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Abstract

Human breast milk had been traditionally considered sterile. In recent years, studies have
suggested that human milk carries bacteria that may help babies build up a beneficial
population of bacteria in their gut, which plays a protective role. This research is the first in
Nigeria to explore the bacterial diversity in breast milk and compares it with the gut of breastfed
babies in addition to looking at the gut microbiota of formula-fed babies. Nigeria is a
developing country and owing to its unique characteristics; it becomes important to investigate
the presence of these bacteria in breast milk and have coherent data on the type and diversity
of the bacteria in breast milk and babies' guts. This may help to build up more awareness about
the importance of breastfeeding and its role in the initiation of infant gut microbiota including
its importance in the modulation of the infant immune system in addition to other nutritional
benefits.

To achieve this goal, pilot research was undertaken in the UK using milk samples from seven
mothers and faeces from their breastfed babies to allow for the optimization of the methodology
starting from sample collection. The presence of five bacterial genera, including bifidobacteria,
lactobacilli, streptococci, staphylococci, and enterococci, in the breast milk and faeces, was
investigated using a traditional culture approach followed by species identification by MALDI-
TOF Biotyper, as well as a culture-independent method by extracting total microbial DNA
from these samples and then using qPCR. Following that, samples of breast milk from 50
breastfeeding mothers in Nigeria, as well as the faeces of their babies, and the faeces of 8 solely
formula-fed babies, were collected and analysed using culture technique and 16S ribosomal

ribonucleic acid (16S rDNA) NGS sequencing (MiSeq Illumina).

Human milk has a highly personalised microbiota with a lot of inter-individual variabilities,
according to the present study. It was revealed that the milk microbiota of mothers from Nigeria

is characterised by the high dominance of phylum Firmicutes (61%) mainly represented by the



orders Lactobacillales and Bacillales next to the phylum Actinobacteria (26%) largely
represented by Micrococcales and Corynebacteriales and then Proteobacteria (10.5%)
represented by Caulobacterales and Pseudomonadales. In the faeces of breastfed babies, there
was high dominance of members of Actinobacteria (62.6%), Proteobacteria (24%), and
Firmicutes (11.6%) represented by bifidobacteria, Escherichia/Shigella as well as streptococci
respectively. Within a sample diversity (i.e., alpha diversity) revealed that the milk of Nigerian
mothers had higher observed bacterial richness and diversity for a single sample when
compared to the gut of breastfed babies. Beta diversity also revealed that human milk and baby
faeces had obvious differences, but it is predicted that about 51% of bacteria in baby faeces
may have originated from human milk as revealed by source tracker analysis. Furthermore, it
was revealed that breastfed babies had lower microbial diversity, but a higher abundance of
certain bacteria such as bifidobacteria in their gut compared to formula-fed babies.
Faecalibacterium was also exclusively found in the gut of formula-fed babies. The delivery
mode revealed an association with gut microbiota, while parity revealed an association with
mother’s milk; for example, babies born by C-section had a higher abundance of Klebsiella in
their gut compared to babies born naturally via the vagina, while multiparous mothers had a
higher abundance of Brevundimonas in their milk.

This study, in addition to providing an overview of the microbiota found in mother's milk and
babies' faeces in Nigeria, provides evidence that mothers can transmit bacteria to their breastfed
babies via breastmilk; that babies' gut microbial composition varied depending on the type of
food they received; and that some maternal or baby factors may influence maternal milk or gut

microbiota.
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Changes to the Lactobacillus Taxonomy
Since March 2020, the genus Lactobacillus has changed (Zheng et al., 2020). While some

genera still retain their old names, some have acquired new names. The old names of
Lactobacillus species included in this thesis are summarized below with the old names on the
left and new names on the right. A software called lactotax has also been designed by the
University of Antwerpen to track the names and can be found at

http://www.lactobacillus.uantwerpen.be

Lactobacillus casei - Lacticaseibacillus casei
Lactobacillus paracasei - Lacticaseibacillus paracasei
Lactobacillus acidophilus - Unchanged

Lactobacillus fermentum - Limosilactobacillus fermentum
Lactobacillus gasseri- Unchanged

Lactobacillus salivarius- Ligilactobacillus salivarius
Lactobacillus rhamnosus - Lacticaseibacillus rhamnosus
Lactobacillus zeae- Lacticaseibacillus zeae
Lactobacillus brevis- Levilactobacillus brevis
Lactobacillus plantarum- Lactiplantibacillus plantarum
Lactobacillus reuteri- Limosilactobacillus reuteri

Lactobacillus delbrueckii subsp. Bulgaricus- Unchanged

Lactobacillus crispatus - Unchanged
Lactobacillus johnsonii- Unchanged

Lactobacillus helveticus - Unchanged
Lactobacillus curvatus- Latilactobacillus curvatus

XV
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Chapter 1

1.1 Introduction

Human milk is produced from the mammary glands of females and serves as a source of
nutrition for the newborn. The production of milk after childbirth is usually influenced by two
hormones which are: prolactin (stimulated by the hypothalamus of the brain and triggers the
alveoli to make milk) and oxytocin which is responsible for flowing down the milk that has

been collected by the alveoli through the duct.

