




 

 26 

of this group (49). Fermentation through the “bifid shunt” provides an advantage 

for bifidobacteria over, for example, lactic acid bacteria, as it yields 2.5 moles of 

ATP, 1.5 mole of acetate and 1 mole of lactate from every 1 mole of fermented 

glucose (50). The ratio of lactate to acetate may depend on the specific 

carbohydrate being metabolised, and on the bifidobacterial species. In addition, it 

has been shown that rapid fermentation of carbohydrates results in the production 

of substantial amounts of lactate, whereas acetate, formate and ethanol 

production increases when carbohydrates are degraded at a slower rate (51).  

The produced SCFAs are believed to be beneficial to the host. They provide around 

10% of the daily caloric requirement and are used as energy source by colonocytes 

and hepatocytes (52, 53).  In addition, SCFAs modulate the development and 

function of intestinal epithelial cells and cells of the innate and adaptive immune 

system, including neutrophils, macrophages and T cells, through activation of G 

protein coupled receptors (54). Additionally, SCFAs stimulate adsorption of sodium 

and water in the colon and are known to induce enzymes promoting mucosal 

restitution (53). Furthermore, they can be used as co-substrates in the production 

of butyrate by other colonic bacteria through cross-feeding interactions (55). These 

kinds of interactions have been suggested to favour the co-existence of specific 

Bifidobacterium species and strains with other bifidobacteria and with butyrate-

producing bacteria, e.g. Faecalibacterium prausnitzii and Roseburia species, in the 

colon (38, 55). 

Approximately half of the genes functionally annotated as involved in carbohydrate 

metabolism in each bifidobacterial genome have been estimated to take part in 

carbohydrate uptake, as either ABC transporters, permeases or proton symporters 

(56). The uptake of most of the complex sugars is thought to be facilitated through 

the ABC transporter system, and only a small number of the carbohydrates 

fermented by bifidobacteria are believed to be transported via PEP-PTS system 

(57). Following internalization, complex carbohydrates can be hydrolysed, 

phosphorylated, deacetylated and/or transglycosylated by specific intracellular 

enzymes (56). 
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Figure 1.3 A representation of carbohydrate degradation through the “bifid shunt” in bifidobacteria. 
Reproduced from O’Callaghan and van Sinderen, 2016, Frontiers in Microbiology, DOI: 
10.3389/fmicb.2016.00925 (45), with the permission from Frontiers under the Creative Commons 
Attribution License. 

 

Glycosyl hydrolases (GHs) appear to be the most prevalent and critical group of 

carbohydrate-modifying enzymes for bifidobacteria (38). In general, their mode of 

action involves hydrolysing the glycosidic bond between two or more sugars, or 

between a sugar and a non-sugar moiety in the presence of water (42, 48). 

However, when a high concentration of sugar is used in the reaction, specific GHs, 

termed retaining glycosyl hydrolases, can use the carbohydrate molecule as an 

acceptor molecule instead of water, which results in the exchange of the sugar 

residues, and can lead to formation of new oligosaccharides with a higher degree of 

polymerization (transglycosylation reaction) (Figure 1.4) (42).  
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Figure 1.4 A representation of hydrolysis (A) and transglycosylation (B) reactions performed by 
glycosyl hydrolases.  
Reproduced from Pokusaeva et al., 2011, Genes & Nutrition, DOI: 10.1007/s12263-010-0206-6 (39), 
with the permission obtained from Springer Nature through Copyright Clearance Center’s RightsLink® 
service. 
 

The analysis of the bifidobacterial pan-genome, based on 47 Bifidobacterium type 

strains, and subsequent classification according to the Carbohydrate Active 

Enzymes (CAZy) system have revealed that members of the genus Bifidobacterium 

encompass one of the largest predicted glycobiomes among known gastro-

intestinal commensals (38). In total, 3,385 genes have been identified that 

represent carbohydrate-active enzymes, including 57 families of glycosyl hydrolases 

(GHs), 13 families of glycosyl transferases (GTs), and 7 families of carbohydrate 

esterases (CEs). The genus Bifidobacterium have been shown to possess an 

extensive repertoire of enzymes belonging to GH13, GH43, GH3 and GH51 families 

(2.0 fold-, 2.6 fold-, 5.8 fold-, 7.0 fold more, respectively, compared to the average 

GH arsenal of the gut microbiome), along with Bacteroides spp. (Bacteroidales 

family) and members of the Clostridiales family (38) . The enzymes belonging to 

GH13 family of glycosyl hydrolases have been found to dominate in the 

bifidobacterial glycobiome. These enzymes have the capacity to hydrolyse a wide 

range of complex plant-derived carbohydrates, such as starch and related 

substrates (e.g. amylose and maltodextrin), as well as palatinose, stachyose, 

raffinose, and melibiose, which are commonly present in the adult mammalian diet 

(58).  

In addition, the bifidobacterial glycobiome has been shown to comprise members 

of GH families crucial for host glycan breakdown, for example those of families 

GH33 and GH34 (exo-sialidases), family GH29, which encompasses a-fucosidases, 
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as well as family GH20, which includes enzymes with hexosaminidase and  

lacto-N-biosidase activities (38). An example of host-produced glycans metabolised 

by bifidobacteria are human milk oligosaccharides (HMOs), which are present in 

human breast milk, but are not utilized by the infant host. Genomic analysis of a 

typical faecal isolate from breast-fed infants, B. longum subsp. infantis (B. infantis), 

has revealed the presence of a 43-kb gene cluster predicted to encode GHs and 

carbohydrate transporters necessary for the import and metabolism of HMOs, 

including a-fucosidases, sialidases and β-galactosidases, as well as secreted solute 

binding proteins and permeases (33, 59, 60)  

The evaluation of the bifidobacterial GH repertoire also involved the clustering of 

bifidobacterial species and subspecies based on their predicted GHs and 

carbohydrate degradation pathways (38). This analysis has allowed the 

identification of three distinct groups, which the authors designated GHP/A, GHP/B, 

and GHP/C. Group GHP/A has been found to encompass bifidobacterial species and 

subspecies with a considerable range of predicted GH43 family members. These 

enzymes are involved in the breakdown of complex plant glycans such as xylan and 

arabinoxylans, which represent substantial components of plant cell wall-derived 

dietary fibres. This suggests that members of the group GHP/A have evolved 

adaptations to hosts with vegetarian or omnivorous diet (38). Members of the 

second group, GHP/B, have been shown to have a limited number of enzymes 

belonging to families GH43 and GH3, with members of the latter family involved in 

the bacterial cell wall biosynthesis and hydrolysis of such sugars as cellodextrin, 

(arabino)xylan and (arabino)galactan. This indicates adaption to an omnivorous 

host for members of this group (38). Finally, bifidobacterial taxa isolated from social 

insects clustered to form the GHP/C group and have been found to have a distinct 

set of enzymes belonging to GH43 and GH3 family, but a limited repertoire of GH13 

family.  

Part of the predicted bifidobacterial glycobiome has been found to be extracellular 

and involved in the degradation of polysaccharide polymers too large to be 

internalized. Approximately 11% of the total GH repertoire has been estimated to 

be located extracellularly. The extracellular GHs encompass members of the GH13 
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family (annotated as pullulanases and α-amylases), members of the GH43 family  

(β-xylosidases and α-L-arabinofuranosidases), and members of the GH51 family  

(α-L-arabinofuranosidases). Predicted secreted GHs have been found to be present 

in 43 out of 47 recognised species and subspecies of the genus Bifidobacterium.  

The genomes of B. biavatii, Bifidobacterium scardovii, and B. bifidum have been 

found to encompass the highest number of extracellular enzymes. Interestingly, the 

genome of B. bifidum has been predicted to include members of GH83 and GH33, 

which are putative sialidases. This finding has suggested advanced genetic 

adaptation of B. bifidum to the mammalian gut, as sialidases are crucial for the 

degradation of HMOs and intestinal glycoproteins, such as mucin (61, 62). However, 

B. bifidum has been shown to be unable to use sialic acid as its sole carbon source 

thus the activity of sialidases has been suggested to provide access to other 

carbohydrates associated with sialylated host glycans (63). In addition, it has been 

proposed that sialic acid released as a result of sialidase activity can be utilised by 

other bifidobacteria, for example B. breve, in cross-feeding interactions (63, 64). 

 

1.6 Bifidobacterium as members of the wider gut microbiota of humans 
 

Infancy lasts from birth to approximately two years of age and is characterised by 

rapid growth, development and maturation of organs and systems (65). It has been 

well recognised that the numbers of bifidobacteria in humans decrease over 

lifetime, however the observations on bifidobacterial abundance and species 

diversity during infancy have not been consistent (66). Findings from a number of 

studies have indicated that members of Bifidobacterium dominate the infant gut 

microbiota (67, 68), however, other reports have shown fluctuations in numbers of 

these bacteria, including very low abundance or even absence in particular 

individuals (66, 69, 70). These inconsistent results could potentially be explained by 

variation in cohort age, size, geographical location or methodology between 

studies, including differences in experimental protocols, sequencing technology and 

data analysis. For example, the accuracy of studies based on the identification of 

the 16S rRNA gene strongly depends on the choice of primers and the balance 
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between efficiency, specificity and sensitivity in the targeting of the different 

bacterial 16S rRNA gene sequences in samples (71). Overall, B. longum subsp. 

infantis, B. longum subsp. longum and B. bifidum have been indicated to dominate 

the infant microbiota, while B. adolescentis and B. longum subsp. longum have 

mainly been associated with the “adult” gut (72). The results of a longitudinal study 

that followed Japanese infants during the first three years of life showed that at the 

age of 3, B. longum and B. breve followed by Bifidobacterium catenulatum and B. 

bifidum constituted the predominant Bifidobacterium species in the microbiota 

(66). Another investigation of healthy Japanese adults revealed that the 

bifidobacterial community was dominated by B. longum, B. catenulatum and B. 

adolescentis (73). These findings suggested that at the age of 3, the Bifidobacterium 

population is in transition and stabilises later in life (66). 

