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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 micro ora contributes several bene cial 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., 20B2Jobacteriumspecies

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 oBi dobacteriumspp. in the human GIT is known to occur with age (Ar-
boleya et al., 2016). In infants and childrd3i,dobacteriumspp. 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 bi dobacterial 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., 20d3e pro-
biotic microorganisms incorporated into foods for their bene cial 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). ForBi dobacteriumspp., the ability to incorporate and maintain its viability in foods



is a signi cant 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 ($¢ping et al., 2022; Sibanda et al., 2024). These stres-
sors include heat, cold, acid, osmotic, and oxidative stress(fpahg et al., 2022). Among

the stress factors, oxygen is the most prominent factor potentially limiting the viabilBy- of
dobacterium spp. in yoghurt. As anaerobic organisnis,dobacterium spp. are generally
sensitive to oxidative stress. However, their susceptibility varies among species and strains
(Oberg and Broadbent, 2016; Sqiping et al., 2022). Some species, suctBavoumand

B. thermophilumare known to be hyper-aerotolerant, while others, sudB. &asngumsubsp.
infantis and B. adolescentigre oxygen-hypersensitive (Meile et al., 1997; Kawasaki et al.,
2018). The variation in aerotolerance among species suggests that even Bicdgbac-
teriumspp. 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 (S¢ipping et al., 2022).

Several approaches aimed at enhancing the surviwgil@bbacteriumspp. 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, 4984zinet et al., 2009; Frakolaki et al., 2021).
Another promising method is stress adaptation, which involves the expodBrdabacterium
spp. to sublethal stress treatments across multiple generations to induce adaptive responses and
develop stress-resistant variants (Mozzetti et al., 20109 8uhg et al., 2022). Despit8i -
dobacteriunspp. 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., 2015pfgimg et al., 2023). Notably, enzymes
such as alkyl hydroperoxide reductase subunit C (AhpC) and thioredoxin reductase (TrxR)
(Oberg et al., 2015; Séipping et al., 2023), together with several chaperones and reparative
proteins with protective activities, have also been identi e8imlobacteriumspp. (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. asteRitedum,

B. animalis andB. breve(Zuo et al., 2014; Tanaka et al., 2018; Satoh et al., 2019)3uhg

et al., 2022). The aim of this study is to investigate the effect of oxidative stress adaptation

treatments on the physiological responses of tBiegobacteriumspp., namel\B. bi dum, B.



breve andB. animalissubsp.animalis Furthermore, this study aims to isolate stress-adapted

Bi dobacterium 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 Bi dobacteriumspp. in the production of probiotic yoghurt.



CHAPTER 2

Literature review

The primary objective of this literature review is to offer a comprehensive understandiig of
dobacteriumspp. 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 responsBsdufbacteriumspp. 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

Bi dobacteriumspp. are Gram-positive, non-spore-forming, non-motile rods, that belong to the
Bi dobacteriaceaefamily. 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 classiBdiobacteriumspecies (Alessandri et al., 2021).
Many species oBi dobacteriumhave been found to be applicable in diverse industrial sectors,
including clinical and food-related domains. Bi dobacteria 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.astobacillus Lactococcus
andStreptococcuswvhich belong to the phylum Bacillota (previously Firmicutes), whereas bi-
dobacteria 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, bi dobacteria 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,
bi dobacteria utilise thebi d 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 bi d 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 bi d 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 showBtldabacteriumspp. can
effectively metabolise complex carbohydrates through its bi d 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, speci ¢ species or subspecies,
and growth phase (Shah, 2011).

2.2 BIFIDOBACTERIA AS A PROBIOTIC

The attractiveness @i dobacteriumspp. 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 con rmed the probiotic propertiesBifdobacterium 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, 20&lyarez-Mercado et al., 2022; Schiweck et al., 2022;



He et al., 2023)Bi dobacteriumspp. 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).

Bi dobacteriumspp. 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 thaBi dobacterium 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.

FurthermoreBi dobacterium spp. actively contribute to the metabolism of dietary bres
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 bene ts. 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 showe®iHatveUCC2003
can prevent pathogen colonisation and infection of the GIT through surface exopolysaccharide
(EPS) production. Toure et al. (2003) identi ed sevdBabobacterium strains that produce
heat-stable proteinaceous compounds exerting antimicrobial activity ag&tesia monocy-
togenes Similarly, the inhibitory activity ofB. longumagainstCandidastrains through the
production of different metabolites was established by Inturri et al. (2019). These ndings un-
derscore the potential of bi dobacteria 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 Strep-

tococcus thermophiluandLactobacillus delbrueckisubsp.bulgaricusresulting in a smooth,



acid gel. It is widely recognised as an excellent carrier for probiotics, particubadpbac-
teriumspp., for several compelling reasons. Firstly, during the fermentation of milk, the grad-
ual acidi cation of the environment allowBi dobacteriumspp. 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., 20119®&uhg et al., 2021). The
ability of Bi dobacteriumspp. to produce acetic and lactic acid through the bi d shunt further
supports its incorporation into yoghurt. Furthermore, some straii$s tfermophilugoten-
tially acts as oxygen scavengers, contributing to the creation and maintenance of an anaero-
bic environment that bene ts the growth and viability Bf dobacteriumspp. (Talwalkar and
Kailasapathy, 2004).

In South Africa, yoghurtis a popular dairy product, with a signi cant 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 af uent demographics. Given that yoghurt is already a staple in many diets, its use as a
functional food to deliver bene cial probiotics could see excellent consumer acceptance, lever-
aging its role in regular consumption patterns to provide signi cant health bene ts. Moreover,
the yoghurt market is projected to increase annually by 6.95% (Statista, 2024). Therefore,
yoghurt is an ideal vehicle for deliveringi dobacterium spp. to the consumer, which can
capitalise on the existing market penetration and positive health bene ts associated with the

consumption of yoghurt.

In the South African market, the options for probiotic yoghurt or yoghurt supplemented
with Bi dobacteriumspp. are currently limited. The available yoghurt products on the shelves
contain eitherBi dobacterium(HNO19) culture' (Woolworths, n.d.) dBi dobacterium 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 Bf bi dum ATCC® 11863™ during
yoghurt fermentation and storage (12 d) were perfornBedi dum viability signi cantly de-
clined after 12 days of storage, with initial levels of 6.0 log CFU/g and a nal level of 3.5 log
CFU/g. Various factors affecting the probiotic viability were identi ed, 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 bi dobacteria viability in
the yoghurt (Thomashoff et al., 2021). The most challenging factor affecting the viability of
Bi dobacteriumspp. 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®ifdobacteriumspecies. 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 signi cantly iBipact
dobacteriunspp. 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 Bi dobacterium spp. whilst delving into the ability of these bacteria to withstand

and thrive under these varying stress conditions.



Figure 2.1 Stress factor integration points in the yoghurt production process and their respective
impact onBi dobacteriumspp. viability. (Adapted from Figure 1 iSibanda 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 de ning
the nal product's characteristics. IncorporatiBgdobacteriumspp. 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 Bi dobacteriumspp., 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. longumNCC2705 and. breveUC2003 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., 2007Bi dobacteriumspp. 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
Bi dobacteriumspp. (Zomer et al., 2009).

Heat shock proteins are induced not only by heat but also by other stressors (Sugimoto et al.,
2008). B. animalissubsp. lactis BB-12 increases the production of the®) detoxi cation
enzyme, TrxR, after heat stress exposure, demonstrating the multifaceted role of heat shock
proteins inBi dobacteriumspp. survival (Aakko et al., 2014)Bi dobacterium spp. possess
various families of heat shock proteins, with chaperones playing a prominent role in the stress
response oB. brevelUC2003 (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 8pping et al. (2022) and Sopping 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 bi dobacterial 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 numerdBisdobacteriumspecies 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 identi ed by du Toit
et al. (2013) within the genome &. breveUC2003. The genetic sequence of the cspA gene
shows a signi cant 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

bi dobacteria await more comprehensive exploration.

