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ABSTRACT

Survival of oxidative stress-adapted Bifidobacterium spp. in yoghurt.
by

Ursula Louise Thomashoff

Supervisor: Prof. Elna M. Buys
Co-supervisor: Dr. Thulani Sibanda

Degree: MSc Food Science

Bifidobacterium species are prominent constituents of the gut microbiota of healthy humans
whose presence in the gut is linked with several health benefits. The supplementation of Bifi-
dobacterium spp. as a probiotic through foods such as yoghurt is considered to be an effective
way of sustaining a healthy gut microbiome and preventing gut dysbiosis. However, the abil-
ity to maintain the viability of Bifidobacterium spp. above the recommended therapeutic dose
during the production and storage of yoghurt remains challenging due to its susceptibility to
oxidative stress. This study aimed to investigate the effect of oxidative stress adaptation treat-
ments on the physiological responses of three Bifidobacterium species, B. bifidum, B. breve
and B. animalis subsp. animalis. The study also sought to isolate stress-adapted Bifidobac-
terium spp. variants and subsequently investigated their survival and viability during yoghurt
manufacturing and storage shelf-life. Cultures of B. bifidum, B. breve and B. animalis were
subjected to a sublethal (0.4 mM) hydrogen peroxide (H,O,) treatment followed by exposure
to lethal (1 mM) H,O, treatments across three successive generations. Membrane integrity
and intracellular oxidation states of the H,O,-treated cells were evaluated using flow cytome-
try (FC) and fluorescent staining with SYTO 9 (S9) coupled with propidium iodide (PI), and
CellROX® Green (CRG), respectively. The H,O, treatments improved membrane integrity
in B. breve and B. animalis, but increased intracellular oxidation states in all three Bifidobac-

terium species. Furthermore, the H,O,-treated cells were subjected to a lethal HO, challenge
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(30 min; 1 mM H;0,) before combined FC analysis of membrane integrity and intracellular
oxidation states using CRG with PI. Results showed that the H,O, treatment had no effect
on B. breve while improving the membrane integrity retention of B. bifidum, indicating po-
tential adaptive changes that mitigated oxidative damage. B. animalis had the most distinct
response in maintaining membrane integrity in an oxidised intracellular state, potentially re-
flecting the species’ intrinsic oxidative stress tolerance. The morphological and ultrastructural
characteristics and stress responses of stress-adapted Bifidobacterium cells were examined us-
ing scanning and transmission electron microscopy (SEM and TEM). B. bifidum consistently
expressed extracellular vesicles (EVs), affecting the cell surface texture and possibly indicating
disrupted cell division and granule formation — features that were enhanced following the lethal
H,0; challenge. Further adaptations and responses observed in Bifidobacterium spp. included
cellular elongation, compaction of intracellular components, thinning of its cell envelope and
surface texturing. B. breve also underwent cytoplasmic compaction for protection, whereas
prominent circumferential rings observed on B. animalis enhanced cell aggregation and stress
resistance. Finally, the adapted Bifidobacterium spp. were evaluated for their viability dur-
ing yoghurt fermentation and storage, and their storage was compared to that of unadapted
cells over 28 days. Although the viability of B. bifidum and B. breve declined during yoghurt
storage, the stress adaptation resulted in better survival for both species during fermentation,
suggesting that the stress adaptation may not be sufficient to protect the species against the
combined effects of oxidative and acid stress during yoghurt shelf-life. Consistent with its
known intrinsic stress tolerance, B. animalis maintained stable viability counts during yoghurt
fermentation and storage. Bacterial viability was also determined using a novel propidium
monoazide-quantitative polymerase chain reaction (PMAxx-qPCR) method. Interestingly, this
culture-independent technique showed that all three Bifidobacterium spp. remained above the
probiotic minimum level (6 log CFU/g) throughout storage. The results suggested a signif-
icant loss of culturability for some Bifidobacterium species and the potential transition into
a viable but non-culturable (VBNC) state. Thus, the PMAxx-qPCR method may be a feasi-
ble option for accurate probiotic viability quantification that can account for cells in a VBNC
state. The study shows that exposing B. bifidum, B. breve, and B. animalis subspp. animalis
to sublethal- and subsequent lethal H,O; treatments result in variants that are less susceptible
to ROS-induced damage. Furthermore, the study confirms that stress adaptation is a promis-

ing method to enhance the viability of Bifidobacterium spp. during yoghurt manufacturing and
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storage, maintaining recommended probiotic levels throughout the product’s shelf life. This
enhanced survival, attributed to an active oxidative stress response induced by adaptation treat-
ments, suggests that oxidative stress adaptation is a feasible method to improve the survivability
and functional stability of some probiotic Bifidobacterium spp. in yoghurt. This approach not
only supports the maintenance of the minimum recommended probiotic levels (6 log CFU/g
viable cells) throughout production and storage but also potentially extends the probiotic shelf-

life of the yoghurt.
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CHAPTER 1

Problem statement

The human gut microbiota comprises a symbiotic community of bacterial and archaeal species
and genera that reside in the gastro-intestinal tract (GIT) of healthy humans (Derrien et al.,
2022). This microflora contributes several beneficial functions to the human host, including
protection against gastrointestinal infections and non-communicable diseases such as gastric
cancer and diabetes, enhancing host immunity, and improving digestion and nutrient absorp-
tion (Alessandri et al., 2021; Nyanzi et al., 2021; Derrien et al., 2022). Bifidobacterium species
are a prominent constituent of the gut microbiota of healthy humans and contribute to various
biological functions. These include enhancing intestinal function, reducing cholesterol levels,
synthesis of B vitamins, and prevention of infectious diarrhoea and colon cancer (Nyanzi et al.,
2021). However, factors such as age and diet can disrupt the natural balance of the gut mi-
crobiota, leading to dysbiosis (Arboleya et al., 2016; Shi, 2019). In particular, a decline in the
relative proportion of Bifidobacterium spp. in the human GIT is known to occur with age (Ar-
boleya et al., 2016). In infants and children, Bifidobacterium spp. constitute up to 90% of the
gut microbiota, but this proportion declines to 10 - 40% in adults (Arboleya et al., 2016; Yang
et al., 2021). This reduction has been linked to numerous adverse health outcomes that include
gastrointestinal diseases, a weakened epithelial barrier, reduced immune responses, and overall

gut discomfort (Hamilton-Miller, 2004).

The ability to supplement the bifidobacterial content of the human gut through probiotic
foods is considered to be an effective way of restoring and sustaining a healthy gut microbiome
(Sarkar, 2019). Among many foods that can serve as probiotic carriers, yoghurt is considered
to be an optimal vehicle for probiotics due to its widespread popularity and distinctive matrix
with a buffering capacity (Lourens-Hattingh and Viljoen, 2001; Zhang et al., 2023a). The pro-
biotic microorganisms incorporated into foods for their beneficial health effects are required
to maintain viability in the food product at or above a therapeutic minimum level of 6 log
Colony-Forming Units (CFU)/g at the point of consumption (FAO/WHO, 2003; Nyanzi et al.,

2021). For Bifidobacterium spp., the ability to incorporate and maintain its viability in foods



is a significant challenge (Sibanda et al., 2024). Its viability during yoghurt manufacturing is
affected by its limited susceptibility to various stress factors encountered during the yoghurt
fermentation and storage shelf-life (Schopping et al., 2022; Sibanda et al., 2024). These stres-
sors include heat, cold, acid, osmotic, and oxidative stress (Schopping et al., 2022). Among
the stress factors, oxygen is the most prominent factor potentially limiting the viability of Bi-
fidobacterium spp. in yoghurt. As anaerobic organisms, Bifidobacterium spp. are generally
sensitive to oxidative stress. However, their susceptibility varies among species and strains
(Oberg and Broadbent, 2016; Schopping et al., 2022). Some species, such as B. boum and
B. thermophilum, are known to be hyper-aerotolerant, while others, such as B. longum subsp.
infantis and B. adolescentis are oxygen-hypersensitive (Meile et al., 1997; Kawasaki et al.,
2018a). The variation in aerotolerance among species suggests that even though Bifidobac-
terium spp. are anaerobes that generally lack the primary antioxidant enzymes like catalase and
superoxide dismutase, some species possess alternative enzyme systems for protection against

oxidative stress (Schopping et al., 2022).

Several approaches aimed at enhancing the survival of Bifidobacterium spp. during yoghurt
processing have been explored, with varying levels of success (Sibanda et al., 2024). These in-
clude microencapsulation, the addition of stress protective agents, and oxygen removal methods
such as electroreduction (Dave and Shah, 1997a; Bazinet et al., 2009; Frakolaki et al., 2021).
Another promising method is stress adaptation, which involves the exposure of Bifidobacterium
spp. to sublethal stress treatments across multiple generations to induce adaptive responses and
develop stress-resistant variants (Mozzetti et al., 2010; Schopping et al., 2022). Despite Bifi-
dobacterium spp. generally lacking the primary antioxidant enzymes, studies have shown that
some species possess oxidative stress-inducible oxidoreductases that can help the organisms
cope in the presence of oxygen (Oberg et al., 2015; Schopping et al., 2023). Notably, enzymes
such as alkyl hydroperoxide reductase subunit C (AhpC) and thioredoxin reductase (TrxR)
(Oberg et al., 2015; Schopping et al., 2023), together with several chaperones and reparative
proteins with protective activities, have also been identified in Bifidobacterium spp. (Zuo et al.,
2018). These protective mechanisms have been documented across various species, including
B. pullorum, B. pseudolongum, B. boum, B. adolescentis, B. longum, B. asteroides, B. bifidum,
B. animalis, and B. breve (Zuo et al., 2014; Tanaka et al., 2018; Satoh et al., 2019; Schopping
et al., 2022). The aim of this study is to investigate the effect of oxidative stress adaptation

treatments on the physiological responses of three Bifidobacterium spp., namely B. bifidum, B.



breve, and B. animalis subsp. animalis. Furthermore, this study aims to isolate stress-adapted
Bifidobacterium spp. variants that exhibit enhanced oxidative stress tolerance. Subsequently,
this study investigates the survival and viability of the adapted variants during yoghurt manufac-
turing and storage shelf-life. Overall, this study focuses on enhancing the industrial application

of Bifidobacterium spp. in the production of probiotic yoghurt.



CHAPTER 2

Literature review

The primary objective of this literature review is to offer a comprehensive understanding of Bi-
fidobacterium spp. and its susceptibility to various stress factors, with a particular emphasis on
oxidative stress encountered during yoghurt processing. Furthermore, the review investigates
the probiotic’s ability to respond and adapt to oxidative stress. It delves into the mechanisms
governing the physiological, morphological, and genetic responses of Bifidobacterium spp. to
oxidative stress. This review explores how these responses can be leveraged through sublethal
and lethal stress exposures to develop variants that are better equipped to withstand oxidative

stress during yoghurt production.

2.1 THE BIOLOGY OF BIFIDOBACTERIA

Bifidobacterium spp. are Gram-positive, non-spore-forming, non-motile rods, that belong to the
Bifidobacteriaceae family. Most species assigned to this genus are the dominant inhabitants of
the human GIT (Fanning et al., 2012). They are heterofermentative bacteria that produce vary-
ing amounts of lactate and acetate, depending on the substrate (Klijn et al., 2005). Currently,
the genus consists of more than 80 classified Bifidobacterium species (Alessandri et al., 2021).
Many species of Bifidobacterium have been found to be applicable in diverse industrial sectors,
including clinical and food-related domains. Bifidobacteria are commonly categorised as lactic
acid bacteria (LAB) due to their capacity to generate lactic acid during fermentation. How-
ever, they are phylogenetically distinct from other LAB, such as Lactobacillus, Lactococcus,
and Streptococcus, which belong to the phylum Bacillota (previously Firmicutes), whereas bi-
fidobacteria belong to the phylum Actinomycetota (previously Actinobacteria) (Vlasova et al.,
2016; Oren, 2024). Furthermore, they heavily depend on complex carbohydrates for their en-

ergy requirements.



In contrast to other bacterial species, bifidobacteria do not produce the enzymes needed
for the preparatory phase of the Embden-Meyerhof-Parnas (EMP) pathway typically associ-
ated with bacterial carbohydrate metabolism (O’Callaghan and van Sinderen, 2016). Specif-
ically, key enzymes phosphohexose isomerase, phosphofructokinase-1, and aldolase. Instead,
bifidobacteria utilise the bifid shunt, which employs two phosphoketolase enzymes, fructose
6-phosphoketolase and xylulose 5-phosphate phosphoketolase, to metabolise hexoses and pen-
toses, respectively (Pokusaeva et al., 2011). This enzyme facilitates the enzymatic breakdown
of hexose phosphate into erythrose 4-phosphate and acetyl phosphate. Through the catalytic
action of transaldolase and transketolase, acting on the erythrose 4-phosphate and fructose
6-phosphate, the xylulose 5-phosphate and ribose 5-phosphate are formed (Pokusaeva et al.,
2011).

The glyceraldehyde 3-phosphate and erythrose-4-phosphate produced by the bifid shunt are
then processed through the pentose phosphate pathway and the payoff phase of the EMP path-
way, involving enzymes such as glyceraldehyde 3-phosphate dehydrogenase, pyruvate kinase,
and lactate dehydrogenase (Pokusaeva et al., 2011). Eventually, in the bifid shunt pathway, fer-
mentation involving two glucose molecules results in three acetate and two lactate molecules,
and a higher ATP yield of 5 ATP molecules compared to the 4 ATP molecules produced by the
EMP pathway (Shah, 2011). Palframan et al. (2003) have shown that Bifidobacterium spp. can
effectively metabolise complex carbohydrates through its bifid shunt, leading to a higher en-
ergy yield than the EMP pathway. Notably, the lactate-to-acetate ratio is modulated by various
factors, including the type of carbohydrate, culture conditions, specific species or subspecies,

and growth phase (Shah, 2011).

2.2 BIFIDOBACTERIA AS A PROBIOTIC

The attractiveness of Bifidobacterium spp. for health-promoting food products lies in their di-
verse probiotic functionalities. A considerable amount of evidence from both in vitro and
in vivo studies has confirmed the probiotic properties of Bifidobacterium species (Konieczna
et al., 2012; Groeger et al., 2013; Turroni et al., 2014; Din et al., 2020; Shang et al., 2020;
Zhang et al., 2020; Hee and Wells, 2021; Alvarez-Mercado et al., 2022; Schiweck et al., 2022;



He et al., 2023). Bifidobacterium spp. play a crucial role in enhancing the host’s immune sys-
tem by stimulating both innate and adaptive defences. They protect against infectious diseases,
help prevent non-communicable diseases, and improve the host’s nutritional metabolism (Tur-

roni et al., 2014; Zhang et al., 2020; Schiweck et al., 2022; He et al., 2023).

Bifidobacterium spp. enhance the host’s immune system by stimulating immune cells in the
intestinal mucosa to secrete cytokines. Cytokines are crucial for the proliferation and differen-
tiation of immune cells, playing a vital role in strengthening immune responses. Dong et al.
(2010) showed that Bifidobacterium spp. plays a role in the growth of T cells in the thymus

through the enhancement of the maturation of regional dendritic cells and IL-12 expression.

Furthermore, Bifidobacterium spp. actively contribute to the metabolism of dietary fibres
such as arabinoxylans, pectin, and inulin, as well as human-derived heteroglycans, such as
mucin and human milk oligosaccharides (Kelly et al., 2021; Li et al., 2023). Human diges-
tive enzymes cannot metabolise these complex carbohydrates, leaving the task to the gut mi-
crobiota. The resulting products of this fermentation process, particularly short-chain fatty
acidss (SCFAs), offer substantial health benefits. SCFAs help lower intestinal pH, enhance
the bioavailability of essential minerals like calcium and magnesium, and inhibit the growth
of pathogenic bacteria, thereby promoting overall health (Teitelbaum and Walker, 2002; Wong
et al., 2006). Fanning et al. (2012) reported evidence that showed that B. breve UCC2003
can prevent pathogen colonisation and infection of the GIT through surface exopolysaccharide
(EPS) production. Toure et al. (2003) identified several Bifidobacterium strains that produce
heat-stable proteinaceous compounds exerting antimicrobial activity against Listeria monocy-
togenes. Similarly, the inhibitory activity of B. longum against Candida strains through the
production of different metabolites was established by Inturri et al. (2019). These findings un-
derscore the potential of bifidobacteria as a natural and effective means of combatting harmful

pathogenic microorganisms.

2.3 YOGHURT AS A PROBIOTIC CARRIER

Yoghurt is a dairy product that results from the cooperative fermentation of milk with Strep-

tococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus resulting in a smooth,



acid gel. It is widely recognised as an excellent carrier for probiotics, particularly Bifidobac-
terium spp., for several compelling reasons. Firstly, during the fermentation of milk, the grad-
ual acidification of the environment allows Bifidobacterium spp. to acclimatise to the changing
acidity (Lourens-Hattingh and Viljoen, 2001). This further protects the bacteria as it passes
through the harsh acidic conditions of the stomach, enhancing its survival and effective deliv-

ery to the GIT (Egan et al., 2018; Matouskova et al., 2021).

Additionally, yoghurt offers a nutrient-rich environment comprising carbohydrates, pro-
teins, lipids, minerals, and vitamins, which supports the viability and stability of probiotics
(Lourens-Hattingh and Viljoen, 2001; Pokusaeva et al., 2011; Schopping et al., 2021). The
ability of Bifidobacterium spp. to produce acetic and lactic acid through the bifid shunt further
supports its incorporation into yoghurt. Furthermore, some strains of S. thermophilus poten-
tially acts as oxygen scavengers, contributing to the creation and maintenance of an anaero-
bic environment that benefits the growth and viability of Bifidobacterium spp. (Talwalkar and

Kailasapathy, 2004a).

In South Africa, yoghurt is a popular dairy product, with a significant portion of the popula-
tion incorporating it into their daily diets. According to the Consumer Education Project (CEP)
report (2022), 48.3% of households consume yoghurt weekly, with consumption levels higher
among affluent demographics. Given that yoghurt is already a staple in many diets, its use as a
functional food to deliver beneficial probiotics could see excellent consumer acceptance, lever-
aging its role in regular consumption patterns to provide significant health benefits. Moreover,
the yoghurt market is projected to increase annually by 6.95% (Statista, 2024). Therefore,
yoghurt is an ideal vehicle for delivering Bifidobacterium spp. to the consumer, which can
capitalise on the existing market penetration and positive health benefits associated with the

consumption of yoghurt.

In the South African market, the options for probiotic yoghurt or yoghurt supplemented
with Bifidobacterium spp. are currently limited. The available yoghurt products on the shelves
contain either ‘Bifidobacterium (HNO19) culture’ (Woolworths, n.d.) or Bifidobacterium lactis
BB-12 (Hansen, n.d.). However, the ability of the probiotic to maintain viability above the

recommended therapeutic level for the duration of a 28-day shelf-life has yet to be published.



Preliminary experiments investigating the viability of B. bifidum ATCC® 11863™ during
yoghurt fermentation and storage (12 d) were performed. B. bifidum viability significantly de-
clined after 12 days of storage, with initial levels of 6.0 log CFU/g and a final level of 3.5 log
CFU/g. Various factors affecting the probiotic viability were identified, including a decrease in
pH, low temperatures, microbial interaction, and the incorporation of oxygen during process-
ing. However, it was suggested that including oxygen during processing and storage and the
acidic environment were the main factors contributing to the loss in bifidobacteria viability in
the yoghurt (Thomashoff et al., 2021). The most challenging factor affecting the viability of
Bifidobacterium spp. during yoghurt fermentation and storage, therefore, remains its sensitivity

to oxygen, which will be explored in subsequent sections.

2.4 STRESS FACTORS AFFECTING VIABILITY DURING YOGHURT PROCESS-
ING AND SHELF-LIFE

Note: The content of this section is adapted from our previously published article:

Sibanda et al. (2024), Frontiers in Microbiology, 15, pp. 4-7.

When it comes to the processing and shelf-life of probiotic yoghurt, various factors come
into play that can impact the viability and functionality of Bifidobacterium species. This probi-
otic requires careful management of stress factors during the yoghurt production processes and
shelf-life to survive, as illustrated in Figure 2.1. Stress factors typically associated with yoghurt
products, such as heat, cold, acid, osmotic and oxidative stress, can significantly impact Bifi-
dobacterium spp. survival and functionality in yoghurt. This section aims to explore the impact
of the stress factors typically associated with the manufacturing and storage of yoghurt on the
survival of Bifidobacterium spp. whilst delving into the ability of these bacteria to withstand

and thrive under these varying stress conditions.
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Figure 2.1 Stress factor integration points in the yoghurt production process and their respective
impact on Bifidobacterium spp. viability. (Adapted from Figure 1 in Sibanda et al. (2024))



2.4.1 Heat stress

Yoghurt production involves several thermal steps, including mix preparation, homogenisation,
pasteurisation, inoculation, incubation, cooling, and further processing (Sfakianakis and Tzia,
2014). The fermentation step, occurring at 40 - 44 °C and pH 4.3 - 4.7, is crucial for defining
the final product’s characteristics. Incorporating Bifidobacterium spp. in yoghurt production is
challenging due to their sensitivity to high temperatures, as they thrive at 37 - 41 °C (Grattep-

anche and Lacroix, 2013).

Extensive research has explored the molecular mechanisms behind the heat stress response
in Bifidobacterium spp., mainly focusing on various species’ unique responses. Heat stress de-
fence primarily involves the production of protective heat shock proteins and reduced metabolic
activity. Notably, B. longum NCC2705 and B. breve UC2003 have been studied extensively in

this context (Rezzonico et al., 2007).

High temperatures trigger the upregulation of genes related to heat shock proteins while
inhibiting other critical biochemical pathways, potentially impacting cellular functions and sur-
vival (Rezzonico et al., 2007). Bifidobacterium spp. activates a protein quality control (PQC)
system comprising transcriptional regulators and heat shock proteins to maintain protein home-
ostasis. The SOS system, activated by damaged DNA, further stimulates the PQC system in
Bifidobacterium spp. (Zomer et al., 2009).

Heat shock proteins are induced not only by heat but also by other stressors (Sugimoto et al.,
2008). B. animalis subsp. lactis BB-12 increases the production of the HyO, detoxification
enzyme, TrxR, after heat stress exposure, demonstrating the multifaceted role of heat shock
proteins in Bifidobacterium spp. survival (Aakko et al., 2014). Bifidobacterium spp. possess
various families of heat shock proteins, with chaperones playing a prominent role in the stress
response of B. breve UC2003 (Ventura et al., 2006). The diversity of heat shock protein families
underscores their vital function in responding to heat stress (Sugimoto et al., 2008). For a

comprehensive analysis, refer to Schopping et al. (2022) and Schopping et al. (2022).
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2.4.2 Cold stress

Once the pH of the yoghurt reaches 4.3 - 4.7, it is then chilled to approximately 5 °C to inhibit
the growth and metabolic activities of the yoghurt bacteria (Sfakianakis and Tzia, 2014). In
addition to the drop in temperature after fermentation, the yoghurt is stored at chilled temper-
atures for the duration of the shelf-life, typically 28 days. Cell counts of probiotic cultures
usually decrease during cold storage (Beheshtipour et al., 2012), which is an undesirable effect
of the processing conditions. Most bifidobacterial minimum growth range lies at approximately
25 - 28 °C, which is considered mesophilic (Grattepanche and Lacroix, 2013). While the im-
pact of cold storage on the viability of numerous Bifidobacterium species has been extensively
studied, the exact molecular mechanism behind the cold stress response remains to be inves-
tigated. However, a gene encoding for a cold shock protein (cspA), was identified by du Toit
et al. (2013) within the genome of B. breve UC2003. The genetic sequence of the cspA gene
shows a significant resemblance to cold shock proteins of other high-G+C bacteria (du Toit
et al., 2013). Nevertheless, the genetic and metabolic foundations of cold stress responses in

bifidobacteria await more comprehensive exploration.