 

1.7 Diet and early life development 
 

According to the concept of “nutritional programming”, first introduced in the early 

1990s, the quality and the quantity of nutrients consumed by infants during the 

first year of life can permanently affect, or “programme” the early-life 

developmental outcomes (74). It has been proposed that exposure to specific 

stimuli or insults during infancy, considered a critically important period of 

development, can exert long-lasting effects on the host. 

The scientific evidence gathered over the years linking nutrition in early life to 

health in adulthood, was the basis for health promotion and the establishment of 

nutrition programmes around the world. In their 2009 report, the British Medical 

Association Board of Science (75) recognised the importance of infant nutrition and 

its association with the lifelong health. The 2011 report of the UK Scientific Advisory 

Committee on Nutrition (76) recommended the optimisation of the diet and the 

body composition of young women, and the promotion and support of 

breastfeeding, based on the compelling evidence for a role of early-life nutrition in 

modulating risk of such medical conditions as coronary heart disease, type-2 

diabetes, osteoporosis, asthma, lung disease and certain types of cancer. 



 

 32 

More recently, additional evidence has been provided linking balanced  

co-maturation of the gut microbiota and the host with infant wellness and 

development, resulting in lifelong health benefits. It is now well established that 

diet, along with factors such as genetics, mode of birth and antibiotic use, plays a 

significant role in shaping bacterial communities across different body sites. 

Crucially, establishment of the early life microbiota within the infant 

gastrointestinal tract drives key aspects of host development, occurring alongside 

host growth and immune development (77-80). Notably, recent studies have 

associated the composition of the gut microbiota with the risk of developing a 

number of chronic diseases, including type-2 diabetes (81, 82) cardiovascular 

disease (83), and cancer (84, 85).  

 

1.8 Diet as a factor modulating the gut microbiota development – an 
overview 

 

Diet has been proposed to be one of the major factors modulating the 

development of human microbiota. The type of feeding (breast vs formula) and the 

time of the introduction of solid foods (86) were suggested to be crucial to 

maturation of the early life microbial communities. The infant gut microbiota is 

highly unstable until the age of 2-3, when it reaches composition similar to that of 

an adult. Compared to infants, adults harbour a “hardier” microbiota, which is not 

as prone to external factors that might cause large changes in its structure, 

however, recent studies have shown that changes in diet can lead to temporary 

microbial shifts within hours even in adults (87). These finding are in line with the 

replacement of milk-based diet with one that is more diverse and based on solid 

foods during weaning (86).  

Transition from breastfeeding to a more complex diet, coupled with the 

introduction of complementary foods is considered to lead to an overall increase in 

the bacterial diversity in the infant gut, with the establishment of Firmicutes and 

Bacteroidetes as dominant phyla (88-90). Thompson et al. (91) compared the 

composition of the microbiota between infants that were exclusively breast-fed and 
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those that were non-exclusively breast-fed during weaning and found differences in 

bacterial diversity between these two groups. Species such as Veillonella, 

Roseburia, and members of the Lachnospiraceae family were found present in 

exclusively breast-fed infants following the start of complementary feeding, while 

Streptococcus and Coprobacillus were identified in non-exclusively breast-fed 

infants after solid foods were introduced. Interestingly, an increase in the relative 

abundance of Bifidobacterium during complementary feeding was observed in  

non-exclusively breast-fed infants, while the relative abundance of this genus in the 

exclusively breast-fed infants showed a decrease. These results may indicate 

differential modulatory effects of starches and other complex carbohydrates 

introduced in diet during weaning (91).  

Several studies have reported shifts in the composition of the infant microbiota 

during the complementary feeding period in late infancy (+9 months). In line with 

previous studies (70, 92), Laursen et al. (90) have shown an increase in the relative 

abundance of families Lachnospiraceae, Ruminococcaceae, Eubacteriaceae, 

Rikenellaceae, Sutterellaceae, and a decrease in Bifidobacteriaceae, 

Actinomycetaceae, Veillonellaceae, Enterobacteriaceae, Lactobacillaceae, 

Enterococcaceae, Clostridiales incertae sedis XI, Carnobacteriaceae, and 

Fusobacteriaceae in infants over time. The overall increase in the bacterial diversity 

during weaning has been linked to functional changes in the microbiome. The 

results of the analysis of predicted metabolic pathways between infants that were 

exclusively and non-exclusively breast-fed indicated a higher abundance  of genes 

encoding sugar transporters in breast-fed infants compared to those that were not 

exclusively breast-fed, which can possibly be linked to the abundance of HMOs in 

the diet of breast-fed infants (91). In contrast, infants that were non-exclusively 

breast-fed showed an enrichment in genes involved in nitrogen and methane 

metabolism, as well as peptidases, which could potentially be attributed to the 

higher protein content in their diet (91). 

The transition from milk-based diet to solid foods has been considered to initiate 

the development of a more stable, and functionally more complex, adult-like 

microbiome harbouring genes involved in the degradation of complex 
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carbohydrates, starches, and xenobiotics, as well as vitamin production (88). 

Several studies reported increased total levels of SCFAs during weaning, in 

particular butyrate and propionate, which has been associated with an increase in 

abundance of Firmicutes and Bacteroidetes (88, 92). Widely reported increase in 

the abundance of members of family Lachnospiraceae and a decrease in 

saccharolytic Bifidobacterium associated with the introduction of complementary 

feeding have been correlated with the increased protein content of the diet, while 

higher numbers of Prevotellaceae have been linked to the presence of fibre in 

complementary foods (93).  

 

1.9 Prebiotics and their role in optimising early life nutrition 
 

The manipulation of the intestinal microbiota for health improvement is currently 

being investigated worldwide. The introduction of specific dietary components i.e. 

prebiotics, with the potential to preferentially “feed” and act upon beneficial 

members of the gut microbiota is one widely used approach. Gibson and Roberfroid 

(94) first introduced the concept of prebiotics, and defined them as “non-digestible 

food ingredients that beneficially affect the host by selectively stimulating the 

growth and/or activity of one or a limited number of bacteria in the colon, thus 

improving host health”. In 2010, the International Scientific Association for 

Prebiotics and Probiotics (ISAPP) updated this definition to incorporate the 

functional aspect of these substances and described them as “selectively fermented 

ingredient that results in specific changes in the composition and/or activity of the 

gastrointestinal microbiome, thus conferring benefit(s) upon host health” (95). 

Bindels et al. (96) have suggested an even more comprehensive definition: “a non-

digestible compound that, through its metabolization by microorganisms in the gut, 

modulates composition and/or activity of the gut microbiome, thus conferring a 

beneficial physiologic effect on the host”. The newest definition of prebiotics 

accommodates scientific considerations and reflects its importance for regulatory 

bodies, industry, and consumers worldwide (97, 98). According to Bindels et al. 

(96), all well-known prebiotics are complex carbohydrates. Other nutrients, for 

example bioactive secondary plant metabolites such as polyphenols, may also have 
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prebiotic properties. Since prebiotics are stable compounds, they can easily be 

added to different types of food, such as yogurt, ice cream, biscuits, breads, cereals, 

spreads and drinks (99). To be classified as a prebiotic, a compound needs to fulfil 

the following criteria (i) it needs to resist gastric acidity, degradation by mammalian 

digestive enzymes, and gastrointestinal absorption; (ii) it has to be metabolised by 

intestinal bacteria; and (iii) it needs to selectively stimulate the growth and/or 

activity of intestinal bacteria linked with health and well-being (100). 

To date, a number of prebiotics originating from different sources and displaying 

various chemical properties have been named, reviewed and classified based on a 

set of common criteria (101). Examples will be discussed in more detail below, but 

briefly; properties of breast milk-derived HMOs as first prebiotics available to 

infants have been widely recognised (102-104). Other well-established compounds 

with prebiotic properties include inulin, fructo-oligosaccharides (FOS), galacto-

oligosaccharides (GOS), and lactulose, while isomalto-oligosaccharides (IMO), xylo-

oligosaccharides (XOS), and lactitol are categorised as emerging prebiotics (101, 

105-108). Inulin-derived FOS from chicory root, as well as wheat bran-derived XOS 

and arabinoxylo-oligosaccharides (AXOS) have been shown to have applications in 

human and animal welfare (109, 110). Mannitol, maltodextrin, raffinose, lactulose, 

and sorbitol have been identified to exert beneficial effects on members of the 

human gut microbiota, including promotion of growth and production of 

antimicrobial compounds (111-113). In addition, resistant starches and other 

dietary fibres, such as beta-glucan and guar gum, can be degraded by intestinal 

bacteria to SCFAs, which indicates potential prebiotic application of these 

compounds in promoting human well-being (114-116).  

 

1.10 Breast milk: gold standard infant nutrition and a source of beneficial 
microbes 

 

Human milk is perfectly adapted to neonatal nutritional requirements and supports 

infant growth and development. Hence, it has been considered the gold standard 

for infant nutrition during the first months of life (117, 118). Breastfeeding drives 

beneficial microbial, metabolic and immunological programming, and thus 
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represents a key postnatal link between mother and infant (119-121). A large 

number of biologically active components are present in human milk, including 

immunoglobulins, chemokines, growth factors, cytokines, bioactive lipids, 

oligosaccharides, microRNAs, hormones, immune cells and microorganisms (120, 

122-124). Crucially, breastfeeding has been linked to decreased risk for numerous 

diseases, which has been attributed to differences in immune system development 

(124, 125). Biologically active factors in human milk have been shown to directly 

impact immune responses (124, 126). Milk glycoproteins have been reported to 

prevent intestinal pathogens, such as Vibrio cholerae and Escherichia coli, from 

colonising (127). Human milk oligosaccharides have been shown to prevent 

attachment of respiratory pathogens, such as Streptococcus pneumoniae, to 

respiratory epithelium (128). In particular, lacto-N-neotetraose and lacto-N-

tetraose have been proposed as receptors for attaching pneumococci, with the 

disaccharide GIcNAcβ1à3Galβ identified as the principal binding site (129). HMOs 

have also been found to directly interact with glycan-binding proteins expressed on 

the epithelial cells and cells of the innate immune system (130). For example, 2ʹ-

fucosyllactose (2’-FL) has been reported to bind human DC-SIGN (Dendritic cell-

specific intercellular adhesion molecule-3-grabbing non-integrin), a C-type lectin 

receptor present on the surface of macrophages and dendritic cells (131). Breast 

milk components have also been found to facilitate the establishment of early 

bacterial colonisers which further modulate immunity and enhance the synthesis 

and secretion of polymeric IgA, the coating antibody that protects mucosal surfaces 

against bacterial invasion, and helps drive homeostatic immune cell programming 

including the balance between Th1 vs. Th2 responses. Notably, unbalanced 

immunological T helper cell responses (Th1 > Th2 or Th2 > Th1) have been 

associated with certain clinical outcomes, such as atopic disease (Th2 imbalance) 

and Crohn's disease (Th1 imbalance) (126).  