2.4.3 Acid stress

Bi dobacterium spp. survival is greatly in uenced by environmental conditions, particularly
pH. Yoghurt, with its pH range of 4.7-4.3, poses an acidic challenge (Sfakianakis and Tzia,
2014).Bi dobacteriumspp. typically thrive between pH 6.5-7.0 (Biavati and Mattarelli, 2006),
making survival below pH 4.5 or above 8.0 challenging, except for select strains (Matsumoto
et al., 2004; Mt et al., 2004; Vernazza et al., 2006). Yoghurt fermentation, le®.oer-
mophilusand L. bulgaricus produces organic acids, lowering the pH and potentially com-
promisingBi dobacterium spp. viability during storage (Deshwal et al., 2021). Maintaining
intracellular pH homeostasis is critical fBr dobacteriumspp. under acidic conditions. They
initiate an acid stress response involving proton extrusion and biomolecule repair, primarily
driven by the proton-translocating fpy-ATPase (Scbpping et al., 2022). This process de-
mands substantial energy, with fermentable carbohydrates enhaBictlmdpacterium spp.'s
ability to tolerate acidity (Waddington et al., 2010). However, the rolei6hHFATPase varies

among species.
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Amino acid metabolism plays a role in acid tolerance. StrainsBikengumNCIMB 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 responsé(8hez et al., 2007). SonB dobacteriumstrains can convert
glutamine to aspartate, regulating pH (Eckel and Vogel, 2020). The glutamate decarboxylase
pathway produceg-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 (&8chez et al., 2007). Strain-speci ¢ responses vary, with some strains
reducing protein synthesis for growth and enhancing proteins for survival (Jin et al., B-12).
dobacteriumspp. adapt their cell membranes under acid stress, with changes in peptidoglycan
content and fatty acid pro les (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 mechaBistobacterium

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 strddisdmacterium
species (Cui et al., 2016). Fluctuations in osmolarity can lead to water loss from cells, impact-
ing intracellular osmotic pressure (Wesche et al., 20B8jlobacteriumspp. 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; Sclpping et al., 2022).

The response to osmotic change8irdobacteriumspp. is linked to maintaining cell wall
integrity and turgor pressur@&. longumBBMNG68 upregulates an ef ux channel to reduce tur-
gor pressure in response to bile exposure (An et al., 2B.4)reveUCC2003 activates a heat
shock response, the extent of which depends on osmotic stress severity (Ventura et al., 2005).
Variations in responses amoBgdobacteriumstrains highlight the need for further investiga-

tion into osmotic stress mechanisms and adaptations within this genus.
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2.4.5 Oxidative 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 fact®r dobacterium 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), bi dobacteria are unable to detoxify.HXiao et al.,

2011) through systems typically associated with aerobic microorganisms (Zuo et al., 2014).
They are classi ed as obligate anaerobes (Mozzetti et al., 2010). However, other mechanisms
have been identi ed to alleviate the stress, which will be discussed in more detail in further

sections (Talwalkar and Kailasapathy, 280Zuo et al., 2018; Sdbpping et al., 2022).

2.5 IN-DEPTH REVIEW OF OXIDATIVE STRESS

2.5.1 Sources of oxidative stress in yoghurt production

Although G is not inherently toxic tdi dobacteriumspp., 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. Bi dobacteria are classi ed as obligate anaerobes and are
catalase-negative, which prevents them from metabolising and detoxifying oxygen through
means typically associated with anaerobic bacteria (Shah, 2011). Hov&evedicumand

B. asteroidesre exceptions to this rule (S@bping et al., 2022; S¢ipping et al., 2022). Both
species possess SOD, an enzyme that converts superoxide radicalgOatartd G, thus pro-

tecting against oxidative stress. AdditionalB, asteroidegpossesses catalase, which further
breaks down KO- into water and @, enabling it to detoxify reactive oxygen species (ROS)

and survive conditions of oxidative stress (8phping et al., 2022; S@pping et al., 2022).
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While S. thermophiludas been reported to utilise oxygen during the fermentation of yo-
ghurt, further processing steps have the potential to introduce additional oxygen (Talwalkar and
Kailasapathy, 200#). Furthermore, a study conducted by Dave and Shah (f98vealed 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.

Figure 2.2 Formation of ROS and general respons@idflobacteriumspp. to oxidative stress.
AhpC, alkyl hydroperoxide reductase C-subunit; DHOD, dihydroorotate dehydrogenase; Dps,
DNA-binding ferritin-like protein; HemN, oxygen-independent coproporphyrinogen Il oxi-
dase; NOX, NAD(P)H oxidase (#D-forming); NPOX, NAD(P)H oxidase (}O.-forming);

TrxR, thioredoxin reductase. Adapted from Zuo et al. (2014) and§uihg et al. (2022). Cre-

ated with BioRender.com
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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 @into H,O, through the NADH oxidase reaction. The metabolic byproduct
H>O- has been proposed as the toxic agent that affects the viabilBy @dbacterium spp.
in yoghurt (Talwalkar and Kailasapathy, 2@f)4«awasaki et al., 2009). Furthermore, during
preliminary experiments, an antagonistic relationship betvigdmndum and the starter culture
L. bulgaricuswas identi ed (Thomashoff et al., 2021).. bulgaricusis a potential source of
exogenous b0, in yoghurt. Due to the yoghurt bacteria being incapable of entirely reducing
oxygen, BO, and ROS accumulate as a result (Shah, 2000), leading to a disturbance in redox

homeostasis.

2.5.2 Physiological effects of oxidative stress

When G 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 (ROQ, and hydro-

gen peroxide (HO-), 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 speci ¢ DNA sequences (Fasnacht and Polacek, 2021). When ROS, such
as B0, or O, , is reduced by F& , the highly reactive resulting hydroxyl radicals (H@nd
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 modi cations, 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 formatiordedxo guanine, a modi cation 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 proteingBirdobacteriumspp., which
play critical roles in protein synthesis (Seixas et al., 2022). ROS can induce modi cations in
rRNAs, which are integral components of the ribosome structure. These modi cations 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
ef ciency of protein synthesis, which is integral for cell growth and response to environmental

stresses (Sd@pping 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 identi e@iidobacterium species (Sabpping et al.,

2022). However, many hypothetical compounds believed to be involved in the oxidative stress
response of bi dobacteria have also been isolated and need further characterisation and classi-

cation (Schopping et al., 2022).

2.5.3 Oxidative stress response in bi dobacteria

The defence and adaptation mechanismBiafobacterium spp. against oxidative stress are
complex and intricate, and the compounds expressed, mechanisms, and cellular components
involved are species-speci ¢c and even strain-speci ¢ (ting et al., 2022; S¢ipping et al.,

2022). Bi dobacteriumspp. can be classi ed as eithen@ypersensitive, @sensitive, Q-

tolerant, or @-hypertolerant based on their inherent response and subsequent tolerance to ox-
idative stress (Kawasaki et al., 2@)8For exampleB. asteroidesndB. indicumare catalase-
positive and, therefore, classi ed as@lerant, meaning that in the presence of oxygen, the
bacteria can detoxify y0, to water (HO) (De Dea Lindner et al., 2008). Wherdasbi dum,

B. breveandB. animalissubsp.animalisare adversely affected by,@oncentrations above

5%, thereby categorising them ag §ensitive species (Sopping et al., 2022).

