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ABSTRACT 

The human gut microbiome plays a critical role in health and disease. This complex 

community of microorganisms is established early in life and undergoes significant 

changes during infancy, a period crucial for long-term health. In infants, the gut 

microbiome is particularly dynamic, with the mode of delivery being one of the initial 

factors influencing its composition. Despite ongoing research, there are gaps in 

understanding the extent of maternal microbial transmission, the selection process of these 

microbes, and the factors influencing this selection. Specifically, it remains unclear how 

the gut microbiome, once acquired, differs in terms of evolutionary patterns in infants born 

via vaginal delivery or C-section. The current body of research lacks thorough investigation 

into specific microbial taxa present in the infant gut, that drive the evolution of gut 

microbes, particularly in association with delivery mode, neonatal health, and disease 

outcomes. One way to explore these microbial dynamics is through the study of HGT 

events, which can reveal how genetic material is exchanged between different microbial 

species in the gut. Using the WAAFLE tool, this study identified major drivers of HGT in 

infants born through either of the delivery modes. In CSD, there were 447 known HGT 

drivers, VD, there were 360. These include transfer of genes, like Salmonella enterica 

transfers the YagA gene to Klebsiella pneumoniae in CSD infants.  Post-translational 

modifications were observed with a positive log2 fold change of 6 in this HGT driver. This 

gene is involved in PFAM integrase catalytic activity and regulates genes related to 

metabolism, with its transcription being affected by stress and conditions leading to biofilm 

formation. In VD infants, Butyricicoccus pullicaecorum transfers the lepB gene to 
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Bifidobacterium longum, which is involved in signal peptidase activity, a valuable target 

for antimicrobial drug development and this transfer exhibited a positive log2 fold change 

of 5 in intracellular trafficking, secretion, and transport. Additionally, Coprococcus catus 

transfers the alfA gene to Ruminococcus sp. 5_1_39BFAA in VD infants, a gene associated 

with the degradation and metabolism of HMOs. Ruminococcus sp_5_1_39BFAA is 

negatively associated with lactose, showing a coefficient value of -1.84e+00 and an FDR 

of 9.052e-05. Lachnospiraceae bacterium_2_1_46FAA and Ruminococcus gnavus HGT 

drivers are found in VD infants and are positively associated with NICU-admitted infants, 

with coefficient values of 1.15e+00 and 1.12e+00, respectively, and FDR values of 2.281e-

03 and 5.402e-03, respectively. The gene involved is xylB, which has antimicrobial 

properties and is involved in defense mechanisms. Notably, Coprococcus catus and 

Lachnospiraceae bacterium_2_1_46FAA were identified as a potential probiotic tailored 

to personalized health interventions. 

Keywords: Infant gut microbiome, Vaginal delivery, C-section delivery, Horizontal gene 

transfer, Personalized health.
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CHAPTER 1: INTRODUCTION 

1.1 Human Gut Microbiome in health and disease 

The human microbiome, which encompasses all the microorganisms residing in and on the 

human body, is linked to both the health and disease of the host. According to an estimate, 

the number of microorganisms that constitute the microbiome outnumber the total human 

cells by ten to one hundred [1]. Microorganisms, until recently considered to be pathogenic, 

have been regarded as acquired symbionts within the host [2]. The microbial community 

residing in the gut, collectively referred to as the human gut microbiome, has established a 

mutualistic association with the host and has been studied in the context of human health 

over the past few decades [3].  Among the key roles that the gut microbiome plays in 

digestion is the contribution to the digestive process through the production of enzymes 

responsible for carbohydrate degradation, such as carbohydrate-active enzymes 

(CAZymes) [4] ); phosphate acetyltransferase for degrading dietary fiber; and malate L-

lactate dehydrogenase, which is important in butanoate metabolism. [5]. The gut 

microbiome is also well known for producing short-chain fatty acids (SCFAs) through its 

members of Bacteroides, Bifidobacterium, and Ruminococcus. These SCFAs do much 

more, including metabolic processes, signaling, and growth promotion of certain bacteria. 