The dogma that breast milk is sterile was challenged after viable bacteria were 

isolated from breast milk samples obtained from healthy women (132, 133). 

Traditional culture methods have reported the presence of lactic acid bacteria with 

potential beneficial or “probiotic” properties such as Lactobacillus, Lactococcus, 
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Leuconostoc, and also in some cases Bifidobacterium, as well as other bacteria 

including Streptococcus, Enterococcus and Staphylococcus (132-135). Studies 

involving sequencing have indicated high microbial diversity, and detected bacteria 

that typically inhabit the oral cavity, such as Veillonella and Prevotella, skin bacteria 

such as Staphylococcus and Propionibacterium, lactic acid bacteria, including 

Enterococcus, Streptococcus, Leuconostoc and Weissella, and Gram negative 

bacteria, such as Pseudomonas, Ralstonia, and Klebsiella, with high inter- and intra-

individual specific profiles (134, 136-141). Breast milk, the maternal gut and infant 

faeces and oral samples have been reported to share specific bacteria or bacterial 

DNA (133, 142-145), including specific strains belonging to Bifidobacterium and 

Staphylococcus spp. (142, 146-148). These findings support the notion of vertical 

transmission of breast milk bacteria to the infant gut, whose roles likely include 

enhancement of the development of the early life immune system, maintenance of 

tolerance to commensal microbial members, and intestinal host defence to 

pathogens. Currently there is limited evidence with regard to the potential effect of 

breast milk microorganisms on infant health, but it has been speculated that they 

may act as key early life colonisers, and help to shape the developing mucosal 

immune system (123, 149, 150). More specifically, the breast milk bacterial 

communities may promote intestinal immune homeostasis, encouraging a shift 

from the predominant intrauterine T helper cell 2 (Th2) immune milieu, to a 

Th1/Th2 balanced response, and to trigger regulatory T cell differentiation (123, 

151). 

 

1.11 Breast milk “feeds” specific members of the infant gut microbiota  
 

Maternal breast milk acts as a natural prebiotic and feeds certain bacterial strains 

and species of the gut microbiota during the early life developmental window. 

Particular breast-milk components, e.g. HMOs, are poorly digested by the infant but 

are suitable growth substrates mainly for Bifidobacterium, but also a few strains of 

Bacteroides and Lactobacillus that can enzymatically degrade these complex dietary 

components. The term “human milk oligosaccharides” collectively refers to non-

digestible carbohydrates with the degree of polymerisation (DP) equal or above 3, 
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that are the third most abundant component of breast milk after lactose and lipids 

(152). More than 200 different HMOs can be found in the milk of a single mother, 

each composed of a common lactose reduced end linked to N-acetyllactosamine 

(Galβ1-4GlcNAc) or lacto-N-biose I units (LNB) (Galβ1-3GlcNAc) (153). Several 

HMOs comprise the major types in breast-milk, for example 2’-FL and  

lacto-N-tetraose (LNT). These structures can additionally be sialylated or/and 

fucosylated. HMO fucosylation depends on the presence of functional enzymes, 

fucosyltransferases, in the mother’s mammary glands, which is regulated by Lewis 

and secretor genes (153, 154).  

Predominance of Bifidobacterium in the gut microbiota during infancy and lower 

overall bacterial diversity have been associated with nutrient availability. The high 

abundance of Bifidobacterium in breast-fed infants has been linked to the 

enrichment of members of this genus in genes required for the degradation of 

HMOs (70, 155). Several infant gut-associated Bifidobacterium species have been 

found to harbour genes encoding enzymes necessary for the metabolism of HMOs, 

including B. breve, B. bifidum, B. longum subsp. longum (B. longum), B. longum 

subsp. infantis (B. infantis), and more rarely Bifidobacterium pseudocatenulatum 

(59, 156-158). Strategies for HMO degradation vary among Bifidobacterium species, 

and the metabolic capabilities for HMOs within the species are strain specific. 

Overall, conserved consumption of HMOs has been attributed to B. bifidum and  

B. infantis, while more variable and strain-dependent degradation of these 

carbohydrates has been demonstrated in B. breve and B. longum (152, 159).  

Recent experimental evidence has suggested that bifidobacteria utilise two main 

strategies for HMO metabolism (152, 160). The first one relies on presence of 

functional membrane-associated extracellular glycosyl hydrolases, lacto-N-

biosidases. These enzymes hydrolyse HMOs, particularly LNT, into mono- and 

disaccharides, which are then imported into the cell by solute binding proteins 

(SBP) (159). This strategy seems to be widely employed by B. bifidum, but also by 

those B. longum strains that harbour the gene encoding lacto-N-biosidase (LnbX) 

(152, 160). The second strategy relies on the SBP-mediated import of intact HMOs 

inside the cell and their degradation by intracellular glycosyl hydrolases, including 
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for example α-fucosidases, sialidases, β-galactosidases and  

β-N-acetylhexosaminidases with affinities for a wide spectrum of milk 

oligosaccharides (159). This mode of action has been demonstrated in B. infantis,  

B. breve and those B. longum strains that are LnbX-negative (152, 160).  

Certain Bifidobacterium members, for example B. bifidum, seem to only partially 

degrade HMOs, which raised a question of possible cross-feeding within infant-

associated Bifidobacterium communities (161). Gotoh et al. (152) found that wild-

type strain of B. longum 105-A (LnbX-positive), which showed very limited growth 

on LNT in mono-culture, grew very well in co-culture with an extracellular HMO 

degrader B. bifidum. In addition, supplementation of B. bifidum in HMO-containing 

stool cultures stimulated the growth of other Bifidobacterium species, especially in 

samples which did not initially contain B. bifidum. Most recently, our own results 

suggested similar co-operation between HMO degraders that employ the 

intracellular degradation system and other members of Bifidobacterium community 

(162). We demonstrated that conditioned media from B. longum grown on 2’-FL 

used as a carbon source for other non-HMO degrading Bifidobacterium strains 

could support growth of other isolates within the same infant host. These results 

were further confirmed in co-culture experiments. Altogether, these results suggest 

that bifidobacterial degradation products resulting from HMO metabolism may 

influence the acquisition and abundance of Bifidobacterium in an ecosystem (152, 

162). 

Previous studies have indicated that members of genus Bifidobacterium strongly 

modulate specific immune cells and pathways. Acquisition of specific strains and 

species of Bifidobacterium seem to correlate with a critical period of immune 

maturation and programming. It has been shown that the metabolism of maternal-

derived glycans, i.e. HMOs, by Bifidobacterium results in increased levels of SCFAs, 

in particular acetate (162-164). These compounds have been reported to play 

regulatory roles within the gut-associated mucosal immune system. They have also 

been found to provide energy to epithelial cells, which in turn helps maintain the 

coherence of tight junctions and the intestinal barrier, thus providing mechanisms 

of defence against pathogens. SCFAs have also been implicated in regulating 
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mucosal cells of the innate immune system such as macrophages or dendritic cells, 

as well as neutrophils, and the antigen-triggered adaptive immunity activities 

mediated by T and B lymphocytes (165-168). 

1.12 The formula effect: impact on the infant gut microbiota  
 

Factors such as mode of birth (i.e. vaginal delivery vs. Caesarean-section), antibiotic 

treatment, and skin-to-skin contact determine the composition of early life 

microbiota and the resulting gastrointestinal function (93, 169). However, the 

infant diet is proposed to play a major role and induce the most significant changes. 

Over the years, numerous studies have reported notable differences in the 

composition of intestinal microbiota between breast- and formula-fed infants (92, 

170-174). Compared to breast-fed infants, formula-fed infants are characterised by 

an overall higher microbial diversity, elevated levels of potentially pathogenic 

organisms, such as Escherichia coli and Clostridioides difficile and reduced levels of 

beneficial Bifidobacterium (70, 175, 176).  

Formula feeding has been linked to increased risk for a number of diseases in 

adulthood, attributed to microbiota profiles and the previously mentioned 

development of the immune system in early life (125). Numerous epidemiological 

studies have suggested that the type of feeding in infancy may contribute to 

obesity or the development of type-2 diabetes later in life (177-180). Some studies 

have also suggested an increased risk of high blood pressure (181) and high 

cholesterol (182, 183).  

Over the years, improved formulations of infant formulas have been researched, 

designed and produced as an alternative to breast milk. These products must 

contain water, carbohydrates, protein, fat, vitamins and minerals in adequate 

proportions (184). The composition of infant formulas is tightly regulated, and 

manufacturers around the world are obliged to follow guidelines set by government 

agencies (184). All major components (protein, lipids, carbohydrates) added to the 

formula must have a proven history of safe use (185). Fructose should be avoided 

as a carbohydrate source, as it may lead to fructose intolerance in infants, and only 
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the L forms of amino acids are approved as ingredients, as D forms may cause  

D-lactic acidosis (186). Further, hydrogenated fats are also not allowed, nor is the 

use of the ionizing radiation on the product (187).  

Currently available infant formulas can be grouped in three major classes: cow-milk 

based formula, soy-based formula and specialized formula. They differ in nutritional 

and caloric values, taste, digestion, and cost. Special formulas have been designed 

and are available to meet needs of infants with intolerances, where rice, amino 

acids and extensively hydrolysed whey or casein proteins have been used as cow’s 

milk substitutes (184). HMOs are characteristic of human milk and are not present 

in the same composition in animal milk nor plant proteins that are normally used as 

the basis for formula (188). Synthesising HMOs is expensive, therefore formula 

supplementation with compounds that might mimic some of the HMO functions 

described above has been widely investigated in the recent years. Affordable  

non-digestible carbohydrates (NDC) that have been used for this purpose include 

galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS) and pectin oligomers 

(POS) (189). 