The primary oxidative stress response mechanisnis dbbacteriumspp., as depicted in
Figure 2.2, involve the reduction and detoxi cation of ROS, repair mechanisms for damaged
cell components, changes in metabolic process expression, and alterations of the cell envelope
(Zuo et al., 2018; Sabpping et al., 2022).
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2.5.3.1 Reduction and detoxi cation of ROS

To sustain growth and confer therapeutic advantages to the host, bi dobacteria must employ
mechanisms that mitigate oxidative stress in yoghurt. Under aerobic conditions, the enzymes
NADH oxidase and an oxygen-dependent coproporphyrinogen lll oxidase (HemN) are the key
agents believed to be responsible for detoxifying molecular oxygen @y lih bi dobacteria

(Ruiz et al., 2012). HoweveBi dobacterium spp. lack the genes typically associated with
further conversion of B0, and other ROS into water (NADH peroxidase, catalase, and SOD),
necessitating alternative detoxi cation strategies. The ef cient scavenging of RO& by
dobacteriumspp. is critical for their survival, as it helps them manage oxidative stress effec-
tively. In Bi dobacteriumspp., the detoxi cation of ROS primarily involves thioredoxin re-
ductase (TrxR) and alkyl hydroperoxide reductase subunit C (AhpC) (Oberg et al., 2015; Satoh
etal., 2019).

Alkyl hydroperoxide reductase, a avin-containing disul de reductase with an active disul-
de 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. longumNCC2705 to possess a gene encoding for a protein similar to Ahp@hpétwas
absent (Poole et al., 2000).

Under oxidative stress, TrxR catalyses the reductionz@4to H,O using NADH, thereby
mitigating the harmful effects of #0, 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 Bi dobacteriumspecies (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 disul de bond forma-
tion in proteins (Lu and Holmgren, 2014). Under oxidative stress, however, cells can utilise
TrxR and AhpC to reduce #D, and other ROS, together with NADPH (Figure 2.2) (Zeller
and Klug, 2006). Oberg et al. (2015) documented a signi cant upregulation of TrxR following
H,0, exposure irB. longum Ultimately, TrxR is recycled by NADPH, continuing its role in

the stress response, as illustrated in Figure 2.2. Numerous studies have con rmed the upregula-
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tion of TrxR and AhpC irBi dobacteriumspp. when exposed to oxidative stress (OH,0O»)
(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 signi cant damage to intracellular components and
result in the disruption of essential bioprocesses. Biatobacterium spp. to maintain its
cellular integrity and functioning, it needs to ef ciently 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 (dNTP) and DNA replicatidsi dobacterium
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 upregulat&l in
longumBBMNG68 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 detoxi cation of HO, by catalysing the oxidation of E& during the Fenton reaction,
as illustrated in Figure 2.2. This dual function underscores the critical role of Dps during the

oxidative stress responseBif dobacteriumspecies (Nair and Finkel, 2004).

In response to damage caused to protdansiobacteriumspp. activate the PQC system to
manage and mitigate the effects of oxidative stress. Xiao et al. (2011) observed an upregulation
of the PQC regulon iB. longumBBMNG68 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 DnakK, 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 systBirgobacteriumspp. 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 necessaryBodobacterium spp. to effectively engage

in these detoxi cation and repair mechanisms in response to oxidative stress. Consequently,
oxidative stress can signi cantly alter the carbon uptakéimlobacterium spp., leading to
notable changes in overall bacterial metabolism (Talwalkar and Kailasapathy, 2003; Ruiz et al.,
2012). Bi dobacteriumspp. utilise thebi d 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 \Birtalsac-

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 bi d 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 8f dobacteriumspp. involves modi cations of the cell shape, cell
wall properties and fatty acid pro le. Typically, species of bi dobacteria can be distinguished
by its distinct Y, V or Xbi d shape. However, recent studies indicated that the distinctive bi d
shape oB. adolescentigs peculiar to this particular strain, regardless of cultivation conditions
(Dhanashree et al., 2017). Whereas other strair dbbacteriumfailed to retain their bi d
morphology when grown in dissimilar environments (Dhanashree et al., 2017). Moreover, Ahn
et al. (2001) documented that dobacteriumcells elongate and develop irregular cell surfaces

in response to oxidative stress.
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Recent research ndings 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 as@stobacteriumspp. resilience to membrane damage
caused by ROS (Oberg et al., 2011). Additionally, an increase in the levels of plasmalogens
in the cell membrane oB. animalissubsp. 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 abilBy dbbacteriumspp. to modulate

its cell composition in its oxidative stress response.

It should be noted that the majority of studies regarding the abiliiafobacteriumspp.
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 Bf dobacteriumspp. further. The most recent ndings
by Zuo et al. (2018) indicate that exposure to low concentrations,@hHan lead to cell

autoaggregation and increased cell surface hydrophobicity in the c&8ldaigumBBMNGS8.

Figure 2.3 depicts the molecular responseBbflobacterium spp. to oxidative stress,
which includes the activation of key detoxi cation 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 responseBbtdobacteriumspp. 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 bi dobacteria while applying different stress factors, i.e. temperature, acid,
solutes and oxygen (or4®,) (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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Figure 2.3 Molecular responses @i dobacteriumspp. to oxidative stress. AhpC, alkyl hydroperoxide reductase C-subunit; CPFA, cyclopropane
fatty acids; DHOD, dihydroorotate dehydrogenase; Dps, DNA-binding ferritin-like protein; EPS, exopolysaccharides; F-6-P, fructose 6-phosphate;
HemN, oxygen-independent coproporphyrinogen Il oxidase; Ldh2, lactose dehydrogenase; NOX, NAD(P)H oxi@aserifiihg); NPOX,

NAD(P)H oxidase (HO,-forming); PQC, protein quality control; Pyr, pyruvate; ROS, reactive oxygen species; SCFA, short-chain fatty acids;
TrxR, thioredoxin reductase; Xu-5-P, xylulose 5-phosphate. Created with BioRender.com




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 (Sabpping 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 strainsBifdobacterium A combination of sublethal exposure followed by
lethal exposure will induce a physiological stress response that becomes a permanent physio-

logical function, yieldingBi dobacteriumvariants with increased resistance to oxidative stress.

This method of stress adaptation will enable researchers to obtain variaBislabac-
teriumspp. 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 strBirdgobacterium
spp. utilising heat, bile salts and acid stress (Noriega et al., 2004; Price et al., 20063
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 #D, stress-adapted bi dobacteria 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 pd®compared to the wild-type strain
(Mozzetti et al., 2010). Xiao et al. (2011) investigated the proteomic stress respoBse of
longumsubsp. longumBBMNG8 after exposure to 3% £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% Q@ distinctly differed from those expressed by other anaerobes while providing

supporting information for applyinB. longumin the food industry (Xiao et al., 2011).
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Similarly, Zuo et al. (2018) exposefl. longumsubsp. longumBBMNG68 to 3% G for
30 minutes and 60 minutes. However, they performed a global transcriptomic analysis of the
induced oxygen response. It was identi ed that after 30 minutes of exposure to 3#eCex-
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 con rmed th&. longumcontains 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 @x@osure (Zuo et al., 2018).
These ndings 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 bi dobacteria 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 bene ts upon effective delivery to the distal GIT.
Bi dobacteria are the main members of the human gut microbiome. Due to the health bene ts
associated with the organism, the inclusion of this probiotic in the formulation of a functional
food product has gained interest. However, many species of bi dobacteria 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 bi dobacteria, researchers have investigated numerous methods,
such as microencapsulation, cryoprotectant addition, modi cation of production processes and

materials, and the inclusion of prebiotics.