2.4.3 Acid stress

Bifidobacterium spp. survival is greatly influenced by environmental conditions, particularly
pH. Yoghurt, with its pH range of 4.7-4.3, poses an acidic challenge (Sfakianakis and Tzia,
2014). Bifidobacterium spp. typically thrive between pH 6.5-7.0 (Biavati and Mattarelli, 20006),
making survival below pH 4.5 or above 8.0 challenging, except for select strains (Matsumoto
et al., 2004; Mitto et al., 2004; Vernazza et al., 2006). Yoghurt fermentation, led by S. ther-
mophilus and L. bulgaricus, produces organic acids, lowering the pH and potentially com-
promising Bifidobacterium spp. viability during storage (Deshwal et al., 2021). Maintaining
intracellular pH homeostasis is critical for Bifidobacterium spp. under acidic conditions. They
initiate an acid stress response involving proton extrusion and biomolecule repair, primarily
driven by the proton-translocating FiFy-ATPase (Schopping et al., 2022). This process de-
mands substantial energy, with fermentable carbohydrates enhancing Bifidobacterium spp.’s
ability to tolerate acidity (Waddington et al., 2010). However, the role of FFy-ATPase varies

among species.
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Amino acid metabolism plays a role in acid tolerance. Strains like B. longum NCIMB 8809
increase branched-chain amino acids (BCAA) synthesis, aiding in intracellular pH regulation
(Sanchez et al., 2007). Additionally, sulfur-containing amino acids, such as cysteine, con-
tribute to acid stress response (Sanchez et al., 2007). Some Bifidobacterium strains can convert
glutamine to aspartate, regulating pH (Eckel and Vogel, 2020). The glutamate decarboxylase
pathway produces y-aminobutyrate (GABA), consuming protons (Yunes et al., 2016; Duranti
et al., 2020). Low pH conditions affect protein expression, including heat shock proteins and
DNA repair molecules (Sanchez et al., 2007). Strain-specific responses vary, with some strains
reducing protein synthesis for growth and enhancing proteins for survival (Jin et al., 2012). Bi-
fidobacterium spp. adapt their cell membranes under acid stress, with changes in peptidoglycan
content and fatty acid profiles (Jin et al., 2012; Wei et al., 2019). EPSs have a dual role, either
enhancing or limiting acid resistance based on EPS production levels (Alp and Aslim, 2010;
Jiang et al., 2016). These responses illustrate the diversity of mechanisms Bifidobacterium

strains employ to survive acidic environments.

2.4.4 Osmotic stress

In yoghurt production, the addition of osmotically active solutes like sugars and salts, along
with organic acids produced by yoghurt microbiota, imposes osmotic stress on Bifidobacterium
species (Cui et al., 2016). Fluctuations in osmolarity can lead to water loss from cells, impact-
ing intracellular osmotic pressure (Wesche et al., 2009). Bifidobacterium spp. responds by reg-
ulating intracellular osmolyte concentration (De Angelis and Gobbetti, 2004; Corcoran et al.,
2008) and implementing protein DNA quality control and repair mechanisms (Ventura et al.,

2005; Schopping et al., 2022).

The response to osmotic changes in Bifidobacterium spp. is linked to maintaining cell wall
integrity and turgor pressure. B. longum BBMNG68 upregulates an efflux channel to reduce tur-
gor pressure in response to bile exposure (An et al., 2014). B. breve UCC2003 activates a heat
shock response, the extent of which depends on osmotic stress severity (Ventura et al., 2005).
Variations in responses among Bifidobacterium strains highlight the need for further investiga-

tion into osmotic stress mechanisms and adaptations within this genus.
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2.4.5 Okcxidative stress

Throughout the production and storage of yoghurt, various mechanisms exist for oxygen to per-
meate the food matrix, thereby increasing the dissolved oxygen level. Such a phenomenon can
have a detrimental impact on the viability of the probiotics. Notably, stirring, homogenising,
mixing, further processing, and consumer food handling can all contribute to oxygen incor-
poration into the yoghurt. As depicted in Figure 2.1, it can be observed that oxidative stress
is the most frequent stress factor Bifidobacterium spp. are subjected to during yoghurt pro-
duction. Due to the absence of genes encoding catalase, NADH peroxidase, or superoxide
dismutase (SOD) (Zuo et al., 2018), bifidobacteria are unable to detoxify H,O, (Xiao et al.,
2011) through systems typically associated with aerobic microorganisms (Zuo et al., 2014).
They are classified as obligate anaerobes (Mozzetti et al., 2010). However, other mechanisms
have been identified to alleviate the stress, which will be discussed in more detail in further

sections (Talwalkar and Kailasapathy, 2004a; Zuo et al., 2018; Schopping et al., 2022).

2.5 IN-DEPTH REVIEW OF OXIDATIVE STRESS

2.5.1 Sources of oxidative stress in yoghurt production

Although O; is not inherently toxic to Bifidobacterium spp., the formation of reactive species
can lead to cellular damage and eventual loss of viability. This underscores the importance
of understanding the mechanisms underlying oxidative stress in order to mitigate its adverse
effects on these microorganisms. Bifidobacteria are classified as obligate anaerobes and are
catalase-negative, which prevents them from metabolising and detoxifying oxygen through
means typically associated with anaerobic bacteria (Shah, 2011). However, B. indicum and
B. asteroides are exceptions to this rule (Schopping et al., 2022; Schopping et al., 2022). Both
species possess SOD, an enzyme that converts superoxide radicals into HO, and O, thus pro-
tecting against oxidative stress. Additionally, B. asteroides possesses catalase, which further
breaks down H;O, into water and O,, enabling it to detoxify reactive oxygen species (ROS)

and survive conditions of oxidative stress (Schopping et al., 2022; Schopping et al., 2022).
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While S. thermophilus has been reported to utilise oxygen during the fermentation of yo-
ghurt, further processing steps have the potential to introduce additional oxygen (Talwalkar and
Kailasapathy, 2004a). Furthermore, a study conducted by Dave and Shah (1997b) revealed that
yoghurt stored in plastic containers exhibited a higher dissolved oxygen concentration after 35
days than in glass containers. While the use of glass containers for the preparation, processing
and packaging of yoghurt is preferred due to their low oxygen permeability, they pose a risk of
breakage, leading to increased transportation costs. As a result, Talwalkar et al. (2004) posited

that glass containers are not suitable for yoghurt products as a vessel material.
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Due to the complex nature of the yoghurt matrix, various opportunities exist for the incor-
poration of molecular oxygen into the medium (Figure 2.1) and its subsequent interaction with
compounds that results in the formation of toxic compounds (Figure 2.2). Previous studies have
suggested that the growth of bacteria in yoghurt under aerobic conditions is mainly hindered by
the breakdown of O; into HyO, through the NADH oxidase reaction. The metabolic byproduct
H,0; has been proposed as the toxic agent that affects the viability of Bifidobacterium spp.
in yoghurt (Talwalkar and Kailasapathy, 2004b; Kawasaki et al., 2009). Furthermore, during
preliminary experiments, an antagonistic relationship between B. bifidum and the starter culture
L. bulgaricus was identified (Thomashoff et al., 2021). L. bulgaricus is a potential source of
exogenous H,O; in yoghurt. Due to the yoghurt bacteria being incapable of entirely reducing
oxygen, HyO; and ROS accumulate as a result (Shah, 2000), leading to a disturbance in redox

homeostasis.

2.5.2 Physiological effects of oxidative stress

When O; interacts with one, two, or three electrons, it results in the formation of ROS, typi-
cally through the Fenton reaction (Fenton, 1894). Another major process contributing to ROS
formation in food products such as yoghurt, is the oxidation of organic compounds, particularly
unsaturated fatty acids, which form hydroperoxides, which are inherently unstable (Citta et al.,
2017). These hydroperoxides decompose through homolytic cleavage and produces damaging
ROS (Juan et al., 2021; Citta et al., 2017). Some of the most prevalent ROS produced include
hydroxyl radicals (HO-), superoxide radicals (O,- ), lipid peroxy radicals (ROO-), and hydro-
gen peroxide (H0O»), as depicted in Figure 2.2 (Fenton, 1894; Hopkins and Neumann, 2019).
The harmful effects of ROS arise from the oxidation of biomolecules, a process that can result
in cellular death. In particular, bacterial cells are susceptible to ROS-induced damage, which
manifests in the form of DNA and RNA damage, protein misfolding and aggregation, and lipid

peroxidation (Imlay, 2008).

Fe?" ions tend to bind selectively to certain regions within the DNA structure, often asso-
ciating closely with specific DNA sequences (Fasnacht and Polacek, 2021). When ROS, such
as HyO; or O, , is reduced by Fe?*, the highly reactive resulting hydroxyl radicals (HO-) and
hydroxide ions (HO™) can directly react with, and damage the closely associated DNA (Figure

2.2). The most notable types of DNA damage include base modifications, single- and double-
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strand breaks, and cross-linking (Fasnacht and Polacek, 2021). ROS can alter the bases within
the DNA structure, with guanine being particularly susceptible (Candeias and Steenken, 1993).
The oxidation of guanine leads to the formation of §-oxo guanine, a modification known to mi-
spair with adenine during DNA replication. This mispairing can result in GC-to-TA transver-
sion mutations, which are potentially mutagenic and can alter genetic information crucial for

the survival and function of the bacteria (Candeias and Steenken, 1993; Hsu et al., 2004).

In addition, ROS are capable of causing both single- and double-strand breaks in the DNA
helix (Evans et al., 2004). These breaks can lead to severe genomic instability which, if not
repaired, can result in cellular death. The repair processes themselves, while essential, can
sometimes introduce further errors into the DNA sequence, affecting the cell’s genetic integrity

and subsequent biochemical processes (Chatterjee and Walker, 2017).

The cross-linking of DNA strands, as well as between DNA and proteins, as a result of
ROS, can severely interfere with DNA replication and transcription, hindering essential cellu-
lar functions and resulting in dysfunctional cellular processes (Chatterjee and Walker, 2017;
Torrecilla et al., 2024). Furthermore, oxidative stress can exert substantial damage on RNA,
particularly ribosomal RNAs (rRNAs) and ribosomal proteins in Bifidobacterium spp., which
play critical roles in protein synthesis (Seixas et al., 2022). ROS can induce modifications in
rRNAs, which are integral components of the ribosome structure. These modifications can dis-
rupt the precise assembly of ribosomes, as well as their functionality. Upon damage, the ability
of the ribosomes to accurately translate the messenger RNA (mRNA) into functional proteins
becomes compromised (Seixas et al., 2022). In turn, this leads to a reduction in the overall
efficiency of protein synthesis, which is integral for cell growth and response to environmental

stresses (Schopping et al., 2022; Njenga et al., 2023).

In addition to rRNA damage, oxidative stress can also alter ribosomal proteins. These pro-
teins are essential for the proper functioning and structural integrity of the ribosomes (Fasnacht
and Polacek, 2021). Damage to ribosomes can lead to changes in their structure or function,
potentially resulting in the synthesis of dysfunctional proteins, with severe implications for the
normal biophysical properties of the proteins, affecting their folding and interaction with RNA

(Shcherbik and Pestov, 2019).
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Furthermore, when ribosomes are damaged, their ability to accurately match transfer RNA
(tRNA) with mRNA codons diminishes, leading to errors in the translation process. Translation
errors may lead to incorrect amino acids being included in proteins, resulting in non-functional

or harmful proteins (Ou et al., 2019).

Damage to DNA, RNA, and ribosomes profoundly affects protein synthesis, but ROS can
also directly damage the proteins themselves (Seixas et al., 2022). Damaged proteins may
not correctly fold into their necessary three-dimensional structures, resulting in dysfunctional
proteins that can aggregate within the cell and cause further cellular stress and impair normal
cellular processes (Seixas et al., 2022). Several mechanisms to combat oxidative stress and
restore redox homeostasis have been identified in Bifidobacterium species (Schopping et al.,
2022). However, many hypothetical compounds believed to be involved in the oxidative stress
response of bifidobacteria have also been isolated and need further characterisation and classi-

fication (Schopping et al., 2022).

2.5.3 Oxidative stress response in bifidobacteria

The defence and adaptation mechanisms of Bifidobacterium spp. against oxidative stress are
complex and intricate, and the compounds expressed, mechanisms, and cellular components
involved are species-specific and even strain-specific (Schopping et al., 2022; Schopping et al.,
2022). Bifidobacterium spp. can be classified as either O,-hypersensitive, O,-sensitive, O;-
tolerant, or O,-hypertolerant based on their inherent response and subsequent tolerance to ox-
idative stress (Kawasaki et al., 2018a). For example, B. asteroides and B. indicum are catalase-
positive and, therefore, classified as O;-tolerant, meaning that in the presence of oxygen, the
bacteria can detoxify H,O, to water (H,O) (De Dea Lindner et al., 2008). Whereas B. bifidum,
B. breve and B. animalis subsp. animalis are adversely affected by O, concentrations above

5%, thereby categorising them as O, sensitive species (Schopping et al., 2022).

The primary oxidative stress response mechanisms of Bifidobacterium spp., as depicted in
Figure 2.2, involve the reduction and detoxification of ROS, repair mechanisms for damaged
cell components, changes in metabolic process expression, and alterations of the cell envelope

(Zuo et al., 2018; Schopping et al., 2022).
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2.5.3.1 Reduction and detoxification of ROS

To sustain growth and confer therapeutic advantages to the host, bifidobacteria must employ
mechanisms that mitigate oxidative stress in yoghurt. Under aerobic conditions, the enzymes
NADH oxidase and an oxygen-dependent coproporphyrinogen III oxidase (HemN) are the key
agents believed to be responsible for detoxifying molecular oxygen to H,O; in bifidobacteria
(Ruiz et al., 2012). However, Bifidobacterium spp. lack the genes typically associated with
further conversion of H,O, and other ROS into water (NADH peroxidase, catalase, and SOD),
necessitating alternative detoxification strategies. The efficient scavenging of ROS by Bifi-
dobacterium spp. is critical for their survival, as it helps them manage oxidative stress effec-
tively. In Bifidobacterium spp., the detoxification of ROS primarily involves thioredoxin re-
ductase (TrxR) and alkyl hydroperoxide reductase subunit C (AhpC) (Oberg et al., 2015; Satoh
et al., 2019).

Alkyl hydroperoxide reductase, a flavin-containing disulfide reductase with an active disul-
fide centre, consists of two subunits, AhpC and AhpF, and is of the peroxiredoxin family of
the thiol peroxidases (Poole et al., 2000). The AhpC component expresses peroxidase activity,
while AhpF recycles oxidised AhpC; these are critical enzymes of the superoxide reductase-
AhpC-rubredoxin pathway (Mukhopadhyay et al., 2007). Transcriptomic studies determined
B. longum NCC2705 to possess a gene encoding for a protein similar to AhpC, yet ahpF was
absent (Poole et al., 2000).

Under oxidative stress, TrxR catalyses the reduction of H;O; to H,O using NADH, thereby
mitigating the harmful effects of H,O; on cellular components (Figure 2.2). Due to the absence
of AhpF, TrxR is redirected to recycle oxidised AhpC, ensuring continuous ROS scavenging
and maintaining redox balance in Bifidobacterium species (Figure 2.2). Usually, TrxR is in-
volved in the thioredoxin system, which is crucial for reducing the 2’-OH group of ribose in
deoxynucleotide synthesis and maintaining cytoplasmic redox states for disulfide bond forma-
tion in proteins (Lu and Holmgren, 2014). Under oxidative stress, however, cells can utilise
TrxR and AhpC to reduce H,O, and other ROS, together with NADPH (Figure 2.2) (Zeller
and Klug, 2006). Oberg et al. (2015) documented a significant upregulation of TrxR following
H,0O; exposure in B. longum. Ultimately, TrxR is recycled by NADPH, continuing its role in

the stress response, as illustrated in Figure 2.2. Numerous studies have confirmed the upregula-
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tion of TrxR and AhpC in Bifidobacterium spp. when exposed to oxidative stress (O, or H,O»)
(Xiao et al., 2011; Ruiz et al., 2012; Oberg et al., 2013; Zuo et al., 2014; Oberg et al., 2015;
Tanaka et al., 2018; Zuo et al., 2018; Zhang et al., 2019).

2.5.3.2 Repair of damaged cell components

As previously mentioned, ROS can cause significant damage to intracellular components and
result in the disruption of essential bioprocesses. For Bifidobacterium spp. to maintain its
cellular integrity and functioning, it needs to efficiently and effectively repair any damage that

the exposure to oxidative stress has caused to DNA, RNA and proteins.

Oberg et al. (2013) observed an upregulation of genes encoding proteins involved in the
synthesis of deoxynucleoside triphosphate (ANTP) and DNA replication in Bifidobacterium
spp. under oxidative stress, suggesting these molecular adjustments may facilitate the repair
of oxidatively damaged DNA and RNA. Additionally, Xiao et al. (2011) reported that DNA-
binding protein (Dps), a protein known for its role in DNA protection, was upregulated in B.
longum BBMNG68 following exposure to oxygen. Dps protects DNA by binding to it, effectively
shielding the genetic material from ROS (Nair and Finkel, 2004). Moreover, Dps contributes
to the detoxification of H,O, by catalysing the oxidation of Fe?>" during the Fenton reaction,
as illustrated in Figure 2.2. This dual function underscores the critical role of Dps during the

oxidative stress response of Bifidobacterium species (Nair and Finkel, 2004).

In response to damage caused to proteins, Bifidobacterium spp. activate the PQC system to
manage and mitigate the effects of oxidative stress. Xiao et al. (2011) observed an upregulation
of the PQC regulon in B. longum BBMN68 when exposed to 3% oxygen. The PQC system
encompasses molecular chaperones and proteases which facilitate the refolding of misfolded
proteins or the degradation of irreversibly damaged proteins (De Dea Lindner et al., 2008).
The activation of chaperones, such as DnaK, which was noted to be upregulated under oxida-
tive stress conditions, helps in stabilising unfolded proteins, preventing their aggregation, and

assisting in proper refolding (Zomer et al., 2009; Ventura et al., 2011).

Additionally, proteolytic systems like the Clp protease complex are crucial for degrading

proteins that are beyond repair, thus preventing the accumulation of non-functional proteins
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that could further stress the cell (De Dea Lindner et al., 2008; Zomer et al., 2009). By main-
taining protein integrity and function through the PQC system, Bifidobacterium spp. enhance
their resilience against oxidative stress, supporting their growth and viability in stressful envi-

ronments.

2.5.3.3 Changes in metabolic process expression

A substantial amount of energy is necessary for Bifidobacterium spp. to effectively engage
in these detoxification and repair mechanisms in response to oxidative stress. Consequently,
oxidative stress can significantly alter the carbon uptake in Bifidobacterium spp., leading to
notable changes in overall bacterial metabolism (Talwalkar and Kailasapathy, 2003; Ruiz et al.,
2012). Bifidobacterium spp. utilise the bifid shunt, an alternative metabolic pathway that en-
ables the fermentation of carbohydrates to optimise energy yield from sugars under anaerobic
or microaerophilic conditions (Pokusaeva et al., 2011). Recent research on various Bifidobac-
terium strains has shown that these bacteria alter their metabolite production under oxidative
stress conditions, favouring a higher proportion of acetate over lactate (Talwalkar and Kailas-
apathy, 2003; Ruiz et al., 2012). This shift is attributed to the competition for NADH between
lactate dehydrogenase (Ldh2) and ROS detoxifying enzymes. As a result, carbon sources are
redirected through the bifid shunt towards acetic acid production, generating more ATP than
lactic acid production. This increased ATP yield enhances the energy available for the bacteria

to cope with oxidative stress.

2.5.3.4 Cell envelope alterations

A critical stress response of Bifidobacterium spp. involves modifications of the cell shape, cell
wall properties and fatty acid profile. Typically, species of bifidobacteria can be distinguished
by its distinct Y, V or X bifid shape. However, recent studies indicated that the distinctive bifid
shape of B. adolescentis is peculiar to this particular strain, regardless of cultivation conditions
(Dhanashree et al., 2017). Whereas other strains of Bifidobacterium failed to retain their bifid
morphology when grown in dissimilar environments (Dhanashree et al., 2017). Moreover, Ahn
et al. (2001) documented that Bifidobacterium cells elongate and develop irregular cell surfaces

in response to oxidative stress.
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Recent research findings indicate a rise in short-chain and cyclopropane fatty acid levels
under oxidative stress (Ruiz et al., 2007). As cyclopropane fatty acids are less susceptible to
oxidation, this shift is suggested to assist Bifidobacterium spp. resilience to membrane damage
caused by ROS (Oberg et al., 2011). Additionally, an increase in the levels of plasmalogens
in the cell membrane of B. animalis subsp. lactis BL-04 was reported to contribute to an
increased resistance to damage from intracellular oxidative stress (Oberg et al., 2011). This
research strongly emphasises the importance of the ability of Bifidobacterium spp. to modulate

its cell composition in its oxidative stress response.

It should be noted that the majority of studies regarding the ability of Bifidobacterium spp.
to alter their morphology were conducted several decades ago (1900 - 2000) and may only
partially apply to current research. Therefore, more recent investigations must be performed to
elucidate the morphological plasticity of Bifidobacterium spp. further. The most recent findings
by Zuo et al. (2018) indicate that exposure to low concentrations of HyO; can lead to cell

autoaggregation and increased cell surface hydrophobicity in the cells of B. longum BBMNG6S.

Figure 2.3 depicts the molecular responses of Bifidobacterium spp. to oxidative stress,
which includes the activation of key detoxification enzymes, mechanisms for repairing DNA
and protein damage induced by ROS, alterations in cellular metabolism, and adaptations in cell

membrane composition.

2.6 ENHANCING TOLERANCE TO OXIDATIVE STRESS IN BIFIDOBACTERIA
THROUGH STRESS ADAPTATION

The stress-adaptive response of Bifidobacterium spp. can be exploited to enhance or improve
probiotic viability when incorporated into a harsh food environment, such as yoghurt (Mills
et al., 2011). Numerous studies have explored how sublethal stress treatments impact the cel-
lular strength of bifidobacteria while applying different stress factors, i.e. temperature, acid,
solutes and oxygen (or H,O,) (Schmidt and Zink, 2000; Saarela et al., 2004; Mozzetti et al.,
2010; Oberg et al., 2011; Tacconi et al., 2012). The activation of a stress response is con-
nected to an inducible stress resistance, which leads to temporary physiological and metabolic

adjustment to the stress condition.
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The physiological response of bacterial cells to stress factors effectively equips cells to
handle larger amounts of stress in the future. It should be considered that temporary exposure
to sublethal stress does not entail any genetic mutations and would consequently not result in
any permanent alterations to the cell physiology, which may not be favourable in the yoghurt

production industry (Schopping et al., 2022).

Therefore, it is suggested to apply a combination of sublethal exposure and subsequent
lethal stress exposure in combination, over several generations. This method would allow re-
searchers to permanently induce the stress response without physically altering DNA, leading
to stress-adapted strains of Bifidobacterium. A combination of sublethal exposure followed by
lethal exposure will induce a physiological stress response that becomes a permanent physio-

logical function, yielding Bifidobacterium variants with increased resistance to oxidative stress.

This method of stress adaptation will enable researchers to obtain variants of Bifidobac-
terium spp. that are genetically adapted to stress factors while avoiding complications involved
with genetic engineering. However, it should be noted that the functionality of the probiotic
should not be compromised in the process and should still be able to deliver its therapeutic

effect in the host upon consumption.

Various researchers have successfully cultivated stress-adapted strains of Bifidobacterium
spp. utilising heat, bile salts and acid stress (Noriega et al., 2004; Price et al., 2006; Sanchez
et al., 2007; Berger et al., 2010; Yang et al., 2015; Jiang et al., 2016). In a study conducted
by Mozzetti et al. (2010), the H>,O, stress-adapted bifidobacteria cells were isolated success-
fully using a continuous culture technique, essentially improving the bacteria’s survival in the
environmental stress by exposure to oxidative stress over an unlimited number of generations.
Adapted strains were able to withstand higher levels of O, as compared to the wild-type strain
(Mozzetti et al., 2010). Xiao et al. (2011) investigated the proteomic stress response of B.
longum subsp. longum BBMNG68 after exposure to 3% O, for 30 minutes and 60 minutes.
The researchers observed an upregulation of genes encoding essential proteins involved in the
protection or repair mechanisms of damaged cell components, such as AhpC, Dps, NrdA, and
enolase. The expression of stress response proteins induced upon short and prolonged expo-
sure to 3% O, distinctly differed from those expressed by other anaerobes while providing

supporting information for applying B. longum in the food industry (Xiao et al., 2011).

23



Similarly, Zuo et al. (2018) exposed B. longum subsp. longum BBMNG68 to 3% O, for
30 minutes and 60 minutes. However, they performed a global transcriptomic analysis of the
induced oxygen response. It was identified that after 30 minutes of exposure to 3% O», the ex-
pression of 99 genes was downregulated, while 241 genes were upregulated. After 60 minutes
of oxygen exposure, 218 genes were downregulated, and 217 were upregulated. The results
obtained from the study confirmed that B. longum contains the genetic material to respond
and adapt intrinsically to oxidative stress. The thioredoxin-thioredoxin reductase pathway was
established as the primary defence system against ROS, and the expression of its enzymes ex-
perienced an approximate 2 log increase after 30 minutes of O, exposure (Zuo et al., 2018).
These findings are crucial as they highlight the inherent oxidative stress response mechanisms
in B. longum, supporting the potential for targeted genetic or environmental interventions to

enhance the resilience of bifidobacteria during yoghurt production and shelf-life.

