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A B S T R A C T   

Greek yogurt is a fermented dairy product of high nutritional value that can be used as a matrix 
for the delivery of probiotics. The aim of this study was to develop a new probiotic Greek sheep 
yogurt with upgraded quality and functional characteristics. To do this, yogurt was manufactured 
by fermenting pasteurized milk with the commercial starter culture (Streptococcus thermophilus 
(ST), Lactobacillus bulgaricus (LB)) together with a probiotic Lacticaseibacillus rhamnosus (LR) wild- 
type strain (probiotic yogurt; PY). As a control, yogurt manufactured with only the starter culture 
(ST, LB) was used (conventional yogurt; CY) The survival of all three lactic acid bacteria (LAB) 
species (ST, LB, and LR) was monitored throughout the products’ shelf life (storage at 4 ◦C for 25 
days), and also following exposure to a static in vitro digestion model (SIVDM). The population 
dynamics of total aerobic plate count (APC), Enterobacteriaceae, yeasts and molds grown in both 
yogurts were also determined. The total antioxidant activity (AA) of yogurts was comparatively 
determined using in parallel two different assays, whereas the Folin-Ciocalteu assay was used to 
determine their total phenolic content (TPC). At each sampling day, yogurts were also evaluated 
for their pH, titratable acidity (TA) and main sensory characteristics. The population of probiotic 
LR remained stable during the shelf life (and above 108 CFU/g). Yogurt starters (ST, LB) were not 
detected following SIVDM, whereas LR (in PY) presented a reduction of about only one log. The 
AA and TPC of PY were found significantly higher than that of CY (P < 0.05). At the end of storage 
(25th day), neither pH nor TA differed significantly between the two yogurt types, while no 
fungal growth was observed in the PY. Consumer sensory analysis did not reveal important dif
ferences between the two yogurt types during their shelf life. To sum up, the novel yogurt was 
able to deliver to consumers a high number of probiotic cells (>108 CFU/g), presented increased 
antioxidant power, had an expanded shelf life, and maintained its good sensory attributes.   
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1. Introduction 

In the last decades, there has been an observed increase in non-communicable chronic diseases, such as obesity, diabetes mellitus, 
and cardiovascular disorders [1]. The modern lifestyle and more specifically the frequent intake of antibiotics, bad eating habits, 
physical inactivity, and stress, cause a gastrointestinal dysbiosis, which in turn often contributes to the onset and progression of these 
diseases [2,3]. However, it appears from several studies that probiotics may have a key role in intestinal homeostasis promoting in
testinal health [4,5]. These are live microorganisms that, when administered in appropriate amounts, have a positive effect on the 
health of the host [6]. The fact that good gut health has proven to be a key factor in the proper functioning of the body, together with 
the ever-increasing percentage of consumers who have received this knowledge and are interested in healthy food choices, capable of 
preventing and/or curing the above non-communicable diseases, has led to the consolidation of the probiotic functional food market 
[7,8]. 

The viability and stability of probiotics in foods and till their arrival to the gut remains however a technological challenge for 
industrial producers [9,10]. As it is one of the critical points for probiotics to exert their beneficial effects, their survival during food 
processing and preservation and following exposure to the different harsh conditions of the digestion process, such as low pH, bile 
salts, and digestive enzymes’ activities, is of utmost importance [11]. Achieving an appropriate level (>106) of viable cells, able to 
adhere to the intestinal mucosa to colonize and proliferate, has been the subject of research and the food industry has intensified the 
efforts to add new probiotic strains to food and find new technological methods [12]. 

Traditional Greek yogurt is a fermented dairy product of high nutritional value, which seems like a suitable matrix for the inte
gration of probiotic cells and their transport through its consumption in the human body [13]. This is because most consumers already 
have, and rightfully so, a strong positive opinion of the health profile of this product. This is manufactured by fermenting milk, either of 
bovine or ewe origin, with the lactic acid bacteria (LAB) species Streptococcus salivarius subsp. thermophilus (ST) and Lactobacillus 
delbrueckii subsp. bulgaricus (LB). This is indeed in accordance with the Codex Alimentarius Commission International Standard (IS) for 
fermented milks, which defines yogurt as milk fermented with symbiotic starter cultures of ST and LB, which shall be in a viable state, 
active and still present in the product through the end of shelf life (≥107 CFU/g) [14]. In addition to this IS and according to the Greek 
Food Law concerning yogurt, other microorganisms are also allowed to be used in the production of yogurt (e.g., probiotic, techno
logical strains) in addition to the strains of the starter culture, which can be listed on the package, provided that their population will 
be at least 106 CFU/g of product on the date of consumption [15]. 

The health benefits of probiotics are believed to be maximized if these possess the ability to survive and persist, at least transiently, 
in the human gastrointestinal tract (GIT) [16,17]. Nowadays, various in vitro digestion models are available to predictively evaluate the 
bioaccessibility and bioactivity of food nutrients [18]. These models have also been used to predict the gastrointestinal survival of 
probiotic microorganisms, as a preliminary step of studies, before further clinical investigations [19,20]. Among these models, static in 
vitro digestion models (SIVDMs) attempt to simulate the in vivo digestion conditions and the fact they are easy to perform, economically 
affordable, and not time-consuming, makes them useful tools to investigate microorganisms’ survivability upon their exposure to 
simulated GIT conditions [21,22]. 