A promising approach for enhancing the viabilityBifdobacteriumspp. 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 bi dobacteria has been
characterised, including the genes involved in the expression of compounds responsible for
detoxi cation, protection and repair mechanisms. Thus far, the only successful adaptation
of Bi dobacteriumspp. was performed using a continuous culturing technique by Xiao et al.
(2011). The ability to produce an aerotolerant variarBioflobacteriumspp. 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 aerotoler&@itdobacteriumspp. 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 Bvdobacteriumspp. viability

in a yoghurt environment.
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CHAPTER 3

Hypotheses and objectives

3.1 HYPOTHESES

Hypothesis 1

Exposure of oxygen-sensitive strainsRifdobacteriumspp. to sub-lethal doses of hydrogen
peroxide (HO>) will induce aerotolerance, resulting in variantBdfdobacteriumspp., 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 (SOB){iBgh

et al., 2022), bi dobacteria are unable to detoxifg®p through systems typically associated
with aerobic microorganisms (Oberg et al., 2015; &uping et al., 2022). They were previ-
ously classi ed as obligate anaerobes (Mozzetti et al., 2010). However, recent studies sug-
gest a reclassi cation of bi dobacteria as eithep-Bypersensitive, -tolerant or -hypertolerant
(Kawasaki et al., 2018 Schbpping et al., 2022). This reclassi cation was suggested due to the
identi cation 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 respond olobacteriumspecies (Oberg

et al., 2015; Zuo et al., 2018; Sapping 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., 20BppBch

et al., 2022, 2023). Under sublethal doses ¢0Ob] the upregulated expression of stress re-
sponse enzymes and proteins whilst maintaining cell viability, can result in an adaptive stress
response, which allows fd8i dobacterium spp. to develop oxidative stress tolerance (Mills
etal., 2011; Zuo et al., 2018). Furthermore, by subsequently exposing the sublethalBieated
dobacteriumcells to lethal doses of #D, 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., 201&)uhg et al., 2022).
This sublethal- plus subsequent lethal®4 treatment results in the developmenBafdobac-

teriumvariants that are capable of surviving previously lethal doses of oxidative stress.

Hypothesis 2

Oxidative stress-adaptd®li dobacteriumspp. 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-addpitddbacteriumspp.

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; $¢iping 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,
adaptedi dobacteriumcells 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 B0, (Averina et al., 2021). The enhanced oxidative stress response of stress-d&lapted
dobacterium 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; Sopping et al., 2022). Consequently, the stress-addpitddbacterium

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; Schpping 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 lethaCO-treatedB. bi dum, B. breveandB. animalissubsp.
animaliscells, 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-adaptBddobacteriumspp. variants when subjected to a lethaCH chal-
lenge, with the aim of isolating variants 8i dobacterium spp. with enhanced tolerance to

lethal levels of oxidative stress.

Objective 3

To determine the effect of oxidative stress-adaj@edi dum, B. breveandB. animalissubsp.
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 proBioticbacteriumspecies,

i.e. B. bi dum, B. breveandB. animalissubsp.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) &i dobacteriumspp. cells throughout yoghurt fermentation

and storage.
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CHAPTER 4

Investigation of the physiological effects of stress adaptation on

Bi dobacterium spp.

Bi dobacterium spp. are crucial to the healthy human gut microbiota and are linked to nu-
merous health bene ts. Incorporatii®) dobacteriumspp. 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 HO,-treatedBi dobacterium spp., to enhance their tolerance to oxidative stress.
Cultures ofB. bi dum, B. breveandB. animalissubsp.animaliswere subjected to a sublethal

(0.4 mM) H,O, treatment followed by exposure to lethal (1 mM)®} 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 CellRGXGreen (CRG). Further, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses explored morphological and ultrastructural
changes induced by the;B, treatments. The study showed enhanced membrane integrity
of HoO,-treatedBi dobacteriumspp., particularly inB. breveandB. animalis with species-

speci ¢ responses to oxidative stress. Elevated intracellular oxidation states were noted across
all species, though sont® bi dum cells exhibited reduced oxidation, possibly due to activated
detoxi cation mechanisms. SEM observations indicated the production of EVs with textured
membrane surfaces following-B, treatment, suggesting structural adaptations to oxidative
stress. Additionally, TEM analysis revealed cytoplasmic compactioB. ibreve aimed at
protecting cellular components from oxidative damage. Future research will investigate the
tolerance of the BHO,-treatedBi dobacteriumcells to lethal oxidative stress, with the aim of

optimising probiotic robustness during yoghurt production.

Keywords Bi dobacteriumspp., oxidative stress, stress adaptation, ow cytometry, membrane

integrity, oxidation state, morphology
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4.1 INTRODUCTION

Probiotics are de ned as 'live microorganisms that confer a health bene t to the host when
administered in suf cient quantities’ (FAO/WHO, 2002; Hill et al., 2014). The recognition

of the health bene ts 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., 202 dobacterium

species are an essential component of healthy human gut microbiota and are responsible for
many health bene ts, such as the prevention of gastrointestinal cancers, diarrhoeal diseases,
necrotising enterocolitis and in ammatory 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., 2023

As anaerobesBi dobacterium spp. are intrinsically sensitive to oxygen and its derived
ROS. ROS are a group of molecules derived from redox reactions of molecul&@i€3 and
Jones, 2020). The formation of ROS occurs when molecular oxygen accepts one, two or three
electrons. The main ROS formed are hydroxyl radicals (H€uperoxide radicals (O ), lipid
peroxide radicals (LOQ, and HO, (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 productiofOafldy adjacent
yoghurt cultures can contribute to the lossBifdobacterium spp. viability (Meybodi et al.,
2020). Therefore, challenges associated with the incorporatiBnadbacteriumspp. 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 ($@ping et al., 2022). The adaptationBifdobac-

teriumspp. 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., 20&ppBchet al.,

2022). This adaptive response Bf dobacterium 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-ad&ptimbacteriumstrain

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 lethaO-treatedB. bi dum, B. breveandB. animalissubsp.
animaliscells, 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. bi dum ATCC® 11863™,B. breve ATCC® 15700™, andB. animalissubsp. animalis
ATCC® 25527™ were obtained from KWIK-STIK™, Microbiologics, (MN, USA) and in-
cluded in this study. The culture identities were con rmed using matrix-assisted laser desorp-
tion/ionisation time-of- ight (MALDI-ToF) biotyper (Bruker, Bremen, Germany) by matching
against the SARAMIS™ database for identi cation.

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 unaBagtdzhc-
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 speci ed 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 KO, concentration for the adaptation treatments, the minimum inhibitory con-
centration (MIC) was rst determined using the broth microdilution method described by Ibra-
heim et al. (2020), with modi cations. Young colonies of ed8hdobacterium 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 suspensiomd)(#vere used to inoculate 200i

of MRS broth with varying HO, concentrations (0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 mMDp) in

96-well microtitre plates. The plates were incubated anaerobically at 37 °C for 48 h. Bacte-
rial growth was determined (Qfggm) using the FLUOst& Omega Microplate reader. Values

were expressed as mean + $E(3).

The MIC was selected as the concentration eOblat which no growth was visible. The
MIC values were 0.4 mM BO- for B. bi dum andB. breveand 0.8 mM HO» for B. animalis
Therefore, for this study, the sublethap®h concentration was set at 0.4 mM fBr bi dum
andB. breveand 0.8 mM forB. animalis and the lethal KO, concentration was set at 1 mM

H»0O, for all three species.

4.2.2.2 HO,treatments

Cells of B. bi dum, B. breveandB. animaliswere subjected to two #D, treatments. Firstly,
mid-exponential cultures of eadi dobacteriumspp. (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 KO, concentration (0.4 mM kD, for B. bi dum andB. breve 0.8 mM H,O»

for B. animalig, as speci ed 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,O,-treated cells and stored in cryotubes until further treatment and analysis.

Furthermore, the adaptation®f dobacteriumspp. to oxidative stress was extended through
the addition of a lethal b, treatment. The sublethal J,-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 HO,) in anoxic MRS broth for 30 min at 37 °C. After the lethal
H,0, treatment, survivors were recovered by plating on MRS-C agar. Colonies recovered from
this treatment were isolated as the rst generation of leth@treated variants. To manifest
the response to oxidative stress permanently, the variants were subjected to two more gener-
ations of lethal HO, treatments. Colonies isolated from the third generation were preserved
as the nal representative lethal,B,-treatedBi dobacteriumvariants for all subsequent ex-
periments and were preserved in 25% glycerol (w/v) at -80 °C. Untreated cells, not exposed to

H»0O,, were used as controls in all analyses.

