made 

up to 50 mL with 6% formic acid prepared in ether. The standard mixture prepared 

as 1000 mg/kg master stock was injected into the device under the same conditions 
and the standard curve was drawn. The concentrations of FFAs were calculated 

using the equations (1) and (2) and expressed as mg/kg: 

 

i

i st

st

A
C C RF DF

A
=   

                                                                          (1) 

 

 𝑅𝐹 =
Standard peak area

Compound peak area
× 

Concentration of compound

Concentration of internal standard 
                                              (2) 

 
where Ci is the concentration of the compound (mg/kg), Ai is the peak area of the 

compound, Ast is the peak area of the internal standard, Cst is the concentration of 

internal standard (mg/kg), RF is the response factor and DF is the dilution factor.  
Butyric acid (C4:0), caproic acid (C6:0) and caprylic acid (C8:0) were evaluated on 

the basis of valeric acid; capric acid (C10:0), lauric acid (C12:0) and myristic acid 

(C14:0) on the basis of heptanoic acid; palmitic acid (C16:0), stearic acid (C18:0), 
linoleic acid (C18:2) and linolenic acid (C18:3) on the basis of heptadecanoic acid.  

 

Rheological characterization of yogurts and fermenting milks 

 

Small deformation dynamic rheological analysis  

 

Small deformation analysis of fermenting milk and yogurt samples was conducted 

on a dynamic rheometer (Kinexus Pro+, Malvern Instruments Ltd., 

Worcestershire, UK). Both gelation profiles of fermenting milks during 
fermentation and small oscillatory rheological profiles of yogurt samples were 

determined as per Ozer et al. (1998). To determine the transition of fermenting 

milks from sol to gel phase, milk samples inoculated with starter bacteria were left 

to gel between two parallel plates ( 20 mm) at 43 °C and time-dependent changes 

in elastic modulus (G', storage modulus) and viscous modulus (G", loss modulus) 

were monitored. tan δ (G"/G') values of the samples were calculated at G'=1 Pa. 
The frequency and deformation rate were applied as 1 Hz and 3%, respectively, 

and the temperature was controlled at 43 ºC throughout the measurement by a 

water bath connected to the rheometer. The measurements were ceased when the 
pH of fermenting milk was attained 4.6. 

Frequency sweep tests were used to analyze the small oscillatory rheological 

properties of the yogurt samples at 1 and 21 days of cold storage. Measurements 
were carried out using a parallel plate geometry with 20 mm diameter at 4 ºC. The 

frequency range applied was 0.01 to 10 Hz. tan δ values of yogurt samples were 

calculated at 1 Hz. Apparent viscosities versus shear rate (0.01 to 10 s-1) was also 
measured to determine the flow behavior of the samples. All rheological 

measurements were carried out within the linear viscoelastic region defined by 

preliminary tests and the convenience to non-Newtonian flow models was 
determined by Power Law model. Measurements were done in triplicate.  

 

Large deformation texture analysis 

 

The resistance of yogurt samples to large deformation forces was measured with 

the back extrusion test using a Texture Analyzer (TX.2TA model, Stable Micro 
Systems, Godalming, UK). The device was operated with a cell load of 5 kg and 

the samples were subjected to the penetration test under a 30 mm cylindrical probe. 

The penetration depth and the penetration rate were 15 mm and 1 mm/s, 
respectively. Measurements were carried out at 4 °C and firmness, cohesiveness, 

consistency and index of viscosity values were recorded. Measurements were done 

in triplicate.  
 

Sensory analysis 

 

The yogurt samples were organoleptically evaluated at the end of cold storage (at 

day 21). Sensory evaluations were made using the 5-point hedonic scale (Isleten 

and Karagul-Yuceer, 2006), with volunteer adult tasters of both genders (n=50) 

who consume yogurt regularly. Before the test, participants were provided with 

information about the yogurt samples offered to them and then were given oral 
instructions on how to conduct the test. An evaluation sheet with a balanced 5-

point hedonistic verbal scale (1-dislike a lot, 2-dislike a little, 3-neither like nor 

dislike, 4- like a little, 5- like a lot) was given to each consumer. Odorless and 
tasteless cracker and water were also given to cleanse the palate between samples.  