1.2 The production of human milk

The onset of milk secretion also known as lactogenesis involves changes that occur during the
early stage of pregnancy, which involves a transformation from an undifferentiated mammary
gland to full lactation after birth (Neville et al., 2001; Wagner, 2015). This process is divided
into two major stages (Lactogenesis | and Il) (Figure 1.1). The first stage normally occurs in
the middle of pregnancy, and this is often detected by an increase in the plasma concentration
of lactose and a-lactalbumin (Neville et al., 2001; Wagner, 2015). On completion of stage 1,
the glands are sufficiently differentiated to secrete, and the resulting product of secretion is
what is known as colostrum, which is excreted from the breast of some pregnant women during
the late stage of pregnancy (Neville et al., 2001). Stage 11 of lactogenesis occurs after birth and
it involves the production of abundant milk occurring approximately between 32 to 96 hours

after delivery (Wagner, 2015).

1.2.1 Colostrum

Colostrum is regarded as the foremilk. It is normally secreted by mothers after birth. Colostrum
is rich in antibodies, high in protein and carbohydrate, low in fat and contains more lactalbumin
and lactoprotein and it is known for conferring passive immunity in newborn babies (Godhia

& Patel, 2013). Due to its laxative effect, it aids in the passing of early stools (meconium) in



newborn and hence aid in the excretion of excess bilirubin that helps in the prevention of

jaundice (Godhia & Patel, 2013).
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Figure 1.1: Stages of Lactogenesis. LI, LII, LIlI-Lactogenesis 1, 2, and 3 respectively
Source:(Boyanta, 2018).

1.3 Components of human breast milk

1.3.1 Nutritional components

Proteins

Proteins make up about 75% of the nitrogen compound in breast milk (approximately 0.9 to
1.2 g/dL for term milk). The major proteins of milk are caseins and whey proteins present in a
ratio of 40:60 (Ballard & Morrow, 2013; Gao et al., 2012). B-casein is a predominant form of
casein which produces a soft and flocculent curd in infants’ stomachs, while whey proteins are

mostly made up of secretory immunoglobulin A (which is the principal immunoglobulin



present in human breast milk), a-lactalbumin, serum albumin, lysozyme and lactoferrin

(Lonnerdal, 2013).

Fats

A high percentage of the fat in breast milk about 98% is in form of triglycerides. The most
abundant fatty acid in human breast milk triglyceride is palmitic and oleic acids which are
heavily located in position 2 and positions 1 and 3 of the triglyceride respectively. They contain
a high amount of linoleic and linolenic fatty acids which are essential fatty acids. The fat
content of milk is highly variable, and the last milk of a feed has been suggested to contain
about two to three times more than the concentration of milk fat which is found in the initial

milk (fore milk) (Ballard & Morrow, 2013; Saarela et al., 2005)

Lactose

Lactose, a disaccharide, is the main sugar in human milk. Lactose concentration in human milk
is the least variable macronutrient among mothers, however higher lactose concentrations are
found in the milk of women who produce more milk. Other major carbohydrates in human milk
are oligosaccharides, which account for around 0.1 g/L in human milk depending on the
lactation stage and maternal genetic factors. Other micronutrients such as vitamins A, B1, B2,
B12 and iodine are also present in breast milk, and this varies depending on the diet of the
mother as well as the body. All these components serve as a source of nutrition for breastfed
babies, as well as facilitate the development of their physiologic functions (Ballard & Morrow,

2013).

1.3.2 Immunological components of human breast milk

Human breast milk has also been shown to contain immunological factors such as antibodies,

components of the complement system, enzymes and carrier proteins, which serve to protect



neonates against pathogenic organisms (Ruiz et al., 2017). In mucosal surfaces, secretory
immunoglobulin A (IgA) is the most common immunoglobulin isotype. Two IgA molecules
(dimeric IgA), a joining protein (J chain), and a secretory component make up secretory IgA
(Smith et al., 2019). Human breast milk contains secretory Immunoglobulin A (slgA) which is
the most abundant immunoglobulin present in the colostrum. The resistance of
immunoglobulin A to pepsin, trypsin and hydrolysis by the gastric acid is a result of the

secretory component of sigA (Aradujo et al., 2005).

The concentration of sIgA increases mostly in the first 3-4 postpartum days and declines as the
volume of milk increases. This protects neonates against infections caused by some respiratory
and gastrointestinal pathogens such as Vibrio cholerae, and Campylobacter (Le Doare &
Kampmann, 2014). IgM and IgG also play important roles. These antibodies can bind
complements, thereby opsonise any pathogen which is coated by the antibodies (Brandtzaeg,

2013).