2.7 CONCLUDING REMARKS

Yoghurt is a popular dairy product with the potential to carry and deliver live and active probi-
otic cells to the consumer, conferring health benefits upon effective delivery to the distal GIT.
Bifidobacteria are the main members of the human gut microbiome. Due to the health benefits
associated with the organism, the inclusion of this probiotic in the formulation of a functional
food product has gained interest. However, many species of bifidobacteria are oxygen-sensitive,
meaning they do not grow well under aerobic conditions and, therefore, do not survive well
during food processing. During yoghurt production, there are multiple opportunities whereby
oxygen can be incorporated into the medium. The incorporation of oxygen during yoghurt pro-
duction is a problem due to the formation of toxic and damaging ROS. To combat the effect
of oxygen on the viability of bifidobacteria, researchers have investigated numerous methods,
such as microencapsulation, cryoprotectant addition, modification of production processes and

materials, and the inclusion of prebiotics.

A promising approach for enhancing the viability of Bifidobacterium spp. against oxidative
stress involves subjecting the bacteria to sublethal stress, followed by successive cultivation
under lethal stress settings in a stress adaptation treatment. This approach yields stress-adapted

variants that can endure greater intensities of oxidative stress associated with the manufac-
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turing of yoghurt. The oxidative stress response of certain strains of bifidobacteria has been
characterised, including the genes involved in the expression of compounds responsible for
detoxification, protection and repair mechanisms. Thus far, the only successful adaptation
of Bifidobacterium spp. was performed using a continuous culturing technique by Xiao et al.
(2011). The ability to produce an aerotolerant variant of Bifidobacterium spp. after exposure to
sublethal oxidative stress, followed by successive cultivation under lethal oxidative stress, and
to test the viability of the adapted isolates after exposure to previously lethal doses of oxidative

stresses, remains unexamined.

Furthermore, adapted aerotolerant Bifidobacterium spp. has yet to be included in the pro-
cessing and handling of yoghurt. The adaptation process aims to enhance the oxidative stress
response of the probiotic, ultimately solving the problem of low Bifidobacterium spp. viability

in a yoghurt environment.

25



CHAPTER 3

Hypotheses and objectives

3.1 HYPOTHESES

Hypothesis 1

Exposure of oxygen-sensitive strains of Bifidobacterium spp. to sub-lethal doses of hydrogen
peroxide (H,O;) will induce aerotolerance, resulting in variants of Bifidobacterium spp., which
are less susceptible to damage induced by reactive oxygen species (ROS). Due to the absence
of genes encoding catalase, NADH peroxidase, or superoxide dismutase (SOD) (Schopping
et al., 2022), bifidobacteria are unable to detoxify H,O, through systems typically associated
with aerobic microorganisms (Oberg et al., 2015; Schopping et al., 2022). They were previ-
ously classified as obligate anaerobes (Mozzetti et al., 2010). However, recent studies sug-
gest a reclassification of bifidobacteria as either O,-hypersensitive, -tolerant or -hypertolerant
(Kawasaki et al., 2018b; Schopping et al., 2022). This reclassification was suggested due to the
identification of alternative enzymes, i.e. NADH oxidase, alkyl hydroperoxide reductase sub-
unit C (AhpC), and thioredoxin reductase (TrxR), or homologues of such enzymes, found to be
responsible for controlling the oxidative tolerance response in Bifidobacterium species (Oberg
et al., 2015; Zuo et al., 2018; Schopping et al., 2022). With exposure to oxygen, the following
processes are induced in response to the oxidative stress: (1) the upregulated expression and
activity of NADH oxidase, AhpC, and TrxR, or homologues of such enzymes, and (2) upreg-
ulated expression of proteins involved in the oxidative protection and repair of DNA, proteins
and lipids, mainly chaperones and proteases (Xiao et al., 2011; Zuo et al., 2018; Schopping
et al., 2022, 2023). Under sublethal doses of H>O,, the upregulated expression of stress re-
sponse enzymes and proteins whilst maintaining cell viability, can result in an adaptive stress
response, which allows for Bifidobacterium spp. to develop oxidative stress tolerance (Mills
etal., 2011; Zuo et al., 2018). Furthermore, by subsequently exposing the sublethal treated Bi-
fidobacterium cells to lethal doses of H>O, over successive generations and isolating survivors

after each exposure, the previously induced stress response mechanisms can be permanently
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integrated into the physiological, morphological and intracellular ultrastructural states of the
cells (Mills et al., 2011; Oberg and Broadbent, 2016; Zuo et al., 2018; Schopping et al., 2022).
This sublethal- plus subsequent lethal H,O; treatment results in the development of Bifidobac-

terium variants that are capable of surviving previously lethal doses of oxidative stress.

Hypothesis 2

Oxidative stress-adapted Bifidobacterium spp. variants will have higher viability and survival
during yoghurt manufacturing and storage compared to unadapted cells and will maintain a
viability level at or above the minimum recommended level for probiotics in yoghurt, i.e. 6
log CFU/g viable cells throughout the shelf-life. Oxidative stress-adapted Bifidobacterium spp.
with an active oxidative stress response upon incorporation during yoghurt fermentation and
storage have a sustained expression of NADH oxidase, alkyl hydroperoxide reductase subunit
C (AhpC), and thioredoxin reductase (TrxR), or homologues of such enzymes (Talwalkar and
Kailasapathy, 2003; Zuo et al., 2018; Schopping et al., 2022), as well as several proteins in-
volved in the oxidative protection and repair of DNA, proteins and lipids (Xiao et al., 2011;
Schopping et al., 2023). Following the addition to the yoghurt preparation before fermentation,
adapted Bifidobacterium cells are exposed to molecular oxygen incorporated during prior pro-
cessing. Subsequently, oxygen is reduced incompletely, forming damaging and toxic reactive
oxygen species (ROS), such as superoxide radicals, hydroxyl radicals, lipid peroxide radicals,
and H>O; (Averina et al., 2021). The enhanced oxidative stress response of stress-adapted Bi-
fidobacterium spp. will effectively neutralise the detrimental effects of ROS on the bacterial
cellular systems while detoxifying unreacted ROS, thereby preserving the intracellular redox
balance and, subsequently, bacterial viability without compromising on yoghurt quality (Mo-
hedano et al., 2022; Schopping et al., 2022). Consequently, the stress-adapted Bifidobacterium
spp. will exhibit increased resistance to oxidative stress during yoghurt fermentation and stor-
age, maintaining a viability level at or above the minimum recommended level for probiotics
in yoghurt, i.e. 6 log CFU/g viable cells throughout the shelf-life of the probiotic yoghurt
(FAO/WHO, 2003; Schopping et al., 2022).
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3.2 OBJECTIVES

Objective 1

To characterise the physiological, morphological and ultrastructural adaptations of sublethal-
and subsequent sublethal- plus lethal HyO,-treated B. bifidum, B. breve and B. animalis subsp.
animalis cells, with the aim of enhancing cellular adaptation strategies that could potentially

improve their tolerance to future oxidative stress exposures.

Objective 2

To investigate the physiological and morphological characteristics, growth responses, and ki-
netics of the stress-adapted Bifidobacterium spp. variants when subjected to a lethal H,O; chal-
lenge, with the aim of isolating variants of Bifidobacterium spp. with enhanced tolerance to

lethal levels of oxidative stress.

Objective 3

To determine the effect of oxidative stress-adapted B. bifidum, B. breve and B. animalis subsp.
animalis, on the physicochemical properties of yoghurt (i.e. pH, TA, ORP, syneresis) during
refrigerated storage (28 days), with the aim of maintaining the appropriate acidity and a redox

balance within the yoghurt throughout the storage period while ensuring an intact yoghurt gel.

Objective 4

To investigate the effect of oxidative stress adaptation of three probiotic Bifidobacterium species,
i.e. B. bifidum, B. breve and B. animalis subsp. animalis, on their viability in yoghurt during
fermentation and refrigerated storage, with the aim of sustaining the appropriate therapeutic
dose (6 log CFU/g viable cells) of Bifidobacterium spp. cells throughout yoghurt fermentation

and storage.
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CHAPTER 4

Investigation of the physiological effects of stress adaptation on

Bifidobacterium spp.

Bifidobacterium spp. are crucial to the healthy human gut microbiota and are linked to nu-
merous health benefits. Incorporating Bifidobacterium spp. as a food probiotic can be a sus-
tainable approach to countering gut dysbiosis. However, their viability in probiotic foods,
such as yoghurt, is challenged by their sensitivity to oxidative stress during fermentation and
storage. This study investigated the physiological, morphological and ultrastructural charac-
teristics of HyO»-treated Bifidobacterium spp., to enhance their tolerance to oxidative stress.
Cultures of B. bifidum, B. breve and B. animalis subsp. animalis were subjected to a sublethal
(0.4 mM) H,0O, treatment followed by exposure to lethal (1 mM) H,O; treatments for three
successive generations. Flow cytometry assessed the membrane integrity of treated and un-
treated cells using SYTO 9 (S9) and propidium iodide (PI), whereas the oxidation states were
assessed using CellROX® Green (CRG). Further, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses explored morphological and ultrastructural
changes induced by the H,O; treatments. The study showed enhanced membrane integrity
of HyO;-treated Bifidobacterium spp., particularly in B. breve and B. animalis, with species-
specific responses to oxidative stress. Elevated intracellular oxidation states were noted across
all species, though some B. bifidum cells exhibited reduced oxidation, possibly due to activated
detoxification mechanisms. SEM observations indicated the production of EVs with textured
membrane surfaces following H,O, treatment, suggesting structural adaptations to oxidative
stress. Additionally, TEM analysis revealed cytoplasmic compaction in B. breve, aimed at
protecting cellular components from oxidative damage. Future research will investigate the
tolerance of the H,O,-treated Bifidobacterium cells to lethal oxidative stress, with the aim of

optimising probiotic robustness during yoghurt production.

Keywords: Bifidobacterium spp., oxidative stress, stress adaptation, flow cytometry, membrane

integrity, oxidation state, morphology
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4.1 INTRODUCTION

Probiotics are defined as ‘live microorganisms that confer a health benefit to the host when
administered in sufficient quantities’ (FAO/WHO, 2002; Hill et al., 2014). The recognition
of the health benefits of probiotics has led to many probiotic species being incorporated into
health-promoting foods. Among these health-promoting foods, yoghurt is considered to be an
optimal vehicle for probiotics due to its widespread popularity and distinctive matrix with a
buffering capacity (Lourens-Hattingh and Viljoen, 2001; Zhang et al., 2023a). Bifidobacterium
species are an essential component of healthy human gut microbiota and are responsible for
many health benefits, such as the prevention of gastrointestinal cancers, diarrhoeal diseases,
necrotising enterocolitis and inflammatory bowel disease (Nyanzi et al., 2021). Hence, it has
recently attracted a lot of focus as a potential probiotic for incorporation into fermented dairy

products, particularly yoghurt (Zhang et al., 2023b).

As anaerobes, Bifidobacterium spp. are intrinsically sensitive to oxygen and its derived
ROS. ROS are a group of molecules derived from redox reactions of molecular O, (Sies and
Jones, 2020). The formation of ROS occurs when molecular oxygen accepts one, two or three
electrons. The main ROS formed are hydroxyl radicals (HO-), superoxide radicals (O,-7), lipid
peroxide radicals (LOO-), and H,O, (Hopkins and Neumann, 2019). ROS are toxic to bacte-
rial cells. They cause damage to DNA, cause protein misfolding and aggregation, and lipid
peroxidation (Imlay, 2008). During the production of yoghurt, various opportunities exist for
oxygen to be incorporated into the food matrix, such as stirring, homogenisation, mixing and
agitation (Sibanda et al., 2024). Furthermore, the exogenous production of H,O, by adjacent
yoghurt cultures can contribute to the loss of Bifidobacterium spp. viability (Meybodi et al.,
2020). Therefore, challenges associated with the incorporation of Bifidobacterium spp. during
yoghurt processing and the maintenance of appropriate therapeutic dosages in the product dur-
ing storage remain a challenge, owing to the probiotic’s susceptibility to the oxidative stress

(i.e. ROS) encountered during the product’s lifetime (Sibanda et al., 2024).

Stress adaptation refers to the process by which organisms adjust their physiological, metabolic,
or genetic responses to cope with environmental stressors, thereby enhancing their survival and
functionality under adverse conditions (Schopping et al., 2022). The adaptation of Bifidobac-

terium spp. to oxidative stress can involve the activation of stress response pathways that lead
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to changes in cell structure, function, and gene expression (Oberg et al., 2011; Schopping et al.,
2022). This adaptive response of Bifidobacterium spp. can be exploited to enhance or im-
prove probiotic viability when incorporated into a harsh food environment (Mills et al., 2011).
The stress adaptation process involves the pre-exposure of an organism to a sublethal dose of
stress, which activates a stress response without compromising viability (Fiocco et al., 2020).
This is subsequently followed by several repetitive generations of exposure to lethal doses of
stress, isolating survivors after each exposure (Jiang et al., 2016). Using a similar approach,
Mozzetti et al. (2010) successfully isolated an oxidative stress-adapted Bifidobacterium strain
that exhibited moderate tolerance to oxidative stress. Therefore, the objective of this study was
to characterise the physiological, morphological and ultrastructural adaptations of sublethal-
and subsequent sublethal- plus lethal HyO,-treated B. bifidum, B. breve and B. animalis subsp.
animalis cells, with the aim of enhancing cellular adaptation strategies that could potentially

enhance their tolerance to future oxidative stress exposures.

4.2 MATERIALS AND METHODS

4.2.1 Bacterial cultures used in the study

B. bifidum ATCC® 11863™, B. breve ATCC® 15700™, and B. animalis subsp. animalis
ATCC® 25527™ were obtained from KWIK-STIK™, Microbiologics, (MN, USA) and in-
cluded in this study. The culture identities were confirmed using matrix-assisted laser desorp-
tion/ionisation time-of-flight (MALDI-ToF) biotyper (Bruker, Bremen, Germany) by matching

against the SARAMIS™ database for identification.

The lyophilised bacterial strains were subcultured in 10 ml sterile de Man, Rogosa and
Sharpe media (MRS) (De Man et al., 1960) supplemented with L-cysteine (0.5 g/L) (MRS-C).
The cultures were incubated anaerobically at 37 °C for 24 h in anaerobic jars made anoxic
by anaerogen sachets (AnaeroGen™, Oxoid Ltd, Basingstoke, UK). The unadapted Bifidobac-
terium spp. were stored in 25% (v/v) sterile glycerol in cryotubes, as well as in cryobeads at

-80 °C until needed.
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When needed for use, the cultures were resuscitated in MRS-C broth under anaerobic con-
ditions at 37 °C for 48 h unless specified otherwise. The culture broth or suspension media
used for oxidative stress treatments was made anoxic by placing it inside an anaerobic jar with

an anaerobic sachet directly after autoclaving.

4.2.2 Oxidative stress treatments
4.2.2.1 Hydrogen peroxide MIC

To select the H,O, concentration for the adaptation treatments, the minimum inhibitory con-
centration (MIC) was first determined using the broth microdilution method described by Ibra-
heim et al. (2020), with modifications. Young colonies of each Bifidobacterium spp. grown
on MRS-C agar at 37 °C for 24 h were used to prepare standardised bacterial suspensions of
approximately 8 log CFU/ml (0.5 McFarland) in peptone buffered saline (PBS) (pH 7.3) with
0.05% L-cysteine (w/v). The standardised suspensions (2 ul) were used to inoculate 200 ul
of MRS broth with varying H,O, concentrations (0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 mM H»0,) in
96-well microtitre plates. The plates were incubated anaerobically at 37 °C for 48 h. Bacte-
rial growth was determined (ODgy,;,) using the FLUOstar® Omega Microplate reader. Values

were expressed as mean + SE (n = 3).

The MIC was selected as the concentration of HyO, at which no growth was visible. The
MIC values were 0.4 mM H,O; for B. bifidum and B. breve and 0.8 mM H,O; for B. animalis.
Therefore, for this study, the sublethal H,O, concentration was set at 0.4 mM for B. bifidum
and B. breve and 0.8 mM for B. animalis, and the lethal H,O, concentration was set at 1 mM

H,O; for all three species.

4.2.2.2 H>0, treatments

Cells of B. bifidum, B. breve and B. animalis were subjected to two H,O, treatments. Firstly,
mid-exponential cultures of each Bifidobacterium spp. (approximately 6 h at 37 °C, anaerobi-

cally) in anoxic de Man, Rogosa and Sharpe (De Man et al., 1960) (MRS) broth were exposed
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to the sublethal H,O, concentration (0.4 mM H,O; for B. bifidum and B. breve; 0.8 mM H,0,
for B. animalis), as specified in the MIC, and incubated anaerobically for 48 h at 37 °C. Follow-
ing incubation, surviving cells were spread-plated on MRS-C agar and incubated anaerobically
for 24 h at 37 °C. Colonies were picked from the MRS-C agar plates as representative sublethal

H;,0O,-treated cells and stored in cryotubes until further treatment and analysis.

Furthermore, the adaptation of Bifidobacterium spp. to oxidative stress was extended through
the addition of a lethal H,O, treatment. The sublethal H,O;-treated cells were grown on
MRS-C agar and incubated anaerobically for 24 h. The cultures were then subjected to the
lethal H>O, treatment (1 mM H»0O») in anoxic MRS broth for 30 min at 37 °C. After the lethal
H,0O, treatment, survivors were recovered by plating on MRS-C agar. Colonies recovered from
this treatment were isolated as the first generation of lethal H,O,-treated variants. To manifest
the response to oxidative stress permanently, the variants were subjected to two more gener-
ations of lethal HyO, treatments. Colonies isolated from the third generation were preserved
as the final representative lethal HO;-treated Bifidobacterium variants for all subsequent ex-
periments and were preserved in 25% glycerol (w/v) at -80 °C. Untreated cells, not exposed to

H»O,, were used as controls in all analyses.

Prior to analysis, unadapted, sublethal- and lethal H,O,-treated Bifidobacterium spp. were
resuscitated on MRS-C agar for 24 h incubating anaerobically at 37 °C. Colonies were picked
and resuspended in anoxic double-distilled water (ddH,O) to a cell count of approximately 8

log CFU/ml (0.5 McFarland).

4.2.3 Culture suspension preparation

Unadapted, sublethal- and lethal HyO,-treated Bifidobacterium spp. were anaerobically grown
on MRS-C agar, incubating at 37 °C for 24 h. Resuscitated colonies were picked and resus-
pended in anoxic ddH,O to a cell count of approximately 8 log CFU/ml (0.5 McFarland). Cell

suspensions were prepared directly before analysis.
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4.2.4 Flow cytometric analysis of membrane integrity or oxidation state

The effect of the adaptation treatments (sublethal- and lethal H,O; treatments) on the mem-
brane integrity and oxidation state was investigated using methods described by Fallico et al.
(2020). The preprepared cell suspensions of Bifidobacterium spp. were stained with 6.68 uM
SYTO 9 (S9) (Invitrogen™, Waltham, Massachusetts, USA) and 40 uM propidium iodide (PI)
(Invitrogen™, Waltham, Massachusetts, USA) for the investigation of membrane integrity.
Stained cell suspensions were incubated anaerobically at 37 °C for 15 min in the absence
of light. Similarly, the sample preparation for the investigation of the intracellular oxidation
state was performed by staining the cell suspensions with 0.5 uM CellROX® Green (CRG)

(Invitrogen™, Waltham, Massachusetts, USA) before incubation under similar conditions.

Following the staining process, the samples were analysed by flow cytometry (FC) (BD
Accuri Flow Cytometer, BD Biosciences, Belgium) at a flow rate of 35 ul/s, capturing 10,000
events per sample. The data collected was processed using FlowJo™ software version 10
(BD Life Sciences). Fluorescence of S9+ and CRG+ events was detected on the FL-1 chan-
nel (533/30 nm), and PI+ events were analysed on the FL-3 channel (> 670 nm). Live and
ethanol-treated dead (70% ethanol for 30 min), along with non-oxidised and oxidised (treated
with 1 mM H;0,) Bifidobacterium spp. cells, were individually stained with S9, PI, CRG, and
a combination of S9 and PI. These fluorescence signals were subsequently used to precisely
identify and gate the relevant subpopulations of each FC assay. Additionally, for each sample
analysed, the proportion of cells within each subpopulation was calculated and reported as a

percentage of the overall cell count.

4.2.5 Electron microscopy

The unadapted and H,O;-treated Bifidobacterium cells were observed under a scanning and
transmission electron microscope at the Central Laboratory for Microscopy and Microanalysis
(University of Pretoria, Pretoria, South Africa), using the methods described by Booyens et al.
(2014) with modifications. The preprepared cell suspensions were centrifuged at 1107 x g
for 3 min using a Hermle Z 366 K centrifuge and washed twice with PBS (0.75 M, pH 7.4)
for 15 min. The resulting cell pellets were fixed in 2.5% glutaraldehyde at 4 °C for 24 h.
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Following fixation, the cells were rinsed thrice with PBS for 15 min before fixing with 1%

osmium tetroxide (Merck, Germany).

After rinsing thrice with PBS for 15 min per rinse, the bacterial samples were fully de-
hydrated in a graded series of ethanol (30%, 50%, 70%, 90%, and thrice in 100%) each for
15 min. For scanning electron microscopy (SEM), the dehydrated cell pellets were dried in a
50:50 mixture of hexamethyldisilazane (HMDS) (Merck, Germany) and 100% ethanol for 1 h.
The dried cells were further suspended in HMDS for 1 h before spotting and drying on a glass
coverslip overnight. The samples were mounted and coated with carbon before examining un-
der a Zeiss Gemini Ultra Plus FEG SEM. The images were taken at 20 000 x magnification,
and images with significant morphological characteristics as affected by the lethal challenge

were selected for further analysis.

For transmission electron microscopy (TEM), the samples dehydrated in ethanol were re-
suspended in a 50:50 mixture of 100% ethanol and Quetol epoxy resin (Merck, Germany) for
1 h, which was followed by another suspension in epoxy resin for 1 h. The samples were then
embedded in fresh resin and allowed to polymerise for 24 h at 60 °C. Ultrathin sections (0.5
um) of the polymerised samples were stained with aqueous uranyl acetate (Merck, Germany)
for 3 min as the primary stain and Reynold’s lead citrate (Merck, Germany) as the counterstain
for 3 min, rinsing with RO-H,O between stains. The samples were viewed using a Jeol 2100F
FEG TEM (JEOL, Tokyo, Japan), and images were selected based on significant ultrastructure
characteristics affected by the H;O, treatments. The Atlas of Bacterial & Archaeal Cell Struc-

ture (available at cellstructureatlas.org) was used to interpret the TEM images.

4.3 RESULTS

4.3.1 Gating for flow cytometry (FC)

Figure 4.1 shows the fluorescence histograms of live, membrane-intact (S9+) and ethanol-
killed, membrane damage (S9-) control cells of B. animalis. Although the control cells were
double stained with PI and S9, only the S9 fluorescence was used to determine the control

gates. Both live and dead control cells showed high and indistinguishable PI signals. This
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probably resulted from oxygen exposure before FC analysis, which was hard to exclude alto-
gether. However, while the PI signal could not distinguish live and dead control cells, staining
with S9 and PI allowed for a clear distinction between the subpopulations. Due to a greater
nucleic acid binding affinity of PI, cells with compromised cell membranes showed a lower
S9 fluorescence upon double staining. This gate is shown as ‘Damaged Membrane (S9-)’ in
Figure 4.1. Similarly, cells with intact membranes showed a high S9 fluorescence upon double

staining. This gate is shown as ‘Intact Membrane (S9+)” (Figure 4.1).

300
| Damaged (S9-) Intact (S9+)

Count

103 104 105 ZLO6 10

Syto 9-H

Figure 4.1 SYTO 9 fluorescence histogram of B. animalis control cells.

Figure 4.2 shows the fluorescence histograms of control cells of B. animalis stained with
CRG. Live and unstained cells were used as the control to identify unoxidised cells (N-ROS)
and were set just above 10? AU. Due to the inevitable exposure to oxygen during analysis, live
cells stained with CRG were used to gate for cells in a low-oxidation state (L-ROS+). Live cells
exposed to the lethal dose for oxidative stress were used to gate for cells with a high oxidation

state (H-ROS+).

The fluorescence signal profiles observed in control samples of B. animalis, considering
their unavoidable exposure to oxygen during analysis, served as the basis for establishing the
measurement gates across all three Bifidobacterium strains. The gating strategy was consis-

tently applied to FC analyses of B. bifidum, B. breve, and B. animalis throughout the study.
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Figure 4.2 CellRox Green fluorescence histogram of B. animalis control cells. N-ROS repre-
sents the unoxidised cell gate, L-ROS+ represents a low-oxidised cell state, and H-ROS repre-
sents a highly-oxidised cell state.

