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6.2.2 Preparation of probiotic cultures for yoghurt fermentation

Unadapted and stress-adapted Bifidobacterium spp. stock cultures were resuscitated in

MRS-C broth, incubating at 37 °C for 48 h under anaerobic conditions. A 1% inoculation

of the resuscitated cultures was made into 50 ml MRS-C and incubated anaerobically at

37°C for 48 h. Before inoculating the yoghurt milk preparation, the subcultured broth

was centrifuged at 5000 ⇥ g for 10 min, and the cell pellet was resuspended in 10 ml of

pasteurised milk.

6.2.3 Yoghurt preparation, fermentation and cold storage

Raw cow’s milk (3% fat, 8% fat-free solids, 11% total solids) was obtained from the

University of Pretoria Experimental Farm (Pretoria, South Africa). The milk was mixed

with 1.5% (w/v) stabiliser (acetylated distarch adipate, E1422) in sterilised Schott bottles,

each containing 250 ml of milk, and allowed to hydrate for 30 minutes at 4 °C before

pasteurisation at 90 °C for 10 minutes. The milk was cooled to 37 °C and inoculated with

the yoghurt starter culture (LYOFAST Y 259 A, SACCO, Como, Italy) and the respective

probiotic preparations, as depicted in Table 6.1. The Bifidobacterium spp. were added to

the milk preparations at 6 to 7 log CFU/ml before fermentation. The yoghurt fermenta-

tion was carried out at 37 °C. The pH was monitored, as stated below, every 30 minutes

until it decreased to pH 4.6 in approximately 3.5 h. After fermentation, the yoghurts were

cooled to 4 °C and stored for 28 days. Bacteriological and physicochemical analyses were

performed at 7-day intervals for the 28 days of the yoghurt shelf-life (0, 7, 14, 21 and 28

days). Duplicate yoghurt samples were prepared for each fermentation.

Table 6.1 Descriptive labels of the yoghurt preparations and their respective symbols.

Culture added to yoghurt mix Culture added to yoghurt mix

YBU – Unadapted B. bifidum YBA – Stress-adapted B. bifidum

YRU – Unadapted B. breve YRA – Stress-adapted B. breve

YAU – Unadapted B. animalis YAA – Stress-adapted B. animalis
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Table 6.2 Selective media composition for the enumeration of bacterial species from pro-
biotic yoghurt.

Bacterial species Media Reference

S. thermophilus M17 agar supplemented with 1% lactose (v/w) Shah (2000)

L. bulgaricus MRS agar adjusted to pH 5.4 with 0.13% (v/v)
acetic acid

Bifidobacterium spp. MRS agar supplemented with nalidixic acid
sodium salt (0.015 g/l), neomycin sulfate (0.001
g/l), lithium chloride (3 g/l), paromomycin sul-
fate (0.2 g/l), L-cysteine (5 g/l) (MRS-NNLP
Agar)

6.2.6.1 Bacterial cell extraction

Yoghurts containing unadapted- and stress-adapted Bifidobacterium spp. (3.0 g), were ad-

justed to pH 6.3 by adding of 1 M NaOH, followed by digestion with 1 M tri-sodium

citrate (3.0 ml) (Garcı́a-Cayuela et al., 2009). The resulting cell pellets were isolated by

centrifuging at 10 000 ⇥ g for 10 min at 4 °C before washing thrice with PBS (pH 7.3)

(Yang et al., 2021). The cell pellets were resuspended in 400 µl ultra-pure H2O or MRS

broth before PMAxx-treatment.

6.2.6.2 PMAxx-treatment

The propidium monoazide (PMAxx)-treatment was performed on the extracted bacte-

rial cell suspensions, adding 2 µl of PMAxx™ dye (Biotium Inc., Hayward, CA, USA)

solution (20 mM) to the cell suspensions to achieve a final concentration of 100 µM. Sub-

sequently, the samples were cooled on ice, and exposed to a 500 W halogen light source

for 15 min, with the samples periodically rotated. After PMAxx treatment, the samples

were centrifuged at 6 000 ⇥g for 10 min and the cell pellets were used to extract DNA.
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6.2.6.3 DNA extraction

Genomic DNA was extracted from 100 µl of PMAxx-treated cells using the ZR DNA

Miniprep Kit (Zymo Research, USA). The extracted DNA was quantified using a Qubit™

4 Fluorometer with the dsDNA High Sensitivity (HS) assay kit (Invitrogen™, Thermo

Fisher Scientific, Waltham, USA). Before quantitative polymerase chain reaction (qPCR)

analysis, the DNA concentration was adjusted to 5 ng/µl with PCR-grade ultra-pure wa-

ter. Standardised DNA extracts were stored at -20 °C until qPCR analysis.