Lactoferrin is another immunological component which is an iron-binding protein. Lactoferrin
is bacteriostatic and deprives pathogens of iron. It also blocks the metabolism of carbohydrates
in pathogens and attacks their cell wall. Organisms which are commonly inhibited by
lactoferrin include those that have high iron requirements, such as yeasts and coliform (Jahani

etal., 2015).

Lastly, milk macrophages often synthesize lysozyme, a protein enzyme with physiological and
functional features. Lysozyme is also a powerful microbicide, and its concentration rises over
time during lactation. Furthermore, lysozyme lyses bacteria's cell walls and, in some cases,
works in tandem with lactoferrin and secretory immunoglobulin A to provide antibacterial

protection (Primo et al., 2018).



1.3.3 Bacteria in human milk

Human milk has for a long time been considered the best food for neonates and this milk was
traditionally considered sterile. However, recent studies have shown that breast milk does not
only serve as a source of nutrition for the infant but also contains bacteria that may aid in the
establishment of a healthier gut in breastfed babies (Chehab et al., 2021; Corona-Cervantes et
al., 2020; Yuan et al., 2022; Wallenborn et al., 2022). Examples of these bacteria are lactic acid
bacteria, Bifidobacterium spp, Streptococcus spp, and Staphylococcus spp. (Yuan et al., 2022;

Oikonomou et al., 2020; Chen et al., 2018; Murphy et al., 2017; Martin et al., 2016).

1.3.3.1 Prebiotics and Probiotics

Prebiotics are a group of nutrients which are degraded by certain beneficial bacteria in the gut
hence improving the health of the host. The presence of prebiotics leads to the stimulation of
the growth of these beneficial bacteria and as a result, modifies the function and composition
of the gut microbiota (Ali & Nizar, 2018). Prebiotics are present naturally in some foods such
as beans, onions, tomatoes, soybeans, cow and human milk to mention a few, but their quantity
is low (Davani-Davari et al., 2019). Other prebiotics can also be commercially produced.
Examples are compounds such as fructooligosaccharide and galactooligosaccharides.
Galactooligosaccharides for example was reported to influence species like Lactobacillus and

Bifidobacterium in the gut (Louise et al., 2016).

Probiotics as defined by FAO/WHO as living bacteria that can confer beneficial properties
when adequately administered (Morelli and Capurso, 2012). These bacteria have been reported
to help play a role in modulating the immune system as well as maintaining gut homeostasis
and preventing the growth of pathogenic bacteria (Behnsen et al., 2013). Examples of probiotic

bacteria with health benefits are species of Lactobacillus such as Lactobacillus acidophilus,



Lactobacillus casei and Lactobacillus paracasei (Farahmand et al., 2021) and species of

bifidobacteria such as Bifidobacterium animalis ssp. lactis (Raeisi et al., 2013).

Several criteria and qualities are evaluated when creating probiotic products, including their
ability to withstand harsh environmental conditions, acid and bile salt tolerance for
gastrointestinal passage, and the absence of antibiotic-resistance genes or virulence factors to
prevent these genes from being transferred to pathogenic bacteria (Kesen and Aiyegoro, 2018).
It is also preferable for probiotic bacteria to have a negative impact on enteric microorganisms,
possibly through the production of antimicrobial substances such as bacteriocins or through
competitive exclusion (Kim et al., 2019; Kesen and Aiyegoro, 2018). Other criteria include the
ability to adhere to the intestinal mucosa wall and the ability to produce extracellular enzymes

which are important in digestion processes (Kesen and Aiyegoro, 2018).

It has been revealed that colostrum and breast milk may be sources of commensal and probiotic
bacteria to the infant’s gut (Fernandez et al., 2013; Kordy et al., 2020). For example, a human
milk strain of Lactobacillus (Lactobacillus fermentum CECT5716) was discovered to have
probiotic properties (Jiménez et al., 2010) that may help to lower the frequency of illnesses like

diarrhoea in breastfed babies (Rodriguez-Sojo and Ruiz-Malagoén, 2021).

Moreover, certain factors such as diet (Albesharat et al., 2011; Williams et al., 2017),
geographic location (Ding et al., 2019; Drago et al., 2017), and genetic characteristics have
been reported to alter the microbiota of human milk (Gomez-Gallego et al., 2016). It is also
hypothesized that the current research area's multiple economic and environmental sanitation
issues (covered further in section 2.9 of this thesis) may have an impact on the microbiota of

mothers' milk as well as the gut microbiota of babies.



1.4 Rationale and justification of the present study

The study of the human milk microbiome is important because human milk plays a major role
in the composition of breastfed babies' gut microbiome (Sindi et al., 2021), and indeed the gut
microbiome is important because it has been reported to play a role in health and disease, with
an unbalanced gut microbiome being associated with various diseases such as allergy in

childhood and inflammatory bowel disease in adulthood (Tanaka et al., 2017).