 

1.13 Optimisation of infant formulas with pre- and probiotics  
 

Galacto-oligosaccharides (GOS): are produced by microbial glycosyl hydrolases by 

the transglycosylation of lactose and are comprised of galactosyl residues ranging 

from 2 to 10 units, and a terminal glucose linked by β-glycosidic bonds, whose type 

is determined by the source of enzyme (190). The β-glycosidic linkages are resistant 

to the action of gastrointestinal enzymes, which allows GOS to reach the colon and 

undergo degradation by bacteria (191). 

Positive effects of adding GOS to the formula on the numbers of bifidobacteria and 

lactobacilli have been shown previously. Ben et al. (192) and Fanaro et al. (193) 

have reported that feeding formula supplemented with GOS to infants increases 

the numbers of Bifidobacterium spp. after 3 months, compared to infants fed 

unsupplemented formula. Using an in vitro model of the proximal colon,  
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Maathuis et al. (194) showed that representatives of genera Bifidobacterium and 

Lactobacillus, namely B. longum, B. bifidum, B. catenulatum, Lactobacillus gasseri, 

and Lactobacillus salivarius directly degraded GOS. Other bacteria, including 

members of Bacteroidetes and Firmicutes could also ferment these carbohydrates, 

but to a lesser degree (194). In another study, Watson et al. (195) have 

demonstrated that particular strains of bifidobacteria and lactobacilli can 

selectively metabolise GOS in vitro. Sierra et al. (196) conducted a clinical trial, 

whose results have indicated a significant increase in the proportion of acetic acid 

and the decrease in butyric acid in infants fed with formula supplemented with 

GOS. This pattern is similar to that described in breast-fed infants and can be 

correlated with higher abundance of Bifidobacterium. Further, the same study has 

shown that a significantly higher proportion of infants fed the GOS-containing 

formula were colonised with B. adolescentis at 4 months of age (196). 

Fructans: are polymers, whose structure consists of a linear chain of fructose units 

with a terminal glucose. The chains are linked by β-glycosidic bonds, which make 

these carbohydrates resistant to digestive enzymes (190). Chains vary in length 

between specific fructans and can contain up to 200 residues. Fructans are 

heterogeneous and have been organised into subclasses based on the length of 

chain; short-chain fructo-oligosaccharides (scFOS) with 3 to 5 residues per chain, 

fructo-oligosaccharides (FOS) containing 6 to 10 residues, and structurally similar 

inulin and levan with a DP ranging from below 10 to 200 residues (190). Short-chain 

FOS and FOS are produced by transfructosylation of sucrose from sugar beet. They 

can also be directly extracted from such plants as onions, garlic, wheat and 

bananas. Additionally, fructans can be commercially produced by enzymatic 

digestion of long-chain inulin (190).   

Bifidobacteria and lactobacilli have been shown to selectively metabolise scFOS and 

fructo-oligosaccharides in vitro. Marx et al. (197) have demonstrated that particular 

strains of B. adolescentis, B. longum, B. breve and B. pseudocatenulatum are 

capable of metabolising FOS. Interestingly, B. adolescentis demonstrated the best 

growth, the highest degree of acidification and was the only strain capable of 

degrading both short- and long-chain FOS. Growth of other strains either slowed or 
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stopped once short-chain fructans were consumed. Rossi and co-workers (198) 

screened a significant number of human- and animal-associated Bifidobacterium 

strains for growth on FOS (n=55), and concluded that while all strains fermented 

fructo-oligosaccharides, most of them could not degrade inulin. In line with 

previous studies, tested Bifidobacterium strains showed preference for scFOS as a 

substrate. Similarly, Kaplan and Hutkins (199) have assessed the ability of different 

strains of lactobacilli to ferment scFOS, and found that the majority of tested strains 

were able to ferment scFOS to SCFAs.  

Studies looking at the effects of fructan supplementation on the composition of the 

gut microbiota in both infants and adults have associated fermentation of FOS, or 

mixtures of FOS and GOS, with increased numbers of beneficial bacteria, namely 

genera Bifidobacterium and Lactobacillus, and a decrease in abundance of 

potentially pathogenic bacteria, such as Clostridium perfringens and E. coli (200-

203). These results have been explained by the increased production of SCFAs as a 

result of fructan degradation. SCFAs lower pH in the gut, which in turn inhibits the 

growth of a number of pH-sensitive pathogens, members of Enterobacteriaceae 

and Clostridia (204, 205). Furthermore, Paineau et al.(206) found that infants who 

were fed formula containing scFOS had increased abundance of bifidobacteria at 2 

and 3 months of age compared to the placebo group. 

Pectins: are structurally complex polysaccharides with backbone mainly composed 

of galacturonic acid linked by α−1,4 glycosidic bonds. The backbone, as well as side 

chains, can incorporate other monosaccharides, including arabinose, rhamnose and 

galactose (207). It has been estimated that over 67 transferases are involved in the 

biosynthesis of pectins, due to the complexity of these carbohydrates. Pectins are 

classified according to the degree of methyl esterification, which affects the plant 

cell wall structure and properties (207).  

Di et al. (208) evaluated the potential prebiotic effects of five pectic 

oligosaccharides (POS) produced by enzymatic treatment and acid hydrolysis of 

citrus peel. The results indicated that POS had bifidogenic effect in in vitro batch 

fermentation experiment, resulting in the increase in the numbers of 

Bifidobacterium over time. The authors indicated that the prebiotic activity of POS 
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was structure-dependent and linked to arabinose-rich oligosaccharides. Several 

species of Bacteroides, as well as the Firmicutes Eubacterium eligens and 

Faecalibacterium prausnitzii have also been shown to degrade pectins (209, 210). 

Recently, it has been suggested that prebiotic formulations containing pectin-

derived acidic oligosaccharides have the ability to mimic the effects of the acidic 

fraction of HMOs and may have similar effects to those of HMOs in terms of 

immune modulation and the development of immune responses in infants (190). 

Stam et al. (211) have demonstrated that a formulation comprised of GOS, long-

chain FOS, and acidic pectic oligosaccharides had no adverse effects on vaccine 

specific antibody levels in healthy term infants. Furthermore, authors postulated 

that this formulation could promote Th1- and Treg-dependent immune responses 

and induce a downregulation of IgE allergic responses. The results from animal 

studies were in line with these observations and demonstrated that a mixture of 

GOS, FOS and arabino-oligosaccharides gave an optimal Th1-dependent delayed-

type hypersensitivity (DTH) response and reduced Th2 cytokine production in young 

adult mice, compared to a GOS/FOS-containing formulation (212). Another study 

suggested that the same combination of oligosaccharides decreased symptoms of 

allergic asthma in mice (213). Some pectins have been suggested to exert undesired 

effects in in vitro models (190). The work of Bosscher et al. (214) indicated that the 

supplementation of infant formulas with either esterified pectin or locust bean gum 

resulted in decreased availability of calcium, iron, and zinc compared to standard 

infant formula and human milk. These results may suggest a decreased 

bioavailability of these nutrients in vivo. 

Human Milk Oligosaccharides (HMOs): Although supplementation of infant 

formulas with NDC has been a cost-effective method to provide health benefits 

associated with complex carbohydrates to infants not consuming maternal breast-

milk, prebiotic plant-derived oligosaccharides cannot substitute all the beneficial 

functions of HMOs (191). Globally, much effort has been directed towards 

production of HMOs on a commercial scale. Chemical synthesis is one approach 

that could deliver well-defined carbohydrate structures, however reliable methods 

for large-scale production are not available (191). Instead, enzymatic and 
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chemoenzymatic HMO synthesis methods have been researched. A number of 

studies successfully accomplished production of HMOs in vitro using bacterial 

transferases (215, 216). The use of engineered bacteria for HMO production has 

been approved by the U.S. Food and Drug Administration (FDA) and led to the 

commercialisation of large-scale production of one of the major HMOs, 2’-FL (191). 

A number of expression systems have been designed and made available in E. coli 

and Saccharomyces cerevisiae (217-219). In addition, bacterial glycosyl hydrolases, 

widely used to produce GOS on an industrial scale, have been researched as an 

alternative for the production of HMOs (220, 221). The transglycosylation activity of 

these enzyme can be exploited to attach carbohydrate moieties to existing sugars, 

resulting in the formation of fucosylated or sialylated glycans mimicking HMOs 

(222). This approach could potentially be employed to manufacture rare complex 

polysaccharides that are currently commercially unavailable (191). 

Several companies have implemented these innovative methods to produce 

synthetic HMOs to date. In 2016, Glycom A/S (DK) received authorisation from the 

European Commission to introduce two of their products obtained through 

fermentation by engineered bacteria, 2’-O-fucosyllactose and lacto-N-neotetraose 

(LNnT), as new food ingredients on the European market (223, 224). This was 

followed in 2017 by an authorisation for sialic acid manufactured by enzymatic 

synthesis to be used in infant nutrition, follow-on formulas, and baby foods (225). 

Similarly, Jennewein Biotechnology GmbH (DE) and FrieslandCampina (NL) received 

the Novel Food authorization for 2’-FL (226). This technology has already been 

implemented in infant formulas. Abbot was the first company to launch a product 

(Similac Pro-Advance) containing one of these HMOs, 2’-FL, in the US in 2016. 

Nestlé followed with Nan Optipro Supreme containing both 2’-FL and LNnT, which 

was launched in Spain, formulas containing 2’-FL introduced in Asia under the 

Illuma brand, and SMA Nutrition products containing 2-FL and LNnT available in the 

UK and Ireland. 