[6]. In addition, the microbiome is associated with energy harvest and the synthesis of 

useful B vitamins, influencing metabolic regulations, particularly through bile acid 

metabolism, which affects metabolic regulations and energy expenditure. [7]. The 

interaction of the gut microbiome with the immune system of the host is bidirectional and 

impacts the development and regulatory control of the immune response. The gut 

microbiome takes an active role in the protection of the host from potential pathogenic 
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invasions [8].  The exact molecular mechanisms are still unclear; however, recognition of 

commensal microorganisms by the innate immune system is thought to be central for 

immune system development [9]. Microbiome signals, which include SCFAs, affect 

myeloid-cell differentiation, innate lymphoid cell maturation, and the mucosal epigenome, 

influencing disease exposure and treatment responses [10].  

Changes in the composition of the gut microbiome, its disrupted balance, or imbalances 

are associated with various diseases. In some—but not all—cases, the microbiome is 

believed to actively promote the etiology of a disease, mostly through inflammatory 

pathways include colorectal cancer [12] Crohn's disease [11], and autism [13]. Some 

bacterial species, usually part of the commensal microbiome, convert into opportunistic 

pathogens under defined circumstances. For example, Helicobacter pylori in the stomach, 

a commensal for the most part of the host's life, becomes a major risk factor of gastric 

adenocarcinoma under certain circumstances [14]. The gut microbiome has also been 

linked to obesity and metabolic syndromes. Excessive adiposity may alter the microbial 

community, creating a feedback loop that reinforces obesity [15]. Notably, 

Lachnospiraceae have been observed to contribute to the development of hyperglycemia 

[16]. The inflammatory pathways likely contribute to this relationship, given that obesity 

is characterized by low-grade inflammation [17]. A comprehensive metagenome-wide 

association study identified specific microbiome characteristics associated with type-2 

diabetes, including reduced butyrate production, increased abundance of pathogenic 

bacteria, and enrichment in sulfate reduction and oxidative stress resistance [18]. The gut 

microbiome has long been linked to chronic inflammatory conditions such as Inflammatory 

Bowel Disease (IBD). Studies reveal distinctions between individuals with IBD and those 
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who are healthy, such as the reduced abundance of F. prausnitzii in Crohn’s Disease and 

IBD, and increased β-lactamase-producing [17] and Enterobacteriaceae in severe 

ulcerative colitis (UC) [19]. 

 

 

 

 

 

 

 

 

 

Figure 1.1 Dysbiosis in the human microbiome and its role in disease development. 

1.2 Importance of the Infant Gut Microbiome 

The development of both the immune system and gut microbiome in infants commences 

during the initial 1000 days following conception, encompassing the periods of pregnancy 

and the initial two years of life [20]. This "window of opportunity" is a crucial period for 

ensuring the healthy development of infants. At birth, both beneficial and harmful microbes 

can colonize the infant’s gut and can confound the infant’s health [21]. 
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1.2.1 Composition, Function, and Importance of infant gut microbiome 

The acquisition of the gut microbiome by infants typically begins at birth. [22]. The 

microbes encountered by infants at birth, particularly those from the maternal source, may 

significantly impact the infant's health and disease, or lead to long-lasting consequences 

[23]. Important members of the core composition of the infant gut microbiome include 

Bifidobacteriales, Lactobacillales, Clostridiales, Prevotella, Bacteroidales, and 

Bacteroides Fragilis, among others, although these may differ based on what the dominant 

populations and compositions are. The development and maturation of immunity acquired 

and innate in infancy are significantly aided by the presence of commensal or beneficial 

bacteria; for example, Lactobacillus and Bifidobacterium [24]. The acquisition of 

Clostridia species prevents infant colonization by bacterial pathogens. Clostridiales raise 

the colonization resistance of the gut and are considered a defensive mechanism against 

the attacks of certain pathogens on the gut of the infant [25]. Digestion of Human Milk 

Oligosaccharides (HMOs) takes place in the infant gut as a result of high abundance of 

Bacteroides and Fragilis [26]. Moreover, Bacteroides thetaiotaomicron facilitates the 

growth of short-chain fatty acid (SCFA)-producing bacteria when carbohydrates and 

human milk oligosaccharides (HMOs) are present. [27]. Prevotella plays a crucial role in 

glucose metabolism, as it can degrade pyruvate to acetate and formate [28]. Additionally, 

it is significant in various pathways related to drug, carbohydrate, and vitamin metabolism. 