6.2.6.4 Real time qPCR (RT-qPCR)

The quantitative polymerase chain reaction (qPCR) reaction was prepared to a final vol-

ume of 10 µl. It contained 5.0 µl of 2 ⇥ TB Green R© Advantage R© qPCR Premix

(TB Green dye, full-length Taq DNA Polymerase, hot-start antibody, dNTPs, and buffer)

(Takara Bio Inc, Mountain View, CA, USA), 0.2 µl of the forward primer (10 µM), 0.2

µl of the reverse primer (10 µM), 1.0 µl of the template DNA (0.5 ng) and 3.6 µl of

nuclease-free water. The primers used in the qPCR assays were as reported by Marole

et al. (2024) and are given in Table 6.3.

Table 6.3 Species-specific primers for q-PCR of probiotics and yoghurt cultures.

Organism Primer sequence References

S. thermophilus F 50-CGTGGTGTTGTTCGTGTTAATGA-30 Fan et al. (2021)

R 50-CGGCAATACCTTCATCAAGTTGT-30

L. delbrueckii F 50-AGACTCTTGACTTGGGTGAAGC-30 Marole et al. (2024)

R 50-GTTCTGTGGGTCTTGATTGAGC-30

Bifidobacterium F 50-AAGCCGTTCCTGATGCCTATC-30 Marole et al. (2024)

species R 50-GAGGTAACGGTGGTGGTCTG-30

F: Forward Primer; R: Reverse Primer
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Table 6.4 Analysis of variance showing the effect of bacterial species and adaptation
treatment on the pH and viability of unadapted or adapted Bifidobacterium spp. viability
of probiotic yoghurt during fermentation (0 - 3.5 h).

P-Value

Source of Variation DF pH
Probiotic

Viability

Main Effects

Bifidobacterium spp. (B. bifidum, B. breve, B. animalis) 2 < 0.001 < 0.001

Stress Adaptation (Unadapted, Adapted) 1 - < 0.001

Fermentation Time (Probiotic Viability) (0, 3.5 h) 1 - < 0.001

Interactions

Spp. x Stress Adaptation 2 - < 0.001

Spp. x Fermentation Time (Probiotic Viability) 2 - < 0.001

Stress Adaptation x Fermentation Time

(Probiotic Viability)
1 - < 0.001

Spp. x Stress Adaptation x Fermentation Time

(Probiotic Viability)
2 - < 0.001

The yoghurt preparations were inoculated with the respective Bifidobacterium spp.

between 6 - 7 log CFU/g before fermentation (Figure 6.2). Furthermore, in Figure 6.2,

the different Bifidobacterium species and their adapted counterparts exhibited varied re-

sponses to the fermentation process. For instance, while the viability of B. bifidum de-

creased during fermentation, the adapted counterpart demonstrated enhanced viability

retention, whereby 1 log difference was observed between the unadapted and adapted B.

bifidum post-fermentation (P < 0.0001) (Figure 6.2).

Furthermore, it is evident in Figure 6.2 that the adaptation of B. breve resulted in

greater viability retention and an increase in bacterial counts during fermentation (P <

0.0001). Therefore, the fermentation process itself favoured the growth of the adapted

B. breve (Figure 6.2). Conversely, the opposite effect of the fermentation process was

observed for unadapted B. breve in the yoghurt, whereby its viability declined from 6.2

log CFU/g to 4.6 log CFU/g by the end of fermentation (Figure 6.2).
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Figure 6.1 Effect of stress adaptation on the pH (left) and Bifidobacterium spp. viability
(right) during fermentation of yoghurt containing (A) B. bifidum, (B) B. breve, (C) B. an-
imalis. Values are the means ± standard deviation (n = 4). YBU: yoghurt with unadapted
B. bifidum; YBA: yoghurt with stress-adapted B. bifidum; YRU: yoghurt with unadapted
B. breve; YRA: yoghurt with stress-adapted B. breve; YAU: yoghurt with unadapted B.
animalis; YAA: yoghurt with stress-adapted B. animalis.
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Figure 6.2 Effect of stress adaptation on the Bifidobacterium spp. viability during fermen-
tation of yoghurt containing B. bifidum, B. breve and B. animalis. Values are the means ±
standard deviation (n = 4). YBU: yoghurt with unadapted B. bifidum; YBA: yoghurt with
stress-adapted B. bifidum; YRU: yoghurt with unadapted B. breve; YRA: yoghurt with
stress-adapted B. breve; YAU: yoghurt with unadapted B. animalis; YAA: yoghurt with
stress-adapted B. animalis.
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6.3.2 Shelf-life study of yoghurt with unadapted and stress-adapted Bifidobacterium

species

6.3.2.1 Physicochemical characteristics of yoghurt fermented with unadapted and

stress-adapted Bifidobacterium species

During the shelf-life, a decrease in pH was observed across all yoghurt samples over the