Probiotic viability in yogurt during shelf life and subsequent survival after passage through the GIT is thus crucial in conferring the 
health benefits of the product. Besides nutritional value, the enhancement of yogurt’s functional and sensory characteristics con
tributes to the consumer’s acceptance. The present study aimed therefore to develop a new probiotic Greek sheep yogurt with 
upgraded quality and functional characteristics by incorporating at the beginning of fermentation a probiotic LAB wild-type strain of 
Lacticaseibacillus rhamnosus (LR). To the best of our knowledge, no such product is on the market so far. Its successful production is 
hopefully expected to further boost sales of traditional Greek sheep yogurt, protecting, and strengthening the health of consumers. For 
this, some of the main microbiological, physicochemical, functional, and sensory properties of the new yogurt (probiotic yogurt; PY) 
were determined and compared to those of the yogurt manufactured without the addition of probiotic cells (conventional yogurt; CY). 
More specifically, the populations of the three LAB species (those of the starter culture and the probiotic) were monitored by selective 
agar plating throughout the products’ shelf life (storage at 4 ◦C for 25 days) and following passage through a SIVDM. The populations 
of total aerobic plate count (APC), Enterobacteriaceae, yeasts and molds grown in yogurts were also determined throughout the 
products’ shelf life, together with the pH and titratable acidity (TA). Both yogurt types (CY, PY) were also comparatively tested for 
their antioxidant activity (AA) and total phenolic content (TPC), and periodically evaluated for their main sensory characteristics 
(appearance, odor, taste, texture, and overall acceptance). 

2. Materials and methods 

2.1. Yogurts production 

Τhe production of both yogurt types took place once and in parallel using milk of the same batch (to exclude any biological 
variation) at the facilities of the cooperating company (Mystakelli Traditional Dairy Products, Mantamados, Lesvos, Greece). In brief, 
yogurts were manufactured the traditional way by fermenting pasteurized sheep milk with either only the commercial starter culture 
(ST and LB; YF-L812 Chr Hansen, Hoersholm, Denmark) (CY), or together with the potential probiotic strain 708 of LR, isolated in our 
lab from raw sheep milk (PY). This latter strain had been previously found to present an increased resistance to low pH (exposure to pH 
2.5 for 2 h at 37 ◦C), strong adherence to collagen, absence of hemolytic activity, and important antihypertensive angiotensin- 
converting enzyme inhibitory (ACE-I) activity (preliminary screening in vitro experiments; data not presented). The probiotic strain 
was added in milk together with the commercial starter culture at the beginning of fermentation at a concentration of ca. 107 CFU/mL. 
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At both cases (CY, PY), fermentation took place inside the product’s plastic containers for 4.5 h at 45 ◦C. Following fermentation, the 
yogurts were kept for 24 h at 4 ◦C and then transported under refrigeration to the premises of the Laboratory of Food Microbiology and 
Hygiene (Myrina, Lemnos, Greece) where they were preserved at 4 ◦C for 25 days. 

2.2. Enumeration of microorganisms 

Five samplings were carried out at different times during the products’ shelf life (5th, 11th, 16th, 20th, and 25th day at 4 ◦C) to 
study the population dynamics of a) APC, b) ST, c) LB, d) LR, e) Enterobacteriaceae, and f) yeasts and molds in the two yogurt types (CY, 
PY). In each sampling, 10 g of yogurt were taken to which 90 mL of Maximum Recovery Dilutant (MRD; Lab M, Heywood, Lancashire, 
UK) were added. The mixture was homogenized in a stomacher (BagMixer® 400; Interscience, Saint Nom la Bretêche, France) for 2 
min and then used to make serial decimal dilutions (up to 10− 8). The counting of each microorganism was done in the following way: 
a) Tryptic Glucose Yeast Agar (TGYA; Biolife Italiana, Milano, Italy), pouring method, incubation at 30 ◦C for 72 h, was used to count 
APC, b) M17 Agar with 1 % (w/w) lactose (Biolab, Budapest Hungary), pouring method, incubation at 37 ◦C for 48 h, was used to count 
ST, c) and d) MRS Agar (pH 5.4) (Oxoid, Thermo Fisher Specialty Diagnostics Ltd., Hampshire, UK), pouring method, incubation at 
37 ◦C for 48 h, was used to count LB and LR (the two species, even though they were in the same plate, could be counted separately as 
they presented obvious morphological differences in their colonies), e) Violet Red Bile Glucose Agar (VRBGA; Biolife Italiana), pouring 
method, incubation at 37 ◦C for 24 h, was used to count Enterobacteriaceae, and f) Dichloran Rose Bengal Chloramphenicol Agar 
(DRBCA; Lab M), spreading method, incubation at 25 ◦C for 120 h, was used to count yeasts and molds. 

2.3. Static in vitro digestion model (SIVDM) 

The in vitro digestion assay was performed according to the method described by Argyri et al. with some adaptations [23]. More 
specifically, 1 g of each yogurt (CY, PY) was mixed with 1 mL of sterile distilled water in 6 well plates (Abdos Labtech Private Limited, 
Uttarakhand, India) and the pH of each mixture was adjusted to 2.0 using 1 M hydrochloric acid (HCl) solution. Then, 0.1 mL of human 
pepsin solution were added to each well and the plates were placed in a shaking incubator for 2 h at 37 ◦C. After this first incubation 
step, 1 mL of piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) buffer reagent was added to each well to elevate the mixture pH and a 
second incubation step was carried out for 30 min at 37 ◦C. Afterward, a mixture of pancreatin-bile acids (0.5 mL) was added to each 
well and the pH was adjusted to 7.0 using 1 M sodium hydroxide (NaOH) solution. A third incubation step was followed for 2 h at 37 ◦C 
and at the end the digested yogurt samples were collected for the enumeration of the viable and culturable cells of the three LAB species 
(ST, LB, and LR). All chemicals used in this assay were purchased from either Sigma-Aldrich (St. Louis, MO, USA) or Merck Chemicals 
(Darmstadt, Germany). 

2.4. pH and TA measurements 

At each sampling day, the pH and TA of the two yogurt types (CY, PY) were measured. Concerning the pH, this was measured in the 
stomacher bag following the homogenization of the samples using a digital benchtop pH meter equipped with a glass electrode 
(Consort C931, Turnhout, Belgium). The TA was determined following a previously described protocol [24]. In brief, 5 g of yogurt 
were homogenized with 45 mL of distilled water in a beaker. The mixture was then titrated with 0.1 N NaOH using 0.5 mL of 
phenolphthalein indicator until the color of the solution changed from colorless to pale pink. The volume of NaOH that was consumed 
was used to calculate the mg of lactic acid (LA; CH3CH(OH)COOH) per 100 g of yogurt. Data were finally expressed in 
weight-by-weight percentages (% w/w LA). 