1.2.2 Factors influencing the development of infant gut microbiome 

Factors influencing infant gut colonization include mode of delivery, vaginal delivery (VD) 

and C-section delivery (CSD), breastfeeding, gestational age, maternal and infant diets, 
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antibiotic use, environmental exposures, and maternal stress levels, all of which contribute 

to the establishment of the infant gut microbiome. (Figure 2.1).  

 

 

 

 

 

 

Figure 1.2 Factors shaping the infant gut microbiome affect microbial diversity, species 

abundance, and health outcomes. 

Most importantly, the mode of delivery significantly influences the infant’s gut 

microbiome. Infants delivered via VD "inherit" their microbiome from their mother's birth 

canal, acquiring bacteria such as Lactobacillus and Prevotella species. [29]. Conversely, 

infants delivered by CSD are colonized by different bacteria, such as Corynebacterium, 

Staphylococcus, Propionibacterium, and Clostridium, and exhibit lower levels of 

anaerobic bacteria like Bacteroides and Bifidobacterium.[30].  

Breast milk fosters the growth of the gut microbiome by supplying probiotics and 

prebiotics, which help protect against pathogens. Breast milk predominantly contains 

microorganisms such as Lactobacillus, Streptococcus, Bacteroides, Staphylococcus, 

Enterococcus, Clostridium, and Bifidobacterium. [31]. Breast milk carries a unique set of 

microorganisms along with HMOs that are passed on to infants. These HMOs, which act 
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as prebiotics, encourage the growth of beneficial gut bacteria, prevent harmful pathogens 

from establishing themselves in the infant's gut, and promote overall health benefits. The 

composition of an infant's gut microbiome is influenced by exposure to various external 

environments during early development outside the uterus. Having siblings is associated 

witan increased Bifidobacterium and reduced abundance of Peptostreptococcus bacteria in 

infants [32]. The infant gut microbiome also shows diversity depending on geographical 

location, dietary patterns, and lifestyle. Studies indicate variances in the microbiome of 

rural versus urban infants. Furthermore, a study involving 605 infants from five European 

countries with diverse lifestyles and feeding practices found that infants from Northern 

European countries had a higher prevalence of Bifidobacteria.. In contrast, infants from 

Southern European countries had increased levels of Bacteroides and Lactobacilli [33]. 

When preterm infants are admitted to the neonatal intensive care unit (NICU), infants 

encounter microorganisms present in the hospital environment, with restricted exposure to 

microorganisms specific to their mother and family but increased contact with NICU staff 

microorganisms. These microorganisms include Staphylococcus aureus, Enterococcus, 

Klebsiella, Pseudomonas aeruginosa, Acinetobacter, and other Enterobacteriaceae. They 

are frequently found on NICU surfaces and are among the most common sources of 

nosocomial infections. CSD infants are more prone to receiving antibiotics, thereby 

elevating the risk of future health issues such as asthma [34], [35], obesity[35], and 

inflammatory bowel disease [36]. Antibiotics administered to infants have been associated 

with increased levels of Enterobacteria, whereas those given to mothers during pregnancy 

or breastfeeding led to a reduction in Bacteroides in their infants. 
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1.3 Mode of delivery and the infant gut microbiome 

The mode of delivery is a significant factor influencing the composition of infant 

microbiome, with CSD being a crucial obstetric intervention for the safety of both mother 

and child. Despite its life-saving nature, there has been a recent trend of overuse of CSD. 

The proportion of infants delivered through CSD has been steadily increasing over the 

years. The rates of mothers undergoing a CSD were approximately 3.2% in 1990–91, 7.8% 

in 2006–07, 13.6% in 2012–13, and 19.6% in 2017–18[37]. These variations in delivery 

mode have been associated with differences in the gut microbiome of infants (Figure 3.1). 