 

Enumeration of starter cultures  

 

For the enumeration of Str. thermophilus and Lb. bulgaricus colonies M17 agar 

(spread pale technique) and acidified-MRS agar (pH 5.4, pour plate technique) 
medium were used, respectively. Serial dilutions were prepared in Ringer’s 

solution. For Str. thermophilus, incubation was carried out under aerobic 

conditions at 37 °C for 24 h, and for Lb. bulgaricus, petri plates were incubated at 
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43 °C for 72 h under microaerophilic conditions created by an anaerobic medium 

kit (Anaerocult®A, Merck Millipore, Darmstadt, Germany). Colony numbers were 

calculated by equation 3 (Anonymous, 2005).   

 

  1 2( 0.1 )

C
N

V n n d
=

 + 
                                                                         (3) 

 

where N is the number of microorganisms in 1 g of yogurt sample, C is the total 
number of colonies in all counted petri dishes, V is the volume of diluted sample 

transferred into counted petri dishes (mL), n1 is the number of petri dishes counted 

from the first dilution, n2 is the number of petri dishes counted from the second 
dilution and d is the dilution rate of the higher concentration of the two consecutive 

dilutions counted.  

 
Statistical analysis 

 

Statistical analyses were performed by one-way ANOVA using SPSS version 17.0 
(Cary, NC, USA). Differences between the groups were determined by least-

significant difference (LSD) test (p>0.05) for sensory evaluation. Texture analysis 

results were reported as mean ± SD. Experiments were carried out in triplicate.  

 

RESULTS AND DISCUSSION 

 
Acidification performances of combined cultures  

 

One of the most important factors in selection of starter cultures for yogurt 
production is the acidification performances of the bacteria (Liu et al., 2016). Slow 

acidification rate during fermentation can cause defects that directly affect the 
quality of yogurt, such as serum separation and insufficient aroma/flavor 

development (Tamime and Robinson, 2007). In addition, the prolongation of the 

fermentation period also leads to economic losses. In general, strains with fast 
acidification abilities during fermentation and limited post-acidification capability 

are preferred in yogurt production. The pH-time profiles of the yogurt samples are 

presented in Figure 1.  
 

    
a)                                                           b) 

 
          c)                                                                d) 

 
                                        e) 

Figure 1 pH profiles of the starter combinations during fermentation (fermentation 
end point: pH 4.6). (a) ST5/LB2, (b) ST5/LB3, (c) ST5/LB5, (d) ST5/LB6, (e) 

ST5/LB7. For sample codes please refer to Table 1. Standard error bars are smaller 

than symbol dimension 

In industrial scale yogurt production, the whole fermentation process is expected 

to complete within 4-6 hours. Overall, all combinations reached to pH 4.6 around 

5 h with slight differences in the pH-time profiles, ST5/LB2 observed as the most 

prominent combination. Acidification velocity of yogurt milk is one of the major 

parameters determining coagulation process during fermentation (de Brabandere 

and de Baerdemaeker, 1999). During yogurt fermentation, the pH-driven changes 
in casein micelle stability occur in three distinct phases. In the first phase, the pH 

of milk drops to ca. 6 where very small amount of colloidal calcium phosphate is 

dissolved, indicating small changes in casein micelle stability. In the present case, 
all combinations reached to pH ca. 6 within less than two hours. In the second 

phase, pH of fermenting milk reaches to 5.1-5.2 where colloidal calcium phosphate 
is completely dissolved (de Brabandere and de Baerdemaeker, 1999). All the 

combinations reached to this pH range within 3 hours. In the final stage, the pH 

reaches to 4.6 where all the caseins are solubilized and yogurt gel matrix is formed. 
Total fermentation times of the yogurt samples varied between 282 and 330 min. 

These figures may well be optimized to ca. 240 min (as mostly desired by industrial 

applications) by adjusting the cocci to bacilli balance in the commercial 
combinations. In the present case, the ratio between Str. thermophilus and Lb. 

bulgaricus isolates was set to 1:1.  

 
Gelation profiles of fermenting milks 

 

The rheological changes during gelation of fermenting milks are presented in 
Figure 2. In general, gelation profiles of all combinations were similar. Although 

the time intervals varied, an adaptation period was observed before gelation started 

(at G'=1 Pa) in all combinations. This was in line with the fact that colloidal 
calcium phosphate is dissociated very slowly at higher pHs (i.e. ~6.0). This period 

also coincides with the lag phase of bacterial growth (Tamime and Robinson, 

2007). The combination of ST5/LB3 had the shortest transition time from sol to 
gel phase (25 min) and the combination of ST5/LB7 had the longest (157,5 min). 