2.5. AA and TPC measurements 

2.5.1. Preparation of yogurt water extracts 
Yogurt water extracts were prepared according to the method described by Shori and Baba with slight modifications [25]. Spe

cifically, 10 g of each yogurt type (CY, PY) and 2.5 mL of distilled water were mixed in plastic centrifuge tubes and homogenized. 
Thereafter, the pH of each mixture was adjusted to 4.0 using 1 M HCl. Samples were then incubated in a shaking incubator for 10 min 
at 45 ◦C and followed by centrifugation at 5000 g for 10 min at 4 ◦C (Frontier 5000 Series Multi Pro Centrifuge, FC5718R, OHAUS 
Europe GmbH, Nänikon, Switzerland). After the centrifugation, the supernatants were collected, their pH was adjusted to 7.0 using 1 M 
NaOH and recentrifuged at 5000 g for 10 min at 4 ◦C. Supernatants were again collected, filtered using 0.45 μm syringe filters 
(Whatman®, Cytiva, Buckinghamshire, UK) and analyzed according to the Folin-Ciocalteu and Oxygen Radical Absorbance Capacity 
(ORAC) assays, whereas before Ferric Reducing Antioxidant Power (FRAP) analysis, their pH was readjusted to 4.0. For these latter 
analyses, all chemicals were purchased from Sigma-Aldrich. 

2.5.2. Total AA by FRAP assay 
Total AA of the yogurt water extracts was determined by the FRAP assay, as previously described [26]. The method is based on the 

conversion of the ferric tripyri-dyltriazine complex (TPTZ-Fe3+) to its ferrous form (TPTZ-Fe2+) at low pH in the presence of anti
oxidants. In particular, 80 μL of FRAP reagent and 20 μL of each sample yogurt water extract were placed in 96-well polystyrene (PS) 
microtiter plates and the absorbance was measured at 595 nm using the SPARK® multimode microplate reader (Tecan Group Ltd., 
Männedorf, Switzerland). The total AA was determined using a standard ferrous sulfate (FeSO4) curve and the results were expressed in 
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mmol of Fe2+ per mL of sample extract. 

2.5.3. Total AA by ORAC assay 
The ORAC assay was performed according to the method proposed by Huang et al. with minor modifications [27]. This is based in 

the property of fluorescein to lose its fluorescence during its oxidation by peroxy radicals [2,2′-Azo-bis-amidinopropane (ABAP)] in a 
neutral pH at 37 ◦C. In the presence of antioxidants, there is an inhibition of free radicals, which is reflected in protection against the 

Table 1 
Logarithmic populations (log10 CFU/g) of the different microbial groups (S. thermophilus, L. bulgaricus, APC, Enterobacteriaceae, 
yeasts and molds, and L. rhamnosus) in the two yogurt types (CY, PY) during their shelf life (storage at 4 ◦C for 25 days). Data are 
mean values ± standard deviations. For each microorganism separately, mean values sharing at least one common letter (a-d) do not 
differ statistically significantly (P > 0.05).  

Microorganism Storage day Yogurt Log10(CFU/g) 

S. thermophilus (ST) 5 CY 9.25a ± 0.08 
PY 9.30a ± 0.06 

11 CY 8.57b ± 0.22 
PY 9.22a ± 0.06 

16 CY 9.40a ± 0.16 
PY 9.35a ± 0.21 

20 CY 9.31a ± 0.22 
PY 9.26a ± 0.04 

25 CY 9.39a ± 0.06 
PY 9.48a ± 0.03 

L. bulgaricus (LB) 5 CY 5.15b ± 0.21 
PY 6.44d ± 0.16 

11 CY 4.74a ± 0.09 
PY <2.00 

16 CY 4.80ab ± 0.08 
PY <2.00 

20 CY 4.69a ± 0.14 
PY < DLa 

25 CY 5.74c ± 0.12 
PY < DLa 

APC 5 CY 6.26a ± 0.23 
PY 8.13b ± 0.07 

11 CY 6.46a ± 0.02 
PY 8.27b ± 0.14 

16 CY 6.40a ± 0.05 
PY 8.33b ± 0.18 

20 CY 6.26a ± 0.21 
PY 8.04b ± 0.14 

25 CY 5.84c ± 0.08 
PY 9.19d ± 0.17 

Enterobacteriaceae 5 CY 2.63c ± 0.22 
PY 2.84cd ± 0.11 

11 CY 1.45a ± 0.21 
PY 1.75ab ± 0.21 

16 CY < DLa 

PY 3.07d ± 0.07 
20 CY 1.77ab ± 0.10 

PY 2.92cd ± 0.05 
25 CY < DLa 

PY 2.03b ± 0.14 
Yeasts and Molds 5 CY < DLb 

PY < DLb 

11 CY 2.15a ± 0.21 
PY < DLb 

16 CY 2.15a ± 0.21 
PY < DLb 

20 CY 3.48b ± 0.14 
PY < DLb 

25 CY 3.35b ± 0.11 
PY < DLb 

L. rhamnosus (LR) 5 PY 8.13ab ± 0.09 
11 8.07a ± 0.06 
16 8.34c ± 0.05 
20 8.26bc ± 0.04 
25 9.13d ± 0.12  

a Detection limit of the pouring plating method (10 CFU/g; 1 log10 CFU/g). 
b Detection limit of the spreading plating method (102CFU/g; 2 log10 CFU/g). 

I. Gkitsaki et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e24446

5

change of probe fluorescence. A calibration curve using Trolox™ as standard was used and the results were expressed in μmol of 
Trolox™ equivalents (TRE) per g of sample. 