Probiotics: have been defined by the World Health Organisation (WHO) and the 

Food and Agricultural Organisation of the United Nations (FAO) as “live 

microorganisms (bacteria or yeasts), which when ingested or locally applied in 
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sufficient numbers confer one or more specified demonstrated health benefits for 

the host” (227). Following recent scientific and clinical developments, the 

International Scientific Association for Probiotics and Prebiotics (ISAPP) have 

reviewed and updated this definition, with a minor grammatical correction, to “live 

microorganisms that, when administered in adequate amounts, confer a health 

benefit on the host” (228). The consensus statement published in 2014 has 

proposed a set of benchmark standards for the differentiation of probiotic products 

and clarified the proper scope and appropriate use of the term probiotic (228). 

Probiotic bacteria typically belong to the genera Lactobacillus and Bifidobacterium 

(229, 230). Health benefits associated with these organisms resulted in their 

widespread use as ingredients in functional foods, including a broad range of dairy 

and non-dairy products (231, 232). 

Probiotic supplementation of infant formulas has been explored as a method to 

replicate the health benefits associated with breastfeeding (and the transfer of 

breast milk microbial communities) and to establish an intestinal microbiota similar 

to that of breast-fed infants in those infants that are not consuming mother’s milk 

(169, 233). In their position paper, the European Society for Paediatric 

Gastroenterology, Hepatology and Nutrition (ESPGHAN) has recommended that 

infant formulas with added probiotics should not be marketed unless their health 

benefits and safety have been fully documented (234). Production of infant 

formulas falls under strict regulations globally, and the probiotics aimed to be used 

as supplements in infant foods are subject to a range of regulatory requirements 

(169). In Europe, the European Food Safety Authority (EFSA) has introduced a 

premarket system for safety assessment of microorganisms used in food and feed 

(235), while in the U.S., the FDA has implemented Evidence-Based Review System 

for the Scientific Evaluation of Health Claims to provide guidelines for producers 

(236).  

Since beneficial effects of probiotics are strain specific, manufacturers are obliged 

to scientifically prove probiotic properties and cell viability when making a health 

claim related to a specific product (169, 233, 234, 237). According to Kent and 

Doherty (169), four probiotic strains whose functions have been documented in 
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numerous scientific studies, namely Bifidobacterium animalis subsp. lactis (B. lactis) 

BB-12, Lactobacillus rhamnosus GG, Lactobacillus acidophilus NCFM (along with  

BB-12) and Lactobacillus reuteri DSM 17938, are routinely used by large formula 

producers, such as Nestle and Heinz. Furthermore, dried probiotic formulations 

containing cocktails of lactobacilli and bifidobacteria that can be added to breast-

milk, human milk fortifiers and formulas have been made commercially available in 

recent years, however their health claims often prove difficult to validate due to the 

lack of strain designations and scientific evidence for health benefits (169, 238). 

Concerns regarding the safety of administering probiotics to infants have been 

raised in terms of their immunogenic effects and their impact on infant growth, as 

well as potential bacterial infection due to the underdeveloped immune system 

(169, 239). The widespread use of probiotic formulations in infants requires careful 

and comprehensive surveillance to monitor for unintended consequences. Van den 

Nieuwboer at al. (240) conducted a systematic analysis of 57 clinical trials and eight 

follow-up studies, and concluded that the use of probiotics in infants between zero 

and two years of age is safe with regard to the evaluated strains in infants with a 

particular health status or susceptibility. However, long-term effects of probiotic 

administration to infants have rarely been measured. In addition, questions remain 

about the ability to identify infants at risk at the time of birth (239). 

 

1.14 Life after milk: the influence of additional complex dietary 
components on the early life gut microbiota during the crucial 
weaning window   

 

The composition of complementary foods plays a major role in the transition from 

simple to adult-like microbiota during weaning, providing essential nutrients to the 

infant and the developing intestinal microbial communities while stimulating the 

immune development (241). Starchy foods constitute a common group of 

complementary foods due to their texture and palatability (241). Plant-derived 

complex carbohydrates in complementary foods have been proposed to exert 

beneficial health effects on infants through their bifidogenic and prebiotic 

properties and the resulting modulation the intestinal microbiota and metabolic 
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end products (55, 242). Examples of such non-digestible carbohydrates with 

prebiotic effects include poly- and oligosaccharides composed of fructose and a 

terminal glucose (e.g. inulin-type fructans (ITF)), or arabinose and xylose  

(e.g. arabinoxylans (AX) or arabinoxylo-oligosaccharides (AXOS)) (243, 244). 

Inulin: is widely distributed in nature and can be found in fruit and plants such as 

chicory roots, onions, bananas and leeks (243). Structurally, inulin is composed of a 

backbone of fructose monomers linked by b-2,1 bonds with a DP between 2 and 65, 

often linked to a terminal glucose monomer by an α-1,2 bond. Oligofructose is a 

subgroup of inulin and consists of polymers with a DP below 10 (245).  

b-fructofuranosidases, which cleave terminal fructose residues from the non-

reducing ends of the fructose polymers, have been shown to act on inulin (246). 

Several of these enzymes have been characterised in several species of 

Bifidobacterium, including B. infantis (247), B. lactis (248) and B. adolescentis (249). 

The ability of Bifidobacterium to degrade inulin are species- and strain-specific. 

Falony et al. (250) identified four different clusters of strains representing ten 

different Bifidobacterium species based on their inulin degradation capabilities. 

Cluster A could only metabolise fructose, while cluster B was able to degrade both 

fructose and oligofructose after importing the latter inside the cell. Clusters C and D 

were found to degrade both inulin and oligofructose extracellularly, followed by the 

release of fructose into the medium. Selak et al. (251) examined the ITF 

fermentation capabilities of 190 strains of Bifidobacterium, representing five 

species and originating from different regions of the intestine, and discovered that 

the degradation properties of different strains were not correlated to the region in 

the intestine. Interestingly, strains with different ITF metabolism capabilities were 

found coexisting in the same intestinal region, which suggested bacterial 

cooperation in the degradation of ITF, and a potential for cross-feeding interactions 

between strains or at the species level (251). Several previous reports indicated 

cross-feeding activities between bifidobacteria and butyrate producing bacteria 

grown simultaneously on ITF, where the consumption of ITF by bifidobacteria 

resulted in production of acetate, which was in turn used as a co-substrate to 

produce butyrate by colonic butyrate producers Roseburia intestinalis DSM 14610 
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(252), Roseburia inulinivorans DSM 16841T (253), and Faecalibacterium 

prausnitzii DSM 17677T (254). Proposed effects of the consumption of ITF on 

human health include increased absorption of calcium and magnesium in the colon, 

increased secretion of satiety hormones, increased stool frequency and a decrease 

in proteolytic fermentation in distant colon (255). 

Arabinoxylan (AX) and arabinoxylo-oligosaccharides (AXOS): have also received 

scientific attention in recent years due to their prebiotic and bifidogenic properties. 

Arabinoxylan (AX) is a hemicellulose consisting of a linear backbone of β-1,4 xylose 

residues with arabinose substitution, found in all major cereal grains, with the 

highest content found in rye followed by wheat, barley, oats, rice, and sorghum 

(256). The cleavage of the internal β-xylosidic linkages of AX by endo-1,4-b-

xylanases to xylo-oligosaccharides results in production of arabinose-substituted 

xylo-oligosaccharides (AXOS) (257). Complete degradation of complex structures of 

AX and AXOS requires a cooperation of a number of enzymes with debranching and 

depolymerising actions, including afore-mentioned endo-β-xylanases, as well as  

β-xylosidases, exo-oligoxylanases and α-arabinofuranosidases (55). 

Bioinformatic analyses have identified genes encoding enzymes involved in the 

cleavage of the AX and AXOS backbones in genomic sequences of several 

bifidobacterial strains, some of which have been expressed and characterised (258). 

Examples include α-arabinofuranosidases in B. adolescentis ATCC 15703T,  

B. adolescentis DSM 20083, B. longum B667, and B. longum NCC2705; β-xylosidases 

in B. adolescentis ATCC 15703T and B. lactis BB-12; and exo-oligoxylanases in  

B. adolescentis LMG 10502 (259-261). According to Riviere et al. (55) no endo-β-

xylanases have been characterised in Bifidobacterium, so it is likely that members of 

this genus have to cooperate with other bacterial species, for example Roseburia or 

Bacteroides, to achieve complete degradation of AX and AXOS.  

The bifidogenic properties of AX and AXOS have been reported in a number of 

studies. Hughes et al. (262) demonstrated in vitro that fermentation of wheat-

derived AX resulted in proliferation of members of the genera Bifidobacterium, 

Lactobacillus and Eubacterium. Following a clinical study, Chung et al. found that in 
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addition to an increase in Bifidobacterium during AXOS supplementation, the 

proportional abundance of Prevotella species increased significantly when these 

organisms were present in the baseline microbiota (263). In an in vivo study with 

rats, Van Craeyveld et al. (264) showed that the bifidogenic effect was only caused 

by AXOS with low average DPs ≤ 5 and A/X ≤ 0.27, while another study reported a 

60-fold increase in Bifidobacterium in the cecum of rats fed long-chain AX with 

average DP = 60 and A/X of 0.70 (265.). The findings from the latter study were 

further validated by another study which reported the presence of two different B. 

longum species during the fermentation of long-chain AX in an in vitro model of the 

proximal colon (266). Riviere et al. (267) demonstrated that the ability of 

Bifidobacterium to metabolise AX and AXOS is strain-dependent. The authors 

identified five bacterial clusters capable of differential degradation of AXOS. Cluster 

I contained fifteen strains, representatives of 7 different bifidobacterial species (B. 

adolescentis, Bifidobacterium angulatum, B. bifidum, B. breve, Bifidobacterium 

dentium, B. longum, and Bifidobacterium thermophilum), which were not able to 

metabolise neither arabinose substitutions nor the xylan backbone of AXOS, 

although some strains could utilise arabinose and xylose. Members of the identified 

Cluster II, eight B. longum strains, could not utilise the xylan backbone of AXOS, but 

were able to degrade the arabinose substitutions. Cluster III was comprised of ten 

strains spanning six bifidobacterial species (B. adolescentis, B. angulatum, B. 

longum, B. animalis, Bifidobacterium gallicum, and B. pseudolongum), which were 

capable of utilising the xylan backbone of AXOS up to xylotetraose but could not 

metabolise the arabinose substitutions or showed limited capabilities to do so. 