The latter combination yielded a fairly weak gel during fermentation compared to 

other samples. Yogurt gel is defined as a typical viscoelastic acid casein gel, and 
the viscous (G") and elastic (G') characteristics change simultaneously during 

gelation (Sodini et al., 2004). Overall, all samples showed a gelation profile which 

is characteristic to yogurt type viscoelastic gels, being elastic modulus (G') higher 
than viscous modulus (G"). On other hand, the sample produced from ST5/LB3 

combination had remarkably higher G' values than G" values. None of the samples 

reached to the physically metastable position (plateau region) which is expected 

for a yogurt-type gels and the increase in curd firmness continued during 

fermentation. In general, a negative relationship was noted between the rate of pH 

decrease and the rate of increase of G'. The tan δ values (G"/G') of the samples 
were found to be close to each other (between 0.191 and 0.275). This evidenced 

that similar chemical weak (mainly hydrophobic and electrostatic) and strong 

(covalent thiol-disulfide) bonds were present in all of the samples with varying 
degrees as was noted differences in the G' and G" values (Fig 2). During yogurt-

type protein matrix formation, G´ values increase as a result of the additional bonds 

between proteins and new arrangements in the protein network structure (Nguyen 

et al., 2014). As the isoelectric point of the β-casein (pI 5.1) is approached during 

fermentation, the electrostatic repulsions around the caseins decrease and hence 

interactions of caseins increase. This eventually leads to increases in elastic 
modulus of the matrix.   

 

Small oscillatory rheological properties of yogurts  

 

Since yogurt gel shows weak viscoelastic properties, it cannot protect its structural 

integrity under the influence of high shear forces (Ozer and Robinson, 1998). 

Therefore, in order to determine the physical properties of the product correctly 

and to minimize experimental errors and artefacts in dynamic rheological 

measurements, it is important to carry out all measurements within a linear 
viscoelastic range (Benezech and Maingonnat, 1994; Lee and Lucey, 2010). 

Overall, strong gels keep their structural integrity within the linear viscoelastic 

region over a greater strain range compared with weak gels (Steffe, 1996). In this 
study, a series of preliminary experiments were carried out to determine the linear 

viscoelastic region and a shear stress range between 0.01 to 10 Pa at 1 Hz was set 
as measuring conditions. All small deformation oscillatory measurements were 

carried out within this linear viscoelastic region (not shown). No deformation was 

observed in the gel structures within the shear stress range tested.  
Figure 3 shows the frequency sweep profiles of the samples.  All samples showed 

a distinct frequency-dependency and no structural deformation occurred in the 

samples at any frequency point. 
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a)

 
b)

 
c) 

 

  
d) 

 
e) 

Figure 2 Gelation profiles of yogurt samples as measured by small oscillatory 
rheology. Black and grey lines represent storage (G') and loss (G") modulus, 

respectively. (a) ST5/LB2, (b) ST5/LB3, (c) ST5/LB5, (d) ST5/LB6, (e) ST5/LB7. 

Standard error bars are smaller than symbol dimension 
 

  

 

    
a) 

 
b) 

Figure 3 Frequency sweep profiles of yogurt samples at day 1 (a) and day 21 (b). 

(•) ST5/LB2, (▲) ST5/LB3, (■) ST5/LB5, (○) ST5/LB6, (□) ST5/LB7. Frequency 

range applied was 0.01 to 10 Hz. For sample codes please refer to Table 1. Standard 

error bars are smaller than symbol dimensions. G*=|G'+iG"| 
 

Complex moduli (G*=|G'+iG"|) of the samples which represent overall 

viscoelasticity of the gels were closer to each other at day 1 (Fig 3a). However, at 
day 21, the differences between the samples became more remarkable (Fig 3b). 