4.3.2 Assessment of membrane integrity of H,O,-treated Bifidobacterium spp.

The three Bifidobacterium spp. presented with intact membranes, except for the unadapted
B. bifidum cells (Figure 4.3 (A)). The majority of the unadapted B. bifidum population was
observed fluorescing within the gate indicative of membrane damage (S9-) (77%) (Figures 4.3
(A) and 4.4). In contrast, only a minor fraction of the HyO»-treated B. bifidum cells showed
signs of membrane damage (S9-) (19%), with no observable difference between sublethal- and

lethal H,O;-treated cells (Figures 4.3 (A) and 4.4).

Similarly, HyO;-treated B. breve cells displayed intact cell membranes (S9+), as shown in
Figure 4.3 (B). However, the sublethal H,O,-treated B. breve cells showed greater membrane
integrity compared to lethal H,O,-treated (91% vs. 87%, respectively) (Figure 4.4). In contrast,
unadapted B. breve cells exhibited lower S9 fluorescence, indicating damaged membranes,
where 42% of the unadapted B. breve cells presented with damaged membranes (S9-) (Figures
4.3 (B) and 4.4).
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Figure 4.3 SYTO 9 fluorescence histograms of unadapted, sublethal- and lethal H,O,-treated (A) B.
S9-: damaged membrane cell gate; S9+: intact membrane cell gate.
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Figure 4.4 Relative proportions of membrane intact (S9+) and membrane damaged (S9-) sub-
populations of unadapted, sublethal- and lethal H,O;-treated Bifidobacterium species.

Interestingly, the S9 fluorescence histogram for B. animalis cells did not show a clear fluo-
rescence pattern differentiating the unadapted, sublethal-, and lethal H>O,-treated cells (Figure
4.3 (C)). However, Figure 4.4 clarified that lethal H,O,-treated B. animalis cells had superior
membrane integrity compared to both the unadapted and sublethal H,O;-treated cells, as well

as among the three Bifidobacterium species examined in this study.

4.3.3 Intracellular oxidation state of H,O,-treated Bifidobacterium spp.

The fluorescence data in Figure 4.5 indicated that all three Bifidobacterium species were in
an oxidised state, regardless of HyO, treatment. Notably, the H,O,-treated Bifidobacterium
spp. tended to exhibit increased CRG fluorescence, indicating cells with a highly oxidised
intracellular state (H-ROS+). This was particularly observed in the lethal H,O,-treated cells

(Figure 4.5).
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Figure 4.5 CellRox Green fluorescence histograms of unadapted, sublethal-, and lethal H,O,-treated (A) B. bifidum, (B) B. breve and (C) B
animalis. N-ROS: Unoxidised cell gate; L-ROS+: Low-oxidised cell gate; H-ROS+: High-oxidised cell gate.



Interestingly, unadapted B. bifidum showed a lower CRG fluorescence peak in Figure 4.5
(A) compared to H,O,-treated cells. However, upon closer inspection, Figure 4.6 highlighted
the majority of the unadapted B. bifidum population as highly oxidised (H-ROS+) (99%), sur-
passing the levels observed in both sublethal- and lethal H,O,-treated cells (85% and 89%,
respectively). This discrepancy was attributed to a small proportion of the H,O;-treated B. bi-
fidum cells displaying low CRG fluorescence (Figure 4.5 (A)). Subsequently, 11% and 10% of
the sublethal- and lethal H>,O,-treated B. bifidum cells, respectively, were in a lowly oxidised
state (L-ROS+), with 4% and 2%, presenting as unoxidised (L-ROS+) (Figure 4.6).

Unadapted B. breve cells demonstrated lower CRG fluorescence compared to HyO,-treated
counterparts (Figure 4.5 (B)). However, there were no notable differences in subpopulation

densities among unadapted, sublethal-, and lethal H,O,-treated B. breve cells.

Among the H,O,-treated Bifidobacterium spp., unadapted B. animalis exhibited the ma-
jority of their population within the low-oxidised subpopulation gate (L-ROS+) (76%), as ev-
idenced by their low CRG fluorescence in Figure 4.5 (C). This result is also evident in Figure
4.6. Conversely, both sublethal- and lethal H,O,-treated cells exhibited higher intracellular
oxidation states, whereby lethal H,O,-treated cells showed the highest proportion in a highly
oxidised state (H-ROS+) (98%) (Figures 4.5 (C) and 4.6).
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Figure 4.6 Relative proportions of unoxidised (N-ROS), low-oxidised (L-ROS+) and highly-
oxidised (H-ROS+) subpopulations of unadapted, sublethal- and lethal H,O,-treated Bifidobac-

terium species.
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4.3.4 Morphology of H,O,-treated Bifidobacterium spp.

Figure 4.7 depicts the morphological characteristics and responses of unadapted and HyO»-
treated Bifidobacterium species. Notably, the morphological adaptations to the H,O; treatment
were observed to be specific for each species. Regardless of the HyO, treatment, B. bifidum
cells consistently showed the presence of cell surface structures typical of extracellular vesi-
cles (EVs) (Figures 4.7 (A) and (D)). These structures gave the cells a distinctly rough outer
surface. In contrast, B. breve (Figures 4.7 (B) and (E)) and B. animalis (Figures 4.7 (C) and (F))
had relatively smoother cell surfaces. However, B. animalis cells, particularly the H,O,-treated
cells, displayed prominent circumferential rings, as indicated in Figures 4.7 (C), and (F). H,O,-
treated B. bifidum cells (Figure 4.7 (D)) appeared as shorter rods than their unadapted counter-
parts (Figure 4.7 (A)). Similarly, H,O,-treated B. breve and B. animalis displayed shortened
rods (Figures 4.7 (E) and (F), respectively). Notably, HyO;-treated B. breve cells displayed
more pronounced coccoid ends (Figure 4.7 (E)). In HyO,-treated B. bifidum (Figure 4.7 (D))
and B. animalis (Figure 4.7 (C) and (F)), smooth protrusions and budding of coccoid cells were

observed.

4.3.5 Ultrastructure of H,O,-treated Bifidobacterium spp.

Figure 4.8 depicts the intracellular ultrastructure characteristics and responses of unadapted and
H,O,-treated Bifidobacterium species. Overall, each Bifidobacterium species exhibited a dis-
tinct reorganisation of its internal structures due to the H,O, treatment. Before treatment, the
cytoplasm of unadapted cells of B. breve and B. animalis appeared more homogenous (Figures
4.8 (B) and (C), respectively), contrary to B. bifidum (Figure 4.8 (A)). However, H,O;-treated
B. animalis displayed a consistent and smooth cytoplasmic distribution (Figure 4.8 (F)). H,O»-
treated B. bifidum cells had fewer ribosomes than unadapted cells (Figures 4.8 (D) and (F),

respectively), while HyO,-treated B. animalis showed an increase in ribosomes (Figure 4.8

(F)).
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Figure 4.7 Scanning electron images of unadapted and H,O,-treated B. bifidum, B. breve and B. animalis cells.
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Figure 4.8 Transmission electron images of unadapted and H,O;-treated B. bifidum, B. breve and B. animalis cells.



4.4 DISCUSSION

Previous research demonstrated that exposure to sublethal doses of H,O, temporarily increased
bacterial tolerance to oxidative stress (Oberg et al., 2011) However, these improvements were
observed to be transient. Therefore, in this study, the stress adaptation treatment was extended
through the subsequent and repeated exposure to lethal concentrations of H,O,, with the aim of
permanently manifesting the induced oxidative stress response in the bacteria. This study aimed
to characterise the physiological states of three Bifidobacterium species following sublethal-

and lethal H,O, treatments.

4.4.1 Improved membrane integrity of H,O,-treated Bifidobacterium spp.

The findings of membrane integrity highlight the intrinsic sensitivity of B. bifidum to environ-
mental stress factors compared to the other two species included in this study (Schopping et al.,
2022). The high proportion of damaged membranes observed in B. bifidum was likely due to
unavoidable exposure to oxygen and mechanical damage during FC analysis (Kawasaki et al.,

2018a; Rosenberg et al., 2019).

The intact cell membranes of the majority of B. breve and B. animalis reflect their greater
intrinsic tolerance to oxidative stress, compared to B. bifidum. According to the revised classifi-
cation suggested by Kawasaki et al. (2018a), the Bifidobacterium species included in this study
are classified as O;-sensitive, whereby this bacteria is able to tolerate O, concentrations of 5%.
However, the suggested classification for aerotolerance of Bifidobacterium does not eradicate
differences in tolerance to oxidative stress between species within this group, as is evident from

the results.

A higher proportion of cells with intact membranes in the H,O,-treated Bifidobacterium
populations, compared to the unadapted cells, was likely due to modifications in the membrane
composition resulting from the HO, treatments. A study by Oberg et al. (2013) highlighted an
augmented incorporation of fatty acids into the lipid membranes of Bifidobacterium spp. in the
presence of HyO; stress, a change correlated with an enhanced resilience to H,O, exposure in

a particular Bifidobacterium strain. The incorporation of fatty acids into the bacterial cell mem-
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brane has been shown to affect its fluidity and permeability (Mohedano et al., 2022). Therefore,
it is possible that the increase in membrane integrity of HyO;-treated Bifidobacterium cells in
this study was due to an enhancement of fatty acid incorporation into the cell membrane and,
subsequently, reduced membrane fluidity and permeability. Furthermore, these findings are
supported by the high S9 fluorescence observed in H,O,-treated Bifidobacterium cells, indicat-
ing that a bacterial cell membrane with diminished permeability effectively prevents PI from

penetrating the cells and substituting the membrane-permeable S9 dye.

Intriguingly, the enhanced membrane integrity of B. breve cells after sublethal- versus lethal
H»O, treatments likely reflects the threshold of stress these cells can tolerate before cellular
mechanisms are overwhelmed. In contrast, B. animalis might exhibit a contrasting pattern of
resilience due to different inherent adaptive responses and membrane robustness. The differen-
tial behaviour between these two species under the sublethal- and lethal H,O; treatments could
be attributed to distinct genetic and physiological pathways that govern their stress response
mechanisms (Schopping et al., 2022). For instance, B. breve might not efficiently upregulate
protective mechanisms under extreme oxidative conditions, leading to greater membrane dam-
age. This hypothesis suggests that the extent of damage and the ability to maintain membrane
integrity might be closely tied to the specific adaptive capacities of each species. Nevertheless,
additional research is essential to explore and confirm the changes in membrane composition

associated with the stress adaptation treatments.

4.4.2 Oxidation states increased in H,O,-treated Bifidobacterium spp.

All three Bifidobacterium spp. presented with high intracellular oxidation states, a condition
that appears to be consistent across different H,O, treatments. This consistent pattern suggests
that the oxidation state may be an intrinsic characteristic of these species rather than solely a
response to external HoO, exposure. Notably, B. bifidum, even in its unadapted state, was in
a highly oxidized state, likely exacerbated by the inevitable oxygen exposure during the FC
analysis. This observation underlines the O;-sensitive nature of B. bifidum and underscores
its particular vulnerability to oxidative stress (Kawasaki et al., 2018a). These characteristics
emphasise the need for careful handling and specific protective measures when conducting

research with Bifidobacterium spp., particularly B. bifidum.
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Interestingly, a subset of HyO,-treated B. bifidum cells exhibited a significantly lower in-
tracellular oxidation state. Recent work has identified and characterised a TrxR enzyme that
exerts HyO, detoxification activities (Satoh et al., 2019). This suggests the possibility that the
H,O; treatment resulted in the sustained activation of this enzyme in a minor subpopulation
of B. bifidum, leading to their notably reduced oxidation levels as detected by FC. Future re-
search should aim to verify whether this subpopulation indeed exhibits increased tolerance to

oxidative stress.

During the investigation of the oxidation state of B. breve, no distinct differences in the
intracellular oxidation states were observed between the unadapted and H,O,-treated cells,
which may indicate effective detoxification mechanisms of B. breve, suggesting that the cells
can effectively neutralise H,O; and restore its redox balance during adaptation treatments. To
validate these preliminary observations, further research focusing on the stress response of
H,O,-treated B. breve cells is warranted. Moreover, B. breve may employ alternative stress

response mechanisms that were undetectable during the FC analysis.

Overall, the unadapted B. animalis cells exhibited the lowest intracellular oxidation state,
indicative of their intrinsic tolerance to oxidative stress. Likewise, Oberg et al. (2013) noted
that B. animalis subsp. lactis BL-05 exhibited greater inducible HO, resistance compared to
B. longum NCC2705. Such comparison underscores the variability of intrinsic and adaptive

H,0O; defences across different species and strains within the Bifidobacterium genus.

4.4.3 Morphological adaptations of H,O,-treated Bifidobacterium spp.

Specific morphological changes may be associated with the adaptive stress response and may
be evident in the FC analysis (Ruiz et al., 2007). The findings from the SEM analysis revealed
the production and release of EVs to be consistently expressed by B. bifidum irrespective of
adaptation, which resulted in a textured surface. In line with these findings, Bose et al. (2020)
classified EVs released by Gram-positive bacteria to contain fatty acids, phospholipids, pepti-
doglycan, cytoplasmic proteins, and membrane-associated molecular chaperones. The rough
cell surface observed might reflect not just EV release, but also disrupted cell division and

changes in cell wall composition or structure, a possible negative effect of oxidative stress
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(Ahn et al., 2001; Mozaheb and Mingeot-Leclercq, 2020). Furthermore, Qian et al. (2011) ob-
served the formation of intracellular granules in Bifidobacterium spp. grown in MRS without
a reducing agent, suggesting that the development of vesicle-like structures is integral to the
stress response mechanism of Bifidobacterium species. The exact composition of EVs of Bifi-
dobacterium spp. has not been studied intensely and requires further investigation. However,
one study found that B. longum NCC2705 releases EVs rich in cytoplasmic proteins, including
mucin-binding proteins, which may promote bacterial adhesion and survival in the gastroin-

testinal tract (Nishiyama et al., 2020).

Interestingly, the protruding circumferential rings observed in B. animalis in this study
were also observed in a surface analysis conducted by Shang et al. (2013) using atomic force
microscopy (AFM) of B. animalis RH (Shang et al., 2013). The researchers describe the cir-
cumferential rings as ‘large worm-like or ring-like structures’ and were hypothesised to be

tangled networks of EPS potentially involved in cell aggregation (Shang et al., 2013).

4.4.4 H,0;-treated Bifidobacterium spp. display distinct ultrastructural adaptations

The findings from the TEM analysis revealed that the adaptation treatment resulted in minimal
intracellular differences in B. animalis cells, although it was observed to affect the cytoplasmic
homogeneity in B. breve. During the stress adaptation treatment, the cellular components in
the B. breve cells, including DNA, organelles, ribosomes, and proteinaceous structures, likely
clustered together, reducing their surface area exposed to oxidative stress (Rahman et al., 2008).
This compaction strategy could serve as a defence mechanism, limiting the exposure of these

structures to potential damage from oxidative stress.

Furthermore, the general granular cytoplasm of B. bifidum could be due to the presence of
poly P granules (Qian et al., 2011), which are orthophosphate residues that form polyanionic
inorganic biopolymers in response to oxidative stress (Kornberg, 1995). Similar observations
were made for the oxidative stress response of B. scardovii (Qian et al., 2011). These results
suggest a potential role of these internal granules in the response of B. bifidum to oxidative

stress, though further research is needed for clarification and confirmation.
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4.5 CONCLUSION

The main findings of this study highlight the species-specific adaptive mechanisms of Bifi-
dobacterium spp. to oxidative stress, revealing significant insights into their survival strategies.
The H,O,-treated Bifidobacterium spp. show distinct patterns of membrane integrity, with no-
table improvements in resilience against oxidative damage following H,O, treatment. This is
especially true for B. bifidum, suggesting an adaptive enhancement in membrane structure pos-
sibly through changes in fatty acid composition. Moreover, differential intracellular oxidation
states underscore the inherent tolerance to oxidative stress of B. animalis. Sublethal and lethal
H,0O; treatments result in morphological and ultrastructural adaptations, including the strategic
production and release of EVs and the emergence of poly P granules in B. bifidum. Addition-
ally, these treatments lead to the compaction of cellular components in B. breve, all of which

are crucial adaptive responses to oxidative challenges.

Future research should delve into the effects of the H,O, treatments on Bifidobacterium
spp. tolerance to oxidative stress. This exploration will deepen the understanding of their stress
response and facilitate the selection of stress-adapted strains for enhanced probiotic applica-

tions, particularly during yoghurt production.
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CHAPTER 5

Investigating the stress response of stress-adapted Bifidobacterium spp.

This study investigated the physiological and morphological characteristics, growth responses,
and kinetics of the stress-adapted Bifidobacterium spp. variants when subjected to a lethal H,O,
challenge, with the aim of isolating variants of Bifidobacterium spp. with enhanced tolerance
to lethal levels of oxidative stress. Unadapted, sublethal and lethal HyO,-treated B. bifidum,
B. breve and B. animalis subsp. animalis cells were subjected to a lethal HyO, challenge
before analysis. Flow cytometry (FC) analysis using CelROX® Green (CRG) and propidium
iodide (PI) indicated that the lethal H,O; treatment improved membrane integrity and oxidative
stress resilience, with species-specific variations. B. animalis showed significant membrane in-
tegrity and reduced oxidation states under lethal challenge, demonstrating an innate ability to
adapt its membrane composition effectively. Growth kinetic analyses showed B. breve consis-
tently thriving across varying H,O» levels, suggesting unique resilience mechanisms, whereas
B. bifidum and B. animalis displayed increased growth with higher H,O; concentrations, likely
due to enhanced hydrophobicity and autoaggregation. SEM and TEM revealed extracellular
vesicle formation and morphological changes like cell elongation and surface texturing, sug-
gesting defensive adaptations against oxidative stress. The results suggest that oxidative stress
adaptation in Bifidobacterium spp. can improve its resilience to oxidative stress during yoghurt

manufacture, with better adaptation in B. animalis possibly related to its genetic predisposition.

Keywords: Bifidobacterium spp., oxidative stress response, stress adaptation, flow cytometry,

membrane integrity and oxidation state, growth kinetics, morphology
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5.1 INTRODUCTION

Bifidobacterium spp. are natural inhabitants of the human GIT of healthy humans, making up
10 - 40% of the full microbiota composition (Arboleya et al., 2016). The incorporation of Bifi-
dobacterium spp. into one’s diet is linked to mitigating the effects of gut dysbiosis, facilitating
the upkeep of a more balanced gut microbiome and its functions, and providing therapeutic
advantages to the host (He et al., 2023). Given these beneficial outcomes, Bifidobacterium spp.
has garnered popularity as a potential probiotic for incorporation into the formulation of new,
functional food products (He et al., 2023). As per the definition of probiotics, Bifidobacterium
spp. need to be ‘live’ and ‘administered in sufficient quantities’ to be able to ‘confer a health
benefit to the host” (FAO/WHO, 2002; Hill et al., 2014). For probiotics to yield therapeutic
benefits, it is recommended that the food product contains a minimum of 6 log CFU/g of viable
cells at the time of consumption (FAO/WHO, 2003; Nyanzi et al., 2021). Yet, incorporating
Bifidobacterium spp. in foods is challenging, owing to its decline in viability to below the

recommended therapeutic dose during shelf-life (Sibanda et al., 2024).

Among the many potential probiotic carrier foods, dairy foods, particularly yoghurt, are
optimal vehicles for delivering probiotics owing to their widespread popularity and distinctive
matrix with a buffering capacity (Hadjimbei et al., 2022). However, several stress factors as-
sociated with the processing of yoghurt can negatively affect Bifidobacterium spp. viability.
These stress factors that exert adverse effects on Bifidobacterium spp. viability include acid,
osmotic, heat, cold, and oxidative stress (Sibanda et al., 2024). As anaerobes, Bifidobacterium
spp. are intrinsically susceptible to exogenously and endogenously generated reactive oxygen
species (ROS) such as H,O,. Due to the absence of genes encoding for enzymes typically as-
sociated with aerobic respiration in microorganisms (i.e. SOD, catalase or NADH peroxidase),
most species of bifidobacteria are unable to fully reduce oxygen into harmless compounds (Zuo

et al., 2014).

The exposure of probiotic microorganisms to stressful conditions has been observed to elicit
an adaptive response (Schopping et al., 2022). The primary response mechanisms to oxidative
stress of Bifidobacterium spp. are based on the production of enzymes that can detoxify H,O,
and ROS, such as AhpC and TrxR (Oberg et al., 2015; Schopping et al., 2022), together with

protective activities of several chaperones and reparative proteins (Zuo et al., 2018). Some
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of the enzymes associated with the adaptive response to oxidative stress can be induced and
manifested in the bacterium permanently through a process of stress adaptation (Mills et al.,
2011). The process of stress adaptation of Bifidobacterium spp. involves the induction of the
stress response without a loss in viability through pre-exposure to a sublethal dose of the stress
(Fiocco et al., 2020). To permanently establish this stress response in the bacterium, the process
involves multiple subsequent cultivations under lethal stress conditions, with survivors being
isolated and subjected to further exposure after each cycle (Jiang et al., 2016). Using a similar
approach, an improved tolerance to lethal H,O; concentrations was observed in various strains

of Bifidobacterium spp. (Oberg et al., 2011).

In the preceding chapter of this thesis (Chapter 4), the physiological, morphological and
ultrastructural characteristics of B. bifidum, B. breve and B. animalis subsp. animalis subjected
to a stress adaptation treatment were assessed. Building on the findings of the previous chapter,
the objective of this study was to investigate the physiological, morphological and ultrastruc-
tural characteristics, as well as growth responses and kinetics, of the stress-adapted Bifidobac-
terium spp. variants when subjected to a lethal H,O; challenge, with the aim of isolating vari-

ants of Bifidobacterium spp. with enhanced tolerance to lethal levels of oxidative stress.

5.2 MATERIALS AND METHODS

5.2.1 Bacterial cultures used in the study

The bacterial cultures used in this study were B. bifidum, B. breve and B. animalis subsp. ani-
malis, which were subjected to stress adaptation treatments as described in Chapter 4(Section
4.2.2). The storage and cultivation conditions for these cultures were consistent with those out-

lined in Chapter 4 (Section 4.2.1).

5.2.2 Culture suspension preparation and lethal H,O, challenge

Cultures of unadapted, sublethal- and lethal H,O,-treated Bifidobacterium cells (Chapter 4)

were anaerobically grown on MRS-C agar for 24 h at 37 °C before resuspending in sterile
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and anoxic ddH;O to a cell count of 8 log CFU/ml (0.5 McFarland). Double-distilled wa-
ter (ddH,0O) was made anoxic by placing it in anaerobic jars with anaerobic sachet directly
after autoclaving for at least 24 h before treatments. The bacterial cell suspensions were sub-
jected to a lethal challenge directly before analysis. The lethal challenge involved the addition
of H,O, to each cell suspension up to a concentration of 1 mM, followed by anaerobic incuba-

tion at 37 °C for 30 min.

5.2.3 Flow cytometric analysis of membrane integrity and oxidation state

Cell suspensions of unadapted, sublethal- and lethal H,O,-treated Bifidobacterium cells were
immediately stained and analysed by FC following the lethal challenge. The samples were
stained first with 0.5 uM CellROX® Green (CRG) (Invitrogen™, Waltham, Massachusetts,
USA) for 15 min at 37 °C under conditions of anaerobiosis and darkness to prevent exposure
to oxygen and light. The samples were then stained with 8 uM propidium iodide (PI) (In-
vitrogen™, Waltham, Massachusetts, USA) for 15 min under similar conditions as for CRG

staining.

After staining, samples were analysed by FC (BD Accuri Flow Cytometer, BD Biosciences,
Belgium) at a flow rate of 35 ul/s, and 10000 events were collected for each sample. Data ac-
quired from the FC analysis was processed by FlowJo™ v10.8.1 Software (BD Life Sciences).
Fluorescence of CRG+ events was detected on the FL-1 channel (533/30 nm), and PI+ events
were analysed on the FL-3 channel (> 670 nm). Live and dead (treated with 70% ethanol; 30
min), as well as unoxidised and oxidised (treated with 1 mM H,0O,) cells of Bifidobacterium
spp., were stained separately with PI, CRG, and CRG plus PI. The respective fluorescence
signals of each sample were then utilised to accurately gate for the relevant bacterial subpop-
ulations. Furthermore, cell event counts within these subpopulations for each bacterial sample

were extracted and presented as a percentage of the total cell population.
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5.2.4 Choice of stress-adapted Bifidobacterium variants

As the stress adaptation treatment involved two H,O, treatments (Chapter 4), a stress-adapted
variant had to be chosen for subsequent analyses based on the results from the FC analysis.
Consequently, the lethal H,O,-treated variants of all three Bifidobacterium species were cho-
sen for subsequent analysis in this study and will henceforth be referred to as the stress-adapted

variants.