2.5.4. TPC by Folin-Ciocalteu assay 
The TPC of the yogurt water extracts was determined using the Folin–Ciocalteu assay. The method is based on the measurement of 

the reductive capacity of the Folin–Ciocalteau reagent, in an alkaline environment, in the presence of phenolic compounds [28]. 
Specifically, 20 μL of Folin reagent, 20 μL of 7.5 % (w/v) sodium carbonate (Na2CO3) solution and 50 μL of each sample yogurt water 
extract were placed in 96-well PS microtiter plates and the absorbance was measured at 765 nm using the SPARK® multimode 
microplate reader. A calibration curve using gallic acid (GA) as standard was manufactured and the results were expressed in milli
grams of GA equivalents (GAE) per mL of sample extract. 

2.6. Consumer sensory study 

At 5th, 11th, 16th, and 20th day of storage, consumer sensory evaluation (affective testing) of the two yogurt types (CY, PY) was 
carried out. After the 20th day, some of the conventional yogurts showed visible mold growth on their surface, and thus the sensory 
evaluation was stopped. Each product was evaluated for five different sensory parameters (appearance, odor, taste, texture, and overall 
acceptance) by a panel of 15 untrained assessors who were all however familiar with yogurt consumption. Informed consent was 
obtained from all assessors for taking part in the sensory evaluation. Each assessor was asked to evaluate each sensory parameter for 
each yogurt type without knowing its identity, using a standardized rating scale ranging from 1 to 5 (1 = I do not like at all, 2 = I do not 
like, 3 = I neither like nor dislike, 4 = I like, 5 = I like very much). For any value equal or lower than 2 in any of the sensory attributes 
evaluated, the product was organoleptically rejected, while assessors were also aware of this rejection threshold. To carry out con
sumer sensory analysis, approximately 25 g of yogurt samples were portioned in uniform paper cups with lid labelled with 3-digit 
random codes just before the arrival of participants. At each sampling day two replicate samples for each yogurt type and assessor 
were periodically withdrawn from storage (4 ◦C), left at room temperature for 30 min and sensory evaluation was then carried out in 
artificial light and ambient temperature, while water and unsalted crackers were provided to the assessors between samples for palate 
cleansing. 

2.7. Statistics 

Each plate count, pH, TA, AA and TPC measurement was repeated three times using independent yogurt samples. Plate counts 
(CFU/g) were transformed to logarithms before means and standard deviations were computed. Analyses of variance (ANOVA) were 
applied on all the plate count data (log10 CFU/g) followed by Tukey’s multiple range post-hoc honestly significant difference (HSD) 
tests for the discrimination of the means for each microorganism between the two yogurt types (CY, PY) and different storage days 
(5th, 11th, 16th, 20th, and 25th). The same type of analyses was also applied to the pH and TA data (% w/w LA) to check for any 
significant differences in pH and TA between the two yogurt types (CY, PY) and different storage days. With respect to the sensory 
evaluation data, Wilcoxon matched pairs non-parametric tests were applied on each sensory parameter (appearance, odor, taste, 
texture, and overall acceptance) to check for any significant differences in panelists’ responses between the two yogurt types (CY, PY) 
at each day of sampling. In addition to those tests, Student’s t tests were also executed to determine significant differences between the 
mean values of each sensory parameter throughout the yogurts’ shelf life. All the previous statistical analyses were done using the 
STATISTICA® software, version 12.0 (StatSoft Inc., Tulsa, OK, USA), while all differences are reported at a significance level of 0.05. 
The statistical analyses for the total AA and TPC were on the other hand performed using the SPSS® package, version 16.1 (SPSS Inc., 
Chicago, IL, USA). The total AA and TPC of the two yogurt types were expressed as mean ± standard deviation (SD). Student’s t tests 
were used to compare these means and statistical significance was again considered at P = 0.05. 

3. Results 

3.1. Microbial dynamics during yogurt shelf life 

The logarithmic populations (log10 CFU/g) of the different microbial groups in the two yogurt types (CY, PY) during their shelf life 
are presented in Table 1. Concerning the starter culture, the population of ST was predominant in both yogurts and remained stable 
(ca. 109 CFU/g) till the end of the storage period (25th day). LB presented an initial population of 105 CFU/g in the CY at the 5th day 
which was slightly increased to 5.74 log10 CFU/g at the end of storage (25th day). On the contrary, the initial population of LB (6.44 
log10 CFU/g; 5th day) declined significantly in PY and this was not detected from the 2nd sampling (11th day) and afterward (<102 

CFU/g). The populations of Enterobacteriaceae were similar in both yogurts at the 1st sampling (5th day; 2.63 and 2.84 log10 CFU/g in 
CY and PY, respectively) and these declined in CY at the 25th day to a below the detection limit level (<10 CFU/g), whereas a 
population of 2.03 log10 CFU/g of Enterobacteriaceae existed in PY at the end of storage (25th day). Yeasts and molds were not detected 
at either yogurt type at the 1st sampling (5th day; <102 CFU/g). These, however, appeared in CY from the 2nd sampling (11th day) and 
afterward and were increased to 3.35 log10 CFU/g at the end of storage (25th day). Yeasts and molds were not at all detected in PY till 
the end of storage. Concerning the population of the probiotic LR in PY, this was above 108 CFU/g from the 1st sampling (5th day) and 
was increased to 9.13 log10 CFU/g at the end of storage (25th day). 
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3.2. pH and TA of yogurts 

The alterations of pH and TA (% w/w LA) in the two yogurt types (CY, PY) during their shelf life are depicted in Fig. 1A and B, 
respectively. Regarding the pH, the PY was significantly more acidic than CY during the first four samplings (5th, 11th, 16th, and 20th 
day of storage) (P < 0.05). However, the pH did not significantly differ between the two yogurt types at the end of storage (25th day). 
Regarding the TA, this did not differ significantly between the two yogurt types, except on 11th and 16th storage days where the 
content of PY in LA was significantly higher than that of CY. For both yogurt types, the TA increased significantly from the 5th to the 
25th day of sampling (P < 0.05). 