Cluster IV contained only two strains of B. longum, which shared the ability to 

degrade AXOS, while Cluster V was comprised of a single strain of B. catenulatum 

LMG 11043, which could use all XOS fractions in a non-preferential way and 

displayed broad degradation capabilities for arabinose substitutions (267). 

Being slowly-fermentable carbohydrates, AX and AXOS have been associated with a 

number of health benefits. These polysaccharides have been suggested to affect 

the production of toxic metabolites by protein- and lipid-fermenting microbes in 

the distal colon through stimulation of saccharolytic bacterial species, such as 
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Bifidobacterium, which results in increased production of SCFAs leading to the 

lowering of the luminal pH (264, 268, 269). In obese mice, AXOS consumption and 

the resulting increase in Bifidobacterium has been proposed to help restore gut 

barrier functions and cure endotoxemia (270). Furthermore, consumption of AX 

and AXOS has been linked to increased colonic absorption of dietary minerals, 

increased antioxidant capacity, reduced post-prandial glycaemic response and 

reduced blood cholesterol (244, 271-273).  

Resistant starches (RS): are homo-polysaccharides of glucose that escape the 

digestion in the upper gastrointestinal track (274). They have been categorised into 

four main types. RS1 is physically indigestible, for example starches in whole grains. 

RS2 is a granular starch that is present in such foods as green bananas, uncooked 

potato or high amylose maize. RS3 are retrograded starches produced by cooking 

and cooling processes, whereas RS4 are starches that have been chemically 

modified by esterification, crosslinking, or transglycosylation and are not found in 

nature (274, 275). 

Modulatory effects of resistant starches on the host gut microbiota have previously 

been reported by a number of in vivo studies. Tachon et al. (276) demonstrated 

that mice fed diets containing RS2 type starch from high-amylose maize were 

colonized by higher numbers of Bacteroidetes and species of Bifidobacterium, 

Akkermansia, and Allobaculum in proportions dependent on the starch 

concentration. For example, mice fed 18% resistant starch were mostly colonized 

by close relatives of B. pseudolongum subsp. pseudolongum and globosum, 

whereas those fed 36% RS were enriched with Bifidobacterium most closely related 

to B. animalis. Additionally, the levels of Bifidobacterium and Akkermansia were 

associated with expression levels of proglucagon, the precursor of the gut anti-

obesity/diabetic hormone GLP-1, mice feeding responses and the weight of the gut 

(276). The prebiotic effects of resistant starches were also demonstrated in adult 

humans. Martinez et al. (277) reported varying effects of starch types on the 

composition of the human faecal microbiota. Type RS4 was associated with changes 

at the phylum level, significantly increasing Actinobacteria and Bacteroidetes while 

decreasing Firmicutes. In addition, at the species level, consumption of RS4 was 
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correlated with an increase in B. adolescentis and Parabacteroides distasonis, while 

RS2 and RS3 significantly raised the numbers of Ruminococcus bromii and 

Eubacterium rectale (277, 278).  

Abilities of Bifidobacterium to ferment starch and starch derivatives were tested in 

vitro by Duranti et al. (279) using representatives of 47 known bifidobacterial taxa. 

The results indicated that B. adolescentis, B. angulatum, B. boum, B. breve,  

B. cuniculi, B. dentium, B. longum, B. infantis, Bifidobacterium merycicum, 

Bifidobacterium minimum, Bifidobacterium reuteri, B. pseudocatenulatum, 

Bifidobacterium ruminantium, and B. thermophilum grew substantially (OD > 0.5) 

on RS2 resistant starch as sole carbon source. The study identified two strains 

which exhibited very good growth among representatives of human-associated  

B. adolescentis, out of which B. adolescentis 22L, isolated from human milk, could 

grow on starch and all starch derivatives (maltodextrin, maltotriose, pullulan, and 

glycogen). Genomic and transcriptomic analyses of B. adolescentis 22L revealed the 

presence of a number of glycosyl hydrolases putatively implicated in degradation of 

starch, as well as starch-derived glycans (279). They included four proteins with 

predicted α-amylase activity, a glycogen/starch phosphorylase, putative 

phosphoglucomutase and 4-α-glucanotransferase, as well as two genes predicted 

to encode amylopullulanases, similar to the extracellular starch-degrading enzyme 

previously characterised in B. breve UCC2003 (280). In addition, genomic analyses 

identified two genes predicted to encode α-1,4- and α-1,6-glucosidases, an ABC-

type system, and a gene encoding a LacI-type regulator flanking the gene encoding 

an amylopullulanase, whose products may also be involved in starch utilization 

using mechanisms similar to those described for B. breve UCC2003 (279, 280). More 

recently, Jung et al. (281) have also identified genes encoding enzymes implicated 

in direct or indirect degradation of RS and its derivatives in another Bifidobacterium 

strain, Bifidobacterium choerinum FMB-1 isolated from rumen fluids of cattle. The 

putative enzymes included α-amylase, maltosyltransferase, pullulanase type I, 

glycogen phosphorylase, glycogen debranching enzyme, 4-α-glucanotransferase, 

and glucan branching enzyme. Interestingly, the above-mentioned study by Duranti 

et al. (279) did not identify the representative type strain of B. choerinum LMG 
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10510T as one that could utilise starch, which could further suggest that RS 

utilisation in Bifidobacterium is strain-dependent. 

Maintenance of healthy blood glucose levels has been widely proposed as an 

important health benefit of starch fermentation by a number of studies (282) (283, 

284). Bacterial fermentation of RS and associated changes in the gut microbiota 

composition have also been associated with the increase in the production of 

SCFAs, and a reduction in secondary bile acids, phenol and ammonia (277, 285). 

Although the above refers to human hosts, these dietary components are also 

present in the diets of different animal hosts and will be described in more detail in 

Chapters 4 and 5. 

 

1.15 Bifidobacterium as members of the animal gut microbiota  
 

In recent years, the use of next-generation sequencing has significantly facilitated 

the investigations of the bifidobacterial diversity and contributed to the discovery 

of novel Bifidobacterium species. The majority of described Bifidobacterium type 

strains have been isolated from animal hosts, however sufficient genomic 

information for the non-human-associated taxa is lacking (31, 286, 287). Human-

derived strains, in particular those associated with infancy and belonging to  

B. longum, B. bifidum, B. breve and B. pseudocatenulatum species, have received 

much attention in recent years due to their potential probiotic properties, leading 

to considerable isolation and characterisation efforts (152, 159, 162, 288-291). As a 

result, data on human-associated bifidobacteria are currently overrepresented in 

databases. For example, out of a total of around 2,100 Bifidobacterium genomes 

deposited at the NCBI Genome database (July 2020) (5), more than 400 sequences 

are available for B. longum, more than 100 for both B. breve and B. bifidum, and 

more than 90 for B. pseudocatenulatum. 

With regard to animal-associated Bifidobacterium, only two species, namely B. 

animalis (both subsp. animalis and subsp. lactis) and B. pseudolongum (both subsp. 

pseudolongum and subsp. globosum), have been more widely studied to date (292, 

293). The isolation and sequencing efforts resulted in the availability of 
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considerable amount of data on these species, with more than 90 sequences 

available for B. animalis and more than 70 genomes available for B. pseudolongum 

(NCBI Genome, July 2020). Recent genomic investigations into these data 

confirmed that both B. animalis and B. pseudolongum are widely distributed among 

animal hosts belonging to different animal classes, e.g. mammals and birds, and 

thus appear to be generalist in terms of host-specificity (292, 293). In addition, 

experimental approaches indicated subspecies-specific differences in carbohydrate 

metabolism capabilities within B. animalis and B. pseudolongum species and 

suggested that these differences may result from evolutionary adaptations of 

members of particular subspecies to their respective environmental niches. For 

example, strains of B. animalis subsp. animalis, isolated primarily from rodents, 

were shown to metabolise a broad range of carbohydrates, including arabinose, 

galactose, glucose, maltose, melibiose, sucrose, and xylose, whereas those 

identified as B. animalis subsp. lactis, recovered mainly from humans and primates, 

seemed to be more specialised in the fermentation of lactose, maltose, raffinose, 

and sucrose. Similarly, strains of B. pseudolongum subsp. globosum isolated from 

ruminants displayed higher growth performances on carbohydrates such as 

cellobiose, rhamnose, starch and trehalose, with limited growth on glucose and 

lactose. The latter sugars are metabolised in the rumen and are scarce in the 

ruminant large intestine. In contrast, B. pseudolongum subsp. pseudolongum 

strains isolated from pigs were shown to grow significantly better on such 

carbohydrates as glucose, glycogen, lactose, maltodextrin, maltose and melibiose 

(292, 293).   

Widespread Bifidobacterium distribution across mammals have also been 

suggested for species other than B. animalis and B. pseudolongum, based on the ITS 

profiling of the 45 type strains of the genus Bifidobacterium across 291 faecal 

samples collected from 67 host species spanning 10 mammalian taxonomic orders 

(294). Sequences corresponding to B. longum and B. adolescentis were shown to be 

ubiquitously distributed in the profiled mammalian species, with a prevalence of 

95.5% and 91%, respectively, followed by B. pseudolongum and B. bifidum with a 

prevalence of 85%. In addition, sequences corresponding to species traditionally 
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associated with particular groups of hosts, for example Bifidobacterium 

actinocoloniiforme, Bifidobacterium asteroides or Bifidobacterium indicum 

associated with insects, were shown to be present among mammals belonging to 

different taxonomic groups. In contrast, sequences corresponding to the type 

strains of more recently characterised Bifidobacterium species isolated from non-

human primates, namely Bifidobacterium aesculapii and Bifidobacterium tissieri, 

were associated with hosts belonging to the order Primates. Moreover, this analysis 

revealed the presence of 89 sequences with an identity level of <93% to the 45 

analysed bifidobacterial species in the faecal samples of mammals, suggesting that 

a considerable number of putative novel Bifidobacterium species and subspecies 

remain to be discovered (294).  