5.2.5 Growth Kkinetics

The growth kinetics of the unadapted and stress-adapted variants of Bifidobacterium spp. were
determined by a turbidimetric method (ODggg,,,,) using a microplate reader (FLUOstar Omega,
BMG LABTECH, Ortenberg, Germany). An 8 log CFU/ml (0.5 McFarland) suspension of
each unadapted and stress-adapted Bifidobacterium spp. was prepared. Each bacterial suspen-
sion was inoculated (2 ul) into wells containing anoxic MRS broth (200 ul) with either 0.0,
0.1 or 1.0 mM initial H;O, concentrations. The optical density of each well was measured at
six hour intervals over a 36 h anaerobic incubation period (0, 6, 12, 24, and 36 h) at 37 °C.
The growth rate under the varying levels of initial H,O; concentrations was calculated using

the following equation:

In(ODj2;,/ODgy)
12 ’

uh') =

where U is the growth rate (h~1), ODyyy, is the optical density at 12 h, and ODy, is the
optical density at 0 h. An exponential growth phase was observed for all samples within the
first 12 hours and was hence used in the growth rate calculations. The maximum population
density (MPD) was determined as the optical density (OD) of each control and stress-adapted
Bifidobacterium spp. after 36 h of incubation. Duplicate samples were prepared and the growth

kinetics analysis was repeated once (n = 4).

54



5.2.6 Electron microscopy

The unadapted and stress-adapted Bifidobacterium variants were observed under a SEM and
TEM after exposure to the lethal challenge. The preparation and analysis of the Bifidobac-

terium cells were conducted using the method described in Chapter 4 (Section 4.2.5).

5.2.7 Statistical analysis

Differences in growth rates and MPDs among the unadapted and stress-adapted Bifidobac-
terium variants under varying HyO; concentrations were analysed using a two-way analysis of
variance (ANOVA) using Statistical Package for the Social Sciences (SPSS) Version 29 soft-
ware (IBM, USA). A Tukey’s multiple comparisons test was performed with the same statistical
software to determine any statistically significant differences in growth kinetics among the Bi-

fidobacterium species. A significance level of 0.05 was used in all analyses.

5.3 RESULTS

5.3.1 Gating for flow cytometry

The fluorescence gates were set using control cells of B. animalis that were double stained with
CRG and PI. The biplot of this gating, shown in Figure 5.1, resulted in four gates, defined
as follows: N-ROS; PI- cells were unoxidised and maintained their membrane integrity and
viability; N-ROS; PI+ cells were classified as dead cells, with a complete loss of cell integrity;
ROS+; PI+ cells were classified as cells that in an oxidised state, exhibiting characteristics
associated with membrane damage; ROS+; PI- cells were classified as cells that maintained

their membrane integrity while in an oxidised intracellular state.
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The fluorescence signal profiles observed in control samples of B. animalis, particularly
considering their unavoidable exposure to oxygen during analysis, served as the basis for es-
tablishing the measurement gates across all three Bifidobacterium species. The gating strategy
was consistently applied to FC analyses of B. bifidum, B. breve, and B. animalis throughout the

study.
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Figure 5.1 CellRox Green and propidium iodide fluorescence biplot of B. animalis control
cells. N-ROS, PI- gate represents unoxidised cells with an intact membrane, N-ROS, PI+ gate
represents unoxidised cells with a damaged membrane, ROS+, PI- gate represents oxidised
cells with an intact membrane, ROS+, PI+ gate represents oxidised cells with a damaged mem-

brane.

5.3.2 Combined assessment of membrane integrity and intracellular oxidation state in

stress-adapted Bifidobacterium spp. under lethal H,O, challenge.

As observed in Figure 5.2, each Bifidobacterium species displayed a unique response to the
lethal H,O, challenge in terms of maintenance of membrane integrity and control of intra-
cellular oxidation state. The majority of each Bifidobacterium population presented with an
intact membrane in an oxidised state (ROS+, PI-) following the lethal challenge, except for
the unadapted B. bifidum cells (Figures 5.2 (A) and 5.3). Most of the unadapted B. bifidum
cells exhibited membrane damage whilst in an unoxidised state (N-ROS, PI+) (38.6%) (Fig-

ures 5.2 (A) and 5.3), which alludes to the subpopulation gate that is classified as dead cells
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resulting from ROS accumulation, as shown in Section 5.3.1. In contrast, H,O,-treated cells of
B. bifidum, both sublethal- and lethal H,O;-treated, exhibited the greatest proportion of their
population with an intact membrane whilst in an oxidised state (ROS+, PI-) (45.3% and 44.4%,
respectively) (Figures 5.2 (D), (G) and 5.3).
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Figure 5.2 CellRox Green and propidium iodide fluorescence biplots of unadapted, sublethal-
and lethal HyO,-treated B. bifidum, B. breve and B. animalis following exposure to the lethal
H,0; challenge (1 mM H;0O;; 30 min). N-ROS, PI+: Unoxidised, membrane-damaged cell
gate; N-ROS, PI-: Unoxidised, membrane-intact cell gate; ROS+, PI+: Oxidised, membrane-
damaged cell gate; ROS+, PI-: Oxidised, membrane-intact cell gate.
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It is evident in Figure 5.2 (B) that the unadapted B. breve cells demonstrated superior re-
tention of membrane integrity than their H,O,-treated counterparts following exposure to the
lethal H,O, challenge. This observation is also evident in Figure 5.3, whereby 83.8% of the
unadapted B. breve cells fluoresced within the (ROS+, PI-) subpopulation gate. However, the
lethal H,O,-treated B. breve cells demonstrated greater control of intracellular oxidation state
compared to the sublethal H,O,-treated cells, as illustrated by the bi-fluorescence of CRG and

PI within the (N-ROS, PI-) subpopulation gate in Figure 5.2 (H).

Among the three Bifidobacterium spp., B. animalis retained the highest proportion of ox-
idised cells with intact membranes (ROS+, PI-), irrespective of adaptation or oxidation state
(Figures 5.2 (C), (F) and (I)). However, a greater extent of sublethal- and lethal H,O,-treated
B. animalis cells (28.9% and 29.7%, respectively) presented with an unoxidised intracellular
state and intact membrane (N-ROS, PI-) (Figures 5.2 (F) and (I)), than the unadapted cells (0.%)
after the lethal challenge (Figures 5.2 (C) and 5.3). This result was distinctly more evident for

the lethal H,O,-treated B. animalis cells (Figure 5.2 (I)).
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Figure 5.3 Relative proportions of unoxidised, membrane-damaged (N-ROS, PI+), unoxi-
dised, membrane-intact (N-ROS, PI), oxidised, membrane-damaged (ROS+, PI+) and oxidised,
membrane-intact (ROS+, PI-) subpopulations of unadapted, sublethal- and lethal H,O,-treated
Bifidobacterium species following exposure to the lethal HyO, challenge (1 mM H,0O;; 30

min).
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Overall, the lethal H,O,-treated cells demonstrated the highest amount of cells in an unox-
idised state and an intact membrane (N-ROS, PI-) compared to the same subpopulation of the

unadapted and sublethal HyO;-treated cells within each Bifidobacterium species.

5.3.3 Stress response of stress-adapted Bifidobacterium spp.

Considering the results from the FC assays, the overall observations were that the extension of
the adaptation treatment, through the addition of the lethal H,O; treatment, resulted in variants
exhibiting an enhanced response to the lethal challenge compared to both the unadapted and
sublethal H,O;-treated cells. As a result, the subsequent sections involved the analysis of the

lethal H,O;-treated (hereinafter referred to as ‘stress-adapted’) Bifidobacterium variants.

5.3.3.1 Growth kinetics of stress-adapted Bifidobacterium spp.

As shown in Table 5.1, B. breve exhibited the highest growth rate among the three species,
irrespective of the H,O, concentration and adaptation treatment (P < 0.001) (Table 5.1). Inter-
estingly, the growth rates for B. bifidum and B. animalis were higher in the presence of 0.1 and

1 mM H;O, than under anaerobic conditions (P < 0.001) (Tables 5.1 and 5.2).

Table 5.1 Analysis of variance showing the effect of bacterial species, stress adaptation and

growth condition on the growth rate and the maximum population density of Bifidobacterium

spp- (n=4)

P-Value

Source of Variation DF Growth Rate MPD!

Main Effects
Bifidobacterium species (B. bifidum, B. breve, B. animalis) 2 < 0.001 < 0.001

Adaptation Treatment (Unadapted, Adapted) 1 - < 0.001

Growth Condition (0, 0.1, 1 mM H;0,) 2 < 0.001 < 0.001
Interactions

Species x Growth Condition 4 < 0.001 < 0.001

'MPD = maximum population density, as indicated by the OD3¢".
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Table 5.2 Growth rates of unadapted and stress-adapted Bifidobacterium spp. during 36 hours of incubation under 0, 0.1 and 1 mM H,0,.!

Growth rate (OD units/h)
Growth B. bifidum B. breve B. animalis
Condition Unadapted Stress Adapted Unadapted Stress Adapted Unadapted Stress Adapted

0mM H,0,  0.0074¢ +0.009 0.07242 +0.007 0.1584¢ +0.003  0.148%¢ +0.001  0.006*¢ +0.001 0.040%¢" +0.007
0.1 mM H,0, 0.14252 £ 0.002 0.09342 +0.013 0.16248¢ + 0.001 0.1765% £ 0.003  0.0855% + 0.007 0.0685” + 0.036
I mMH,O,  0.150%4 +0.003 0.1498¢ +0.001 0.18782 +0.011  0.17859> £ 0.001 0.0935¢ £ 0.002 0.04349 + 0.059

I'Values are mean + standard deviation (n = 4).

Statistically significant differences (P < 0.05) between means are indicated by different small-caps letters within the same row, and

different all-caps letters within the same column.



In particular, the growth rates for both unadapted and stress-adapted B. bifidum were several
folds higher under 0.1 mM H,0O, and 1 mM H;0; concentrations than under anaerobic con-
ditions (0 mM H;0O,) (0.007 £ 0.009 OD units/h and 0.072 £ 0.007 OD units/h, respectively)
(P < 0.05) (Table 5.2).

Similarly, the MPD of B. breve was observed to be generally greater than B. bifidum and B.
animalis (P < 0.001) (Tables 5.1 and 5.3). When considering the impact of the H,O, concen-
trations, Table 5.3 shows that the MPDs for all Bifidobacterium spp. were higher under both
0.1 and 1 mM H,O; concentrations than under anaerobic conditions (P < 0.05), particularly
for B. bifidum and B. breve (P < 0.05) (Table 5.1). In contrast, B. animalis generally displayed
a lower MPD than B. bifidum and B. breve, exhibiting similar MPDs regardless of the growth
condition (P < 0.05) (Tables 5.1 and 5.3). In addition, an increase in the MPD was observed in
the stress-adapted Bifidobacterium variants. However, this increase was significant (P < 0.005)

only for B. bifidum and B. animalis under an anaerobic environment (Tables 5.1 and 5.3).

5.3.3.2 Morphology of stress-adapted Bifidobacterium spp. under lethal challenge

From Figure 5.4, it is clear that the morphological responses of Bifidobacterium spp. to the
lethal oxidative stress were observed to be species-dependent. After exposure to the lethal
challenge, distinct morphological changes were observed among the Bifidobacterium species.
(Figure 5.4). Most significantly, both unadapted and stress-adapted B. breve cells displayed
clear cell rupture and shrinkage, indicating complete cell envelope collapse, as seen in Figures
5.4 (B) and (E), respectively. However, stress-adapted B. animalis (Figure 5.4 (C)) displayed
similar damage but to a lesser extent (Figure 5.4 (F)). The unadapted cells of B. breve developed
larger cellular pores and significantly collapsed cell walls (Figure 5.4 (B)). Furthermore, in
B. bifidum, there was an enhancement in EVs production (Figure 5.4 (A)), more so in the

unadapted B. bifidum cells (Figure 5.4 (D)).
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Table 5.3 MPD of unadapted and stress-adapted Bifidobacterium spp. during 36 hours of incubation under 0, 0.1 and 1 mM H,0,.!

Maximum Population Density (OD3¢;,)

Growth B. bifidum B. breve B. animalis

Condition Unadapted Stress Adapted Unadapted Stress Adapted Unadapted Stress Adapted

0mM H,0,  0.1424¢ +0.028  0.536*2 +£0.245 0.7894¢ £ 0.015  0.7583%¢ +0.044 0.2494% +0.027  0.576%%¢ + 0.041
0.1 mM H,O, 0.7083%%4 + 0.014 0.6324% +0.208 0.8214%¢ +0.013 0.9465%¢ + 0.046 0.370%9¢ + 0.043 0.5514¢ + 0.055
I mMH,O,  0.7178%¢ £ 0.016  0.729%% +0.048 0.94749 + 0.012 1.1458%¢ +0.353 031749 £0.060 0.53249¢ + (.038

'Values are mean + standard deviation (n = 4).
Statistically significant differences (P < 0.05) between means are indicated by different small-caps letters within the same row, and
dif-ferent all-caps letters within the same column.

MPD = maximum population density, as indicated by the ODj3g,.
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Figure 5.4 Scanning electron images of unadapted (A-C) and stress-adapted (D-F) B. bifidum (A and D), B. breve (B and E) and B. animalis (C
and F) cells after exposure to lethal challenge (1 mM H»O5; 30 min).



Interestingly, stress-adapted B. animalis displayed more pronounced circumferential rings
(Figure 5.4 (F)) after the lethal challenge. Additionally, the stress-adapted B. bifidum rods
(Figure 5.4 (D)) were more elongated than the unadapted cells (Figure 5.4 (A)). In contrast,
unadapted B. animalis cells appeared shorter and thicker (Figure 5.4 (C)). In B. bifidum and
B. breve, both the unadapted (Figures 5.4 (A) and (B), respectively) and stress-adapted cells

(Figures 5.4 (D) and (E), respectively) exhibited swelling towards coccoid ends.

5.3.3.3 Ultrastructure of stress-adapted Bifidobacterium spp. under lethal challenge

Figure 5.5 illustrates a distinct reorganisation of the internal structures of unadapted and stress-
adapted Bifidobacterium spp. in response to the lethal challenge. Following exposure to the
lethal H,O, challenge, membrane ruptures were evident in both unadapted and stress-adapted
B. bifidum cells (Figures 5.5 (A) and (D)), with several extracellular particles, possible remnants
of the ruptured cell walls or vesicles (extracellular or cytoplasmic). In B. breve, thinning of the
cell envelope was observed for both unadapted and stress-adapted cells (Figures 5.5 (B) and
(E), respectively). Unadapted Bifidobacterium spp. exhibited disorganised cytoplasms, with
blank patches within, indicative of condensed compartments concentrated in one area of the
cell (Figures 5.5 (A), (B), and (C)). In particular, unadapted B. breve and B. animalis displayed
a distinct disruption of their cytoplasmic homogeneity (Figures 5.5 (B) and (C), respectively).
Furthermore, unadapted B. breve displayed distinctive ring-like structures with lucent contents
of unknown function (Figure 5.5 (B)). Electron-dense particles were observed within the B.
breve cells, possibly representing precipitated and aggregated organelles (Figures 5.5 (B) and
(E)), with a more distinct observation in the stress-adapted cells (Figure 5.5 (E)). Cytoplasmic
vesicles were notably present in unadapted B. bifidum and B. animalis (Figures 5.5 (A) and (C),
respectively). Additionally, a significant increase in ribosomal occurrence was observed in B.

animalis (Figures 5.5 (C) and (F)).
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Figure 5.5 Transmission electron images of unadapted, control (A-F) and stress-adapted (G-L) B. bifidum (A, D, G, J), B. breve (B, E, H, K) and B.
animalis (C, F, 1, L) cells. Images represent respective bacterial species before (A-C and G-I) and after exposure (D-F and J-L) to lethal oxidative

stress (1 mM H;O5; 30 min).



5.4 DISCUSSION

This study investigated the physiological responses of three Bifidobacterium species to the
lethal H,O, challenge, following stress adaptation treatments, i.e. sublethal- and subsequent

sublethal- plus lethal H,O, treatments.

5.4.1 H;0;-treated Bifidobacterium variants show improved oxidation state and mem-

brane stability under lethal challenge

We observed variations in the oxidative stress responses across the three HyO,-treated Bifi-
dobacterium species. Notably, the unadapted B. bifidum cells exhibited higher susceptibility
to membrane damage due to the lethal challenge than the H,O;-treated cells. These results
highlight the O;-sensitive nature of B. bifidum (Kawasaki et al., 2018a). B. bifidum possibly
does not possess strongly inducible enzyme systems to deal with the high H,O; challenge used
in this study. A previous study by Satoh et al. (2019) isolated and characterised an inducible
TrxR from B. bifidum under aerobic conditions, an indication that some B. bifidum strains can
adapt to oxidative stress. With the high H,O, used in the experiment, it is possible that the
AhpC-TrxR system of the unadapted B. bifidum cells was overloaded with H,O,, being unable
to efficiently detoxify the damage-inducing H>O; (Satoh et al., 2019).

In contrast, the H,O,-treated B. bifidum cells demonstrated better membrane integrity when
faced with the lethal H,O; challenge. Previous research has highlighted the capacity of Bifi-
dobacterium spp. to alter its cell envelope composition under environmental stress (Oberg and
Broadbent, 2016; Wei et al., 2019). In particular, the studies have identified that alterations in
the cell membrane lipid composition of Bifidobacterium spp. are crucial for survival in stress
conditions (Oberg and Broadbent, 2016; Wei et al., 2019). Thus, the H,O, treatments po-
tentially prepared B. bifidum cells to counteract the harmful effects of oxidative stress on the
membrane, possibly by modifying the membrane’s fluidity and composition or through repair
mechanisms (Schopping et al., 2022). However, no distinct patterns were discernible between

the sublethal- and the lethal H,O,-treated cells for B. bifidum.
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In contrast to B. bifidum, the unadapted B. breve cells demonstrated greater membrane in-
tegrity when faced with the lethal H,O, challenge than the H,O,-treated cells. However, the
lethal H,O,-treated B. breve cells were in a lower oxidation state than both the unadapted
and the sublethal H,O,-treated cells. These findings indicate that the H,O, treatments poten-
tially prepared the cells for the lethal challenge at a biochemical level, particularly the lethal
H,O;-treated B. breve cells, rather than enhancing membrane-associated response mechanisms.
Zomer et al. (2009) observed an upregulation of genes associated with the AhpC/F system in
B. breve UC2003 following exposure to oxidative stress. However, the researchers reported the
SOS response to be activated upon DNA damage within the cell (Zomer et al., 2009). There-
fore, the deduced hypothesis from these findings is that the oxidative stress response of B.
breve could be triggered by damage to internal biomolecules, a process initiated by ROS pass-
ing through the cell membrane and to the intracellular space. Nonetheless, additional studies

are required to validate this hypothesis.

Interestingly, B. animalis presented with the highest proportion of cells with intact mem-
branes whilst in an oxidised state, and this was more evident in the unadapted cells. These find-
ings suggest that B. animalis may inherently be well-equipped to handle oxidative stress, having
a rapid response mechanism in place for such conditions (Schopping et al., 2023). Furthermore,
the results potentially indicate an intrinsic ability of B. animalis to modify its membrane com-
position as an inherent adaptation to oxidative stress (Oberg and Broadbent, 2016; Wei et al.,
2019). Some studies have noted upregulation of genes encoding for long-chain fatty-acid-CoA
ligase and cyclopropane-fatty acyl-phospholipid synthase in Bifidobacterium spp. in response
to oxidative stress (Oberg et al., 2013; Zuo et al., 2018; Wei et al., 2019), which resulted in an
increased content of short-chain and cyclopropane fatty acids in the cell membranes, thereby
decreasing their membrane fluidity and offering enhanced resistance to oxidation and potential
protection against oxidative damage (Grogan and Cronan, 1997; An et al., 2014). Therefore, B.
animalis potentially responded to the lethal challenge by altering the membrane composition,

displaying enhanced membrane integrity maintenance during the FC assay.

Furthermore, the stress-adapted B. animalis cells were in a lower oxidation state than the
unadapted cells. These findings indicate a potential activation of H,O, detoxification systems
in stress-adapted B. animalis cells (Kawasaki et al., 2018a; Schopping et al., 2023). More-

over, the lethal H,O, treatment resulted in a much lower CRG fluorescence, indicating an
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enhanced detoxification potential (Aakko et al., 2014; Oberg and Broadbent, 2016). In line
with these findings, Schopping et al. (2023) reported elevated transcription levels of oxidative
stress-associated genes in B. animalis subsp. lactis BB-12 that were likely indicative of a rapid
response to oxidative stress. Generally, B. animalis is known for its intrinsic aerotolerance
which is much higher than the other Bifidobacterium spp. included in this study (Kawasaki
et al., 2018a). The inherent genetic advantage is due to inducible enzymes that can detoxify
ROS, such as AhpC and TrxR (Zuo et al., 2014). Both AhpC and TrxR are components of
the prokaryotic alkyl hydroperoxide reductase enzyme systems that detoxify H,O, by reduc-
ing it to alcohol and water (Zuo et al., 2014). In the system, AhpC functions as a peroxidase,
while TrxR acts as a reductase (Zuo et al., 2014; Schopping et al., 2022). These results suggest
that, as an inherently aerotolerant species, the natural defence system against H>O, not only
contributes to the protection of the cells from oxidative damage but, also plays a role in pro-
tecting other structural components of the cell. In addition, while the sublethal H;O, treatment
bolstered the cells’ capacity to neutralise ROS and also reinforced their membrane structures
against oxidative damage (Schopping et al., 2022), the lethal H,O; treatment further augmented
these capabilities, enabling the B. animalis cells to remain less oxidised and maintain intact cell

membranes even under the lethal challenge.

The membrane integrity and oxidation states of the unadapted and H,O,-treated Bifidobac-
terium spp. after exposure to the lethal HyO, challenge showed some variation among the
species. This potentially indicates a species-dependent variation in the susceptibility to oxida-
tive stress among the Bifidobacterium species. Similar observations were made by Oberg et al.
(2012), who reported significant differences in the cell membrane fatty acid composition of two
nearly genetically similar strains of B. lactis. These differences were also found to consider-
ably impact each species’ intrinsic oxidative stress resistance (Oberg et al., 2012). Thus, stress
adaptation itself is a characteristic specific to species or even individual strains, which involves
alterations in the lipid composition of the membrane (Alvarez-Ordéiiez et al., 2008; du Toit
et al., 2013). Evidently, these findings call for species-tailored stress adaptation procedures, as
there was a clear species-dependent response to oxidative stress in terms of membrane integrity

retention and ROS detoxification.
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5.4.2 Growth Kinetics reflects species-specific responses to oxidative stress

The study also aimed to assess whether adaptation to oxidative stress influenced the growth
kinetics of Bifidobacterium spp. when exposed to either anaerobic conditions or previously

sublethal and lethal H,O, concentrations of 0.1 mM and 1 mM, respectively.

The results from the growth kinetics analyses revealed that B. breve growth remained con-
sistent regardless of both the adaptation and the varying levels of H,O, concentrations. Con-
trary to the expected stress responses of bacteria, which include energy conservation leading
to reduced growth rates and smaller cell sizes under stress conditions (Novitsky and Morita,
1976; Gilbert et al., 1990), B. breve did not exhibit these common stress responses. This out-
come suggests a unique resilience mechanism in B. breve, allowing it to maintain steady growth

under conditions that typically challenge other bacterial strains.

Interestingly, both B. bifidum and B. animalis exhibited a positive correlation between
growth rate and H,O, concentration, as well as between the MPD and H,O; concentration.
Likewise, the stress adaptation led to increased MPDs for Bifidobacterium spp. under varying
H,O; concentrations. The reason for this could be a potential increased hydrophobicity and au-
toaggregation of the cells in order to physically retard and exclude H,O, and ROS from entering
the cells or causing damage (Zuo et al., 2018; Schopping et al., 2023). After exposing B. longum
BBMNG68 to 3% oxygen, Zuo et al. (2018) observed an increase in cell surface hydrophobicity
and autoaggregation. The researchers speculated that these changes might function to reduce
oxygen penetration into the cells, suggesting a protective adaptation against oxidative stress
(Zuo et al., 2018). This suggests that similar mechanisms might be at play in these species,
including B. breve, enhancing their resilience to oxidative stress through the physical exclusion
of H,O; and ROS, thereby contributing to their improved growth and population density under

the H,O, concentrations in this study.