28-day storage period, with an initial pH of approximately 4.6 (Figure 6.3). The most

pronounced decline in pH for all yoghurts occurred within the first seven days of storage

(P < 0.001). Specifically, the pH declined from 4.6 to approximately 4.4 in all yoghurt

samples by day 7 (Figure 6.3). Overall, there were no observable differences between

yoghurt samples based on Bifidobacterium spp. and adaptation treatment. At the end of

the shelf-life period, the pH levels across all yoghurt samples converged to approximately

4.3 or lower (Figure 6.3).

Table 6.5 Analysis of variance showing the effect of bacterial species and adaptation
treatment on the physicochemical characteristics (pH, TA, DORP, Syneresis) of yoghurt
containing either unadapted or adapted Bifidobacterium spp., during 28 days of refriger-
ated storage.

P-Value

Source of Variation DF pH TA DORP

Main Effects

Bifidobacterium spp. (B. bifidum, B. breve, 2 < 0.001 - < 0.001

B. animalis)

Stress Adaptation (Unadapted, Adapted) 1 0.011 < 0.001 < 0.001

Shelf-life (pH, TA, Syneresis) (0, 7, 14, 21, 4 < 0.001 < 0.001 -

28 days)

Shelf-life (DORP) (7, 14, 21, 28 days) 3 - - < 0.001
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Figure 6.3 Effect of stress adaptation on the pH (left) and titratable acidity (% lactic acid) (right) over the 28-day cold storage (4 °C) period
of yoghurt containing (A) B. bifidum, (B) B. breve, (C) B. animalis. Values are the means ± standard deviation (n = 4). YBU: yoghurt with
unadapted B. bifidum; YBA: yoghurt with stress-adapted B. bifidum; YRU: yoghurt with unadapted B. breve; YRA: yoghurt with stress-
adapted B. breve; YAU: yoghurt with unadapted B. animalis; YAA: yoghurt with stress-adapted B. animalis.
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Table 6.6 Change in ORP (DmV) over the 28-day cold storage (4 °C) period of yoghurt containing unadapted or adapted Bifidobacterium
species.

Change in ORP (DmV)

Time (day) YBU YBA YRU YRA YAU YAA

0 - 7 128.4 ± 23.9 140.8 ± 21.4 154.1 ± 5.7 79.9 ± 5.6 114.7 ± 2.8 49.9 ± 9.9

0 - 14 147.0 ± 25.6 160.7 ± 3.8 169.1 ± 6.9 110.4 ± 4.8 130.3 ± 1.3 80.3 ± 4.7

0 - 21 169.9 ± 25.5 171.8 ± 19.7 194.0 ± 6.9 120.6 ± 2.1 154.8 ± 1.2 97.5 ± 6.1

0 - 28 152.8 ± 26.1 168.8 ± 17.7 180.1 ± 7.1 120.2 ± 2.2 146.8 ± 3.2 100.6 ± 5.8

Values are the means ± standard deviation (n = 4).

YBU: yoghurt with unadapted B. bifidum; YBA: yoghurt with stress-adapted B. bifidum;

YRU: yoghurt with unadapted B. breve; YRA: yoghurt with stress-adapted B. breve;

YAU: yoghurt with unadapted B. animalis; YAA: yoghurt with stress-adapted B. animalis.
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Table 6.7 Effect of stress adaptation on the syneresis (%) over the 28-day cold storage (4
°C) period of yoghurt containing B. bifidum, B. breve, and B. animalis.

Time

(day)

% Syneresis

YBU YBA YRU YRA YAU YAA

0 34 ± 1.3 33 ± 3.1 32 ± 4.3 38 ± 1.2 37 ± 1.7 36 ± 2.0

7 34 ± 2.9 38 ± 9.5 30 ± 5.1 37 ± 5.3 32 ± 4.5 41 ± 2.6

14 34 ± 2.3 39 ± 4.8 35 ± 1.8 37 ± 3.4 32 ± 3.1 40 ± 0.8

21 33 ± 2.0 41 ± 3.2 34 ± 3.9 38 ± 3.5 36 ± 4.8 42 ± 2.8

28 36 ± 1.4 42 ± 1.5 39 ± 3.5 34 ± 12.0 39 ± 4.2 46 ± 1.6

Values are the means ± standard deviation (n = 4).