Over the range of frequency, G' values of the samples were greater than G" values, 

indicating a solid-like behavior (not shown). The high frequency dependent feature 
indicates that all gels have a heterogeneous structure, which is expected for yogurt 

(Ozer and Robinson, 1998). The increase in the network moduli of the gels with 

the increase in frequency indicates the loosening of the protein bonds during the 
measurement period. Frequency-dependent moduli increase without any 

deformation indicates that permanent protein bonds with limited relaxation 

(expressed as G') are dominant. While the combination of ST5/LB2 stood out as 
the sample with the most stable gel structure at day 1, this sample showed a time-

dependent weakening at the end of storage period (Fig 3b). On contrary, the 

samples ST5/LB5 and -to a lesser extent- ST5/LB7 showed rheological 
improvement during cold storage. Differences in frequency sweep profiles of 

yogurt may be due to the interference of technological parameters applied as well 

as the specific characteristics of the starter culture strain (i.e. acidification kinetics, 
exopolysaccharide production) (Rohm and Kovac, 1994). The time-dependent 

variation in rheological characteristics of yogurt samples may stem from dynamic 
reorganization of protein bonds during the cold storage process. This restructuring 

process is closely related to the glycolytic and proteolytic activities of bacteria 

under cold storage conditions. In the present case, the isolates used in yogurt 
production had low or moderate proteolytic activities as were determined during 

the screening of single isolates (Uzunsoy, 2018).  

 

 
Figure 4 Apparent viscosities of 21-day old yogurt samples as a function of shear 

rate. (•) ST5/LB2, (▲) ST5/LB3, (■) ST5/LB5, (○) ST5/LB6, (□) ST5/LB7. For 

sample codes please refer to Table 1 

 

Therefore, it is fair to assume that the rheological changes were due to restructuring 
of yogurt network as a function of acidification during cold storage. All samples 

showed a shear-thinning behavior as a function of shear rate (Fig 4). This is a 
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characteristic behavior for yogurt type-gels as the weak chemical bonds 

contributing to yogurt network are disrupted by increasing shear (Abu-Jdayil et 

al., 2000; Bond and Moraru, 2014). 

The compatibility of the dynamic rheological data of the experimental yogurts to 

Power Law model was evaluated (Table 2). The fitness of the data set to Power 

Law model was satisfactory as the correlation coefficients were over 99% in all 
samples. The highest shear viscosity (Pa.s) value was obtained in ST5/LB7 

combination. The close flow behavior indices of the samples indicated that the 

interaction forces (weak and strong protein interaction forces) forming the yogurt 

gel structure were similar in all samples. This was further supported by tan δ values 

of the samples. The tan δ values of the samples were between 0.254 and 0.282, 

indicating that the interaction forces contributing to the yogurt gel matrix formation 

were the same but the degree of contributions was slightly different (Ozer and 

Robinson, 1998).    
 

 

Table 2 Compatibility of the yogurt samples to Power Law Model 

 

Combinations 

Power Law Model 

Shear viscosity (Pa.s) Correlation 

coefficient 

n 

(flow behavior index) 

tan δ 

ST5/LB2 4.334 0.999 0.165 0.282 

ST5/LB3 5.236 0.998 0.153 0.281 

ST5/LB5 5.824 0.998 0.160 0.261 

ST5/LB6 4.757 0.998 0.170 0.280 

ST5/LB7 10.55 0.999 0.161 0.254 

For sample codes please refer to Table 1 

 

The results of large deformation texture analysis of yogurts are presented in Table 

3. Firmness is the most important parameter for the evaluation of the physical 
quality especially in set-type yogurts (Ozer et al., 1998). No remarkable 

differences were noted between the samples regarding firmness values at day 1. 

The firmness of the samples increased during cold storage, being slightly more 
pronounced in the combination of ST5/LB2. The similar trends were observed for 

consistency and cohesiveness values as well. Cohesiveness gives information 

about the resistance of the inner bond to deformation forces in a gel matrix 

(Chandra and Shamasundar, 2015). The firmness, consistency, cohesiveness 

and index of viscosity results of the yogurts are consistent with (Haktan, 2022) 
and different from some studies (Miocinovic, 2016; Bierzuńska et al., 2019), 

showing that these textural parameters of yogurt differ according to the starter 

culture (Rohm and Kovac, 1994; Hess et al., 1997; Rawson and Marshall, 

1997).   