5.4.3 Stress adaptation enhanced morphological modifications in Bifidobacterium spp.

The production and release of EVs were consistently expressed by B. bifidum irrespective of

adaptation, which resulted in a textured cell surface. Notably, these vesicles appeared larger
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and more frequent following lethal challenge, hinting at their role in the B. bifidum’s stress re-
sponse. In line with these findings, EVs released by Gram-positive bacteria have been classified
as containing fatty acids, phospholipids, peptidoglycan, cytoplasmic proteins, and membrane-
associated molecular chaperones (Bose et al., 2020). The rough cell surface observed might
reflect not just EV release but also disrupted cell division, a possible negative effect of oxida-
tive stress (Ahn et al., 2001). Furthermore, Qian et al. (2011) observed the formation of intra-
cellular granules in Bifidobacterium spp. grown in MRS without a reducing agent, suggesting
that the development of vesicle-like structures is integral to the stress response mechanism of
Bifidobacterium species. Conversely, B. breve and B. animalis only displayed EV formation
after the lethal challenge, although to a lesser extent in the stress-adapted cells. Therefore, the
observed patterns in EV production and surface morphology among B. bifidum, B. breve, and
B. animalis in response to oxidative stress highlight the diverse adaptive strategies of Bifidobac-

terium species.

Upon exposure to the lethal challenge, the cells, with the exception of B. animalis, under-
went elongation. This observation is in agreement with the literature, whereby Bifidobacterium
spp- can change their morphology from rod-shaped to more energy-conserved coccoid shape
when faced with environmental stress (Ultee et al., 2019). Similarly, B. bifidum species altered
their morphology during adaptation to bile stress, tending towards a smaller and more uniform
size (Margolles et al., 2003). The cellular elongation observed for B. bifidum and B. breve cells

after the lethal challenge might be attributed to filamentation (Ultee et al., 2019).

5.4.4 Exposure to the lethal H,O; challenge resulted in ultrastructural adaptations in

Bifidobacterium spp.

The findings from the TEM analysis revealed distinct ruptured membranes in unadapted and
stress-adapted B. bifidum cells after lethal challenge and resonates with the findings in the SEM
analysis. However, these structural observations in B. bifidum closely mirror the findings re-
ported by Kim et al. (2018), particularly in the context of viable but non-culturable (VBNC)
cells of E. coli. Similarities such as membrane irregularities, electron-lucent areas in the cyto-
plasm, and particles near the inner membrane indicate the potential transition of B. bifidum cells

towards VBNC cells. Furthermore, similar structural observations were made in unadapted
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Bifidobacterium cells in this study. In alignment with this, Amor et al. (2002) determined
a significant portion of cells that presented as metabolically active during FC measurements
were unable to be cultivated during plate counts. Furthermore, Bifidobacterium spp. has been
proven to enter a VBNC state during nutrient depletion, thereby remaining metabolically active
but unculturable (Lahtinen et al., 2008). These findings provide insight into a possible survival
strategy employed by Bifidobacterium spp. under harsh conditions, where cells might transition

into a VBNC state.

In addition, the thinning of the cell envelope of B. breve potentially had to do with a loss
in EPSs following exposure to the lethal challenge. Although this observation might be un-
expected, as EPSs are often associated with antioxidant activity (Li et al., 2014), this might
not have been the case for B. breve. However, similar observations were made in B. longum
subsp. longum BBMNG68 during bile stress adaptation (Jiang et al., 2016). Resonating with the
findings during the FC analysis, indicating that B. breve may employ alternative stress response

mechanisms not detectable in this study.

5.5 CONCLUSION

Overall, sublethal and lethal H,O; treatments of Bifidobacterium spp. improve membrane in-
tegrity retention and oxidative stress detoxification upon re-exposure to oxidative stress. As
an inherently O,-sensitive bacterium, unadapted B. bifidum is significantly vulnerable to H,O;
exposure. However, adaptation enhances its membrane-associated responses, potentially in-
cluding alterations in membrane fluidity and composition. In contrast, H,O, treatment of B.
breve strengthens its internal oxidative stress responses, notably through the reduction of ROS,
thereby improving the cell’s internal redox state when confronted with oxidative stress. B. ani-
malis naturally exhibits enhanced tolerance to oxidative stress, characterised by its dual-stress
response of preserving membrane integrity and effectively managing intracellular oxidation
levels. Compared to the other two bifidobacteria, B. animalis shows a superior and more effi-
cient response to oxidative stress, as reflected in growth kinetics analysis. Moreover, extending
the adaptation treatment with the addition of lethal H,O, further enhances the stress responses

of the species compared to those that only received the sublethal treatment.
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However, the adaptation of B. breve does not affect its growth kinetics in the presence of
H;0,, indicating a unique resilience mechanism that supports steady growth under typically
challenging conditions. Meanwhile, B. animalis exhibits consistent growth rates and MPD
across different conditions, aligning with its oxygen-tolerant nature. Furthermore, the adapta-
tion treatment enhances several morphological and intracellular responses to oxidative stress.
Notably, B. bifidum shows enhanced production and release of EVs due to the adaptation treat-
ment, pointing towards a critical role in the stress response. Additionally, adaptation prompts
unique structural changes in B. breve and B. animalis. Notably, the morphological adaptations
observed, such as cellular elongation and the formation of unique cellular structures, under-
score the distinct responses of each Bifidobacterium species. However, this study’s findings
underscore the species-specific responses to oxidative stress and, in turn, their species-specific

responsiveness to stress adaptation.
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CHAPTER 6

Yoghurt shelf-life study of stress-adapted Bifidobacterium spp.

This study aimed to evaluate the effect of oxidative stress adaptation of Bifidobacterium spp.
on their viability, interactions with yoghurt starter cultures, and physicochemical characteris-
tics (i.e. pH, TA, ORP, syneresis) during fermentation and storage, to sustain an appropriate
therapeutic dose (6 log CFU/g viable cells) of the probiotic throughout the product’s lifetime,
whilst ensuring a chemically stable yoghurt product. Adapted variants of B. bifidum, B. breve,
and B. animalis subsp. animalis were isolated following H>O, treatments, while unadapted Bi-
fidobacterium counterparts served as the control. Following the addition of the Bifidobacterium
cultures, the yoghurt was fermented to pH 4.6 at 37 °C. Bacterial viability was evaluated using
a novel propidium monoazide-quantitative polymerase chain reaction (PMAxx-qPCR) method
alongside standard plate count methods, while physicochemical characteristics were monitored
weekly over a 28-day shelf-life study at 4 °C. The adapted Bifidobacterium strains exhibited
improved regulation of acid production, which may enhance their survival and contribute to
the chemical stability of the yoghurt. This adaptation potentially conferred cross-protection,
enabling these bacteria to utilise nutrients more efficiently and manage metabolic responses
during fermentation. While adapted B. bifidum and B. breve demonstrated improved viability
and metabolic advantages, B. animalis displayed inherent resilience regardless of adaptation.
However, the PMAxx-qPCR assay suggested that Bifidobacterium spp. declines in culturability
yet remain viable during yoghurt storage rather than decline in cell numbers. This poses con-
tradicting evidence concerning the viability of Bifidobacterium spp. in yoghurt. Additionally,
the study highlighted the accuracy and reliability of the PMAxx-qPCR method in quantifying
bacterial species in mixed-species yoghurt, providing insights into their viability even in the
viable but non-culturable (VBNC) state. These findings suggest that adaptation treatments can
enhance probiotic viability, potentially extending shelf-life and improving the health benefits

of yoghurt, which are in line with regulatory standards.

Keywords: Bifidobacterium species, probiotic viability, yoghurt, stress adaptation, propidium

monoazide, quantitative-PCR
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6.1 INTRODUCTION

Probiotics are defined as ‘live microorganisms that confer a health benefit to the host when
administered in sufficient quantities’ (FAO/WHO, 2002; Hill et al., 2014). Adding probiotic
cultures into functional foods has become increasingly popular among food manufacturers, re-
sponding to a growing consumer trend towards foods that offer health benefits. Dairy products,
particularly yoghurt, are distinguished for their efficacy as carrier foods for delivering probi-
otics (Zhang et al., 2023b). Sufficient quantities of viable microorganisms are a requirement
for any therapeutic benefit to the consumer. Hence, it is advised that probiotic foods should
have approximately 6 log CFU per gram at the time of consumption (Neffe-Skociniska et al.,
2018), where the typical serving size in South Africa for yoghurt is 200 grams, the minimum
level of viable probiotic cells should be 8 log CFU per serving. Thus, the amount of probiotics
added to yoghurt should aim to meet or surpass this minimum level to ensure effectiveness
(Sibanda et al., 2024). Among the probiotic bacterial genera and species, Bifidobacterium spp.
are considered to be the most beneficial with an extensive range of health benefits linked to

their inclusion in foods (IDF and Federation, 2015; Nyanzi et al., 2021; Sibanda et al., 2024).

However, the incorporation of Bifidobacterium spp. into probiotic foods like yoghurt is a
significant challenge. As anaerobes, Bifidobacterium spp. are generally sensitive to oxygen,
rendering them vulnerable to oxidative stress encountered in the yoghurt manufacturing pro-
cess (Kawasaki et al., 2018a; Schopping et al., 2022; Sibanda et al., 2024). Currently, only
a selection of species and strains are commercially available for producing probiotic yoghurt,
such as the moderately aerotolerant B. animalis subsp. lactis (He et al., 2023). Their oxidative
stress susceptibility often leads to a failure to maintain their viability above the recommended
therapeutic levels throughout the product’s shelf-life. Consequently, the inability to sustain
viability in foods limits their potential to provide adequate health benefits to consumers upon

intake.

Stress adaptation refers to the process through which a microorganism that is inherently sus-
ceptible to stress, acquires the capability to withstand such conditions. It can be used to enhance
the tolerance of Bifidobacterium spp. to oxidative stress and, therefore, improve their viability
during yoghurt production and storage (Schopping et al., 2022; Sibanda et al., 2024). This ap-

proach entails exposing cells to sublethal stress conditions to induce physiological and genetic
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responses that enable an organism to cope with the stress (Settachaimongkon et al., 2015). The
induced stress response can prepare the cells for future stressful environments, improving their
chances of survival (Schopping et al., 2022). Subsequently, culturing of the pre-exposed cells
in a lethal stress environment across several generations can solidify the stress response, result-
ing in variants that consistently exhibit improved tolerance to stress. Limited research exists on
the molecular basis of such adaptive responses (Oberg et al., 2013; Jin et al., 2015; Wei et al.,
2019). There is scant research on the application and survival of stress-adapted Bifidobacterium
spp- within food products, particularly yoghurt. Therefore, this study aimed to investigate the
effect of oxidative stress adaptation of three probiotic Bifidobacterium species, i.e. B. bifidum,
B. breve and B. animalis subsp. animalis, on their survival in yoghurt during fermentation and
refrigerated storage, to sustain an appropriate therapeutic dose (6 log CFU/g viable cells) of
Bifidobacterium cells throughout yoghurt fermentation and storage. Additionally, this study
aimed to evaluate the accuracy and applicability of a novel PMAxx-PCR method developed by
Marole et al. (2024) for selectively quantifying viable starter and Bifidobacterium cultures in

mixed-species probiotic yoghurt compared to the traditional plate counting technique.

6.2 MATERIALS AND METHODS

6.2.1 Yoghurt starter and probiotic cultures

The stress-adapted variants of B. bifidum, B. breve and B. animalis used in this study, were
prepared as described in Chapter 5. This study used the unadapted wild types of these cultures

as a control.

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 re-
suscitated cultures was made into 50 ml MRS-C and incubated anaerobically at 37°C for 48

h.
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Before inoculating the yoghurt milk preparation, the subcultured broth was centrifuged at 5000

x 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 Univer-
sity 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 de-
picted in Table 6.1. The Bifidobacterium spp. were added to the milk preparations at 6 to 7 log
CFU/ml before fermentation. The yoghurt fermentation 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 fer-

mentation.

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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6.2.4 Physicochemical analysis of yoghurt during storage
6.2.4.1 Measurement of pH

The pH of each treatment was determined using a pH electrode for dairy products (HANNA®
Instruments Inc., USA). The pH was measured at the start of fermentation, during each hour of

fermentation, and every seven days of the shelf-life (0, 7, 14, 21 and 28 days).

6.2.4.2 Measurement of titratable acidity (TA)

During the shelf-life, the TA of each yoghurt sample was measured on days 0, 7, 14, 21, and
28. Each titration was carried out in triplicate. Twenty millilitres of diluted yoghurt sample
(Y10 dilution in ddH,0O) was titrated with 0.1 N NaOH to a faint pink colour, using one drop of
phenolphthalein as the indicator. The percentage of lactic acid in each probiotic yoghurt was
calculated using the following equation:

titre X N x 90

% Lactic acid = W,

where the titre is the volume of 0.1 N NaOH used in the titration, N is the nomality of 0.1

N NaOH, and M is the initial mass of the yoghurt before diluted.

6.2.4.3 Measurement of oxidation-reduction potential

The yoghurt samples’ oxidation-reduction potential (ORP) of the yoghurt samples was mea-
sured on days 0, 7, 14, 21, and 28 of the self-life study using an ORP meter (HANNA®
Instruments Inc., USA). A duplicate measurement was taken within five seconds of the first
measurement. Subsequently, the magnitude of change in ORP was calculated on days 7, 14, 21

and 28, using the following equation:

AORP = ORP, — ORPy,
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where ORP, is equal to the yoghurt ORP measurement on the day of analysis (day 7, 14,

21 or 28) and ORPy is equal to the yoghurt ORP measurement on Day 0 of the storage period.

6.2.4.4 Measurement of syneresis

A 10 g sample of yoghurt was placed in a 10 ml centrifuge tube and spun at 3500 rpm for 10

minutes and the syneresis was calculated as follows:

whey separated (g)

% Syneresis = x 100,

initial yoghurt mass (g)

6.2.5 Determination of starter and probiotic culture viability during storage

The yoghurt samples were plated in duplicate on appropriate selective media according to Table
6.2. The M17 (S. thermophilus) plates were incubated at 37 °C for 24 hours. The MRS-NNLP
(Bifidobacterium spp.) and MRS (pH 5.4) (L. bulgaricus) plates were incubated anaerobically
at 37 °C for 48 h in anaerobic jars made anoxic by anaerogen sachets (AnaeroGen™, Oxoid
Ltd, Basingstoke, UK). The viability proportion index (VPI) of the probiotics at the end of the

yoghurt storage period (day 28) was calculated using the following equation:

_ final cell population (cfu/ml)

VPI = — :
initial cell population (cfu/ml)

6.2.6 Bacterial quantification with propidium monoazide-quantitative polymerase chain

reaction (PMAxx-qPCR)

Each bacterial species in the yoghurt was quantified with PMAxx-qPCR (Marole et al., 2024)
on days O and 28 of the shelf-life. The VPI for the relevant bacterial cultures were calculated

as described previously (Section 6.2.5).
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Table 6.2 Selective media composition for the enumeration of bacterial species from probiotic

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/1), neomycin sulfate (0.001 g/1), lithium
chloride (3 g/l), paromomycin sulfate (0.2 g/1), 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 adjusted
to pH 6.3 by adding of 1 M NaOH, followed by digestion with 1 M tri-sodium citrate (3.0 ml)
(Garcia-Cayuela et al., 2009). The resulting cell pellets were isolated by centrifuging at 10
000 x 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 p1 ultra-pure H,O or MRS broth before PMAxx-treatment.

6.2.6.2 PMAxx-treatment

The propidium monoazide (PMAxx)-treatment was performed on the extracted bacterial cell
suspensions, adding 2 ul of PMAxx™ dye (Biotium Inc., Hayward, CA, USA) solution (20
mM) to the cell suspensions to achieve a final concentration of 100 uM. Subsequently, the
samples were cooled on ice, and exposed to a S00 W halogen light source for 15 min, with the
samples periodically rotated. After PMAXxx treatment, the samples were centrifuged at 6 000

x g for 10 min and the cell pellets were used to extract DNA.

6.2.6.3 DNA extraction

Genomic DNA was extracted from 100 ul of PMAxx-treated cells using the ZR DNA Miniprep
Kit (Zymo Research, USA). The extracted DNA was quantified using a Qubit™ 4 Fluorome-
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ter 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/ul with PCR-grade ultra-pure water. Standardised DNA

extracts were stored at -20 °C until JPCR analysis.

6.2.6.4 Real time gPCR (RT-gPCR)

The quantitative polymerase chain reaction (QPCR) reaction was prepared to a final volume
of 10 ul. It contained 5.0 ul of 2 x TB Green R® Advantage R® qPCR Premix (TB Green
dye, full-length Tag DNA Polymerase, hot-start antibody, dNTPs, and buffer) (Takara Bio Inc,
Mountain View, CA, USA), 0.2 ul of the forward primer (10 uM), 0.2 ul of the reverse primer
(10 uM), 1.0 ul of the template DNA (0.5 ng) and 3.6 ul 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.

The qPCR conditions involved denaturation at 96 °C for 30 s for all species, followed by
35 cycles of a second denaturation at 95 °C for 5 s. Annealing occurred at 62 °C for 20 s
for S. thermophilus and L. bulgaricus, followed by extension at 72 °C for 20 s and 6 s for S.
thermophilus and L. bulgaricus, respectively. Annealing and extension were carried out simul-
taneously for Bifidobacterium spp. at 60 °C for 20 s. A melt curve analysis was performed in

the range of 45 to 96 °C at increments of 0.5 °C.

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

Organism Primer sequence References

S. thermophilus F 5 -CGTGGTGTTGTTCGTGTTAATGA-3’ Fan et al. (2021)
R 5 -CGGCAATACCTTCATCAAGTTGT-3

L. delbrueckii F 5 -AGACTCTTGACTTGGGTGAAGC-3" Marole et al. (2024)
R 5 -GTTCTGTGGGTCTTGATTGAGC-3'
F 5 -AAGCCGTTCCTGATGCCTATC-3' Marole et al. (2024)

R 5 -GAGGTAACGGTGGTGGTCTG-3’

Bifidobacterium spp.

F: Forward Primer; R: Reverse Primer
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A no-template control (NTC) (1.0 ul nuclease-free water as the template) was included
during each run. Each sample was analysed in duplicate. Quantitative polymerase chain reac-
tion (QPCR) reactions were conducted on the CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) and cycle threshold (Ct) values were automatically determined
using a single threshold mode, identifying the point where the threshold intersected with back-

ground levels and the point of onset of the exponential phase of the qPCR reaction.

6.2.6.5 Construction of standard curves

The standard curves for B. animalis were created using the method described by Ilha et al.
(2016). Cultures of B. animalis were resuscitated in MRS-C broth at 37 °C for 48 h before
centrifugation at 10000 x g for 10 min at 4 °C. The resulting cell pellet was washed twice
with PBS (pH 7.3) and resuspended in 400 pl MRS broth. The pure culture was stained with
PMAXxx and the genomic DNA was extracted, as described in Section 6.2.6.3. The genomic

DNA isolated was then 10-fold serially diluted in PCR-grade ultra-pure water.

The number of bacterial DNA copies was calculated based on the genome size of B. an-
imalis ATCC® 25527™ (1 932 963 bp) (Loquasto et al., 2011), using Avogadro’s constant
(6.022 x 1023), the amount of DNA, the average molecular weight of double-stranded-DNA
(660 Da) per base pair, and a conversion factor of 1 x 109 to convert to nanogram (ng) (sci-
enceprimer.com). Furthermore, the genomic DNA was serially diluted 10-fold in PCR-grade
ultra-pure water up to the final genome copy number, and qPCR reactions were performed,
as described in Section 6.2.6.4. Additionally, PMAxx-treated cell suspensions of B. animalis
were serially diluted 10-fold and spread-plated (100 ul) on MRS-C agar before incubating
anaerobically at 37 °C for 48 h.

Following analysis, standard curves for B. animalis were generated by plotting the respec-
tive Ct values versus the logarithm of the DNA copy number. The linear dynamic range (LDR),
slope (S), and correlation coefficient (R?) were determined. Additionally, the gPCR amplifica-

tion efficiency (E) was calculated using the following equation (Broeders et al., 2014):
E = 100 x (10—1/5 _ 1) ,
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The respective Ct values were plotted versus the logarithm CFU/ml of B. animalis to deter-

mine the limit of quantification (LOQ).

6.2.6.6 Calculation of true log CFU/g from standard curves

The standard curves created by Marole et al. (2024) for S. thermophilus, L. bulgaricus, B.
bifidum, and B. breve were used to calculate the true log CFU/g from the respective Ct values
obtained during qPCR. For B. animalis, the standard curve constructed in this study was used.
From the Ct values obtained during qPCR, the true log CFU per gram of yoghurt was calculated

using the following equation (Ilha et al., 2016):

. AxBxC
Bacterial count (log CFU/g) = log,, ( ) J

DxE

where the bacterial count is in log CFU/g, A is the antilog of the CFU/g of yoghurt obtained
from the Ct value of the DNA extracted from the yoghurt sample using the equation from the
standard curve (Ct vs. log CFU/g), B is the DNA concentration of the DNA extracted from
the yoghurt sample, C is the volume of the DNA extract (400 ul), D is the standardised DNA
concentration (0.5 ng/ul), and E is the initial yoghurt weight (3.0 g).

6.2.7 Statistical analysis

ANOVA at or =0.05 was used to test for any significant differences in probiotic viability and the
physicochemical properties of yoghurt samples with adapted and unadapted Bifidobacterium
spp. over the shelf-life period. Least Squares Means were adjusted where applicable. Analysis
was done using SPSS Version 29 software (IBM, USA) and GraphPad Prism 10.0 software. All
experiments were replicated. Furthermore, a PCA was conducted using GraphPad Prism 10.0

software.
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6.3 RESULTS

6.3.1 Fermentation kinetics of yoghurt containing unadapted and stress-adapted Bifi-

dobacterium species

Figure 6.1 illustrates the progression of pH levels during the fermentation process of yoghurt
containing unadapted and adapted Bifidobacterium species. Alongside the pH profiles, the
viability of the probiotic species at the beginning and end of fermentation is presented in Figure

6.2.

All the milk samples exhibited a pH of approximately 6.5 at the start of fermentation (Figure
6.1). Regardless of the adaptation treatment or the Bifidobacterium spp., all samples reached a
pH of 4.6 within 3.5 hours of fermentation. Despite this overall similarity in the fermentation
curves, some differences were observed in the acidification between yoghurts prepared with

adapted Bifidobacterium spp. compared to unadapted (P < 0.001).

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
Probiotic
Source of Variation DF pH
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
1 - < 0.001
(Probiotic Viability)
Spp. x Stress Adaptation x Fermentation Time
2 - < 0.001

(Probiotic Viability)
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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. 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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Figure 6.2 Effect of stress adaptation on the Bifidobacterium spp. viability during fermentation
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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Yoghurts containing adapted Bifidobacterium spp. (YBA, YRA and YAA) demonstrated a
more consistent and gradual decline in pH after the first hour of fermentation, with a noticeable

slowdown in the rate of pH decline after the third hour of fermentation (Figure 6.1).

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 Bi-
fidobacterium species and their adapted counterparts exhibited varied responses to the fermen-
tation process. For instance, while the viability of B. bifidum decreased 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). There-
fore, 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).

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

P-Value
Source of Variation DF pH TA AORP
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, 28 days) 4 < 0.001 < 0.001 -
Shelf-life (AORP) (7, 14, 21, 28 days) 3 - - < 0.001
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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).

Throughout storage, yoghurts with unadapted Bifidobacterium spp. showed higher lactic
acid percentages compared to yoghurt with the adapted counterparts (P < 0.05), as seen in
Figure 6.3. This was particularly pronounced on day 14 for all three Bifidobacterium yoghurts
(P < 0.001) and extended to day 28 specifically for B. bifidum and B. breve (P < 0.001) (Figure
6.3). Notably, at the end of shelf-life, unadapted B. bifidum and B. breve yoghurts (YBU and
YRU) exhibited 1.5% lactic acid, distinctly higher than the yoghurt with their adapted counter-
parts (YBA and YRA) (P < 0.001), which presented with 1.2% lactic acid (Figures 6.3 (A) and

(B)).

Table 6.6 shows the change in ORP of the yoghurt samples over the 28-day cold storage.
Overall, there was a notable increase in ORP across all the yoghurt samples during the shelf-
life (P < 0.001). Interestingly, the peak increase in ORP was observed after day 21, whereby
yoghurt samples containing unadapted and adapted B. bifidum (YBU and YBA, respectively)
showed increases of 170 mV and 194 mV from day 0, respectively. Differences in the magni-
tude of change in ORP during storage between yoghurt samples containing different Bifidobac-
terium spp. were observed (P < 0.001). Distinctly, yoghurts prepared with B. animalis (YAU
and YAA) demonstrated slower ORP increases compared to yoghurts prepared with B. bifidum
(YBU and YBA) and B. breve (YRU and YRA). A notable difference in the change in ORP was
observed between yoghurt samples containing unadapted or adapted Bifidobacterium species

(P <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.



Table 6.6 Change in ORP (AmV) over the 28-day cold storage (4 °C) period of yoghurt con-
taining unadapted or adapted Bifidobacterium species.