Studies have been carried out in different parts of the world investigating the bacterial diversity
in human milk and the faeces of breastfed babies. Among them are in Spain (Maldonado et al.,
2012), across Europe (Fallani et al., 2010), the United States (Hunt et al., 2011), the Middle
East (Mehanna et al., 2013), and South Africa (Wallenborn et al., 2022). Studies on human
milk bacteria in the Western part of Africa are limited and no research has been carried out in
Nigeria investigating the bacterial diversity in breast milk and comparing it with that of faeces
of breastfed and formula-fed babies up to this moment. Nigeria is a developing country, and
owing to its tropical characteristics, socio-economic status, culture and lifestyle of residents; it
becomes important to have coherent data on the type and diversity of bacteria in breast milk
and gut of Nigerian babies, as some of these factors may influence the microbiome of mothers
and babies in Nigeria (Gomez-Gallego et al., 2016; Kashtanova et al., 2016; Ojo-Okunola et

al., 2018).

The socioeconomic status of mothers (collected by using a questionnaire) as used in the context
of this research carried out on Nigerian mothers are the level of education of mothers, their
occupation, their economic status whether low, medium or high as determined by the level of
their income, the number of their children and the kind of area they live such as rural or urban

area.

In addition, it has been reported that geographic location influences the composition of the milk

microbiome (Lackey et al., 2019; Gay et al., 2018), with several studies conducted in various
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parts of the world yielding disparate results. It is critical to have reliable data that spans multiple
geographic locations to better understand the core microbiome in human milk. As a result, this
study is required to add to the data already available on human milk and gut microbiome by
analysing samples from Nigerian participants using Next generation sequencing (16S
sequencing), which can create a comprehensive picture of the presence of bacteria in breast
milk and gut of babies when compared to culture-dependent techniques (Martin et al., 2003)
or targeted sequencing which limits population diversity and the number of identified bacteria

(Collado et al., 2009; Jost et al., 2013; Martin et al., 2012; Solis et al., 2010).

1.5 Research aims

This research was carried out to investigate the presence of bacteria in the breast milk of
Nigerian mothers and the relationship between the mode of feeding and bacteria present in the
gut of babies. In addition to this, the effect that diet, age and socio-economic status of

participants may have on the microbiota of breast milk and faeces was investigated.

1.6 Objectives

i.  To review recent literature in the field of milk microbiome, provide insight into the
methodologies used to analyse human milk, including sample collection and

microbiome analysis, and make some recommendations.
ii.  To select the appropriate experimental groups.

iii.  To conduct a pilot study to optimise methods of identification of bacteria from milk

and faeces such as culture-dependent methods and culture-independent methods.

iv.  To identify bacterial population and diversity in breast milk and faeces using both
culture-dependent and culture-independent methods such as qPCR and 16S rDNA

sequencing in samples collected in Nigeria.



v.  To study the possible relationship between human milk microbiota and gut microbiota

of breastfed babies.
vi.  To compare the gut microbiome of breastfed babies to that of formula-fed babies.

vii.  To investigate the possible relationship between the microbiota of breast milk as well
as faeces and the mother’s diet, lifestyle, age and socio-economic status using the

questionnaire.

1.7 Scheme of work for the study

This study was divided into two parts. The first part was the pilot/preliminary studies carried
out in the UK on 7 mothers (breast milk samples) and their babies (faecal samples). Culture
and identification by Matrix Assisted Laser Desorption lonisation Time of Flight Mass
Spectrometry (MALDI-TOF MS) Biotyper was used alongside quantitative polymerase chain

reaction to quantify and identify the bacteria present in the samples.

The second part of the study was carried out both in Nigeria and in the UK. Samples were
obtained from mothers and babies in Nigeria and a questionnaire was also administered.
Analysis of the samples including data interpretation was carried out in the UK. Culture and
MALDI-TOF MS Biotyper were used alongside 16S rDNA NGS analysis to identify the

bacteria present in the samples. Details of this can be found in Chapter 3.

1.8 Structure of thesis

Chapter 2: Literature Review

This chapter provides a review of the literature on the nature of bacteria in human milk, the
types of bacteria which has been reported to be associated with human milk including their
possible sources and the impact they have on babies who are breastfed as compared to babies
who feed on formula. The factors that may influence breast milk composition as well as

methods which have been used to investigate the bacteria in human milk or faeces of babies.



Chapter 3: Methodology

This chapter provides an overview of the methods used in the study. This includes
microbiology culture, MALDI-TOF, gPCR (used for the pilot study carried out in the UK to

optimise the methods used in the larger study) as well as 16S Next Generation Sequencing.