 

 

 

Table 3 Back extrusion test results of 1-day and 21-day old yogurt samples 

 

Combinations 

Firmness (g) Consistency (g/s) Cohesiveness (g) Index of viscosity 

1 21 1 21 1 21 1 21 

ST5/LB2 154.5±0.62 202.3±9.16 1958.2±4.23 2268.0±11.09 74.5±6.05 111.3±10.72 155.9±10.02 222.3±18.27 

ST5/LB3 135.2±3.76 175.7±1.52 1566.9±73.78 2083.8±32.92 70.5±4.86 88.7±1.10 155.1±12.57 186.5±1.25 

ST5/LB5 152.7±1.37 188.6±0.85 1792.1±4.49 2180.8±28.62 80.6±8.95 89.7±0.13 164.7±2.01 181.4±7.94 

ST5/LB6 144.6±7.77 164.4±11.51 1708.7±119.75 1911.9±31.39 72.1±3.11 111.1±3.73 167.7±6.21 145.5±66.78 

ST5/LB7 140.3±10.19 165.4±13.79 1636.9±55.58 1891.4±64.21 61.6±4.15 105.2±5.29 140.7±9.46 94.0±22.36 

For sample codes please refer to Table 1 

 

As seen in Table 3, the cohesiveness values increased in all yogurts, being less 
pronounced in ST5/LB5 combination. This indicated that the structural integrity of 

the yogurt gel matrices was improved during cold storage. There are a number of 

factors affecting the textural characteristics of yogurt matrix, including starter 
culture, acidification kinetics, heat treatment, physical interventions, protein ratio, 

homogenization, exopolysaccharide production, post-incubation pH and cooling 

rate (Rohm and Kovac, 1994; Hess et al., 1997; Rawson and Marshall, 1997). 
Since all of these parameters were kept constant throughout the experiment, except 

for the combination of bacteria and acidification kinetics, it seems highly likely 

that the textural differences between samples were due to the change in 
fermentation kinetics. Although the pH of the incubation end point was the same, 

the proto-cooperation between Str. thermophilus and Lb. bulgaricus could 

significantly affect acidification kinetics during fermentation and cold storage, as 
observed in the differences of incubation times to reach pH 4.6. 

 

Lipolytic activities of combined cultures 

 

Figure 5 represents the variation in free fatty acids (FFAs) values of yogurt samples 

during storage. In general, the concentrations of total, medium- and long-chain 
FFAs in all combinations decreased over the storage period (Fig 5a). Long-chain 

FFAs were dominant in all samples (Fig 5d). The combination of ST5/LB7 yielded 

the highest FFAs both at day 1 and day 21. The decrease in FFAs over the storage 
period may be the result of oxidation or ester formation by metabolism of lactic 

acid bacteria (Menendez et al., 2000) and was also reported for yogurt in Regula 

(2007) and Guler and Gulsoy-Balci (2011). Interestingly, linolenic acid (C18:3), 
which is one of the primary polyunsaturated fatty acids in dairy products (Seckin 

et al., 2005; Florence et al., 2009) was not detected in ST5/LB2 combination. This 

fatty acid was present in ST5/LB5 and ST5/LB6 samples at low concentrations at 
day 1 and levelled off after 21 days of storage. Palmitic (C16:0), stearic (C18:0), oleic 

(C18:1) and linoleic acids (C18:2) were the most abundant fatty acids in all 

combinations. The FFA composition of yogurt shows similarity to milk. While 

triacylglycerol lipase of Str. thermophilus is effective on tributyrin and triolein, its 

effect on milk fat is partially limited. Lb. bulgaricus has an intracellular esterase 

activity that acts on orto- and para-nitrofenyl. In general, it is known that the 
changes in the concentrations of FFAs in yogurt vary according to the starter 

bacteria strain and milk type (Florence et al., 2012; Sumarmono et al., 2015). 

Although the yogurt bacteria have limited lipolytic activities, the FFAs formed by 

starter bacteria may well contribute to the aroma and flavor of yogurt (Vagenas 

and Roussis, 2012).  

 

Changes in the colony counts of yogurt bacteria and pH of yogurts during 

storage  

The changes in colony numbers of the Str. thermophilus and Lb. bulgaricus are 

presented in Figure 6. Overall, there is no clear difference between the samples 
regarding the counts of Str. thermophilus at both storage days (Fig 6a) and a limited 

decrease was observed in the Str. thermophilus colony counts during storage 

period. On contrary, the number of Lb. bulgaricus was lower than Str. 
thermophilus at both storage days. It is the fact that the symbiotic relationship 

between Str. thermophilus and Lb. bulgaricus tends to favor the former one. One 

should bear in mind that breaking up the long chains of Str. thermophilus 
comprising 5-20 cells likely change the ratio in favor of Str. thermophilus as Lb. 

bulgaricus is in short chains of rods (2-3 cells) (Ozer and Robinson, 1999). 