Time

(day)

Change in ORP (AmV)

YBU YBA YRU YRA YAU YAA

0-7

0-14
0-21
0-28

1284 +£23.9 140.8+21.4 154.1+£57 799+56 1147+28 499+99
147.0+25.6 160.7+3.8 169.1+69 1104+48 1303+13 803+4.7
1699 £255 171.8+19.7 194069 120.6+2.1 1548+1.2 975+6.1
152.8 £26.1 168.8+17.7 180.1+7.1 1202+22 146.8+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.

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 % Syneresis

(day) YBU YBA YRU YRA YAU YAA
0 34+13 33+3.1 32+43 38+12 3717 36+2.0
7 34+£29 38+£95 30+5.1 37+£53 32+45 41+26
14 34+£23 39+48 35+18 37+34 32+3.1 40£0.8
21 33+£20 41+£32 34+£39 38+35 36+48 42+28
28 3614 42+15 39+35 34+12.0 39+42 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.
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Yoghurt samples with adapted B. bifidum and B. breve (YBA and YRA, respectively) ex-
hibited consistently greater ORP changes throughout storage compared to their unadapted
counterparts (YBU and YRU) (P < 0.0001). Conversely, yoghurt with adapted B. animalis
(YAA) demonstrated slower ORP increases compared to the unadapted counterpart (YAU)
(P < 0.0001).

Table 6.7 illustrates the progression of syneresis in all yoghurt samples throughout the stor-
age period, with initial syneresis rates for yoghurts containing either unadapted or adapted
Bifidobacterium spp. ranging from 32 to 38%. The particular Bifidobacterium species did not
influence the syneresis of the yoghurt during storage. Additionally, the adaptation of Bifidobac-

terium spp. did not affect the yoghurt’s syneresis during storage.

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 Bifidobacterium 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).

The viability of unadapted and adapted B. bifidum, B. breve, and B. animalis in yoghurt
over 28 days of storage are presented in Figure 6.4. As shown in the figure, B. animalis was
the only species that maintained its viability above 6 log CFU/g throughout the shelf-life, with
B. bifidum and B. breve experiencing a decline (Figure 6.4). The decline in B. bifidum and B.

breve viability was also evident from the VPI results in Table 6.9.
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Table 6.8 Analysis of variance showing the effect of bacterial species and adaptation treatment
on the viability of unadapted or adapted Bifidobacterium spp. and resulting VPI', as measured
by MRS-NNLP, in yoghurt during 28 days of refrigerated storage.

P-Value

Source of Variation DF Plate Counts VPIyg
Main Effects

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

Stress Adaptation (Unadapted, Adapted) 1 < 0.001 -

Shelf-life (0, 7, 14, 21, 28 days) 4 < 0.001 -
Interactions

Spp. x Stress Adaptation 2 < 0.001 -

Spp. x Shelf-life 8 < 0.001 -

Stress Adaptation x Shelf-life 4 < 0.001 -

Spp. x Stress Adaptation x Shelf-life 8 < 0.001 -

'Viability Proportion Index

The adaptation treatment generally enhanced the viability of B. bifidum and B. breve, par-
ticularly notable on days 0, 21, and 28 (P < 0.0001), starting at higher initial viabilities post-
fermentation (6.0 log CFU/g and 6.8 log CFU/g, respectively), compared to their unadapted
counterparts (5.0 log CFU/g 4.6 log CFU/g, respectively) (P < 0.0001) (Figure 6.4). How-
ever, despite this initial advantage, adapted B. bifidum and B. breve exhibited a drop within the
first 7 days of storage, contrasting with the more gradual decline observed for the unadapted
counterparts in the first 21 days of storage (P < 0.0001) (Figure 6.4). In contrast, B. animalis
exhibited an increase in viability from day O of storage to 8.9 log CFU/g for unadapted and 7.8
log CFU/g for adapted by day 28 (Figure 6.4). The increase in B. animalis viability is evident
in Table 6.9, whereby the unadapted and adapted B. animalis VPI in the yoghurts were 1.18

and 1.05, respectively, during storage, indicating an increase over the 28 days.

The overall distinguishing characteristics of the yoghurt samples incorporated with stress-
adapted and unadapted Bifidobacterium spp. were visualised through a PCA based on the via-
bility levels and physicochemical properties of the yoghurt samples during 28 days of storage.
As seen in Figure 6.5, the variables were reduced to two principal components (PC1 and PC2),

accounting for 59.86% of the total variability of the data.
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Figure 6.4 Effect of stress adaptation on probiotic viability in yoghurt containing (A) B. bi-
fidum, (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 Bifidobac-
terium 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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A distinction between the yoghurt samples at 0 and at 7, 14, 21 and 28 days was apparent,

with the main distinguishing characteristic being the pH that decreased in all samples as the

days of storage increased. Furthermore, the PCA indicated a positive correlation between ORP

and storage days while the same variables were negatively correlated with pH. While there

were no discernible characteristics of yoghurt samples with stress-adapted and unadapted Bi-

fidobacterium spp., the samples with B. animalis (YAA and YAU) had a high Bifidobacterium

viability even as the TA increased.
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Figure 6.5 Principal component analysis (PCA) of physicochemical characteristics (pH, titrat-
able acidity (TA), oxidation-reduction potential (ORP)) and viability of yoghurt bacteria (S.

thermophilus and L. bulgaricus) and unadapted or stress-adapted Bifidobacterium spp. in yo-
ghurt during refrigerated storage (Days 0, 7, 14, 21 and 28; 4 °C). Percentage of variance of
PC1 and PC2 are indicated in parentheses. Arrows indicate the contribution of each variable to
PC1 and PC2. 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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6.3.3 PMAxx-qPCR method of bacterial quantification in a mixed-species yoghurt as an

alternative method to standard plate counting
6.3.3.1 Verification of primer specificity and standard curve of B. animalis subsp. animalis

The melt curve analysis, depicted in Figure 6.6, showed a clear peak at approximately 88
°C, indicating that the primers only amplified the target sequence, reinforcing the primer’s
reliability. The Ct values were used to construct the standard curve for B. animalis (Figure
6.7). The assay demonstrated a robust LDR from 10 to 10° genome copies for B. animalis
(Figure 6.7). Furthermore, based on the standard curve in Figure 6.7, LOQ for B. animalis was

established at 2 log CFU/g.

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. Furthermore, the standard
curves of Marole et al. (2024) were used for the determination of S. thermophilus, L. bulgari-

cus, 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, viability 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 6.6 Melt curves showing the specificity of the primer for Bifidobacterium spp. against a

serial dilution (100 - 10~7) of the DNA of PMAxx-treated B. animalis subsp. animalis ATCC
25527 cells.
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Figure 6.7 Standard curve of PMAxx-qPCR assay created and used for determining linear

dynamic range (LDR), efficiency (E), and slope (K) for B. animalis subsp.

animalis ATCC

25527. Each point represents the mean + standard deviation of CT values (n = 2).
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Figure 6.8 (A) Simple linear regression and (B) Bland-Altman method of comparison (% Dif-
ference vs. Average) of the PMAxx-qPCR method compared to the standard plate count method
(n = 48). The Bland-Altman comparison = expressed as a percentage relative difference [100

x (PMAxx-qPCR count — Plate count)/average] vs. average. LoA: Limits of Agreement.

6.3.3.3 Starter cultures, unadapted and stress-adapted Bifidobacterium spp. viability in yo-
ghurt before and after storage

The PMAxx-qPCR counts of S. thermophilus and L. bulgaricus were found to be consider-
ably higher than those obtained from standard plate counts (Figure 6.9). Specifically, S. ther-
mophilus levels remained stable between 10.0 and 11.0 log CFU/g throughout storage, regard-
less of the presence of either unadapted or adapted Bifidobacterium spp. (Figure 6.9 (A)), and

were approximately 1 log higher than standard plate counts.

In contrast, while the viability of L. bulgaricus measured by PMAxx-qPCR was relatively
stable during yoghurt storage, there were noticeable instances of influences of the presence of
adapted Bifidobacterium species (Figure 6.9 (B)). Notably, L. bulgaricus in yoghurt containing
adapted B. bifidum (YBA) and B. breve (YRA) saw increases in viability, i.e. 6.9 and 7.8
log CFU/g, respectively, by the end of storage, with the increase in being more pronounced
in yoghurt with adapted B. breve (P < 0.001) (Figure 6.9 (B)). Conversely, the presence of
B. animalis negatively affected L. bulgaricus viability, irrespective of the adaptation treatment
(YAU and YAA), leading to a decrease to approximately 4.1 log CFU/g by day 28 (P < 0.05)
(Figure 6.9 (B)).
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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 VPI!, as measured
by PMAxx-qPCR, in yoghurt during 28 days of refrigerated storage.

P-Value

Source of Variation DF PMAxx-qPCR VPl
Main Effects

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

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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The PMAxx-qPCR results suggested no impact of adaptation on Bifidobacterium spp. via-
bility in the yoghurt over time, albeit revealing species-specific differences. Notably, B. breve
exhibited the highest viability in the yoghurt throughout storage, regardless of stress adapta-
tion, consistently maintaining viability levels between 9.7 and 10.0 log CFU/g (Figure 6.10).
Furthermore, both unadapted and adapted B. breve were stable during storage, demonstrated
by the highest VPI values among the three Bifidobacterium spp. in the yoghurt, i.e. 0.97 and
0.95 (Table 6.11).

In comparison, both unadapted and adapted B. bifidum started with similar viability lev-
els around 8.0 log CFU/g, decreasing significantly to 6.5 log CFU/g by day 28, marking the
most substantial decline among the species (P < 0.0001) (Figure 6.10), which was reflected by
the lowest VPI of approximately 0.81 (Table 6.11). 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 Table 6.11). Furthermore, the PMAxx-qPCR assay revealed that
all three Bifidobacterium species remained above the recommended therapeutic minimum pro-

biotic levels in yoghurt 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 probi-
otic concentration in yoghurt of 6 log CFU/g (FAO/WHO, 2003). Considering this criterion,
the standard plate counts indicated that the adaptation of Bifidobacterium spp. improved the
shelf-life of probiotic yoghurts (Table 6.12).

Yoghurt containing unadapted B. bifidum and B. breve was estimated to have a shelf-life
of 0 days, as the standard plate counts of both strains fell below the recommended minimum
probiotic level in yoghurt (5.0 log CFU/g and 4.5 log CFU/g, respectively) (Table 6.12 and
Figure 6.4). However, the adaptation of these species enhanced their culturability and, thus,
their viability, extending the shelf-life to more than 0 days (Table 6.12). Initially, the adapted
B. bifidum and B. breve strains demonstrated 6.0 and 6.8 log CFU/g viabilities, respectively
(Figure 6.4). Despite this, their counts rapidly dropped below the recommended probiotic level
by day 7, to 4.3 and 5.1 log CFU/g (Table 6.12 and Figure 6.4).
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Figure 6.10 Probiotic viability in yoghurt prepared with unadapted or stress-adapted B. bi-
fidum, 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 un-
adapted B. breve; YRA: yoghurt with stress-adapted B. breve; YAU: yoghurt with unadapted B.

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

Table 6.11 The effect of stress adaptation on the viability proportion index (VPI) of Bifidobac-
terium 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 0971 £ 0.015 0.900 =+ 0.037
Stress-adapted 0.806 + 0.006 0947 =+ 0.002 0.940 =+ 0.007

+
+
+

+
+
+

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

Remarkably, the shelf-life of yoghurts with B. animalis was estimated as 28 days, main-
taining consistently high probiotic viability throughout the entire shelf-life period, irrespective
of adaptation (Table 6.12). Unexpectedly, the PMAxx-qPCR counts of Bifidobacterium spp.
remained above the recommended minimum level for probiotics in yoghurt at both the begin-
ning (day 0) and end (day 28) of storage, resulting in a shelf-life of 28 days for all the yoghurt

samples, irrespective of Bifidobacterium species or adaptation treatment (Table 6.12).
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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.

Shelf-life based on Shelf-life based on

Bifidobacterium spp.
. MRS-NNLP (days) PMAxx-qPCR (days)
in yoghurt

Unadapted Stress Adapted Unadapted Stress Adapted
B. bifidum 0 <17 28 28
B. breve 0 <7 28 28
B. animalis 28 28 28 28

I'Shelf-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 micro-
organisms that are added as supplementary cultures to yoghurt dairy products, beyond the pri-

mary starter culture, whereby a content claim can be made in the labelling.

6.4 DISCUSSION

In previous chapters (Chapters 4 and 5), the focus was solely on the oxidative stress chal-
lenges faced by the Bifidobacterium spp. included in this study. The present chapter expands
this scope, exposing both unadapted and adapted B. bifidum, B. breve and B. animalis to the
broad spectrum of environmental stressors encountered during yoghurt fermentation and stor-
age. These include heat-, acid-, and cold stress (Chapter 2) (Sibanda et al., 2024). The vi-
ability assessments of these bacteria utilised two different enumeration methods: SPC and
PMAXxx-qPCR. This study also explored how the unadapted and adapted Bifidobacterium spp.
influenced the physicochemical characteristics of yoghurt and the viability of its starter cul-
tures. To our knowledge, this was the first investigation into the viability of oxidative stress-
adapted Bifidobacterium spp. throughout the shelf-life of yoghurt, which made interpreting the
results especially complex. The primary objective of this study and the thesis was to evaluate
the hypothesis that the viability of Bifidobacterium spp. can be enhanced through adaptation
to oxidative stress, thereby maintaining therapeutically appropriate levels of this probiotic in

yoghurt during its fermentation and throughout its 28-day refrigerated shelf-life.
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6.4.1 Yoghurt fermentation Kinetics affected by stress-adapted Bifidobacterium species

The rapid decline in pH during fermentation likely resulted in the loss of viability of unadapted
B. bifidum and B. breve. 1t is possible that the acidification of the yoghurt medium was more
rapid than the ability of these cultures to adapt to the environment, effectively resulting in a
loss in viability by the end of fermentation. These findings are in alignment with the observa-
tions made by El-Dieb et al. (2012), who reported a decline in B. bifidum levels during yoghurt
fermentation, attributed to the high acidification rates of the yoghurt during fermentation. Al-
though the acid tolerance and stress response mechanisms of Bifidobacterium spp. have been
thoroughly investigated in previous research (Wei et al., 2019; Schopping et al., 2022), the
ability to maintain their viability during yoghurt production continues to present challenges
(see Chapter 2). These findings underscore the inherent acid sensitivity of these species, a

significant stress factor impacting their survival throughout yoghurt fermentation.

In turn, the gradual decline in pH in yoghurts containing adapted Bifidobacterium spp. cre-
ated a more stable fermentation environment, enhancing bacterial survival and growth (Maus
and Ingham, 2003). The adaptation treatment, potentially conferring cross-protection against
multiple stress factors, allowed for more regulated nutrient utilisation and a controlled metabolic
response of the probiotics throughout fermentation (Maus and Ingham, 2003; Jin et al., 2015).
As a result, adapted B. bifidum retained high plate counts, while adapted B. breve showed an
increase, indicating that the adaptation treatment provided these species with a metabolic and

physiological advantage during the fermentation of yoghurt.

Interestingly, both unadapted and adapted B. animalis showed an increase in viability during
fermentation, suggesting that this species possesses intrinsic mechanisms that confer resilience
in the fermentative environment, regardless of adaptation. This could indicate a naturally higher
tolerance to acidic conditions or an ability to rapidly adapt to changing environments, which

could be an advantageous trait for probiotic formulations.
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6.4.2 Shelf-life of probiotic yoghurt: Physicochemical and bacteriological properties of
yoghurt as affected by stress-adapted Bifidobacterium species

The observed increase in TA in yoghurts containing unadapted Bifidobacterium spp. throughout
storage, compared to those with adapted Bifidobacterium spp., contrasts with the findings of
Oguz et al. (2023). They reported higher acidification in yoghurts containing acid-adapted
strains of Bifidobacterium species. It is possible that the adaptation treatment of the current
study led to the species developing mechanisms that manage acid production more efficiently
to avoid excessive acidification, which could detrimentally affect their survival in the long term
(Schopping et al., 2022). Conversely, the unadapted strains, facing sudden exposure to the
acidic yoghurt environment, might overcompensate by increasing their metabolic activity and
organic acid production as a stress response, as discussed previously. Further research is needed
to investigate any cross-protection resulting from the adaptation treatment against other stress
factors that affect Bifidobacterium spp. viability, especially against acid, would confirm these

speculations.

Furthermore, this study’s findings suggest that the adaptation of Bifidobacterium spp. re-
sult in a more stable and potentially favourable yoghurt environment during storage. Adapted
Bifidobacterium spp. seem to manage acid production in the yoghurts that avoid excessive acid-
ity, which could be beneficial for maintaining the quality and sensory attributes of the yoghurt
over time (Settachaimongkon et al., 2015). These findings call for investigating the stability
of quality characteristics associated with yoghurt products through sensory analysis. However,
confirming the safety of the adapted Bifidobacterium spp. is still required. Additionally, the
analysis of syneresis would potentially provide additional information on the textural stability

of yoghurts prepared with adapted Bifidobacterium spp., as discussed in subsequent sections.

The ORP of a product, such as a yoghurt, is not a direct measurement of the dissolved oxy-
gen content but rather provides an indication of the redox balance of the medium (Bulat and
Topcu, 2019). However, a high ORP level in the yoghurt could indicate an environment that
favours the generation of ROS, which in turn would exert oxidative stress on the Bifidobac-

terium spp. in the medium.

The general increase in ORP across yoghurt samples during storage can be attributed to

the continuous metabolic activities of the yoghurt microbiota, coupled with the introduction of
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oxygen into the medium over time (Martin-Dejardin et al., 2013). Numerous researchers have
reported significant decreases in the antioxidant capacity of yoghurt during storage (Campos
et al.,, 2017; Khan et al., 2020). A reduction in the antioxidant capacity of yoghurts could
result in an increase in ORP up to the eventual depletion of antioxidants within the yoghurt
system, which could be explained by the overall peak change in ORP by day 21 of storage,
being a possible indication of this depletion of antioxidants. However, investigations into the
antioxidant capacities of the yoghurt containing adapted Bifidobacterium spp. would prove

beneficial in the elucidation of these findings.

In contrast to yoghurts containing B. bifidum and B. breve, the slower increase in ORP in
yoghurts with B. animalis, especially the adapted, likely resulted from the slower metabolism
of the probiotics and the species’ inherent resistance to oxidative stress (Oberg et al., 2011;
Schopping et al., 2022). Furthermore, the adaptation treatment likely enhanced this intrinsic
resistance by effectively inducing the stress response mechanisms associated with the detoxifi-
cation of ROS (Sibanda et al., 2024). Consequently, this could have led to a permanent genetic
change, enhancing the adapted B. animalis’ tolerance to oxidative stress in the yoghurt. It may
also have enhanced their ability to neutralise significant amounts of oxidative stress, acting as
a ROS quencher. As a result, the adapted B. animalis maintained a more stable ORP in yoghurt

during storage, more so than yoghurt containing the unadapted counterpart.

The minimal variation in syneresis among yoghurt samples containing different Bifidobac-
terium species, as well as between unadapted and adapted variants, and the consistent syneresis
observed in all yoghurt samples during storage, could be attributed to the yoghurt stabiliser that
was used uniformly across all samples. Additionally, the consistent counts of S. thermophilus
in all yoghurt samples throughout storage could have contributed to the uniform syneresis ob-
served in all samples. S. thermophilus is known to produce exopolysaccharides (EPSs), which
contribute to the structural integrity of the yoghurt gel (Fanning et al., 2012; Laureys et al.,
2016). Probiotic species that produce EPSs can increase the water retention capacity of yo-
ghurt and contribute to the stability of the yoghurt gel structure. In this case, it appears that
the three Bifidobacterium spp. and their adapted variants are not significant producers of EPSs,

hence their limited effect on yoghurt syneresis.
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The presence of Bifidobacterium spp. in the yoghurt, irrespective of adaptation treatment,
did not affect the viability of S. thermophilus during storage. These findings are in accordance
with several reports in the literature, highlighting the species’ industrial stability during yo-
ghurt storage (Settachaimongkon et al., 2015; Yerlikaya et al., 2021). Furthermore, the high
bacterial level, compared to L. bulgaricus, results from a higher initial inoculum level of the
species into the yoghurt before fermentation. This is a common practice nowadays, whereby
manufacturers of commercial yoghurt starter cultures will deliberately provide higher levels of
S. thermophilus in their products to reduce ‘post-acidification’ (Yerlikaya et al., 2021). Unfor-
tunately, the specific bacterial counts for the starter culture used in this study were not disclosed

by the manufacturers of the yoghurt starter culture.

Notably, the adaptation of B. breve resulted in potentially enhanced synergistic interactions
with L. bulgaricus, as the latter species showed an increase in viability in the yoghurt with
adapted B. breve during storage. It is possible that the adaptation treatment resulted in stress
response mechanisms which directly benefitted L. bulgaricus. Similar results were noted by
Yerlikaya et al. (2021), whereby the viability of L. bulgaricus improved in probiotic yoghurt
products during storage. It is possible that the adaptation treatment of B. breve led to an up-
regulation of BCAA biosynthesis, as discussed previously, a known stress response mechanism
that could directly benefit L. bulgaricus (Ulmer et al., 2022). Increased levels of BCAAs in the
yoghurt could have supported the growth and viability of L. bulgaricus by providing essential

nutrients for bacterial replication.

The stable plate counts of both unadapted and adapted B. animalis throughout yoghurt stor-
age reflect the species’ intrinsic resistance to oxidative stress and additional stress factors within
the yoghurt environment. These findings correlate to those of Lamoureux et al. (2002) who re-
ported a stable B. animalis viability in yoghurt throughout storage, remaining well above 6.0
log CFU/g. Oberg et al. (2011, 2013, 2012, 2015) and Oberg and Broadbent (2016) extensively
studied the potential and genetic basis of the inherent and inducible response of Bifidobac-
terium spp. to oxidative stress and reported the induction of the oxidative stress response of

Bifidobacterium spp. to be inherently species- and even strain-specific.

Conversely, the stark decline in B. bifidum and B. breve levels within the first seven days of
yoghurt storage was likely a result of ‘post-acidification’ and large changes in ORP observed

during the same time period. Furthermore, metabolites produced by the yoghurt starter cultures,
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such as lactic acid, HyO,, bacteriocins, and volatile compounds, might have also influenced the
viability of these microorganisms (Mortazavian et al., 2011). Similarly, (Oguz et al., 2023)
observed a decrease in probiotic viability with increased acidity. These findings underscore the
sensitivity of B. bifidum and B. breve to post-fermentation acid stress, as well as any interactions
with the yoghurt starter culture — highlighting the need for strategies to mitigate acidification

and maintain probiotic viability in yoghurt during storage (Schopping et al., 2022).

Hence, the higher plate counts of adapted B. bifidum and B. breve compared to the un-
adapted in the yoghurt for the duration of storage suggests that the adaptation treatment suc-
cessfully enhanced the viability of these probiotics in the yoghurt. Numerous researchers have
proven the potential of adaptation of Bifidobacterium spp. to a stress factor, notably oxidative
stress, to result in variants able to tolerate greater doses of the stress factor (Mozzetti et al.,
2010; Oberg and Broadbent, 2016). These findings indicate that the adaptation treatment not
only improved the stress response but may also have provided cross-protection against addi-
tional stressors like acid stress, thereby improving the overall resilience of B. bifidum and B.
breve (Maus and Ingham, 2003; Wei et al., 2019). The improved stress response of the adapted

B. bifidum and B. breve likely resulted in a slight improvement in plate count viability retention.

On the other hand, the fact that there was only a slight improvement in plate count retention
of these probiotics might indicate that the adaptation might only be transient and effective in
enhancing tolerance during fermentation. Maus and Ingham (2003) suggested that the yoghurt
fermentation process may reverse any enhancements in stress response mechanisms acquired
during the stress adaptation treatment. However, the adaptive stress response of Bifidobac-
terium spp. depend greatly on the species and the particular stress factor (Maus and Ingham,

2003; Saarela et al., 2004; Mozzetti et al., 2010; Schopping et al., 2022).

Alternatively, the observed decline in plate counts of B. bifidum and B. breve during storage
may be attributed to a loss of culturability, potentially indicating a transition to a viable but
non-culturable (VBNC) state (Lahtinen et al., 2008; Wendel, 2022). It is well-documented that
probiotic bacteria added to fermented food products can lose culturability while still retaining
characteristics typical of viable cells (Lahtinen et al., 2008). Furthermore, Amor et al. (2002)
demonstrated that a subset of unculturable Bifidobacterium cells remained metabolically ac-
tive. These observations underscore the necessity for further investigation into the ability of

Bifidobacterium spp. to enter a VBNC state and maintain metabolic activity in this condition.