Chapter 4: Results of Pilot study

This chapter provides an overview of the results of the pilot. It discusses the type of bacteria
isolated/detected from breast milk and faeces of mother-baby pairs in the UK. It also compares
the microbiology culture method and the molecular qPCR technique that was used to carry out

the pilot study

Chapter 5: Results obtained from samples collected from Nigerian participants

This chapter described the results of fieldwork analysis and focuses mainly on the isolation and
detection of bacteria in milk and faeces of fed babies in Nigeria using the traditional culture
approach and identification by MALDI-TOF MS as well as 16S rDNA Next Generation
Sequencing approach. The analysis of the questionnaire to determine the association between
the socioeconomic factors and microbiota of mother’s milk and baby faeces was also included

in this chapter

Chapter 6: Discussion

This chapter discusses the study's main findings. It evaluates the different methods used in the
study. The relationship between the bacteria found in the mother’s milk and the faeces of babies
was also described here, as well as how the microbiota of babies who are fed with breast milk
and those that are fed with formula differ. Furthermore, the chapter evaluates the questionnaire

in relation to the microbiota of mothers and babies.
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Finally, chapter 7 concludes the thesis by summarising the research findings, limitations,

recommendations and future reviews.
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Chapter 2 : Literature review

2.1 Background on Microbiome Research

The term "microbiota” refers to the collection of live microorganisms found in a specific
habitat, while microbiome refers to the collection of the genome of these microbes within their
environment (Wang et al., 2017). In recent decades, microbiome research has advanced rapidly

and has become a popular topic among scientists and the general public (Berg et al., 2020).

In 2007, the Human Microbiome Project, an international initiative was created. The goal of
the study was to use whole-genome sequencing to characterize the microorganisms and
discover their roles in the human body. During the first three years of the initiative, nearly 200
microbial species were identified for the first time and since then, more microbiota species and
their significance in human health are being identified at an increasing rate, and understanding

of microbiota is rapidly expanding (Lu, 2020).

There are trillions of microorganisms in the human body that have direct and indirect effects
on health and disease. The presence of microorganisms has also been discovered in the
precolostrum as reported in the study of Ruiz et al. (2019) who investigated the microbiota in
precolostrum of pregnant women in Spain. Human milk microorganisms have evolved as
essential bioactive components. Microorganisms were first discovered in milk during research
into the possible transmission of pathogens via breastfeeding (Eidelman & Szilagyi, 1979).
Several investigations later revealed the existence of live commensal, mutualistic, or possibly
probiotic bacteria in the milk of healthy mothers (Fernandez et al., 2013; Ruiz et al., 2019),

reigniting interest in the microbiota of human milk and its role in maternal-neonate health.

2.2 Possible origin of bacteria in human milk

To date, the origin of bacteria in human milk is yet to be established. It was thought in the past
to be a result of contamination introduced due to the contact between the mother’s breast skin

and baby during breastfeeding (West et al., 1979), although some studies have shown that
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bacteria isolated from the breast skin of breastfeeding mothers differ from those isolated from

the breast milk of same mothers (Ballard & Morrow, 2013; Martin et al., 2009)

Recently, two possible origins of human milk bacteria have been hypothesized (Figure 2.1):
the retrograde transfer of bacteria from external sources such as the baby’s oral cavity and
mother’s skin and an entero-mammary pathway of internal bacteria from the mother’s gut to

the mammary gland (Fernandez et al., 2013).
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Figure 2.1: Suggested origin of bacteria in human breast milk. Maternal gut, infant gut,
infant oral cavity (Source: (Fernandez et al., 2013).

13



The retrograde transfer of bacteria from external sources involves the introduction of bacteria
into the mammary gland from the areola skin of mothers as well as the transfer of bacteria from
the baby’s oral cavity to the mammary gland during suckling. It was reported that during
breastfeeding, there could be a flow back of breast milk through the mammalian duct and this
could take along some bacteria from the baby’s mouth back to the mammary gland (Ramsay
et al., 2004), although further studies proved the presence of bacteria in breast milk before the

baby starts feeding (Damaceno et al., 2017).

Similarly, to the transmission of bacteria from the baby's oral cavity to the mammary gland
during suckling, the possibility of bacteria transferring from the breast pump into the milk duct

during pumping has recently been documented (Moossavi & Azad, 2020).

The entero-mammary pathway involves bacteria being transferred from a breastfeeding
mother's gut to her mammary gland by immune cells. Dendritic cells and macrophages are
immune cells that can carry bacteria and deposit them in lymph nodes throughout the body via
the lymphatic system. It has been suggested that during the late stages of pregnancy, dendritic
cells and macrophages may take up bacteria from mothers' guts and transport them to the
mammary gland via the lymphatic system (Figure 2.1), implying that bacteria in breast milk

may have originated from the mothers' gut (Perez et al., 2007; Rodriguez et al., 2015).