The change in pH values of the samples during the 21-day storage period is given 
in Figure 7. At the beginning of the storage, pH values of all samples varied 

between 4.50 and 4.69 reached 4.21-4.37 after 21 days of storage. One of the 

desired characteristics of yogurt bacteria for commercial productions is to reduce 
the pH of milk to 4.6 within 4-5 hours during fermentation, but to develop acidity 

more slowly under cold storage conditions. From this point of view, all 

combinations were found to be suitable for commercialization. The resistance of 
single isolates used in the present study to freeze-drying conditions was also high 

enough as was reported in Uzunsoy (2018). 

 
Sensory properties of yogurt samples 

 

Sensory scores of 21-day old yogurt samples are presented in Figure 8. As the 
detailed descriptive sensory profiling of the samples was discussed in Uzunsoy et 

al. (2021), here only the evaluations of untrained consumers are presented. 

Regarding appearance and body and texture characteristics, the combination of 

ST5/LB5 received the highest scores. Overall, no clear differences were noted 

among the samples but aroma and flavor scores of all combinations were lower 

than other sensory characteristics assessed. The descriptive sensory analysis of the 
culture combinations revealed that fruity and insufficient yogurt aroma were 

dominant in the end products (Uzunsoy et al., 2021). Since the proteolytic 

activities of the individual strains used in the present study were low (Uzunsoy, 
2018), the interference of proteolysis on the aroma and flavor development is 
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expected to be negligible. This could be related with the imbalance between strains 

in the combinations as 1 to 1 ratio between Lb. delbrueckii subsp. bulgaricus and 

Str. thermophilus was used in the present case. Our current study is focusing on 

the determination of optimized balance between yogurt starter strains for 

improving the aroma and flavor of the end products. No visual wheying-off on top 

of the yogurt pots was evident in the samples. None of the panelists criticized the 
samples as inconsumable. 

 

  
a) 

 
b) 

   

 
c) 

 
d) 
Figure 5 Variation in (a) total, (b) short-chain, (c) medium chain and (d) long chain 

free fatty acids concentrations of yogurt samples during storage. Black and grey 

bars represent the 1st and 21st days of storage, respectively. For sample codes please 
refer to Table 1 

 

  

 
a) 

 
b) 
Figure 6 Changes in colony numbers of (a) Str. thermophilus and (b) Lb. 

delbrueckii subsp. bulgaricus during storage period (n=2). Grey and black bars 

represent 1-day old and 21-day old yogurt samples, respectively 
 

 
Figure 7 Changes in pH of yogurt samples during cold storage (n=2). Black and 

grey bars represent 1-day old and 21-day old samples, respectively 
 

  

 

 
Figure 8 Sensory profiles of 21-day old yogurt samples. (■) Appearance, (•) Body 

& Texture, (○) Aroma & Flavor (n=50) 

 

CONCLUSION 

 

The isolates used in the study were selected from 48 Str. thermophilus and 15 Lb. 

bulgaricus isolates previously taking into account their technological 
compatibilities and growth characteristics (Uzunsoy, 2018). Among the 

prescreened isolates, 5 Str. thermophilus and 7 Lb. bulgaricus isolates were further 

evaluated for their technological performances and organoleptical properties in 
Uzunsoy et al. (2021). In the present study, the most promising combinations made 

up of one Str. thermophilus isolate with five Lb. bulgaricus strains were evaluated 

for gelation profiles, fermentation abilities, post-acidification properties, large and 
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small deformation rheological characteristics and consumers test for organoleptical 

properties. Results showed that all the combinations reduced the pH of milk to 4.6 

within 5 hours with similar pH-time profiles to commercial yogurt cultures. All the 

samples showed a shear-thinning rheological behaviour which is also characteristic 

for yogurt type gels. No marginal differences were noted between the textural 

characteristics of combinations. Consumer preferences of the samples regarding 
sensory properties were also close to each other. Aroma and flavor scores of the 

samples were lower than other sensory parameters evaluated. Therefore, further 

studies should focus on establishing the most suitable balance between cocci and 
bacilli in the combinations to improve aroma and flavor of the end products.  
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