YBU: yoghurt with unadapted B. bifidum; YBA: yoghurt with stress

adapted B. bifidum; YRU: yoghurt with unadapted B. breve; YRA:

yoghurt with stress-adapted B. breve; YAU: yoghurt with unadapted

B. animalis; YAA: yoghurt with stress-adapted B. animalis.

6.3.2.2 Viability of starter cultures, unadapted and stress-adapted Bifidobacterium

spp. during yoghurt storage

The unadapted and adapted Bifidobacterium spp. on the viability of the yoghurt starter

cultures was minimal. The viability of S. thermophilus remained at consistently high

levels across all yoghurt samples, regardless of the presence of unadapted or adapted Bi-

fidobacterium spp., with no deviation from initial counts of approximately 9.0 to 10.4 log

CFU/g (data not shown). L. bulgaricus also maintained relatively stable viability during

storage across all yoghurt samples, albeit starting from lower viability levels (between 3.7

and 4.7 log CFU/g) (data not shown). However, in yoghurt containing adapted B. breve,

L. bulgaricus exhibited enhanced viability after fermentation, reaching 5.8 log CFU/g and

maintaining this level throughout storage (data not shown).
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Figure 6.4 Effect of stress adaptation on probiotic viability in yoghurt containing (A) B.
bifidum, (B) B. breve, and (C) B. animalis over the 28-day cold storage (4 °C) period.
Values are the means ± standard deviation (n = 4). YBU: yoghurt with unadapted B.
bifidum; YBA: yoghurt with stress-adapted B. bifidum; YRU: yoghurt with unadapted
B. breve; YRA: yoghurt with stress-adapted B. breve; YAU: yoghurt with unadapted B.
animalis; YAA: yoghurt with stress-adapted B. animalis.

Table 6.9 The effect of stress adaptation on the viability proportion index (VPI) of Bifi-
dobacterium spp. in yoghurt at the end of storage (day 28), as determined by MRS-NNLP.

Species B. bifidum B. breve B. animalis

Unadapted 0.698 ± 0.211 0.895 ± 0.213 1.182 ± 0.019

Stress-adapted 0.752 ± 0.050 0.675 ± 0.062 1.047 ± 0.012

Values are the means ± standard deviation (n = 4).
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Subsequently, the Ct values were converted to log CFU/g using the standard curve,

allowing for the enumeration of B. animalis during the PMAxx-qPCR assay. Further-

more, the standard curves of Marole et al. (2024) were used for the determination of S.

thermophilus, L. bulgaricus, B. bifidum and B. breve viability during the PMAxx-qPCR.

6.3.3.2 Comparison of PMAxx-qPCR method to standard plate count method

A strong positive correlation (Pearson correlation coefficient of 0.9621) between bacterial

counts obtained through the PMAxx-qPCR method and those determined by the standard

plate counts (SPC) method was observed (P < 0.0001) (Figure 6.8 (A)). However, via-

bility counts measured by the PMAxx-qPCR assay consistently exceeded those obtained

via plate counting (Figure 6.8 (B)). The observed discrepancy between the enumeration

methods averaged 27%, with variations ranging from -6% to 59% (Figure 6.8 (B)).
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Figure 6.8 (A) Simple linear regression and (B) Bland-Altman method of comparison
(% Difference vs. Average) of the PMAxx-qPCR method compared to the standard plate
count method (n = 48). The Bland-Altman comparison = expressed as a percentage rel-
ative difference [100 ⇥ (PMAxx-qPCR count – Plate count)/average] vs. average. LoA:
Limits of Agreement.
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Figure 6.9 Viability of S. thermophilus (A) and L. bulgaricus (B) in yoghurt prepared
with unadapted or stress-adapted B. bifidum, B. breve or B. animalis, on day 0 and 28
of refrigerated storage (4 °C), as determined by PMAxx-qPCR. Values are the means ±
standard deviation (n = 2). YBU: yoghurt with unadapted B. bifidum; YBA: yoghurt with
stress-adapted B. bifidum; YRU: yoghurt with unadapted B. breve; YRA: yoghurt with
stress-adapted B. breve; YAU: yoghurt with unadapted B. animalis; YAA: yoghurt with
stress-adapted B. animalis.