3.3. Survival of LAB species following in vitro digestion 

The reductions of the populations of the three LAB species (ST, LB, and LR) following the in vitro digestion are depicted in Table 2. In 
both yogurt types (CY, PY), the two species of the starter culture (ST and LB) failed to survive under the harsh conditions of the SIVDM, 
with their populations following digestion being below the detection limit of the plate counting method (10 CFU/g). On the contrary, 
the probiotic LR presented a good survival ability since this was reduced by only 1.2 log following the passage through the SIVDM. 

3.4. AA and TPC of yogurts 

The total AA and TPC of the two yogurt types (CY, PY) are shown in Table 3. PY presented a statistically significant higher AA and 
TPC compared to CY based on all the three different assays used for the analyses (P < 0.05). 

3.5. Consumer sensory evaluation 

The results of the evaluation of the five sensory parameters (appearance, odor, taste, texture, and overall acceptance) of the two 
yogurt types (CY, PY) at the four days of sampling (5th, 11th, 16th, and 20th) are depicted in Fig. 2 in the forms of spider graphs. In 
addition, Fig. S1 presents these data in the forms of box and whisker plots (also showing standard errors and standard deviations for 
each mean organoleptic value). Overall, no significant differences existed between the two yogurt types at their sensory attributes 
during the whole storage period. The only statistically significant difference appeared on the 11th day of storage for the parameter 
“appearance” where the PY received a higher score compared to the CY (P < 0.05). When comparing independently the performance of 
each sensory parameter throughout the yogurts’ shelf life (i.e., from the 5th to the 20th d), a significant downgrading in the taste 
criterion was evident for PY, while the overall acceptance of both yogurts also worsened from the 5th to the 20th d of sampling 
(Fig. S2). Despite that, all yogurt samples received sensory scores whose mean values were always above 3.0 (I neither like nor dislike) 
throughout their shelf life, revealing their satisfactory acceptance from the panelists. 

4. Discussion 

The development of novel functional products with clinically proven health benefits, such as probably those incorporating pro
biotics, is highly desirable by the food industry. Although it is not necessary; viability of probiotic bacteria is considered important in 
order these to protect health. However, the viability of probiotics in fermented dairy products, such as yogurt, during their shelf life is 
of concern due to the low pH (which is usually lower than 4.5), presence of dissolved oxygen and high amount of organic acids (mainly 
LA) [9,29,30]. Thus, it is known that there are a number of properties of foods and surroundings that may influence the survival of a 
given probiotic microorganism during the shelf life; these include storage temperature, pH, oxygen availability and redox potential, 
type and amount of organic acids, presence, type and amount of micronutrients and other metabolizable substances (e.g., amino acids, 
peptides, prebiotics), as well as the presence and metabolic activities of other microorganisms [31–34]. This probiotic survival is also 

Fig. 1. Alterations of pH (A) and TA (B) in the two yogurt types (CY, PY) during their shelf life (storage at 4 ◦C for 25 days). Data are mean values ±
standard deviations. For each graph separately, mean values sharing at least one common letter do not differ statistically significantly (P > 0.05). 
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strain-dependent, can be influenced by the initial inoculum level and may be improved by various means such as stress adaptation, 
two-step fermentation (i.e., the addition of starter culture and probiotics at different time points), the addition of cryoprotectants, 
prebiotics, cells immobilization, microencapsulation, and the use of oxygen scavengers [9,34,35]. 

Although the International Scientific Association of Probiotics and Prebiotics (ISAPP) does not assign a specific amount to their 

Table 2 
Logarithmic populations (log10 CFU/g) of the three LAB species (ST, LB, and LR) before and following in vitro digestion of the two 
yogurt types (CY, PY). Data are mean values ± standard deviations.  

Yogurt type Microorganism Log initiala Log finalb 

CY S. thermophilus 9.1 ± 0.4 <1 
L. bulgaricus 5.2 ± 0.4 <1 

PY S. thermophilus 8.9 ± 0.3 <1 
L. bulgaricus <2 <1 
L. rhamnosus 7.4 ± 0.5 6.2 ± 0.3  

a Populations that existed in yogurts on the 9th day of storage and just before the in vitro digestion. 
b Populations that existed in yogurts following the in vitro digestion protocol. 

Table 3 
AA and TPC of the two yogurt types (CY, PY). Data are mean values ± standard deviations. Different letters in the same column indicate significant 
differences (P < 0.05) between the two yogurt types (CY, PY).  

Yogurt type AA (FRAP assay) (mmol Fe2+/mL) AA (ORAC assay) (μmol TRE/g) TPC (Folin-Ciocalteu assay) (mg GAE/mL) 

CY 0.05a ± 0.00 3.34a ± 1.07 21.48a ± 2.39 
PY 0.06b ± 0.01 7.62b ± 1.13 25.97b ± 2.64  

Fig. 2. Results of the evaluation of the five sensory parameters (appearance, odor, taste, texture, and overall acceptance) of the two yogurt types 
(CY, PY) at the four days of sampling (5th, 11th, 16th, and 20th). 
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definition of “probiotic”, it is generally recommended that the minimum daily intake of viable probiotic cells should be in the range of 
106− 7 CFU per g of food product, while the vast majority of existing clinical trials indicate that probiotic doses of 10–20 billion CFU per 
day should be sufficient for maintaining immune and digestive health [28,36,37]. However, the dose-response relation of probiotics in 
human interventions may be affected by the disease required to be treated, that is individual’s purpose for taking probiotics, as well as 
the recipient’s general physiological state of health, and as thus for some specific conditions, higher doses of probiotics may have a 
greater clinical benefit. It should still be mentioned that the use of the word probiotic on product labels is restricted in Greece, and all 
other European countries, since this is considered as a health claim and requires approval by the European Food Safety Authority 
(EFSA) [29]. However, till now, the EFSA has rejected all the health claims concerning probiotics that have been submitted by the 
manufacturers, researchers, and collection owners, mainly due to insufficient scientific evidence. Surely, the research on probiotic 
foods should be continued with the exploration of new strains-food combinations. 