Indeed, the number of recognised Bifidobacterium species has significantly 

increased in recent years, from 47 in October 2016 (start of my PhD) to 87 in July 

2020, with the majority of newly characterised species recovered from non-human 

primates. A recent analysis of the distribution of recognised primate-associated 

Bifidobacterium in faecal samples collected from 57 human and non-human 

primates revealed a further potential for the discovery of novel species in this 

group of animals based on the 16S rRNA profiling, with the average relative 

abundance of putative new species in human and monkey faecal samples estimated 

at 6% and 28%, respectively (295). The members of the primate family Cebidae 

have been predicted to harbour the highest number of predicted novel 

Bifidobacterium species, with an average percentage of putative novel taxa 

estimated at 46%. In addition, the analysis of co-phylogenetic relationships 

between 24 primates and 23 bifidobacterial species suggested the existence of 

strong co-phylogenetic patterns between human-associated Bifidobacterium (B. 

adolescentis, B. bifidum, B. breve, B. catenulatum, B. dentium, B. longum spp. and B. 

pseudocatenulatum) and the members of Hominidae family (Gorilla gorilla, Homo 

sapiens and Pan troglodytes). Furthermore, B. adolescentis, B. biavatii and B. 

ramosum were indicated as the taxa most commonly shared among primates (295). 

Despite an increase in the availability of genomic data, robust studies focusing on 

the diversity and the functional properties of members of Bifidobacterium in animal 
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hosts remain lacking, with the pan-genome and the phylogenetic relationship of the 

genus unresolved. The majority of previous studies investigating the diversity of 

Bifidobacterium have either focused on a subset of human-associated isolates or 

examined single type strains as representatives of species, and in consequence 

included a limited number of the isolates from different habitats (27, 38, 93, 159, 

162, 286, 289). The sampling among host animals is quite uneven, and 

Bifidobacterium species isolated from certain host groups are significantly 

underrepresented in the databases (e.g. those from insects and reptiles). Further 

isolation efforts and genomic investigations into the diversity of Bifidobacterium are 

crucial for the comprehensive understanding of the distribution of members of this 

genus across the animal kingdom, the mechanisms behind their beneficial 

properties, and their role as members of the wider gut microbiota.  

 

1.16 Hypotheses 
 

1.16.1 Overarching hypothesis 
 

Bacteria belonging to the genus Bifidobacterium are important members of the gut 

microbiota of humans and animals, with specific strains displaying beneficial 

properties associated with their capabilities to ferment complex carbohydrates.  

 

1.16.2 Study specific hypotheses 
 

Chapter 3: Whole genome sequences of Bifidobacterium longum display particular 

genomic features related to carbohydrate metabolism. These features may play a 

role in the establishment and persistence of members of this species in individual 

hosts during infancy despite dietary changes associated with transition from breast 

milk to solid foods. 
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Chapter 4: Whole genome sequences of Bifidobacterium isolated from small 

mammals display particular genomic features related to carbohydrate metabolism, 

host modulation and defence mechanisms. 

 

Chapter 5: The diversity of Bifidobacterium in animal hosts is not fully explored. 

Experimental and computational methods (bacterial isolation and genomic analysis, 

respectively) contribute to the discovery of true diversity within the genus. Whole 

genome sequences of animal-associated isolates display particular traits related to 

their isolation source and functional capabilities, e.g. degradation of carbohydrates.  
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Chapter 2  
 
Materials and methods 

 

2.1 Materials  
 

2.1.1 Equipment and reagents  

Primary reagents, kits, equipment and tools used or mentioned in this chapter are 
listed below: 

 

Table 2.1 Primary equipment used in laboratory 
 

 
 
Table 2.2 Primary materials and kits used in experiments 
 
 

2.1.2 Faecal samples, bacterial isolates and isolate DNA extracts  

Samples (faecal samples, bacterial isolates and DNA) were obtained through 

collaboration with the following organisations:  

 

Table 2.3 Sample sources for particular projects 

Equipment Model Supplier
Anaerobic chamber Ruskinn Concept Plus Baker Ruskinn, Bridgend, UK
Autoclave (portable) Classic 2100 Standard (9-litre) Prestige Medical, Blackburn, UK
Centrifuge Eppendorf 5810R Eppendorf, Stevenage, UK 
Homogeniser for DNA extraction samples FastPrep-24 MP Biomedicals, Santa Ana, USA
Microcentrifuge Prism Labnet, New Jersey, USA
Microplate reader Tecan infinite F50 Tecan, Männedorf, Switzerland 
PCR station UV HEPA PCR Systems UVP, Upland, USA
PCR thermal cycler Applied Biosystems Veriti 96- well thermal cycler Thermo Fisher Scientific, Loughborough, UK
pH meter Martini MI 151 Rocky Mount, USA
Qubit meter Qubit 2.0 Thermo Fisher Scientific, Loughborough, UK
Safety cabinet Walker Class II MSC Walker Safety Cabinets, Glossop, UK 
Shaking Incubator Stuart Cole-Palmer, Illinois, USA

Item Supplier
Agar Oxoid (Thermo Fisher Scientific), Loughborough, UK 
Brain Heart Infusion (BHI) Oxoid (Thermo Fisher Scientific), Loughborough, UK 
DNA lo-bind tubes (1.5 and 2.0ml) Eppendorf, Stevenage, UK 
FastDNASPIN kit for Soil MP Biomedicals, Santa Ana, USA 
Inoculation sterile loop (disposable) Microspec, Wirral, UK
KAPA 2G Robust PCR kit KAPA Biosystems, Wilmington, USA 
Qubit dsDNA BR assay Invitrogen (Thermo Fisher Scientific), Loughborough, UK 
Reinforced Clostridial Medium (RCM) Oxoid (Thermo Fisher Scientific), Loughborough, UK 
Spreader (disposable) Microspec, Wirral, UK
BD Difco™ Lactobacilli MRS Broth BD Biosciences, New Jersey, USA
Sodium iododacetate Oxoid (Thermo Fisher Scientific), Loughborough, UK 
Mupirocin PanReac AppliChem (VWR), Pennsylvania, USA  
Cysteine HCl Sigma-Aldrich, Dorset, UK 

Collaborator Organisation Sample cohort Sample type Location
Breast- and formula-fed infants DNA from bacterial isolates
Breast- and formula-fed infants Bacterial isolates

Dr Sarah Knowles University of Oxford Wild small mammals Faecal samples Oxford, UK
Dr Laima Baltrūnaitė Nature Research Centre Wild small mammals Faecal samples Vilnius, Lithuania
Sara Goatcher Banham Zoo and Africa alive Captive animals Faecal samples Suffolk, UK

Dr Anne McCartney University of Reading Reading, UK
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 Faecal sample collection for breast- and formula-fed infant study  
(B. longum) (Chapter 3) 

 

Faecal sample collection was performed by Dr Anne McCartney. Infants were 

recruited between 2005 and 2007: five were exclusively breast-fed and four were 

exclusively formula-fed. Faecal samples were obtained from infants at specific 

intervals during the first 18 months of life. For inclusion in the study, infants had to 

meet the following criteria: have been born at full-term (>37 weeks gestation); be 

of normal birth weight (>2.5 kg); be <5 weeks old and generally healthy; and be 

exclusively breast-fed or exclusively formula-fed [SMA Gold or SMA White (Wyeth 

Pharmaceuticals), to avoid supplemented formulae and to keep consistency within 

the formula group]. The mothers of the breast-fed infants had not consumed any 

antibiotics within the 3 months prior to the study and had not taken any prebiotics 

and/or probiotics. Ethical approval was obtained from the University of Reading 

Ethics Committee (296). For details, refer to paper by Rogers and McCartney from 

2010 (296). All faecal samples were processed by members of Dr Anne McCartney’s 

research team; for the purpose of this project I was provided with bacterial isolates 

and DNA samples from the isolates.  

 
 Faecal sample collection for wild mammal study (Chapter 4) 

 

Rodent trapping and faecal sample collection were performed by Dr Sarah Knowles, 

Miss Aura Raulo and Dr Laima Baltrūnaitė. In the UK, live rodent trapping was 

carried out at two sites of mixed deciduous woodland approximately 50km apart: 

Wytham Woods (51° 46’N, 1°20’W) and Nash’s Copse, Silwood Park (51°24'N, 

0°38'W). All animals were live-trapped using a standard protocol across both sites, 

using small Sherman traps baited with peanuts and apple and provisioned with 

bedding, set at dusk and collected at dawn the following day. All newly captured 

individuals were marked with subcutaneous PIT-tags for permanent identification, 

and all captures were weighed and various morphometric measurements taken. 

Faecal samples were collected using sterilised tweezers from the base of Sherman 

traps into sterile tubes. Samples from Silwood were frozen within 8 hours of 
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collection at -80oC and sent frozen to the Quadram Institute (Norwich, UK) for 

Bifidobacterium culturing; samples from Wytham were posted on the day of 

sampling at room temperature to the same address for culturing. Upon reception of 

samples, they were immediately frozen at -80oC. To ensure no cross-contamination 

and identification of samples to specific individuals, any traps that showed signs of 

rodent presence (captures and trigger failures) were washed thoroughly in a bleach 

solution and autoclaved between uses.  

In Lithuania, small mammals were trapped in October 2017 and between May - 

November in 2018 using live- and snap-traps at twelve locations: Site 1: 54.92878, 

25.33333; Site 2: 55.02814, 25.27380; Site 3: 54.92866, 25.31524, Site 4: 55.05938, 

25.35643, Site 5: 54.96362, 25.35640; Site 6: 54.93026, 25.24138; Site 7: 54.99276,  

25.24909, Site 8: 55.02700, 25.35867; Site 9: 55.06756, 25.29782; Site 10: 

54.76482, 25.31283; Site 11: 54.76322, 25.35052; Site 12: 54.93650, 25.28442. 

Traps baited with bread soaked in sunflower oil (in case of live-traps, apple and 

bedding were also added) were set in the evening and retrieved in the morning. 