More recently, Moossavi and Azad (2020) proposed a slightly modified way for the possible
origin of bacteria in human milk which was called ‘‘The oro/entero-mammary pathway’’
involving the translocation of both the bacteria from the mother’s gut as well as oral cavity to

the mammary gland, however, this research is still ongoing and needs further investigation.

2.3 Breast milk as a source of bacteria to breastfed baby’s gut

The gastrointestinal tract is a complex system which consists of several different types of

microorganisms, mostly bacteria, and they influence the growth as well as the differentiation
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of gut epithelial. They also play role in immunological, metabolic and protective functions

(Lyons et al., 2020; Fitzsteven et al., 2017).

The intestine of a foetus is normally sterile and contains amniotic fluid (Guaraldi & Salvatori,
2012; Rodriguez et al., 2015). According to Arumugan et al. (2011), the microbiota of the
infant's gut is established as a result of a combination of internal and environmental stimuli that
begins at birth and continues over time. Yao et al. (2020) investigated the role of microbiota
on infant health and reported that internal factors such as breast milk for breastfed babies and
mothers' vaginal and intestinal microbiota could influence infant microbiota in early life.
Additionally, external factors which could influence infant microbiota include delivery

equipment, air, and staff.

Breast milk serves as a source of bacteria to the infant's gut (Kordy et al., 2020; Boudry et al.,
2021). Baumann-Dudenhoeffer et al. (2018) in their study of the faecal metagenome of 60
infants found that the makeup of the gut microbiome of breastfed babies is closely tied to the
microbiome of their mother's breast milk, while the presence of a more diverse group or

organism coincides with the period of weaning.

Numerous studies have shown that there is a mother-to-infant transfer of bacterial strains, and
that human breast milk is a source of live bifidobacteria among several hundreds of bacterial

phylotypes, to the gut of infants (Kordy et al., 2020; Yuan et al., 2022; Martin et al., 2012).

Some of the benefits of breast milk bacteria to the infant include the promotion of the early
establishment of bacteria in the gut of infants and the enhancement of the maturation of the
immune system (Toscano et al., 2017). It has also been reported that breast milk bacteria protect
the gut of infants against illnesses such as diarrhoea by increasing mucin production while
reducing intestinal permeability, thus improving the intestinal barrier function (Martin, et al.,

2006; Martin, et al., 2005; Olivares et al., 2006).
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Studies have also shown that some of the bacteria present in human breast milk such as some
strains of lactic acid bacteria if transferred to the gastrointestinal tract of infants can act by
competitive exclusion or by the production of certain antimicrobial compounds (bacteriocins
and hydrogen peroxide) and thus inhibit the growth of many pathogenic bacteria (Beasley and
Saris, 2004). A study carried out by Maldonado et al. (2012) has shown a reduction in the
incidence of gastrointestinal infections and upper respiratory tract infections in infants who
were administered a human milk strain of Lactobacillus (Lactobacillus fermentum
CECT5716). Another study reported that Lactobacillus gasseri CECT 5714 which is a human
milk strain has the potential to reduce the incidence as well as the severity of allergy if passed
to the gut of babies via breastfeeding, as it has been shown to reduce the incidence of allergic
response in an animal model of cow’s milk protein allergy (Olivares et al., 2006). Interestingly,
it has also been noted that viridans streptococci, which has been isolated from human milk are
associated with the gut of healthy infants in contrast to the gut of infants suffering from atopy

(Kirjavainen et al., 2001)

2.4 Overall benefits of breastfeeding

In addition to the benefits an infant derives from the breast milk of the mother, many studies
have reported the beneficial effects the act of breastfeeding has on breastfeeding mothers. Some
of the benefits include; decreased risk of breast cancer and ovarian cancer (Gaitskell et al.,
2015). It may also encourage weight loss after pregnancy and an early return to pre-pregnancy
weight (Jarlenski et al., 2014). Chua et al. (1994) also reported that breastfeeding may reduce
post-partum bleeding and enhance the rapid return of the uterus to its pre-pregnancy size, which
is attributed to the increase in the production of oxytocin. Certain women also use exclusive
breastfeeding as a form of contraception to increase child spacing within the first 6 months

post-delivery to prevent the return of menstrual blood (Sridhar & Salcedo, 2017).
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Some of the social and economic benefits of breastfeeding in society include a decrease in the
total annual healthcare cost (Quesada et al., 2020; Weimer, 2001) as it has been shown to
reduce the risk of many types of disease and ailments in both the mother and the child. It has
also been reported to reduce the burden on the environment because the disposal of formula
bottles and cans will be reduced to a minimal level, as well as the reduction in the demand for

the production and transport of artificial feeding formulas (Quesada et al., 2020).