 

 

 

 

Figure 1.3 The Influence of Delivery Mode on the Formation of the Infant Gut 

Microbiome 

1.3.1 Vaginal Delivery (VD) and Infant gut microbiome 

Infants delivered through VD tend to have more diverse microbiome [38]. Greater richness 

and diversity of gut bacteria are often indicative of an individual’s ability to defend against 

pathogenic invaders. Notably, Numerous studies have reported a notable increase in 

bacterial richness and diversity in both VD and CSD infants following the introduction of 

solid food. [39]. These findings suggest that while mode of delivery is not the sole a key 

factor influencing microbial composition, it remains one of the main determinants until the 

introduction of solid food. Hill et al. [40] found that the mode of delivery creates notable 
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differences in the infant microbiome, but these differences become less pronounced after 

the first 24 weeks of life. In contrast, additional studies have noted taxonomic disparities 

linked to the mode of delivery that continue up to seven years of age [41]. The duration of 

these microbial differences remains a matter of debate; nonetheless, it is clear that the mode 

of delivery does impact microbial composition. Furthermore, study by Dominguez-Bello 

et al. [42] identified evidence supporting the the direct transmission of bacteria from 

mother to infant. They discovered that in 75% of vaginal deliveries, the mother's vaginal 

bacteria were more similar to her infant's microbiome compared to those of other VD 

infants. These findings indicate vertical transmission of the unique vaginal microbiome. 

Another study found similar results, concluding that vaginal Lactobacillus species are 

passed from mother to infant during vaginal delivery. [43]. Dominguez-Bello et al. [44] 

also found that infants born through vaginal delivery had microbial communities with a 

high abundance of Lactobacillus, Prevotella, Atopobium, and Sneathia species. In their 

study, Dzidic et al. [45] similarly observed that the gut of vaginally delivered infants is 

predominantly dominated by vaginal bacteria, including species such as Bifidobacterium, 

Klebsiella, Lactobacillus, Escherichia, and Prevotella. According to study, the abundance 

of Escherichia was only associated with VD and age [46].  

1.3.2  CSD and Infant gut microbiome 

The difference in the infant gut microbiome in the VD and CSD categories is often 

considered to play a crucial role in the development of various pathologies related to 

metabolism, as well as the immune systems [47]. The difference is likely due to disrupted 

normal colonization, occurring when infants delivered by CSD, do not get exposed to 

maternal vaginal microbes, and encounter skin and environmental microbes [48]. Another 
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study has identified higher levels of Haemophilus and Clostridium species in adults 

delivered by CSD [49]. A study by Dominguez-Bello et al. [42] found that the microbiome 

of infants delivered by CSD was found to have higher proportions of Staphylococcus 

species. Dzidic et al. [45] also noted that the gut microbiome of infants born via CSD is 

mainly dominated by Propionibacterium, Corynebacterium, and Staphylococcus, which 

are commonly found on the skin. Other studies have reported an increased presence of 

Veillonella in infants delivered by CSD, in addition to the previously noted 

Staphylococcus, Streptococcus, Corynebacterium, and Propionibacterium. Shi et al. also 

observed that infants in this category frequently exhibited abundant colonization by 

Bacillus licheniformis, which is suggested to lead to microbial dysbiosis. Another study 

found that CSD-born infants had an increased abundance of Clostridium perfringens, 

which is toxigenic bacterium and associated with gastrointestinal illnesses [50]. Grönlund 

et al. [51] and Adlerberth et al. [52] revealed that although infants delivered by CSD 

eventually acquired Lactobacillus, Bacteroides, and Bifidobacterium in their gut, this 

colonization was delayed compared to VD infants. Similarly, Makino et al. [53] observed 

a delay in the colonization of Bifidobacterium in CSD infants, with slower bacterial counts 

that did not reach the levels observed in VD infants. 

1.3.3 Association with health and diseases  

Several research studies have highlighted the potential influence of the gut microbiome on 

infants’ health, either through immune regulation or the microbiome-gut-brain axis [54]. 

For example, indole-3-lactic acid (ILA) produced by Bifidobacterium has been 

demonstrated to boost the expression of immunoregulatory galectin-1 in Th2 and Th17 

cells during polarization, resulting in positive effects on infant regulatory immunity. [55]. 
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Research on cytokine concentration observed higher blood serum levels of sIL-2R, sIL-

4R, INF- γ, IL-1β, IL-6, and TNF- α in VD infants compared to CSD [56]. These cytokines 

receptors are associated with inflammation: sIL-2R acts as a receptor for IL-2, which 

regulates white blood cell activity; sIL-4R serves as a receptor for IL-4 and exhibits anti-

inflammatory properties; INF-γ aids in fighting viral pathogens and regulating immune 

responses; IL-1β is believed to initiate labor; IL-6 may regulate placental and fetal growth; 

and TNF-α exerts pro-inflammatory effects [56]. Bacteroides fragilis significantly 

contributes to the development and maintenance of immune function, primarily due to its 

production of polysaccharide A. [57]. Polysaccharide A is vital for triggering T cell 

responses, ensuring T cell balance within the body, and preventing inflammation [58]. 