Sheep milk is a product rich in bioactive substances that have health-promoting functions, and not surprisingly in recent years there 
is an increasing interest in its consumption [38]. The yogurt that is produced from this milk is also highly desired by consumers, and in 
Greece and some other countries as well, this is a very popular product. The further improvement of its functional properties is thus an 
interesting field of research. However, to the best of our knowledge, studies that have attempted to add probiotic microorganisms to 
that specific product are still rare [39,40]. In addition, no other study has been published on probiotic sheep yogurt that has deter
mined any of its functional properties, such as AA and TPC, or the survival of probiotic bacteria contained in such product following in 
vitro digestion. In this study, the new probiotic sheep yogurt (PY) was found to contain a viable and culturable population of LR that 
was above 108 CFU/g throughout the shelf life period (storage at 4 ◦C for 25 days). It should be noted that given that the yogurts were 
produced by the cooperating company (Mystakelli Traditional Dairy Products), which is situated on a different island (Lesvos, Greece) 
than where the premises of our laboratories are located (Lemnos, Greece), it was not possible to analyze them just after their pro
duction. This is because, these had to be transported by boat and under refrigeration from one island to another (sea journey duration 
of about four and a half hours), while there were no daily scheduled routes. Interestingly, the probiotic population was reduced by 
about only one log following in vitro digestion. Several previous studies have examined the survival of probiotic bacteria, mainly 
Lactobacillus and Bifidobacterium species in cow milk yogurts throughout their refrigerated storage, and in some cases following 
exposure to simulated GIT conditions [41–54]. 

Besides probiotic viability, the effects of the incorporation of probiotic microorganisms in yogurts, either in free or encapsulated 
form, on the microbiological, physicochemical, and sensory characteristics of the products have been studied in several of those 
previous studies. However, in most of the previous studies, commercial, and well-known (studied) probiotic strains of intestinal origin 
were employed that were obtained from international culture collections (such as and Bifidobacterium animalis BB12, Lactobacillus 
acidophilus LA5, and L. rhamnosus GG). In our research, we on the other hand chose to use as a probiotic a wild-type strain that was 
isolated from the same milk that was used to produce the type of yogurt we manufactured. This strain was selected following an in vitro 
screening of a large collection of more than one hundred isolates from that milk for some crucial probiotic properties (data not 
presented). This screening was done in cooperation with the team of Prof. Tsakalidou from the Laboratory of Dairy Research of the 
Agricultural University of Athens (Athens, Greece). Such an approach was preferred since this not only sustains the particular local 
character of the specific product, but in addition, the screening of wild-type isolates from local raw materials and traditional indig
enous products may sometimes reveal strains with some novel and interesting probiotic properties [55,56]. 

Although the two species of the classical yogurt starter culture (ST, LB) are usually vulnerable to the GIT conditions, such as the 
increased presence of bile salts, these may still present some interesting probiotic properties with most known the improvement of 
lactose digestion in lactose-intolerant individuals, the release of bioactive antihypertensive and/or antioxidant peptides, and the 
stimulation of the gut immune system [57,58]. Both these properties do not require the presence of viable cells in the gut. However, 
there have been conflicting studies concerning the recovery of viable ST and LB from fecal samples after dairy yogurt ingestion. Thus, 
while some studies failed to show recovery [59,60], some other studies managed to recover viable cells suggesting that these bacteria 
can sometimes survive transit through the GIT [58,61]. Surely, differences in survival abilities between the different strains of the 
starter cultures may explain these conflicting results [62,63]. In our study, viable yogurt starters were not detected following SIVDM. 
One potential limitation of our study that should however be mentioned is that the bacterial viability (either during storage of yogurts 
or following in vitro digestion) was determined following the sole application of classical microbiological procedures based on cell 
culturing. However, it is known that many bacteria may enter a viable-but-non-culturable (VBNC) state following their exposure to 
adverse environmental conditions, such as low pH and/or low temperature [64]. Such VBNC bacteria are undetectable by routine 
selective agar plating but could be still detected and enumerated using other advanced techniques such as real-time viability PCR, flow 
cytometry or fluorescent in situ hybridization [65,66]. 

It is also interesting to note that while ST was here found to present a very good survival throughout the shelf life of both yogurt 
types (with counts always above 109 CFU/g), the initial population of LB (106 CFU/g; before fermentation; data not presented) 
declined significantly in PY and was not detected from the 11th d and afterward (<102 CFU/g). It thus seems that the in-situ interaction 
with the added probiotic (LR) negatively affects the viability of LB in yogurt. It should still be noted that an in vitro agar well-diffusion 
antimicrobial assay did not reveal any inhibition of the cell-free supernatant of LR against either strain of the starter culture (data not 
presented). In addition, microbial survival and growth can surely be influenced by endogenous yogurt parameters including pH and 
ΤА. Considering pH, the PY was significantly (P < 0.05) more acidic than the CY during almost the whole storage period except the last 
day of sampling (25th day). On the other hand, the TA differed significantly (P < 0.05) between the two yogurt types (CY, PY) only on 
the 11th and 16th days of storage, where the PY was found to present a higher TA than the CY. This last observation seems to agree with 
the results of some previous studies which also have shown a higher TA of probiotic yogurts than conventional ones [49,67]. The lack 
of fungal growth (populations of yeasts and molds <102 CFU/g) in the probiotic yogurts till the end of the storage period (25th day) is 
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also another interesting observation since this growth is ultimately associated with the spoilage of those products and the end of their 
shelf life. It thus seems that the addition of the probiotic increases the marketable shelf life of yogurts. This is quite important for the 
industry given that traditional Greek sheep yogurt has a limited shelf life that does not usually exceed three weeks. An extension of 
shelf life duration could facilitate the export efforts of this live product. 