Prior to analysis, unadapted, sublethal- and leth#4treatedBi dobacteriumspp. were
resuscitated on MRS-C agar for 24 h incubating anaerobically at 37 °C. Colonies were picked
and resuspended in anoxic double-distilled water (dHo a cell count of approximately 8
log CFU/ml (0.5 McFarland).

4.2.3 Culture suspension preparation

Unadapted, sublethal- and lethai®b-treatedBi dobacteriumspp. were anaerobically grown
on MRS-C agar, incubating at 37 °C for 24 h. Resuscitated colonies were picked and resus-
pended in anoxic dd}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 leth@ Hreatments) on the mem-
brane integrity and oxidation state was investigated using methods described by Fallico et al.
(2020). The preprepared cell suspensionBialobacteriumspp. were stained with 6.68M

SYTO 9 (S9) (Invitrogen™, Waltham, Massachusetts, USA) andid(oropidium 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 witmmM5CellROX® Green (CRG)

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

Following the staining process, the samples were analysed by ow cytometry (FC) (BD
Accuri Flow Cytometer, BD Biosciences, Belgium) at a ow rate ofr8s, 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 Pl+ events were analysed on the FL-3 chann@f@ nm). Live and
ethanol-treated dead (70% ethanol for 30 min), along with non-oxidised and oxidised (treated
with 1 mM H»0O,) Bi dobacteriumspp. cells, were individually stained with S9, PI, CRG, and
a combination of S9 and PI. These uorescence 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 andJ,-treatedBi dobacterium 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 modi cations. The preprepared cell suspensions were centrifuged at 1§07

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 xed in 2.5% glutaraldehyde at 4 °C for 24 h.
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Following xation, the cells were rinsed thrice with PBS for 15 min before xing 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 @GA8gni cation,
and images with signi cant 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
nmm) 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-HO between stains. The samples were viewed using a Jeol 2100F
FEG TEM (JEOL, Tokyo, Japan), and images were selected based on signi cant ultrastructure
characteristics affected by the @8, 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 ow cytometry (FC)

Figure 4.1 shows the uorescence histograms of live, membrane-intact (S9+) and ethanol-
killed, membrane damage (S9-) control cellsBofanimalis Although the control cells were
double stained with Pl and S9, only the S9 uorescence 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 af nity of PI, cells with compromised cell membranes showed a lower

S9 uorescence upon double staining. This gate is shown as "‘Damaged Membrane (S9-)' in
Figure 4.1. Similarly, cells with intact membranes showed a high S9 uorescence upon double

staining. This gate is shown as "Intact Membrane (S9+)' (Figure 4.1).

Figure 4.1SYTO 9 uorescence histogram &. animaliscontrol cells.

Figure 4.2 shows the uorescence histograms of control celB.afnimalisstained with
CRG. Live and unstained cells were used as the control to identify unoxidised cells (N-ROS)
and were set just above 48U. 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 uorescence signal pro les observed in control sample8o&nimalis considering
their unavoidable exposure to oxygen during analysis, served as the basis for establishing the
measurement gates across all thBeelobacteriumstrains. The gating strategy was consis-

tently applied to FC analyses Bf bi dum, B. breve andB. animalisthroughout the study.
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Figure 4.2 CellRox Green uorescence histogramBf animaliscontrol 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 pO,-treated Bi dobacterium spp.

The threeBi dobacterium spp. presented with intact membranes, except for the unadapted
B. bi dum cells (Figure 4.3 (A)). The majority of the unadaptBdbi dum population was
observed uorescing within the gate indicative of membrane damage (S9-) (77%) (Figures 4.3
(A) and 4.4). In contrast, only a minor fraction of the®p-treatedB. bi dum 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, H,O»-treatedB. brevecells displayed intact cell membranes (S9+), as shown in
Figure 4.3 (B). However, the sublethap®y-treatedB. brevecells showed greater membrane
integrity compared to lethal #D»-treated (91% vs. 87%, respectively) (Figure 4.4). In contrast,
unadaptedB. brevecells exhibited lower S9 uorescence, indicating damaged membranes,
where 42% of the unadapt&l brevecells presented with damaged membranes (S9-) (Figures

4.3 (B) and 4.4).
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Figure 4.3SYTO 9 uorescence histograms of unadapted, sublethal- and let@}-Heated (A)B. bi dum, (B) B. breveand (C)B. animalis
S9-: damaged membrane cell gate; S9+: intact membrane cell gate.



Figure 4.4 Relative proportions of membrane intact (S9+) and membrane damaged (S9-) sub-
populations of unadapted, sublethal- and lethaDpitreatedBi dobacteriumspecies.

Interestingly, the S9 uorescence histogram Baranimaliscells did not show a clear uo-
rescence pattern differentiating the unadapted, sublethal-, and lelDaltkeated cells (Figure
4.3 (C)). However, Figure 4.4 clari ed that lethabB,-treatedB. animaliscells had superior
membrane integrity compared to both the unadapted and subletfattreated cells, as well

as among the thre®i dobacteriumspecies examined in this study.

4.3.3 Intracellular oxidation state of H,O»-treated Bi dobacterium spp.

The uorescence data in Figure 4.5 indicated that all tHBedobacterium species were in

an oxidised state, regardless of®} treatment. Notably, the #D,-treatedBi dobacterium

spp. tended to exhibit increased CRG uorescence, indicating cells with a highly oxidised
intracellular state (H-ROS+). This was particularly observed in the leth@,Hreated cells
(Figure 4.5).
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Figure 4.5 CellRox Green uorescence histograms of unadapted, sublethal-, and letBattr¢ated (A)B. bi dum, (B) B. breveand (C)B.
animalis N-ROS: Unoxidised cell gate; L-ROS+: Low-oxidised cell gate; H-ROS+: High-oxidised cell gate.



Interestingly, unadapteB. bi dum showed a lower CRG uorescence peak in Figure 4.5
(A) compared to HO,-treated cells. However, upon closer inspection, Figure 4.6 highlighted
the majority of the unadaptdsl. bi dum population as highly oxidised (H-ROS+) (99%), sur-
passing the levels observed in both sublethal- and leth@,Hreated cells (85% and 89%,
respectively). This discrepancy was attributed to a small proportion of ie-#teatedB. bi-
dum cells displaying low CRG uorescence (Figure 4.5 (A)). Subsequently, 11% and 10% of
the sublethal- and lethal 4@,-treatedB. bi dum cells, respectively, were in a lowly oxidised
state (L-ROS+), with 4% and 2%, presenting as unoxidised (L-ROS+) (Figure 4.6).

Unadapted. brevecells demonstrated lower CRG uorescence comparedt0Hreated
counterparts (Figure 4.5 (B)). However, there were no notable differences in subpopulation

densities among unadapted, sublethal-, and leth@HreatedB. brevecells.

Among the HO,-treatedBi dobacterium spp., unadapte8. animalisexhibited the ma-
jority of their population within the low-oxidised subpopulation gate (L-ROS+) (76%), as ev-
idenced by their low CRG uorescence in Figure 4.5 (C). This result is also evident in Figure
4.6. Conversely, both sublethal- and lethglQd-treated cells exhibited higher intracellular
oxidation states, whereby lethabB,-treated cells showed the highest proportion in a highly
oxidised state (H-ROS+) (98%) (Figures 4.5 (C) and 4.6).

Figure 4.6 Relative proportions of unoxidised (N-ROS), low-oxidised (L-ROS+) and highly-
oxidised (H-ROS+) subpopulations of unadapted, sublethal- and letka}tieatedBi dobac-
teriumspecies.
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4.3.4 Morphology of H,O,-treated Bi dobacterium spp.