104



The PCA results effectively illustrate that the effect of the stress adaptation treatment on the
physicochemical and bacteriological characteristics of the yoghurt is highly dependent on the
specific Bifidobacterium species involved, underscoring the nuanced, species-specific response
and adaptation strategies to oxidative and other stress factors encountered by the probiotics in
the yoghurt (Settachaimongkon et al., 2015). With its intrinsic tolerance to both oxidative and
acid stress, B. animalis was the only standout species to retain high viability in yoghurt even as

the total acidity and ORP were increasing, regardless of its adaptation state.

The PCA results further confirm the robust tolerance of B. animalis to oxidative and other
stress factors within yoghurt. Supporting this, Oberg et al. (2013) demonstrated the strong
stress response and tolerance of B. animalis subsp. lactis DSM 10140, a close relative of
the B. animalis strain used in this study, particularly to H,O, stress. The absence of notable
effects from the adaptation treatment also suggests that the treatment may not have been in-
tense enough to induce permanent enhancements in oxidative stress tolerance. Exploring more
rigorous or diverse stress adaptation strategies, such as higher stress doses or multi-stressor
treatments (combining acid and oxidative stresses), could prove more effective. Additionally,
genomic analysis of both unadapted and adapted Bifidobacterium spp. might confirm any last-
ing genetic adaptations in the adapted strains. These findings underscore the need for further

research into tailored stress adaptation strategies for specific Bifidobacterium species.

6.4.3 PMAxx-qPCR improves the quantification of probiotic bacteria within yoghurt

Recently, there has been a significant surge in the development and implementation of culture-
independent methods for bacterial quantification, paving the way for the development of novel,
reliable, rapid, and accurate technologies and methodologies for this purpose (Sibanda et al.,
2024). Among these advancements, the novel PMAxx-qPCR assay developed by Marole et al.
(2024) stands out for its ability to accurately quantify bacteria within mixed-species yoghurt.
As a result, the present study utilised the PMAxx-qPCR assay to achieve accurate bacterial
quantification, highlighting its ability to enumerate unculturable yet viable bacterial cells (i.e.

VBNC) within the yoghurt.
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The PMAxx-qPCR assay indicated that all three Bifidobacterium spp. remained above the
recommended minimum level for probiotics (6 log CFU/g (FAO/WHO, 2003)) in yoghurt
throughout the entire duration of storage. This not only underscores the precision of the
PMAXxx-qPCR assay compared to traditional standard plate counts but also suggests a signifi-
cant presence of cells in a VBNC state (Lahtinen et al., 2008; Dias et al., 2020; Marole et al.,
2024). One can hypothetically speculate that the proportion of Bifidobacterium spp. cells that
were in a VBNC state in the yoghurt at the start (day 0) and end (day 28) of storage could be
reflected in the percentage relative mean difference between the standard plate counts and the
PMAxx-qPCR counts during the Bland-Altman method of comparison (Gagnon et al., 2015).
Based on these findings, we can, therefore, speculate that, on average, 27% of the Bifidobac-
terium spp. in the yoghurt was in a VBNC state. However, to confirm the presence of VBNC
Bifidobacterium cells, further investigations would be necessary, utilising FC and fluorescence

probes in addition to the current PMAxx-qPCR method (Guo et al., 2021).

Previous research has identified cellular structures that correlate to certain characteristics as-
sociated with VBNC cells in TEM micrographs of Bifidobacterium spp. under lethal oxidative
stress (Chapter 5, section 5.4.4). Therefore, the sustained high viability of B. breve, regardless
of adaptation, likely reflects its transition to a VBNC state as a survival strategy against oxida-
tive and other stresses during storage (Lahtinen et al., 2006, 2008). These findings highlight
the promising potential of using B. breve as a probiotic culture in the development of probi-
otic yoghurt. However, they also emphasize the need for further investigations to confirm the

presence of VBNC cells.

However, the probiotic efficacy of Bifidobacterium cells in a VBNC state is yet to be thor-
oughly explored. According to the definition of probiotics, these organisms should retain their
ability to deliver therapeutic benefits to the host upon consumption (FAO/WHO, 2002; Hill
et al., 2014). Furthermore, the ability of the VBNC Bifidobacterium cells to regain their cultur-
ability remains to be studied. Consequently, this matter warrants further investigation to ensure

the efficacy of probiotics added to yoghurt for any therapeutic benefits to the consumer.

The study also observed a decline in B. bifidum counts towards the end of storage, high-
lighting its sensitivity to oxidative stress and suggesting that stress adaptation did not con-
fer enhanced tolerance or cross-protection (Schopping et al., 2022). In contrast, B. animalis

showed stability throughout yoghurt processing and storage, with minimal differences between
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counts from standard plate counts and PMAxx-qPCR, indicating it did not lose culturability
and likely did not enter a VBNC state as B. bifidum and B. breve did. Therefore, B. animalis

shows promise for the development of yoghurt with added probiotics.

Initially, it was assumed that the viability of Bifidobacterium declined during yoghurt stor-
age due to bacterial death. However, the findings from the PMAxx-qPCR assay challenge this
assumption, suggesting that Bifidobacterium spp. do not diminish in number. Instead, Bifi-
dobacterium cells predominantly lose their culturability while maintaining their viability. This
discrepancy arises because most traditional viability assays rely on culture-based techniques,

which do not detect VBNC cells.

To reiterate, the main objective of this study was to enhance the survival of Bifidobacterium
spp. during yoghurt fermentation and storage using a stress adaptation treatment. This aimed to
maintain Bifidobacterium spp. levels above the recommended level (6 log CFU/g viable cells)
throughout the yoghurt shelf-life, in accordance with CODEX STAN 243-2003 (FAO/WHO,
2003). It is, therefore, essential for manufacturers to maintain the viability of these microorgan-
isms at or above this threshold to validate health benefit claims on the product label. Based on
the findings from the bacteriological analysis in this study, we determined the shelf-life of the
yoghurts prepared with unadapted or adapted Bifidobacterium spp., ensuring their level within
the yoghurt remained at or above the recommended minimum level throughout the designated

shelf-life period.

Hence, the adaptation of Bifidobacterium spp. slightly improved their viability during yo-
ghurt fermentation and storage, though the improvement was minimal. Specifically, yoghurt
with unadapted B. bifidum and B. breve had a shelf-life of 0 days, while the yoghurt with the
adapted counterparts lasted slightly longer, between 0 and 7 days. The adaptation treatment
likely resulted in certain cellular adaptations, such as the upregulation of general stress re-
sponse genes, the optimisation of metabolic pathways for more efficient use of carbohydrates,
as well as the modification of the membrane composition (Oberg et al., 2013; Schopping et al.,
2022) (See Chapter 4 and 5). Interestingly, both unadapted and adapted B. animalis maintained
viability above 6 log CFU/g throughout the entire 28-day shelf-life, indicating their suitability

as probiotics in yoghurt.

107



However, the PMAxx-qPCR assay findings imply the transition of Bifidobacterium spp. to
an unculturable state, contributing to the extended shelf-life as indicated by the PMAxx-qPCR
counts. These results confirm the assay’s accuracy in quantifying bacterial species in mixed-
species yoghurt and emphasise the need for further research on the probiotic properties of
Bifidobacterium spp. in the VBNC state. Reflecting on the core definition of probiotics, it is
essential that they continue to offer health benefits to the host when consumed (FAO/WHO,
2002).

6.5 CONCLUSION

This study demonstrates that adapting Bifidobacterium to oxidative stress before inclusion in
yoghurt boosts their survival and positively influences the fermentation process. Yoghurts con-
taining adapted strains showed more controlled acidification, creating a stable environment and
supporting probiotic survival and product quality. Adaptation also impacts the physicochem-
ical properties of yoghurt, with adapted strains producing yoghurt with lower acidity levels
over its storage period, which may improve sensory attributes and consumer acceptability. Fur-
thermore, differences in ORP between yoghurts containing adapted and unadapted B. animalis
cells suggest better oxidative stress management, helping to maintain the structural integrity

and overall quality of yoghurt during storage.

The adapted Bifidobacterium spp. generally maintain higher viable counts throughout yo-
ghurt’s shelf-life compared to non-adapted strains. Notably, the study highlights species-
specific responses, with B. animalis demonstrating superior adaptation and maintaining higher
viability throughout the shelf-life of the yoghurt compared to B. bifidum and B. breve. More-
over, the chapter provides insight into the transition of Bifidobacterium spp. to a VBNC state,
which explains the higher bacterial counts obtained during the PMAxx-qPCR method com-
pared to standard plate counts. The high correlation between standard plate counts and PMAxx-
qPCR results highlights the accuracy and reliability of the enumeration method used, as PMAxx-
qPCR is capable of detecting both culturable and non-culturable cells, thereby providing a more

comprehensive assessment of probiotic viability in yoghurt.
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The research highlights key areas for further investigation, such as developing species-
specific stress adaptation treatments for Bifidobacterium spp. and exploring multi-stress adapta-
tions and genomic analyses to confirm permanent adaptations. It significantly advances knowl-
edge of the impact of stress adaptation on Bifidobacterium spp. in yoghurt. This study paves the
way for future research that could enhance the effectiveness and consumer appeal of probiotic
yoghurts. The implications for the industry are significant, offering insights into manufacturing
processes that can help maintain the therapeutic potential of probiotic yoghurt, ensuring con-
sumer health benefits and aligning with regulatory standards for probiotic foods. This study
sets the stage for further explorations that could lead to more robust, effective, and consumer-

friendly probiotic yoghurts.
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CHAPTER 7

General discussion

7.1 CRITICAL REVIEW OF METHODOLOGY

This study applied a two-step stress adaptation treatment on Bifidobacterium spp. to enhance
their tolerance to oxidative stress. Initially, the cells were exposed to a sublethal dose of the
stressor, a strategy designed to induce its adaptive stress response mechanisms without compro-
mising bacterial viability. This sublethal treatment aimed to biochemically and physiologically
prepare the cells for greater stress levels. Following this, the cells underwent a lethal stress
exposure, where the sublethal H,O,-treated cells were subjected to a lethal dose of the stressor
for three successive generations. The lethal treatment was intended to permanently manifest
the adaptive responses induced during the sublethal treatment in the cells’ physiological, mor-

phological, and ultrastructural characteristics.

Although this shortened adaptation process proved effective within the constraints of this
study, it deviates from the conventional method of gradually exposing cells to sublethal stress
across many generations. For instance, Jiang et al. (2016) successfully isolated acid-resistant
mutants of B. longum subsp. longum BBMNG68 by subjecting them to acid stress through 50
repetitive subcultures. This extended exposure potentially allowed for more robust adaptation
mechanisms to develop, enhancing the resilience and stability of the strains. The duration of
the stress adaptation treatment in the present study may have limited the full potential of the
stress adaptation mechanisms of Bifidobacterium species. However, this approach was justi-
fiable given the circumstances and provided significant insights into the adaptive capabilities
of Bifidobacterium spp. under oxidative stress. Future studies could explore the impacts of

prolonged sublethal exposure to oxidative stress.

Due to practical and logistical restraints, HyO, was chosen as the oxidative stress factor dur-
ing the stress adaptation treatments over O,. Despite O, being more relevant regarding oxygen
inclusion during yoghurt fermentation and storage, H,O; was used in the current study as it

directly induced oxidative stress. This choice allowed for a more controlled and feasible appli-
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cation of the stress adaptation treatment. Similarly, Oberg and Broadbent (2016) used varying
concentrations of H,O» as a representative oxidative stress factor. Using O, as the stress factor
during stress adaptation, a concentration of 3 - 5 % is suggested as the sublethal treatment,
based on the findings by Zuo et al. (2018). However, this approach requires specific laboratory
equipment, such as an anaerobic chamber, which would allow for the controlled modification

of the atmospheric gas composition during the experimental and incubation phases.

Flow cytometry with fluorescent probes was utilised to analyse the physiological response
of the Bifidobacterium spp. to the H,O; treatments and the subsequent lethal H,O, challenge.
A significant challenge arose from the staining protocol and handling of the cells during sample
preparation, which inevitably exposed the Bifidobacterium cultures to oxygen. Despite efforts
to minimise this, some exposure occurred, potentially affecting the results. Ideally, the handling
and staining of cells should have been conducted in an anaerobic chamber to prevent oxygen
exposure, which was unavailable. Consequently, oxygen exposure during the staining process
might have caused some membrane damage and the formation of ROS, complicating the differ-
entiation between live and dead cells. Furthermore, in the presence of oxygen, the CRG probe
may have undergone auto-oxidation, which could have led to the unintended detection of ROS.
Future use of this protocol should consider using an anaerobic workflow throughout the cell

staining and handling processes to accurately reflect the intrinsic ROS levels and cell viability.

The FC analysis results suggested various changes in membrane compositions and intra-
cellular oxidation states. Extending the investigation to include an analysis of membrane fatty
acid composition in response to the stress adaptation treatment and the lethal challenge could
have provided deeper insights into the lipid profiles of the Bifidobacterium cultures. Such
an analysis would have helped confirm hypotheses related to membrane-associated adaptive
responses to oxidative stress. Furthermore, incorporating genomic sequencing could iden-
tify mutations and gene expression changes contributing to enhanced oxidative stress toler-
ance. This approach involves sequencing wild-type and adapted strains to identify specific
single nucleotide polymorphisms (SNPs) associated with physiological changes observed dur-
ing FC. Complementing this, proteomic studies, such as two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE), would be invaluable in identifying increased synthesis of proteins
involved in the stress response of Bifidobacterium species. These protein profiles would val-

idate the genomic data and provide deeper insights into the physiological adaptations of the
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stress response. Additionally, exploring the production and role of EPSs could shed light on
their protective functions under oxidative conditions, as EPSs has been implicated in cellular

responses to environmental stresses.

Moreover, conducting standard plate counting alongside the FC analysis would have of-
fered insights into the culturability and viability of the cells, providing potential evidence of
the likely transition into a VBNC state under stressful conditions. Using a metabolic activity
indicator, such as 5 (and 6)-carboxyfluorescein diacetate (cCFDA) counterstained with PI, could
have shed light on how Bifidobacterium spp. adapt metabolically, alongside their physiological

and morphological changes, to stress adaptation treatment and oxidative stress.

Any enhanced adaptive stress response mechanisms associated with cell physiology or mor-
phology were assessed by exposing the unadapted and H,O;-treated Bifidobacterium spp. to a
lethal challenge of 1 mM H,O, before conducting FC and microscopic analysis. However, this
H,0O; concentration may not have been sufficient to constitute a lethal dose of oxidative stress.
For comparison, Oberg et al. (2013) used higher H,O, concentrations, ranging from 2.55 to

5.25 mM, for lethal challenges in experiments with two B. lactis strains.

The growth rates of unadapted and stress-adapted Bifidobacterium spp. under varying levels
of oxidative stress were calculated assuming linear bacterial growth within the first 12 hours of
incubation, which was justified by the exponential growth phase of the cells upon inoculation
and supported by linear increases in ODgggy,,, When including measurements at 3 and 6 hours.
Despite efforts to minimise oxygen exposure, using anaerobic jars and oxygen-scavenging sa-
chets, the complete exclusion of oxygen at each measurement was challenging. Although min-
imised to less than one minute per measurement and managed by frequent replacement of

sachets, this exposure could have affected the growth kinetics results.

A significant methodological enhancement could be achieved by using an anaerobic cham-
ber equipped with technology to automate the ODg(,,,, measurements, such as the use of an
Atmospheric Control Unit (ACU, BMG LABTECH, Ortenberg, Germany). This unit is specif-
ically designed to create and maintain an anaerobic environment, thus ensuring precise regula-
tion of atmospheric conditions throughout the experiment. Implementing such systems would
permit continuous and non-disruptive measurement of ODggg,,,, €nhancing the accuracy of

growth curves and eliminating the risk of oxygen exposure during sampling. Additionally, fac-
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tors such as cell size, shape, and the presence of particulates might have influenced the ODg,1n,
readings. Coupling these measurements with standard plate counting could have provided a

more robust validation of the growth kinetics observations.

The viability of the unadapted and stress-adapted Bifidobacterium spp. was determined
using standard plate count methods and the more advanced PMAxx-qPCR methods. While
plate counting remains the traditional method for bacterial quantification, PMAxx-qPCR offers
greater accuracy and faster results. Additionally, this novel method allowed for the detection
of VBNC cells. However, the high cost and limited availability of PMAxx dye constrained
our analysis allowing viability assessments only on days 0 and 28 of yoghurt storage. Conse-
quently, this limitation may have omitted crucial data from days 7 to 21. Utilising plate counts
in this study offered a traditional culturability perspective crucial for food safety standards,
while PMAxx-qPCR provided modern molecular insights into overall cellular viability, which

included the VBNC states.

7.2 MAIN RESEARCH FINDINGS

To exert its therapeutic benefits, Bifidobacterium spp. must maintain viability above 6 log
CFU/g in yoghurt — a challenge due to its sensitivity to oxidative stress often introduced during
production and storage. The current study explored oxidative stress adaptation to improve the
tolerance of B. bifidum, B. breve, and B. animalis to oxidative stress, aiming to enhance their
viability during yoghurt production and storage. This study confirmed that combined sublethal
and subsequent lethal H,O, treatments significantly influenced the oxidative stress responses
and subsequent survival of B. bifidum, B. breve, and B. animalis during yoghurt fermentation
and shelf-life. The H,O; treatments led to notable physiological, morphological, and intracel-
lular ultrastructural adaptations in the Bifidobacterium species, which were further enhanced

after exposure to the lethal HO, challenge.

These adaptations included changes in membrane integrity and oxidation states of the cells,
as indicated during FC analysis. Namely, integrating fatty acids into the lipid membranes
during stress adaptation treatments improved membrane integrity by reducing fluidity and per-

meability to O, and ROS. This enhancement further suggests that cellular repair mechanisms

113



were activated, further bolstering the cells’ resilience against oxidative stress. Additionally,
using CRG to assess intracellular oxidation states after exposure to the lethal H,O, challenge
indicated an improved management of the intracellular redox balance, likely due to the acti-
vation of ROS detoxification enzymes, TrxR and AhpC. Overall, B. animalis exhibited the
greatest retention of membrane integrity and reduced oxidation states following H,O; treat-
ments and exposure to the H>O; lethal challenge, reflecting its inherent greater tolerance to
oxidative stress. However, it should be noted that the findings from FC only provide indirect
evidence of the physiological states of Bifidobacterium cells, thus only partially supporting
the aforementioned speculations. Further investigations are required to directly confirm these

adaptations and responses to stress adaptation and oxidative stress.

The physiological characterisations, particularly through supplementing with electron mi-
croscopy, provided insights into the cellular mechanisms supporting these observations. No-
tably, the expression of EVs and significant changes in cell shape among the stress-adapted
Bifidobacterium spp. were markedly intensified following exposure to lethal H;O; challenges.
This enhancement of cellular adaptations under extreme conditions underscores their potential
role in the oxidative stress response. However, the exact mechanisms by which these adap-
tations contribute to oxidative stress resistance remain to be fully elucidated. Ultrastructural
observations further indicated compaction of cellular components, which could be a strategy to
minimise the volume of cellular components exposed to ROS, thereby reducing the overall bur-
den of oxidative stress on the cell. This compaction may also facilitate more efficient cellular

repair processes by positioning enzymes and substrates closer to sites of oxidative damage.

Observations of physiological, morphological, and ultrastructural adaptations during H,O;
treatment and subsequent lethal H,O, challenge have highlighted the oxidative stress response
mechanisms that enhanced Bifidobacterium spp. viability during yoghurt fermentation and
shelf-life. The stress adaptation treatment employed did indeed result in enhanced viability
retention of the adapted variants during refrigerated storage, as evidenced by the standard plate
counts. While adapted B. bifidum and B. breve showed improved viability and metabolic bene-
fits, B. animalis displayed inherent resilience against oxidative stress regardless of adaptation.
This stability underscores the species’ intrinsic resistance to oxidative and other environmental

stress (Oberg and Broadbent, 2016).
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Consequently, the enhanced viability of the stress-adapted Bifidobacterium spp. prolonged
the shelf-life of the probiotic yoghurt based on the minimum recommended viable level for pro-
biotics in yoghurt (6 log CFU/g (FAO/WHO, 2003)). Moreover, the adaptation treatment may
provide cross-protection against other stress factors, likely facilitating more regulated nutrient
utilisation and controlled metabolic responses during fermentation. This potentially enhanced
the metabolic capability of adapted Bifidobacterium spp. could also benefit yoghurt’s overall

quality and sensory attributes, a potential area for further research.

The findings from the PMAxx-qPCR assay, which showed higher Bifidobacterium spp. via-
bility compared to standard plate counts, suggests that the observed decline in bacterial counts
may not be due to cellular death but rather a loss in the culturability of the Bifidobacterium cells.
According to Marole et al. (2024), the PMAxx-qPCR method can detect and quantify VBNC
cells, which remain metabolically active yet lose their culturability under stressful conditions,
such as yoghurt fermentation and storage. The discrepancy between declining MRS-NNLP
counts and stable PMAxx-qPCR counts during yoghurt storage indicated that Bifidobacterium
spp. lost their culturability and potentially transitioned into a VBNC state in response to the
stressful environmental conditions encountered in the yoghurt environment. However, addi-
tional investigations would be necessary to confirm this hypothesis. While the methods of
VBNC cellular states are underdeveloped, FC coupled with fluorogenic probes could be utilised

to explore further and validate this transition into the VBNC state.
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CHAPTER 8

Conclusions and future recommendations

This thesis explored the impact of oxidative stress adaptation treatments on the physiological
responses of B. bifidum, B. breve, and B. animalis, aiming to enhance their tolerance to oxida-
tive stress and improve viability throughout yoghurt fermentation and storage. The physiolog-
ical response to the HyO; treatments varies considerably among the Bifidobacterium species,
potentially reflecting the strain variability that influences the tolerance to oxidative stress. For
the intrinsically aerotolerant B. animalis, a high degree of cellular integrity is maintained un-
der lethal oxidative stress regardless of the adaptation treatment. For B. bifidum and B. breve,
the treatment leads to better retention of membrane integrity and maintenance of intracellular
redox state, suggesting that these species could possess inducible mechanisms to combat oxida-
tive stress. This adaptation likely involves strengthening the cell membrane through enhanced
lipid synthesis and incorporation into the cellular membrane, which is critical for resisting ROS.
This variability in the response to oxidative stress adaptation necessitates the development of
tailored adaptation treatments based on the unique genetic and physiological characteristics of
each Bifidobacterium species and even strain. Notwithstanding the variability, the practical im-
plications of these findings suggest that oxidative stress adaptation could be a feasible method
to improve the survivability and functional stability of susceptible probiotic Bifidobacterium
species in yoghurt. Notably, the application of the PMAxx-qPCR viability method shows that
the stress-susceptible Bifidobacterium species develop the VBNC state in yoghurt that poten-
tially results in an underestimation of viability by the plate count method. This approach not
only supports the maintenance of the minimum recommended probiotic levels (6 log CFU/g
viable cells) throughout production and storage but also potentially extends the probiotic shelf-

life of the yoghurt.

To fully leverage the oxidative stress adaptation in commercial probiotic applications, future
research is recommended to explore the nuances of stress adaptation in Bifidobacterium spp.
and should focus on confirming and clarifying species- and strain-specific changes in mem-

brane composition and internal cellular responses to oxidative stress. A transcriptomic study
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comparing the transcription rates of genes involved in oxidative stress response to those in other
bacterial examples could provide valuable insights into the specific pathways and processes em-
ployed by Bifidobacterium spp. under oxidative stress. This should include the development
of tailored stress adaptation treatments that address species-specific oxidative stress responses.
More detailed exploration is needed to investigate the loss in culturability and potential tran-
sition into a VBNC state in Bifidobacterium spp. under environments of stress. Determining
whether these cells can still exert their therapeutic probiotic effects on the host is crucial. This
will allow a better understanding of their survival strategies and functional capabilities under
stress. Moreover, exploring cross-protection against other stress factors, the stability of sen-
sory characteristics in yoghurt, and antioxidant capacities post-adaptation will be crucial. A
critical area of investigation is the impact of stress adaptation on the probiotic qualities of these
strains. Since adaptation treatments could yield variants with altered therapeutic effects, assess-
ing whether these adapted strains retain their beneficial probiotic characteristics is essential.
While oxidative stress adaptation presents a promising approach for enhancing the tolerance of
Bifidobacterium spp. to oxidative stress and, subsequently, their viability during yoghurt pro-
cessing and storage, its implementation must be customised and assessed for each species to
ensure it enhances, rather than diminishes, their beneficial therapeutic effects. Further research
is essential to develop tailored, effective stress adaptation treatments that enhance the survival

and efficacy of Bifidobacterium spp. in yoghurt, ensuring their safety and therapeutic benefits.
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