Besides their role in intestinal homeostasis, in the last years, probiotics have also gain much of attention as functional antioxidant 
ingredients, due to their promising protective role against oxidative stress-related diseases [68,69]. In food technology, antioxidants, 
of either natural or synthetic origin, are added to many foodstuffs, not only to preserve them, but also due to their many health benefits 
such as anti-aging and anti-inflammatory actions [70]. Concerning yogurts and other dairy products, several studies have examined 
their antioxidant content by employing various in vitro methods such as FRAP, DPPH, ABTS and ORAC assays [71–73]. The anti
oxidative effect of yogurts is partially assigned to the LAB starters, which during milk fermentation and the resulting proteolysis of milk 
proteins, can generate a wide range of bioactive peptides [74,75]. Additionally, the higher antioxidant capacity of ewe’s against cow’s 
and goat’s milk, and dairy products made there off, that has been reported, could be probably attributed to their relatively higher 
content in protein and casein percentages [76–78]. Interestingly, we here found that the incorporation of the probiotic LR, as an 
adjunct starter culture before milk fermentation, increased both the total AA and TPC of the produced yogurt. 

Important and well-known antioxidants that play a role in disease prevention are phenolic compounds [79]. These are secondary 
metabolites that are mostly found in the plant cell walls, so yogurt is not considered a source of them [80]. According to some other 
studies, phenolic compounds that seem to be present in yogurt are actually non-phenolic compounds (such as sugars, amino acids and 
small peptides) that may interfere with total phenolic compounds’ measurement [72]. Phenolic compounds can also be formed by 
ruminants’ gut bacterial flora from plant-derived phenolic compounds and in this way be later found in milk [81]. Our results on the 
TPC of yogurts (21.48 ± 2.39 and 25.97 ± 2.64 mg GAE/mL for CY and PY, respectively) agree with previous reports that indicated a 
small content of total phenolic compounds in yogurt samples [25,71,72]. However, it was here found a statistically significant dif
ference in TPC between the two yogurt types, with PY presenting a higher TPC. This could be probably explained by the probiotic’s 
specific metabolism in PY, which may lead to an increase in proteolysis, resulting in a rise of amino acids and small peptides and so in a 
plasmatic elevated TPC [82,83]. In agreement with the higher TPC, the PY was also here found to present increased AA compared to 
CY. 

Besides sufficient viability throughout processing and storage, for a microbial strain to be incorporated into any food as a probiotic, 
this should not impair its sensory attributes. The consumer sensory analysis we executed did not reveal any important differences 
between the two yogurt types (CY, PY) for each day of sampling in the five sensory parameters evaluated (appearance, odor, taste, 
texture, and overall acceptance). In addition, each sensory parameter received an evaluation score whose mean value was always 
above 3.0, indicating the satisfactory acceptance of the two products from the panelists (consumers) throughout their shelf life. It is 
also worth noting that it does not appear that any relationship between sensory acceptance and the TA of yogurts exists. For instance, 
the differences in TA between the two yogurt types (CY, PY) that were observed on the 11th and 16th day of storage did not seem to 
influence the taste or odor of these yogurts as those were perceived by the panelists. The incorporation of probiotic strains in yogurts 
has previously shown to alter sometimes their sensory profile, either for better or for worse, depending on the intrinsic biochemical 
(metabolic) features of the added strain, as well as its interactions with the starter cultures [53,54]. 

5. Conclusions 

A novel functional Greek sheep yogurt was successfully manufactured by incorporating at the beginning of fermentation, as adjunct 
starter culture, a probiotic L. rhamnosus wild-type strain, previously isolated from raw sheep milk. The new product was shown able to 
deliver to consumers a high number of probiotic cells (>108 CFU/g) till the end of its storage (at 4 ◦C for 25 days), presented increased 
antioxidant power, expanded shelf life, and maintained its good sensory attributes throughout storage. The added probiotic strain was 
also found to present increased survival to simulated GIT conditions, something that may increase the probability for health benefits. 
Future clinical studies are to be executed to evaluate in vivo the probiotic potential of the new yogurt. Overall, the development of such 
a functional product is expected to boost the sales of traditional Greek sheep yogurt, facilitate export efforts, also protecting, and 
strengthening the health of consumers. 
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I. Recio, D. Rémond, V. Santé-Lhoutelier, T.J. Wooster, U. Lesmes, A.R. Mackie, D. Dupont, Correlation between in vitro and in vivo data on food digestion. What 
can we predict with static in vitro digestion models? Crit. Rev. Food Sci. Nutr. 58 (13) (2018) 2239–2261, https://doi.org/10.1080/10408398.2017.1315362. 

I. Gkitsaki et al.                                                                                                                                                                                                        

https://doi.org/10.1016/j.heliyon.2024.e24446
https://doi.org/10.1038/s41598-019-49452-y
https://doi.org/10.1038/s41598-019-49452-y
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.1111/febs.15217
https://doi.org/10.1111/febs.15217
https://doi.org/10.1016/j.lfs.2021.119622
https://doi.org/10.1016/j.lfs.2021.119622
https://doi.org/10.3390/ijerph15081679
https://doi.org/10.4014/jmb.1906.06064
https://doi.org/10.3390/nu9091021
https://doi.org/10.3390/nu9091021
https://doi.org/10.1016/j.cgh.2018.09.028
https://doi.org/10.1111/1541-4337.12755
https://doi.org/10.1016/S0958-6946(01)00099-1
https://doi.org/10.1016/j.foodres.2019.108852
https://doi.org/10.1016/j.jff.2014.04.030
https://doi.org/10.1016/j.jff.2014.04.030
https://doi.org/10.1016/S0958-6946(01)00036-X
http://refhub.elsevier.com/S2405-8440(24)00477-8/sref14
http://refhub.elsevier.com/S2405-8440(24)00477-8/sref14
https://www.aade.gr/sites/default/files/2020-07/82-iss2.pdf
https://doi.org/10.1111/1574-6968.12056
https://doi.org/10.1111/j.1574-6968.2012.02593.x
https://doi.org/10.1016/j.foodres.2018.02.055
https://doi.org/10.3168/jds.2011-4705
https://doi.org/10.1016/j.fm.2011.06.007
https://doi.org/10.1080/10408398.2017.1315362


Heliyon 10 (2024) e24446

11

[22] R. Colombo, L. Ferron, I. Frosi, A. Papetti, Advances in static in vitro digestion models after the COST action Infogest consensus protocol, Food Funct. 12 (17) 
(2021) 7619–7636, https://doi.org/10.1039/d1fo01089a. 