Small mammals trapped with snap-traps were placed in separate bags and 

transported to the lab on ice. Live-trapped animals were transported to the lab and 

humanely killed by cervical dislocation. Species, sex, age, reproduction status of 

small mammals were identified. Content of distal part of colon (~20-30 mm) was 

removed, placed in Eppendorf tube and stored at –80°C. Frozen samples were sent 

to the Quadram Institute (Norwich, UK) for Bifidobacterium culturing. 

The distance between trapping sites in both the UK and Lithuania was far enough 

for the animals not to move between them on a regular basis. All studied species 

have small home ranges – Apodemus spp. have the widest range and rarely move 

more than 0.25 km (297). 

 

 Faecal sample collection for captive animal study (Chapter 5) 
 

Samples were collected by animal-care staff at either Banham Zoo and Africa Alive! 

into sterile Sterilin specimen containers with spoon and stored under anaerobic 
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conditions using Oxoid AnaeroGen 2.5L sachets at 4 °C. Samples were transported 

to the laboratory and stored at -80 °C within 48 hours.  

2.1.3 Media and bacterial isolation 
 

 Testing of alternative agar media 
 

Depending on the amount of available faecal material, samples (~50mg or ~100mg) 

were re-suspended in either 450µl or 900µl of sterile Phosphate Buffer Saline and 

used to produce serial dilutions (neat to 10-4). The samples were vortexed for 30s 

and mixed on a shaker at 1600rpm. The dilutions were plated on media composed 

of either MRS broth, BHI (Brain Heart Infusion) broth or RCM broth with addition of 

bacteriological agar (15g/l), antibiotic mupirocin (50mg/l) and L-cysteine 

hydrochloride monohydrate (50mg/l). Furthermore, all three abovementioned agar 

plate types were prepared with the addition of sodium iodoacetate (25mg/l) to test 

whether the addition of this reagent to the media would increase their selectivity. 

Sodium iodoacetate inhibits the glycolytic enzyme glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), whose activity is not an obligate requirement for 

carbohydrate metabolism in heterolactic bacteria, including Bifidobacterium (298, 

299). The plates were incubated for 48 to 72 hours at 37oC in an anaerobic cabinet, 

after which single colonies with morphology consistent with that of bifidobacteria 

were re-streaked with disposable sterile culture loops onto fresh agar plates and 

incubated. To obtain pure colonies, the re-streaking process was repeated 3 times. 

 

 Bacterial isolation – wild mammal study (Chapter 4) 
 

Faecal samples were prepared as above and plated onto BHI agar supplemented 

with mupirocin (50mg/l), L-cysteine hydrochloride monohydrate (50mg/l) and 

sodium iodoacetate (7.5mg/l) and incubated in an anaerobic cabinet for 48-72 

hours. Three colonies from each dilution were randomly selected and streaked to 

purity on BHI agar supplemented with L-cysteine hydrochloride monohydrate 

(50mg/l). Pure cultures were stored in cryogenic tubes at -80oC. 
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 Bacterial isolation – captive animal study (Chapter 5) 
 

Faecal samples were prepared as above and plated onto either BHI agar 

supplemented with mupirocin (50mg/l), L-cysteine hydrochloride monohydrate 

(50mg/l) and sodium iodoacetate (7.5mg/l) or MRS agar supplemented with 

mupirocin (50mg/l) and L-cysteine hydrochloride monohydrate (50mg/l). Plates 

were incubated in an anaerobic cabinet for 48-72 hours. Three colonies from each 

dilution were randomly selected and streaked to purity on either BHI agar or MRS 

agar supplemented with L-cysteine hydrochloride monohydrate (50mg/l). Pure 

cultures were stored in cryogenic tubes at -80oC. 

 

2.1.4 Bacterial cultures 
 

Pure colonies were grown in 20ml of MRS broth in sterile 50ml centrifuge tubes to 

obtain numbers of bacteria sufficient for further procedures. 

 

2.1.5 Bacterial stocks 
 

Stocks were made in cryovials using RCM with glycerol (30% V/V) and stored at -

80oC. 

 

2.2 DNA extraction 
 

2.2.1 FastDNATM SPIN kit method 

This method was employed for preliminary strain identification based on partial 16S 

rRNA gene sequences. Bacterial pellets were re-suspended in 980µl of sodium 

phosphate buffer, transferred to Lysing Martix E tube and 120µl of MT buffer was 

added to the suspension. Bacteria were then homogenised for 3min at speed 6.0, 

using FastPrep® 24 instrument, and centrifuged at 14000g for 15min. 250µl of PPS 

was added to a clean microcentrifuge tube, sample supernatant was transferred to 

this, after which the tubes were mixed by hand 10 times and centrifuged at 14000g 

for 10 min. 1ml of Binding Matrix was added to clean 15ml tubes, and sample 
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supernatant was transferred to this. The samples were inverted for 2 min and 

placed on a rack for 3 min to allow the Binding Matrix to settle. 500µl of the 

supernatant was removed and discarded, after which the Binding Matrix was re-

suspended in the remaining supernatant. 700µl of the mixture was transferred to 

SPIN filter and centrifuged at 14000g for 2min, after which catch tubes were 

emptied. This procedure was repeated until all the Binding Matrix mixture was 

used. The pellet in the SPIN filter was re-suspended in 500µl of SEWS-M, and 

centrifuged at 14000g for 5 min. Catch tubes were then emptied and samples were 

centrifuged a second time (dry spin) for 5 min at 14000g. Catch tubes were 

discarded, replaced with clean Eppendorf LoBind microcentrifuge tubes, and the 

samples were air dried for 10min at room temperature. 65µl of DES was then 

added to the samples, and the samples were incubated at room temperature for 

5min. Finally, the samples were centrifuged at 6600g for 2min to bring eluted DNA 

into Eppendorf tubes. Extracted DNA was stored at 4°C until required for PCR. 

2.2.2 Phenol-chloroform method 
 

This method was used to extract high-quality bacterial genomic DNA from strains 

identified as Bifidobacterium based on the 16S rRNA gene. Bacterial pellets were re-

suspended in 2ml of 25% sucrose in 10mM Tris and 1mM EDTA at pH 8.0. Cells 

were then treated using 50μl of 100mg/ml lysozyme. Further, 100μl of 20mg/ml 

Proteinase K, 30μl of 10mg/ml RNase A, 400μl of 0.5 M EDTA (pH 8.0) and 250μl of 

10% Sarkosyl NL30 were added into the lysed bacterial suspension. The samples 

were then incubated on ice for 2 hours, followed by 50°C overnight water bath. 

Next, samples were subject to three rounds of Phenol:Chloroform:Isoamyl Alcohol 

(25:24:1) extraction using Qiagen MaXtract High Density tubes. Further two rounds 

of extractions with Chloroform:Isoamyl Alcohol (24:1) were then performed to 

remove residual phenol, followed by ethanol precipitation and 70% ethanol wash, 

after which DNA pellets were resuspended in 300μl of 10mM Tris (pH8.0). Sample 

DNA concentration was quantified using Qubit dsDNA BR Assay Kit in Qubit 2.0 

Fluorometer according to the manufacturer’s protocol. Extracted DNA was stored in 

-20°C until further analysis.  
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Phenol-chloroform DNA extraction for the breast- and formula-fed infant study (B. 

longum) (Chapter 3) was carried out by Dr Anne McCartney. 

 

Table 2.4 Materials used in phenol-chloroform DNA extraction for whole genome sequencing. 

 

2.3 DNA Sequencing  
 

2.3.1 Sequencing of the 16S rRNA gene for preliminary bacterial identification 
 

 PCR, primers, conditions 
 

Concentration of extracted DNA was adjusted for PCR to 10-20ng/µl using 

molecular H2O. Kapa2G Robust PCR reagents and molecular H2O were used to 

prepare the PCR master mix (10mM of dNTP mix (1µl/sample), Kapa2G GC buffer 

with MgCl2 (10µl/sample), molecular H2O (31.6µl/sample), Kapa2G Robust – Taq 

polymerase (0.4µl/sample), with addition of 10 µM primers (1µl/sample; Table 2.5) 

(300).   

 

Table 2.5 Primers used for PCR amplification of 16S rDNA.  
Primer abbreviations: f - forward; r - reverse; D - distal; P - proximal. Reverse primers produce sequences 
complimentary to the rRNA. 

 

5µl of diluted bacterial DNA was mixed with 45µl of the master mix and amplified 

using Veriti™ 96 well thermal cycler as follows: polymerase activation at 94°C for 

5min, followed by 35 cycles of denaturation at 94°C for 1min, primer annealing at 

Item Components and conditions Supplier
25% sucrose in TE buffer TE buffer: 10mM Tris and 1mM EDTA pH8.0 Sigma-Aldrich, Dorset, UK 
Chloroform:IAA 24:1 Chloroform:IAA Sigma-Aldrich, Dorset, UK 
E buffer 10mM Tris pH8.0 Sigma-Aldrich, Dorset, UK 
EDTA 0.5M EDTA, pH8.0 (pH adjusted) Sigma-Aldrich, Dorset, UK 
Ethanol Absolute ethanol (>99.5%) MaXtract High Density tubes Sigma-Aldrich, Dorset, UK 
Lysozyme Lysozyme re-suspended in 0.25M Tris pH8.0 Roche, West Sussex, UK
Phase-lock gel tubes MaXtract High Density Qiagen, Manchester, UK
Phenol-Chloroform-Isoamyl alcohol (IAA) solution 25:24:1 (Phenol-Chloroform-Isoamyl Alcohol) Sigma-Aldrich, Dorset, UK 
Phosphate Buffer Saline (PBS) PBS, pH7.2 Sigma-Aldrich, Dorset, UK 
Proteinase K ~15-20mg/ml proteinase K Roche, West Sussex, UK
RNase A 10mg/ml RNase A (boiled before use) Roche, West Sussex, UK
Sarkosyl NL30 30% Sarkosyl Sigma-Aldrich, Dorset, UK 

Primers Sequence
fD1 5’- AGA GTT TGA TCC TGG CTC AG - 3’
fD2 5’- AGA GTT TGA TCA TGG CTC AG - 3’
rP1 5’- ACG GTT ACC TTG TTA CGA CTT - 3’