Figure 4.7 depicts the morphological characteristics and responses of unadaptegOand H
treatedBi dobacteriumspecies. Notably, the morphological adaptations to th@Hreatment

were observed to be speci c for each species. Regardless of 4Be treatmentB. bi dum

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 contrasB. breve(Figures 4.7 (B) and (E)) aril. animalis(Figures 4.7 (C) and (F))

had relatively smoother cell surfaces. Howe®eranimaliscells, particularly the HO,-treated

cells, displayed prominent circumferential rings, as indicated in Figures 4.7 (C), anc(®- H
treatedB. bi dum cells (Figure 4.7 (D)) appeared as shorter rods than their unadapted counter-
parts (Figure 4.7 (A)). Similarly, pD,-treatedB. breveandB. animalisdisplayed shortened
rods (Figures 4.7 (E) and (F), respectively). NotablyOpttreatedB. brevecells displayed

more pronounced coccoid ends (Figure 4.7 (E)). hOpitreatedB. bi dum (Figure 4.7 (D))
andB. animalis(Figure 4.7 (C) and (F)), smooth protrusions and budding of coccoid cells were

observed.

4.3.5 Ultrastructure of H,O,-treated Bi dobacterium spp.

Figure 4.8 depicts the intracellular ultrastructure characteristics and responses of unadapted and
H,O,-treatedBi dobacteriumspecies. Overall, eadBi dobacteriumspecies exhibited a dis-

tinct reorganisation of its internal structures due to th©ktreatment. Before treatment, the
cytoplasm of unadapted cells Bf breveandB. animalisappeared more homogenous (Figures

4.8 (B) and (C), respectively), contrary Bo bi dum (Figure 4.8 (A)). However, blO,-treated

B. animalisdisplayed a consistent and smooth cytoplasmic distribution (Figure 4.8 (#)»-H
treatedB. bi dum cells had fewer ribosomes than unadapted cells (Figures 4.8 (D) and (F),

respectively), while HO,-treatedB. animalisshowed an increase in ribosomes (Figure 4.8

(F)).
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Figure 4.7 Scanning electron images of unadapted ap@HtreatedB. bi dum, B. breveandB. animaliscells.
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Figure 4.8 Transmission electron images of unadapted ag@JtreatedB. bi dum, B. breveandB. animaliscells.



4.4 DISCUSSION

Previous research demonstrated that exposure to sublethal dos#€3,derhporarily 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 concentratie® piith the aim of
permanently manifesting the induced oxidative stress response in the bacteria. This study aimed
to characterise the physiological states of thBéeobacterium species following sublethal-

and lethal HO, treatments.

4.4.1 Improved membrane integrity of HoO»-treated Bi dobacterium spp.

The ndings of membrane integrity highlight the intrinsic sensitivity&xfbi dum to environ-

mental stress factors compared to the other two species included in this studpgi®chet al.,

2022). The high proportion of damaged membranes observBdibndum was likely due to
unavoidable exposure to oxygen and mechanical damage during FC analysis (Kawasaki et al.,
2018&; Rosenberg et al., 2019).

The intact cell membranes of the majority Bf breveandB. animalisre ect their greater
intrinsic tolerance to oxidative stress, compareB.tbi dum. According to the revised classi -
cation suggested by Kawasaki et al. (28),8heBi dobacteriumspecies included in this study
are classi ed as @sensitive, whereby this bacteria is able to tolerate@ncentrations of 5%.
However, the suggested classi cation for aerotolerancBiafobacteriumdoes 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 theQd-treatedBi dobacterium
populations, compared to the unadapted cells, was likely due to modi cations in the membrane
composition resulting from the 4@, treatments. A study by Oberg et al. (2013) highlighted an
augmented incorporation of fatty acids into the lipid membrands dbbacteriumspp. in the
presence of b0, stress, a change correlated with an enhanced resiliencgdg éxposure in

a particulaBi dobacteriumstrain. The incorporation of fatty acids into the bacterial cell mem-
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brane has been shown to affect its uidity and permeability (Mohedano et al., 2022). Therefore,
it is possible that the increase in membrane integrity sOhtreatedBi dobacteriumcells in

this study was due to an enhancement of fatty acid incorporation into the cell membrane and,
subsequently, reduced membrane uidity and permeability. Furthermore, these ndings are
supported by the high S9 uorescence observedi@HitreatedBi dobacteriumcells, indicat-

ing that a bacterial cell membrane with diminished permeability effectively prevents Pl from

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

Intriguingly, the enhanced membrane integrityBobrevecells after sublethal- versus lethal
H,0O, treatments likely re ects the threshold of stress these cells can tolerate before cellular
mechanisms are overwhelmed. In contr@stanimalismight 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 le@atridatments could
be attributed to distinct genetic and physiological pathways that govern their stress response
mechanisms (Sdpping et al., 2022). For instandB, brevemight not ef ciently 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 speci ¢ adaptive capacities of each species. Nevertheless,
additional research is essential to explore and con rm the changes in membrane composition

associated with the stress adaptation treatments.

4.4.2 Oxidation states increased in pO,-treated Bi dobacterium spp.

All three Bi dobacterium spp. presented with high intracellular oxidation states, a condition
that appears to be consistent across differex@Hreatments. This consistent pattern suggests
that the oxidation state may be an intrinsic characteristic of these species rather than solely a
response to externalJd@, exposure. NotablyB. bi dum, 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 thg-€2nsitive nature oB. bi dum and underscores

its particular vulnerability to oxidative stress (Kawasaki et al., 2018 hese characteristics
emphasise the need for careful handling and speci c protective measures when conducting

research witlBi dobacteriumspp., particularlyB. bi dum.
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Interestingly, a subset of #D,-treatedB. bi dum cells exhibited a signi cantly lower in-
tracellular oxidation state. Recent work has identi ed and characterised a TrxR enzyme that
exerts BO, detoxi cation activities (Satoh et al., 2019). This suggests the possibility that the
H,0, treatment resulted in the sustained activation of this enzyme in a minor subpopulation
of B. bi dum, 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 Bf breve no distinct differences in the
intracellular oxidation states were observed between the unadapted.@netridated cells,
which may indicate effective detoxi cation mechanismsBofbreve suggesting that the cells
can effectively neutralise #0, and restore its redox balance during adaptation treatments. To
validate these preliminary observations, further research focusing on the stress response of
H,0O,-treatedB. brevecells is warranted. MoreoveB. brevemay employ alternative stress

response mechanisms that were undetectable during the FC analysis.

Overall, the unadapted. animaliscells exhibited the lowest intracellular oxidation state,
indicative of their intrinsic tolerance to oxidative stress. Likewise, Oberg et al. (2013) noted
thatB. animalissubsp.lactis BL-05 exhibited greater inducible 4@, resistance compared to
B. longumNCC2705. Such comparison underscores the variability of intrinsic and adaptive

H,0O, defences across different species and strains withiBithebacteriumgenus.

4.4.3 Morphological adaptations of HO»,-treated Bi dobacterium spp.

Speci ¢ morphological changes may be associated with the adaptive stress response and may
be evident in the FC analysis (Ruiz et al., 2007). The ndings from the SEM analysis revealed
the production and release of EVs to be consistently express&l biydum irrespective of
adaptation, which resulted in a textured surface. In line with these ndings, Bose et al. (2020)
classi ed 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 re ect 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 granulesBndobacteriumspp. grown in MRS without

a reducing agent, suggesting that the development of vesicle-like structures is integral to the
stress response mechanisnBotlobacteriumspecies. The exact composition of EVsBif-
dobacteriunspp. has not been studied intensely and requires further investigation. However,
one study found tha. longumNCC2705 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 observedinanimalisin this study
were also observed in a surface analysis conducted by Shang et al. (2013) using atomic force
microscopy (AFM) ofB. animalisRH (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 HO,-treated Bi dobacterium spp. display distinct ultrastructural adaptations

The ndings from the TEM analysis revealed that the adaptation treatment resulted in minimal
intracellular differences iB. animaliscells, although it was observed to affect the cytoplasmic
homogeneity irB. breve During the stress adaptation treatment, the cellular components in
the B. brevecells, 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 cytoplasnBobi dum 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 responsB.agcardovii(Qian et al., 2011). These results
suggest a potential role of these internal granules in the resporBebpdum to oxidative

stress, though further research is needed for clari cation and con rmation.
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4.5 CONCLUSION

The main ndings of this study highlight the species-speci ¢ adaptive mechanisnis -of
dobacteriunspp. to oxidative stress, revealing signi cant insights into their survival strategies.
The H,O,-treatedBi dobacteriumspp. show distinct patterns of membrane integrity, with no-
table improvements in resilience against oxidative damage followi@Hreatment. This is
especially true foB. bi dum, 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 str&saoimalis 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 granuBesirdum. Addition-

ally, these treatments lead to the compaction of cellular componeBtshreve all of which

are crucial adaptive responses to oxidative challenges.