[23] K. Argyri, A. Birba, D.D. Miller, M. Komaitis, M. Kapsokefalou, Predicting relative concentrations of bioavailable iron in foods using in vitro digestion: new 
developments, Food Chem. 113 (2) (2009) 602–607, https://doi.org/10.1016/j.foodchem.2008.07.089. 

[24] S.Y. Yang, K.S. Yoon, Effect of probiotic lactic acid bacteria (LAB) on the quality and safety of Greek yogurt, Foods 11 (23) (2022) 3799, https://doi.org/ 
10.3390/foods11233799. 

[25] A.B. Shori, A.S. Baba, Antioxidant activity and inhibition of key enzymes linked to type-2 diabetes and hypertension by Azadirachta indica-yogurt, J. Saudi 
Chem. Soc. 17 (3) (2013) 295–301, https://doi.org/10.1016/j.jscs.2011.04.006. 

[26] I.F. Benzie, J.J. Strain, The ferric reducing ability of plasma (FRAP) as a measure of "antioxidant power": the FRAP assay, Anal. Biochem. 239 (1) (1996) 70–76, 
https://doi.org/10.1006/abio.1996.0292. 

[27] D. Huang, B. Ou, M. Hampsch-Woodill, J.A. Flanagan, R.L. Prior, High-throughput assay of oxygen radical absorbance capacity (ORAC) using a multichannel 
liquid handling system coupled with a microplate fluorescence reader in 96-well format, J. Agric. Food Chem. 50 (16) (2002) 4437–4444, https://doi.org/ 
10.1021/jf0201529. 

[28] A. Kandyliari, P. Potsaki, P. Bousdouni, C. Kaloteraki, M. Christofilea, K. Almpounioti, A. Moutsou, C.K. Fasoulis, L.V. Pol-ychronis, V.K. Gkalpinos, A.G. Tzakos, 
A.E. Koutelidakis, Development of dairy products fortified with plant extracts: antioxidant and phenolic content characterization, Antioxidants 12 (2) (2023) 
500, https://doi.org/10.3390/antiox12020500. 

[29] R. Nyanzi, P.J. Jooste, E.M. Buys, Invited review: probiotic yogurt quality criteria, regulatory framework, clinical evidence, and analytical aspects, J. Dairy Sci. 
104 (1) (2021) 1–19, https://doi.org/10.3168/jds.2020-19116. 

[30] A. Talwalkar, K. Kailasapathy, A review of oxygen toxicity in probiotic yogurts: influence on the survival of probiotic bacteria and protective techniques, Compr. 
Rev. Food Sci. Food Saf. 3 (3) (2004) 117–124, https://doi.org/10.1111/j.1541-4337.2004.tb00061.x. 

[31] J. Flach, M.B. van der Waal, M. van den Nieuwboer, E. Claassen, O.F.A. Larsen, The underexposed role of food matrices in probiotic products: Reviewing the 
relationship between carrier matrices and product parameters, Crit. Rev. Food Sci. Nutr. 58 (15) (2018) 2570–2584, https://doi.org/10.1080/ 
10408398.2017.1334624. 

[32] N.M. Meybodi, A.M. Mortazavian, M. Arab, A. Nematollahi, Probiotic viability in yoghurt: a review of influential factors, Int. Dairy J. 109 (2020) 104793, 
https://doi.org/10.1016/j.idairyj.2020.104793. 

[33] E.W. Ng, M. Yeung, P.S. Tong, Effects of yogurt starter cultures on the survival of Lactobacillus acidophilus, Int. J. Food Microbiol. 145 (1) (2011) 169–175, 
https://doi.org/10.1016/j.ijfoodmicro.2010.12.006. 

[34] N.P. Shah, Probiotic bacteria: selective enumeration and survival in dairy foods, J. Dairy Sci. 83 (4) (2000) 894–907, https://doi.org/10.3168/jds.S0022-0302 
(00)74953-8. 

[35] G. Mitropoulou, V. Nedovic, A. Goyal, Y. Kourkoutas, Immobilization technologies in probiotic food production, J. Nutr. Metab. 2013 (2013) 716861, https:// 
doi.org/10.1155/2013/716861. 

[36] A.C. Ouwehand, A review of dose-responses of probiotics in human studies, Benef. Microbes 8 (2) (2017) 143–151, https://doi.org/10.3920/BM2016.0140. 
[37] M.E. Sanders, M.L. Marco, Food formats for effective delivery of probiotics, Annu. Rev. Food Sci. Technol. 1 (2010) 65–85, https://doi.org/10.1146/annurev. 

food.080708.100743. 
[38] Z. Flis, E. Molik, Importance of bioactive substances in sheep’s milk in human health, Int. J. Mol. Sci. 22 (9) (2021) 4364, https://doi.org/10.3390/ 

ijms22094364. 
[39] M. Sidira, V. Santarmaki, M. Kiourtzidis, A.A. Argyri, O.S. Papadopoulou, N. Chorianopoulos, C. Tassou, S. Kaloutsas, А. Galanis, Y. Kourkoutas, Evaluation of 

immobilized Lactobacillus plantarum 2035 on whey protein as adjunct probiotic culture in yoghurt production, LWT - Food Sci. Technol. 75 (2017) 137–146, 
https://doi.org/10.1016/j.lwt.2016.08.026. 
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