It has been found that babies who are breastfed have slightly enhanced cognitive development
(neurodevelopment) when compared to those that were not, as analysed in the research of
Pereyra-Elias et al. (2022) on 7,855 infants. Furthermore, breastfeeding has for a long time
served as a form of analgesia for babies when undergoing a painful procedure as this reduces
the pain associated with the procedure possibly due to sucking, skin-to-skin contact, warmth,
and the mother's sound and smell (Harrison et al., 2016; Carbajal et al., 2003; Gray et al., 2002).

2.5 Composition of bacteria in the gut of breastfed babies vs gut of babies
fed with milk formula

In contrast to babies who are fed with breast milk, studies have shown that infants who are fed
with formula supplements tend to show slight variations in the composition of their gut

microbiota (Ma et al., 2020; Kashtanova et al., 2016).

Ma et al. (2020) reported a significantly higher number of Bifidobacterium and Bacteroides
and a lower number of Enterococcus and Streptococcus in breastfed babies as compared to

infants who were fed with formula.

It was also revealed in a study carried out by Favier et al. (2002) that the gut microbiota of
breastfed babies generally contains a higher amount of bifidobacteria and ruminococci while
the gut of babies fed with formula is enriched with bacteria such as Bacteroides, Klebsiella and

lower levels of bifidobacteria (Kashtanova et al., 2016).
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Another study reported that the gut of breastfed babies is dominated by bacterial genera such
as Propionibacterium, Staphylococcus, Gemella and Corynebacterium, while the gut of
infants fed with formula is associated more with bacteria such as Bifidobacterium dentium,

Enterococcus and Clostridium difficile (Timmerman et al., 2017).

2.6 Factors that may influence the composition of bacteria in human milk

Factors that have been reported to influence the composition of human milk include nutrition,
geographic region, lactation stage and genetic factors (Gomez-Gallego et al., 2016). Similarly,
factors which may influence the microbiome of human milk include the lactation period (Hunt
et al., 2011), the mother’s diet (Albesharat et al., 2011; Williams et al., 2017), Body Mass
Index (Moossavi et al., 2019) geographic location (Ding et al., 2019; Drago et al., 2017;
Jiménez, et al., 2015; Olivares et al., 2015; Quinn et al., 2012), mode of delivery (Cabrera-

Rubio, et al., 2016; Moossavi et al., 2019) and antibiotic usage (Soto et al., 2014).

Recently, breastfeeding practice has been reported to be one of the factors that may influence
the composition of human milk. Indirect breastfeeding using a breast pump rather than infant
feeding directly from the nipple has been reported to significantly influence the milk microbiota

(Moossavi et al., 2019).

As previously noted, diet may influence the microbial composition of human milk (Williams
et al., 2017), just as it has been shown that the nutritional component of human milk is
influenced by the mother's diet (Gomez-Gallego et al., 2016). For instance, a study carried out
in Syria by Albesharat et al. (2011) revealed the presence of shared lactic acid bacterial strains
when the composition of lactic acid bacteria in local fermented foods, breast milk of mothers,

and faeces of mothers and their babies were phenotypically and genotypically examined.

Furthermore, many studies have revealed that the composition of breast milk varies slightly

depending on the stage of lactation (Boix-Amords et al., 2016; Damaceno et al., 201; Solis et
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al., 2010). Some studies have found that colostrum samples produced during the first few days
after birth had a higher bacterial load than mature milk (Damaceno et al., 2017; Solis et al.,
2010). There have also been documented irregularities in the pattern of breast milk microbial

composition as it changes (Solis et al., 2010; Boix-Amords et al., 2016).

Geographical influences on the microbiota of breast milk have also been reported. For example,
Hunt et al. (2011) reported a less common presence of lactobacilli and bifidobacteria in their
study carried out in the United States compared to a study carried out in Europe (Collado et al.,
2009) in which these two bacterial genera appeared to be common. Similar variations in milk

microbiomes have been reported in studies carried out in China and Taiwan (Ding et al., 2019).

Mode of delivery is another factor which has been widely discussed in the literature as stated
earlier (Hermansson et al., 2019; Moossavi et al., 2019; Toscano et al., 2017). For mothers who
went into labour, there is a possibility of an increased intestinal permeability which may lead
to increased bacterial translocation in the maternal gut and, as a result, bacteria transfer to breast
milk. Women who also went through caesarean section (CS) are also likely to be exposed to
different environmental bacteria. It was reported that women who gave birth vaginally had a
higher bacterial richness in their breast milk (Hermansson et al., 2019), while women who gave
birth through CS were reported to have a higher abundance of environmental bacteria (Toscano

etal., 2017).

Antibiotic usage has also been revealed to have a great impact on the milk microbiome leading
to decreased bacterial load (Solis et al., 2010). Additionally, women with high body mass index
have been reported to have a reduced bacterial diversity with an abundance of certain genera
such as Akkermansia (Cabrera-Rubio et al., 2012), Granulicatella (Williams et al., 2017) and

Staphylococcus (Ding et al., 2019) and a lower abundance of Bacteroides (Williams et al.,
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2017), Bifidobacterium (Cabrera-Rubio et al., 2012), Lactobacillus and Streptococcus (Ding

etal., 2019).