These variations in the development and function of the immune system are believed to 

have consequences beyond infancy and early childhood. Studies suggest that disruptions 

in the typical establishment of the immune system could lead to abnormalities in normal 

physiology throughout life. Therefore, it is crucial to explore and acknowledge the 

potential adverse health consequences associated with CSD. 

Mild upper respiratory tract infections (URTIs) can be compared to potentially fatal 

illnesses like pneumonia or lower respiratory tract infections (LRTIs). Despite an overall 

decline in global mortality, it still ranks first among the causes of death for children under 

the age of five, accounting for five million of these deaths [59]. In a study conducted in 

New Hampshire, USA, on infants from the general population, early microbiome patterns 

were found to be associated with wheezing, diarrhea, and infant respiratory infections. 

During the initial year of life, a higher abundance of respiratory infections and related 

symptoms were linked to increased diversity in the gut microbiome of early infants [60]. 



11 

The delivery of mode has been identified as a major influence on the development of the 

microbiome. [61]. In the context of respiratory health, it is hypothesized that lactic acid-

producing bacteria, such as Lactobacillus spp, play a role in preventing infections [62]. 

VD infants have a higher colonization of Lactobacillus species compared to CSD. This 

variance in colonization is believed to potentially contribute to the increased prevalence of 

certain respiratory conditions and diseases in infants delivered by CSD [62]. One of the 

study also found a positive association between upper respiratory infections and 

Veillonella, more especially Veillonella parvula in CSD infants. According to a research 

study, CSD infants had a higher risk of upper respiratory tract infections when there was a 

higher relative abundance of Corynebacterium species [63]. 

In a meta-analysis of 26 epidemiological studies, Bager, Wohlfahrt, and Westergaard found 

that CSD infants had a moderately elevated risk of developing allergic rhinitis and asthma 

[64]. A study found that Clostridium difficile produces two unique exotoxins that are 

known to compromise the integrity of the intestinal epithelial cell barrier. These exotoxins 

initiate and then escalate the inflammatory response, which is thought to play a role in food 

hypersensitivity. [65]. Lundgren et al. revealed that infants delivered by CSD are more 

prone to developing dairy allergies compared to VD. The study hypothesized that this 

difference may arise from the reduced abundance of milk-digesting Lactobacillus in CSD 

infants. Similarly, Wampach et al. [66] observed a correlation between allergic diseases 

and lower levels of Bacteroides and Bifidobacterium species. Because such bacteria are 

not allowed to colonize in the case of CSD-born infants, these bacteria foster the 

development of allergic disease in CSD infants. Melli et al. [67] analyzed 21 different 

studies related to the microbial composition of the gut microbiome in allergic condition 
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cases. The study found that the microbial diversity level remains quite low in allergic 

infants compared to non-allergic infants. This was indicated by a higher number of 

Bacteroidaceae and an excess of Firmicutes. Chen et al. [68] studied 23 infants with food 

allergies and 22 healthy infants in a case-control study that was conducted in 2016. The 

finding indicated that alterations in the gut microbiome were linked to food allergies. 

Infants with food allergies have a lower diversity of the total microbiome. In infants with 

food allergies, there is a clear low level of Bacteroidetes bacteria and a high level of 

Proteobacteria, Actinobacteria, and Firmicutes at the phylum level when compared to 

healthy infants. Furthermore, variations have been reported among infants with food 

allergies in terms of the genera, such as the decreased numbers of Veillonella and 

Bacteroides and the increased numbers of Subdoligranulum and Clostridium IV. In a recent 

study, they assessed four clinically distinct allergic diseases identified in the large, 

comprehensively characterized CHILD cohort study at the age of five.  They found that in 

infants who went on to develop allergic diseases, the pattern of changes in maturation is 

characterized by an increase in C. innocuum, E. lenta, T. nexilis, E. faecalis, and E. coli, as 

well as reduction in the bacterial species F. saccharivorans, B. Wexlerae, E. hallii, and A. 

hadrus [69]. It has been demonstrated recently that infants with food allergies show 

increased abundances of Faecalibacterium prausnitzii and Ruminococcus gnavus, along 

with reduction of several species of Bacteroides, Bifidobacterium, and other taxa with the 

ability to degrade fiber [70]. These results suggest that an elevated risk of allergic 

conditions is linked to imbalances in the gut microbiome. 