Future research should delve into the effects of th®Htreatments orBi dobacterium
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-adapt&i dobacterium spp.

This study investigated the physiological and morphological characteristics, growth responses,
and kinetics of the stress-adapt&idlobacteriumspp. variants when subjected to a letha(H
challenge, with the aim of isolating variants Bf dobacteriumspp. with enhanced tolerance

to lethal levels of oxidative stress. Unadapted, sublethal and leth@}-HeatedB. bi dum,

B. breveand B. animalissubsp. animalis cells were subjected to a lethab8&, challenge
before analysis. Flow cytometry (FC) analysis using CellRG3feen (CRG) and propidium
iodide (PI) indicated that the lethabB, treatment improved membrane integrity and oxidative
stress resilience, with species-speci ¢ variatioBsanimalisshowed signi cant membrane in-
tegrity and reduced oxidation states under lethal challenge, demonstrating an innate ability to
adapt its membrane composition effectively. Growth kinetic analyses shBwa@veconsis-

tently thriving across varying $D- levels, suggesting unique resilience mechanisms, whereas
B. bi dum andB. animalisdisplayed increased growth with highes®b 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 irBi dobacteriumspp. can improve its resilience to oxidative stress during yoghurt

manufacture, with better adaptatiorBnanimalispossibly related to its genetic predisposition.

Keywords:Bi dobacteriumspp., oxidative stress response, stress adaptation, ow cytometry,

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

Bi dobacteriumspp. are natural inhabitants of the human GIT of healthy humans, making up
10 - 40% of the full microbiota composition (Arboleya et al., 2016). The incorporatid@i of
dobacteriunspp. 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 bene cial outcBmashacteriumspp.

has garnered popularity as a potential probiotic for incorporation into the formulation of new,
functional food products (He et al., 2023). As per the de nition of probioBigjobacterium

spp. need to be “live' and "administered in suf cient quantities' to be able to “confer a health
bene t to the host' (FAO/WHO, 2002; Hill et al., 2014). For probiotics to yield therapeutic
bene ts, itis 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
Bi dobacterium 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 afctobacterium spp. viability.
These stress factors that exert adverse effectBiawobacterium spp. viability include acid,
osmotic, heat, cold, and oxidative stress (Sibanda et al., 2024). As anaddbbelsacterium
spp. are intrinsically susceptible to exogenously and endogenously generated reactive oxygen
species (ROS) such ag#,. 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 bi dobacteria are unable to fully reduce oxygen into harmless compounds (Zuo
etal., 2014).

The exposure of probiotic microorganisms to stressful conditions has been observed to elicit
an adaptive response (Sigping et al., 2022). The primary response mechanisms to oxidative
stress oBi dobacteriumspp. are based on the production of enzymes that can detoxdy H
and ROS, such as AhpC and TrxR (Oberg et al., 2015pfgimg 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 adaptatioBiofiobacteriumspp. 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 lethaldd concentrations was observed in various strains

of Bi dobacteriumspp. (Oberg et al., 2011).

In the preceding chapter of this thesis (Chapter 4), the physiological, morphological and
ultrastructural characteristics Bf bi dum, B. breveandB. animalissubspanimalissubjected
to a stress adaptation treatment were assessed. Building on the ndings 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-&ialotieaic-
teriumspp. variants when subjected to a lethaldd challenge, with the aim of isolating vari-

ants ofBi dobacteriumspp. 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 wBrebi dum, B. breveandB. animalissubsp.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 HO- challenge

Cultures of unadapted, sublethal- and lethaOpttreatedBi dobacterium 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 ddbO to a cell count of 8 log CFU/mI (0.5 McFarland). Double-distilled wa-

ter (ddHO) 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 leth@,HreatedBi dobacteriumcells were
immediately stained and analysed by FC following the lethal challenge. The samples were
stained rst with 0.5mM 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 withvBpropidium 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 ow rate of 351/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 mpO}) cells of Bi dobacterium
spp., were stained separately with Pl, CRG, and CRG plus PI. The respective uorescence
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-adapteBi dobacterium variants

As the stress adaptation treatment involved tw®bltreatments (Chapter 4), a stress-adapted
variant had to be chosen for subsequent analyses based on the results from the FC analysis.
Consequently, the lethalJ®,-treated variants of all threlgi dobacteriumspecies were cho-

sen for subsequent analysis in this study and will henceforth be referred tostiedseadapted

variants

5.2.5 Growth kinetics

The growth kinetics of the unadapted and stress-adapted variaBtslobacteriumspp. were
determined by a turbidimetric method (@dan) using a microplate reader (FLUOstar Omega,
BMG LABTECH, Ortenberg, Germany). An 8 log CFU/ml (0.5 McFarland) suspension of
each unadapted and stress-ada@iedobacteriumspp. was prepared. Each bacterial suspen-
sion was inoculated (&) into wells containing anoxic MRS broth (20@) with either 0.0,

0.1 or 1.0 mM initial HO, 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 initiag®h concentrations was calculated using

the following equation:

In(OD12n=ODqn) ,
12 !

m(h 1) =

wherem s the growth ratel{ 1), OD;o, is the optical density at 12 h, and @Pis the
optical density at 0 h. An exponential growth phase was observed for all samples within the
rst 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
Bi dobacteriumspp. after 36 h of incubation. Duplicate samples were prepared and the growth

kinetics analysis was repeated onoe=(4).
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5.2.6 Electron microscopy

The unadapted and stress-ada@edobacteriumvariants were observed under a SEM and
TEM after exposure to the lethal challenge. The preparation and analysis Bf tdodac-

teriumcells 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-aBagtdc-
teriumvariants under varying $#0, 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 signi cant differences in growth kinetics amorigithe

dobacteriumspecies. A signi cance level of 0.05 was used in all analyses.

5.3 RESULTS

5.3.1 Gating for ow cytometry

The uorescence gates were set using control celB.@nimalisthat were double stained with

CRG and PI. The biplot of this gating, shown in Figure 5.1, resulted in four gates, de ned
as follows: N-ROS; PI- cells were unoxidised and maintained their membrane integrity and
viability; N-ROS; PI+ cells were classi ed as dead cells, with a complete loss of cell integrity;
ROS+; PI+ cells were classi ed as cells that in an oxidised state, exhibiting characteristics
associated with membrane damage; ROS+; PI- cells were classi ed as cells that maintained

their membrane integrity while in an oxidised intracellular state.
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The uorescence signal pro les observed in control sample8ofnimalis particularly
considering their unavoidable exposure to oxygen during analysis, served as the basis for es-
tablishing the measurement gates across all tBrelbacteriumspecies. The gating strategy
was consistently applied to FC analyse8obi dum, B. breve andB. animalisthroughout the

study.