Moreover, because the current study focused on mothers and babies in Nigeria, it's critical to
consider the circumstances in the study location and how they may influence the microbiota

discovered in mothers' milk or babies' faeces.

2.7 A Dbrief overview of Nigerian culture

Nigeria is in the southeast of the western part of Africa with an area of 923, 768km? which is
about 4 times the size of the United Kingdom. It has a population of around 192 million people

originating from 3 major ethnic groups namely the Hausa, Igbo and Yoruba (Moland, 2015).

Nigeria has a vibrant culture. Family is usually an institution, and they often share a bond.
Childbirth and marriage are regarded as pride, and usually, there is a strong bond between
mothers and their babies (Falola, 2001; Kirk-Greene, 2022). Great importance is commonly
placed on breastfeeding irrespective of the ethnic group (Berde & Yalcin, 2016). The South-
western part of Nigeria (where this study was carried out) consists majorly of mothers
belonging to the Yoruba ethnic group, who according to their culture, believe that a child born
to a healthy mother must be breastfed (Berde & Yalcin, 2016). Midwives organise discussions
for each immunisation clinic and speak with mothers about the necessity of breastfeeding to

reinforce its benefits (Figure 2.2).
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Figure 2.2: Images showing a.) the sampling site (Adeoyo hospital Ibadan), b.) the
maternity ward and c.) mothers being addressed at the immunisation clinic at Adeoyo
Hospital Ibadan.

2.8 The lifestyle of Nigerian people may have an impact on the microbiota
of mothers and babies

In terms of food, Nigeria has its traditional cuisine although they are gradually being replaced
by western cuisine comprised mostly of frozen, canned and prepacked foods. For an average
Nigerian, these western foods are expensive and so they rely mostly on their traditional foods.
However, irrespective of the culture and food preparation techniques, Nigerian meals are
comprised mainly of a main food combined with a stew (Muhammad & Amusa, 2005). In the

South-western part of Nigeria, crops such as corn, yam and potatoes form the base of their main
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diet which is served with an oil-based stew made of red peppers, chilli peppers and onions;
combined with beef, goat meat, and sometimes chicken (Oguntona et al., 1999). Common
vegetables are okra, melon, and spinach. Fruits such as banana, pawpaw, pineapple, orange and
coconut are also common (Oguntona et al., 1999).

2.9 Socio-economic/environmental factors in Nigeria and the influence they
may have on milk microbiota and faecal microbiota of babies

In Africa, particularly in Nigeria, there are several economic issues which may also alter the
microbiota of the milk or gut (Ayeni et al., 2018). One of them is environmental sanitation
which may have an impact on the health of Nigerian residents and may further have an
influence on the microbiota of mothers and babies in Nigeria. Improper sewage disposal, poor
drainage systems, and disposal of refuse on the streets and in the flowing rivers are some of the
sanitary issues faced in many parts of Nigeria (Ezechi et al., 2017; Moruff, 2012). This poses
a health hazard to the residents and could also be a breeding site for mosquitoes which transmits
the malarial parasite that causes malaria; one of the leading causes of death in Nigeria (Bassey
& lzah, 2017). Other related diseases caused by these sanitary issues are respiratory tract
infections, and food and water-borne diseases (Ezechi et al., 2017). It is presumed that these
health-related factors may generally influence the microbiome of mothers and babies in

Nigeria.

In addition to this, there is an issue of inadequate medicines in pharmaceutical industries
leading to medicines being run out and residents having to rely on ‘black markets’ which in
most cases are expired medicines (Goodman et al., 2007). There are also issues of the
unregulated use of antibiotics (Akinyandenu & Akinyandenu, 2014). In Nigeria, antibiotics are
available over the counter without a doctor’s prescription which prompts many to self-diagnose
and self-medicate (Akinyandenu & Akinyandenu, 2014). All these factors may influence the

microbiome of mothers and babies in Nigeria.
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Chapter 3 : Methodology

This study was carried out in phases. The first phase is the pilot study (i.e., preliminary studies),

which entailed the optimization of methodologies to establish the relevance of various

techniques linked to the study as well as the feasibility of the investigation. The second phase

was the actual field work analysis, which included sampling at the research site in Nigeria and

lastly, further analysis in the United Kingdom (Figure 3.1 and Figure 3.2).

* Pilot study carried out in the UK
Establishing methods to be used in future work

Phase 1

Field work analysis
Sampling and microbiology investigations

Phase 2

Further investigations (16s,questionnaire etc)
Analysis of results

Figure 3.1: Workflow of the project consisting of three main phases
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