Asthma, the most common chronic condition in infants, is a significant noncommunicable 

disease (NCD) impacting both adults and infants. About 52.9% of children with asthma 
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under five reported having experienced an attack [71]. The Centres for Disease Control 

and Prevention (CDC) report that between 2001 and 2020, there was a decrease in 

childhood asthma attacks [72]. Even though asthma is manageable, 50% of children with 

the condition are thought to have uncontrolled asthma [73]. McCauley et al. [74] 

characterized four distinct Lactobacillus-dominated vaginal microbiome clusters with 

unique compositions and functions. This was done by analyzing paired samples from 

mothers' vaginal microbiomes and infants' stool samples. These clusters exhibited distinct 

correlations with prenatal maternal exposures, including diet, stress, and farm exposure, as 

well as with infant IgE levels at one year of age. Mothers showed vaginal clusters 

predominantly characterized by G. vaginalis or L. fornicalis, according to McCauley et al. 

These clusters were linked to higher allergic sensitizations in their infants. Bacterial 

vaginosis is caused by the pathogen G. vaginalis, which also causes microbiome dysbiosis 

by inducing microbial production of the inflammatory endotoxin lipopolysaccharide (LPS) 

[75]. Comparing the gut microbiome of 319 infants, Arrieta et al. [76] discovered that 

within the first 100 days of life, infants at risk for asthma exhibit a temporary imbalance in 

their gut microbiome. Infants with a susceptibility to asthma display significantly reduced 

relative abundances of the bacterial genera Rothia, Faecalibacterium, Veillonella, and 

Lachnospira. Researchers found from a cohort of 319 human participants in the Canadian 

Healthy Infant Longitudinal Development (CHILD) Cohort that supports a connection 

between an elevated likelihood of asthma development and gut microbial imbalance in the 

initial 100 days of life, which is defined by reductions in four bacterial genera: Rothia, 

Veillonella, Lachnospira, and Faecalibacterium [77]. According to a study by Montoya-

Williams et al. [78], the anti-inflammatory properties of Lactobacillus are proposed to 
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potentially inhibit the onset of asthma. In contrast, Staphylococcus and Clostridium species 

have been associated with conditions such as atopic dermatitis and asthma [79]. These 

results suggest that an elevated risk of allergic conditions is linked to imbalances in the gut 

microbiome. 

The most prevalent illness following delivery, neonatal jaundice typically appears within 

the initial week of life. Jaundice develops within the initial week of life in around 60% of 

term infants and 80% of preterm infants. Jaundice in newborns is identified by elevated 

levels of total serum bilirubin [80]. Research has been conducted to explore the potential 

correlation between elevated levels of direct bilirubin and microbes, like 

Bifidobacterium[81]. According to a recent study, the gut microbiome dysbiosis linked to 

jaundice was characterized by a proliferation of potentially harmful bacteria, the 

Enterobacteriaceae family, a low-level biodiversity, and a decline in the microbiome with 

a beneficial potential, the genera Bifidobacterium and Faecalibacterium[82]. 

According to the study, researchers discovered that two strains of Rhodopseudomonas 

palustris, two strains of Veillonella parvula, three species of Mycobacterium, and five 

species of Streptococcus were upregulated in jaundiced infants[83]. Although the gut 

microbiome and neonatal jaundice are thought to be related, still the gut microbial 

characteristics of this illness are poorly understood. 