Figure 5.1 CellRox Green and propidium iodide uorescence biplotBxfanimaliscontrol

cells. N-ROS, PI- gate represents unoxidised cells with an intact membrane, N-ROS, Pl+ gate

represents unoxidised cells with a damaged membrane, ROS+, PIl- gate represents oxidised
cells with an intact membrane, ROS+, Pl+ gate represents oxidised cells with a damaged mem-
brane.

5.3.2 Combined assessment of membrane integrity and intracellular oxidation state in

stress-adaptedBi dobacterium spp. under lethal H,O- challenge.

As observed in Figure 5.2, ea®i dobacterium species displayed a unique response to the
lethal O, challenge in terms of maintenance of membrane integrity and control of intra-
cellular oxidation state. The majority of ea8hdobacterium population presented with an
intact membrane in an oxidised state (ROS+, PI-) following the lethal challenge, except for
the unadapte®. bi dum cells (Figures 5.2 (A) and 5.3). Most of the unadapBedi dum

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 classi ed as dead cells
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resulting from ROS accumulation, as shown in Section 5.3.1. In contrg®g-tieated cells of
B. bi dum, both sublethal- and lethal J@,-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).

Figure 5.2 CellRox Green and propidium iodide uorescence biplots of unadapted, sublethal-
and lethal HO»-treatedB. bi dum, B. breveandB. animalisfollowing exposure to the lethal
H,0, challenge (1 mM HO,; 30 min). N-ROS, Pl+: Unoxidised, membrane-damaged cell
gate; N-ROS, PI-: Unoxidised, membrane-intact cell gate; ROS+, Pl+: 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 unadapt®dbrevecells demonstrated superior re-
tention of membrane integrity than their@,-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. brevecells uoresced within the (ROS+, PI-) subpopulation gate. However, the
lethal H,O,-treatedB. brevecells demonstrated greater control of intracellular oxidation state
compared to the sublethabB,-treated cells, as illustrated by the bi- uorescence of CRG and
P1 within the (N-ROS, PI-) subpopulation gate in Figure 5.2 (H).

Among the thredBi dobacteriumspp.,B. animalisretained 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 letiazHtreated
B. animaliscells (28.9% and 29.7%, respectively) presented with an unoxidised intracellular
state and intact membrane (N-ROS, PI-) (Figures 5.2 (F) and (1)), 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 HO,-treatedB. animaliscells (Figure 5.2 (1)).

Figure 5.3 Relative proportions of unoxidised, membrane-damaged (N-ROS, PI+), unoxi-
dised, membrane-intact (N-ROS, PI), oxidised, membrane-damaged (ROS+, Pl+) and oxidised,
membrane-intact (ROS+, PI-) subpopulations of unadapted, sublethal- and |gthatrgated

Bi dobacterium species following exposure to the lethap®b challenge (1 mM HO,; 30

min).
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Overall, the lethal HO,-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 sublethap®,-treated cells within eacBi dobacteriumspecies.

5.3.3 Stress response of stress-adaptBiddobacterium spp.

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

lethal H,O,-treated (hereinafter referred to as “stress-adapBidipbacteriumvariants.

5.3.3.1 Growth kinetics of stress-adapted Bi dobacterium spp.

As shown in Table 5.1B. breveexhibited the highest growth rate among the three species,
irrespective of the b0, concentration and adaptation treatméh&(0:001) (Table 5.1). Inter-
estingly, the growth rates f@&. bi dum andB. animaliswere higher in the presence of 0.1 and

1 mM H,O», than under anaerobic conditiori3€ 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 densiBy dbbacterium

spp. 0= 4)

P-Value
Source of Variation DF Growth Rate MPD!?

Main Effects
Bi dobacteriumspeciesB. bi dum, B. breve, B. animal)s 2 < 0.001 < 0.001

Adaptation Treatment (Unadapted, Adapted) 1 - < 0.001

Growth Condition (0, 0.1, 1 mM pD») 2 < 0.001 < 0.001
Interactions

Species x Growth Condition 4 < 0.001 < 0.001

IMPD = maximum population density, as indicated by the3¢\D
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Table 5.2Growth rates of unadapted and stress-adaptetbbacteriumspp. during 36 hours of incubation under 0, 0.1 and 1 mD4#

Growth rate (OD units/h)

Growth B. bi dum B. breve B. animalis

Condition Unadapted Stress Adapted Unadapted Stress Adapted Unadapted Stress Adapted
0mMH,0, 0.007°2+0.009 0.072°+0.007 0.158°+0.003 0.148°+0.001 0.006%+ 0.001 0.0462°+ 0.007
0.1 mM H0O, 0.1422+0.002 0.098°+0.013 0.16282+0.001 0.1782+0.003 0.088°+0.007 0.068°+0.036
1mMH,0, 0.15%2+0.003 0.1482+0.001 0.18%°+0.011 0.178%+0.001 0.098°+0.002 0.043% + 0.059

Lvalues are mean + standard deviatiarF(4).
Statistically signi cant differencesR < 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-addgbedum were several
folds higher under 0.1 mM $0, and 1 mM HO, concentrations than under anaerobic con-
ditions (0 mM H0O5) (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 ofB. brevewas observed to be generally greater tBabi dum andB.
animalis(P < 0:001) (Tables 5.1 and 5.3). When considering the impact of g@HKoncen-
trations, Table 5.3 shows that the MPDs for Bildobacteriumspp. were higher under both
0.1 and 1 mM HO, concentrations than under anaerobic conditidhs (0:05), particularly
for B. bi dum andB. breve(P < 0:05) (Table 5.1). In contrasB. animalisgenerally displayed
a lower MPD tharB. bi dum andB. 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-adaptd®l dobacteriumvariants. However, this increase was signi cat( 0:005)

only for B. bi dum andB. animalisunder an anaerobic environment (Tables 5.1 and 5.3).

5.3.3.2 Morphology of stress-adapted Bi dobacterium spp. under lethal challenge

From Figure 5.4, it is clear that the morphological responseBi dbbacterium spp. to the

lethal oxidative stress were observed to be species-dependent. After exposure to the lethal
challenge, distinct morphological changes were observed amorij ttabacteriumspecies.
(Figure 5.4). Most signi cantly, both unadapted and stress-adaptdatevecells displayed

clear cell rupture and shrinkage, indicating complete cell envelope collapse, as seen in Figures
5.4 (B) and (E), respectively. However, stress-adaptednimalis(Figure 5.4 (C)) displayed
similar damage but to a lesser extent (Figure 5.4 (F)). The unadapted d®llsrelvedeveloped

larger cellular pores and signi cantly collapsed cell walls (Figure 5.4 (B)). Furthermore, in

B. bi dum, there was an enhancement in EVs production (Figure 5.4 (A)), more so in the

unadapted. bi dum cells (Figure 5.4 (D)).
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Table 5.3MPD of unadapted and stress-adapBedobacteriumspp. during 36 hours of incubation under 0, 0.1 and 1 M4t

Maximum Population Density (ODsgh)

Growth B. bi dum B. breve B. animalis

Condition Unadapted Stress Adapted Unadapted Stress Adapted Unadapted Stress Adapted

OmMH,0, 0.1422+0.028 0.536°+0.245 0.785°+0.015 0.758°C+0.044 0.2492+0.027 0.576°°+ 0.041
0.1 mM H,0, 0.70F2d+ 0,014 0.63239+0.208 0.8242¢+ 0.013 0.94B°°+ 0.046 0.37609€+0.043 0.55%¢+ 0.055
1mMH,O, 0.71P2€+0.016 0.729%¢+0.048 0.9472°+(0.012 1.14BPc+0.353 0.3179+0.060 0.5329€+ 0.038

Values are mean + standard deviatiarF(4).
Statistically signi cant differencesR < 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 thesgD
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Figure 5.4 Scanning electron images of unadapted (A-C) and stress-adaptedBDbFjum (A and D), B. breve(B and E) and. animalis(C
and F) cells after exposure to lethal challenge (1 mpO] 30 min).
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