Table 6.10 Analysis of variance showing the effect of bacterial species and adaptation
treatment on the viability of unadapted or adapted Bifidobacterium spp. and resulting
VPI1, as measured by PMAxx-qPCR, in yoghurt during 28 days of refrigerated storage.

P-Value

Source of Variation DF PMAxx-qPCR VPI28

Main Effects

Bifidobacterium spp. (B. bifidum, B. breve, 2 < 0.001 < 0.001

B. animalis)

Stress Adaptation (Unadapted, Adapted) 1 < 0.001 -

Interactions

Spp. x Stress Adaptation 2 < 0.001 -

Spp. x Shelf-life 2 0.013 -
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Figure 6.9 Viability of S. thermophilus (A) and L. bulgaricus (B) in yoghurt prepared
with unadapted or stress-adapted B. bifidum, B. breve or B. animalis, on day 0 and 28
of refrigerated storage (4 °C), as determined by PMAxx-qPCR. Values are the means ±
standard deviation (n = 2). YBU: yoghurt with unadapted B. bifidum; YBA: yoghurt with
stress-adapted B. bifidum; YRU: yoghurt with unadapted B. breve; YRA: yoghurt with
stress-adapted B. breve; YAU: yoghurt with unadapted B. animalis; YAA: yoghurt with
stress-adapted B. animalis.
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Figure 6.10 Probiotic viability in yoghurt prepared with unadapted or stress-adapted B.
bifidum, B. breve or B. animalis, on day 0 and 28 of refrigerated storage (4 °C), as de-
termined by PMAxx-qPCR. Values are the means ± standard deviation (n = 2). YBU:
yoghurt with unadapted B. bifidum; YBA: yoghurt with stress-adapted B. bifidum; YRU:
yoghurt with unadapted B. breve; YRA: yoghurt with stress-adapted B. breve; YAU: yo-
ghurt with unadapted B. animalis; YAA: yoghurt with stress-adapted B. animalis.

B. animalis showed a minimal reduction in viability, starting from initial viabilities of

about 7.0 log CFU/g and ending slightly lower, indicating its greater stability with VPIs

of 0.90 and 0.94 for unadapted and adapted strains, respectively (Figure 6.10 and Ta-

ble 6.11). Furthermore, the PMAxx-qPCR assay revealed that all three Bifidobacterium

species remained above the recommended therapeutic minimum probiotic levels in yo-

ghurt throughout storage (Figure 6.10).

Table 6.12 presents the estimated shelf-life of yoghurts prepared with either unadapted

or adapted Bifidobacterium species. This estimation is based on the standard plate counts,

and the PMAxx-qPCR counts of the Bifidobacterium spp. observed on days 0, 7, 14, 21,

and 28 of storage (Figures 6.4 and 6.10), alongside the adherence to the recommended

minimum probiotic concentration in yoghurt of 6 log CFU/g (FAO/WHO, 2003). Consid-

ering this criterion, the standard plate counts indicated that the adaptation of Bifidobac-

terium spp. improved the shelf-life of probiotic yoghurts (Table 6.12).
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Table 6.11 The effect of stress adaptation on the viability proportion index (VPI) of Bi-
fidobacterium spp. in yoghurt at the end of storage (day 28), as determined by PMAxx-
qPCR.

Species B. bifidum B. breve B. animalis

Unadapted 0.808 ± 0.004 0.971 ± 0.015 0.900 ± 0.037

Stress-adapted 0.806 ± 0.006 0.947 ± 0.002 0.940 ± 0.007

Values are the means ± standard deviation (n = 4).

Table 6.12 Effect of stress adaptation on the predicted shelf-life of probiotic yoghurt
containing B. bifidum, B. breve or B. animalis, based on the recommended minimum
viable level for probiotics in yoghurt.

Bifidobacterium

spp. in yoghurt

Shelf-life based on

MRS-NNLP (days)

Shelf-life based on

PMAxx-qPCR (days)

Unadapted Stress Adapted Unadapted Stress Adapted

B. bifidum 0 < 7 28 28

B. breve 0 < 7 28 28

B. animalis 28 28 28 28
1Shelf-life was established based on the minimum viable count requirement of 6 log

CFU/g, as mandated by CODEX STAN 243-2003 (FAO/WHO, 2002). This criterion

applies to microorganisms that are added as supplementary cultures to yoghurt dairy

products, beyond the primary starter culture, whereby a content claim can be made in

the labelling.
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