Diarrheal illnesses continue to be the primary cause of mortality for children under five, 

contributing to 1.8 million child fatalities globally[84]. Even though diarrhea-related 

deaths have decreased over time, it is still a common reason for pediatric urgent care visits, 

particularly in certain economically challenged nations in Asia and Africa [85]. The main 

cause of infectious diarrhea is enteric bacterial pathogens. Bacterial pathogen-induced 
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diarrhea is a global health concern, especially in developing countries. Currently, the most 

common pathogens associated with diarrhea are thought to be Clostridium difficile, 

Salmonella, Aeromonas, Campylobacter, and Shigella[86], [87]. Recent research 

examined the gut microbiome characteristics of infants with diarrhea and those without it 

in several ways. The most prevalent bacteria in the group that causes diarrhea were 

Proteobacteria, which are also the microbial marker of dysbiosis in the gut microbiome 

[88]. Upon comparing the outcomes of the two cases at the genus level, Qingjie Fanthey et 

al. discovered that diarrhea was linked to a rise in Klebsiella and Enterobacter and a 

decrease in Lactobacillus [89].  

1.4 Research gap and problem statement  

The gut microbiome changes constantly throughout life, still, the vertical transfer from 

mother to infant is unquestionably a crucial developmental step. However, the extent of 

maternal transmission, the selection process of these microbes, and the factors influencing 

this selection remain unknown. Although the mode of delivery is the initial factor 

influencing an infant's gut microbiome, research suggests that infants born through either 

CSD or VD may exhibit similar microbes after a few years. A study has found that levels 

of Lactobacillus and Bifidobacterium species are significantly or insignificantly lower in 

infants delivered by CSD compared to VD. However, these differences tend to diminish 

by the time an infant reaches three years of age [90]. The observed trend of similar gut 

microbiome composition in infants could be influenced by factors such as the introduction 

of solid foods and weaning from exclusive milk diets occurring around the same time for 

both cases. However, despite this similarity, infants born via CSD may have an altered 

immune system and are at higher risk of diseases such as autoimmune diseases, allergies, 

https://pubmed.ncbi.nlm.nih.gov/?term=Fan+Q&cauthor_id=33312314
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and asthma compared to VD. This change could potentially have enduring effects on 

human health. Understanding the long-term implications for human health requires the 

examination of how the relationships between the human host and its microbial 

communities have evolved and how these interactions may have shaped the development 

of the immune system's overall infant health, providing valuable insights into evolutionary 

patterns. However, the evolutionary patterns within the gut microbiome of infants delivered 

via either method remain uncertain, presenting a significant opportunity to identify 

personalized health biomarkers. In addition, by tracking the evolution of disease-causing 

microbes in the gut microbiome, it can become possible to prevent major infant diseases 

and reduce mortality rates in the future. The existing research lacks adequate exploration 

of specific microbial taxa present in the infant's gut, particularly with the mode of delivery, 

infant health, and diseases. 

1.5  Objectives  

● To characterize the differences in patterns of gut microbiome evolution at early-life 

stages in infants delivered by VD or CSD. 

● To identify key microbial species driving the evolution of gut microbiome in both 

groups 

● To establish a connection between microbiome evolution, infant health, and 

potential diseases.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Data Acquisition 

The raw metagenome data was obtained from NCBI Sequence Read Archive (SRA) 

database using accession number PRJNA473126. The original study involved a total of 

402 gut metagenome samples collected from infants delivered via either of the delivery 

mode (VD: n = 181, and CSD: n = 221) across different timepoints(M) starting from M0till 

M8  [91]. We were interested in understanding how the gut microbiome of infants evolves 

after acquisition from mothers at birth, thus, this dataset allowed us to answer our research 

question. Further details, including the metagenome sequencing along with relevant 

metadata is provided in Table 2.1 and Table 2.2. 

Table 2.1 Major characteristics of infant data 

 Mode of delivery 

 CSD 

 

VD 

 

Diet 

Predominat: Mostly 

Formula-Fed,  

Cow's Milk Formula 

Predominat: Breastfed, 

Cow's Milk Formula 

Antimicrobial in 

last 7days 

No: 202 

Yes: 15 

No: 169 

Yes: 7 

Maternal Diabetes 
No: 196 

Yes: 21 

No: 176 

Yes: 0 

Neonatal Intensive 

Care Unit 

No: 195 

Yes: 22 

No: 148 

Yes: 28 
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Table 1.2 Infant Sample Counts at different timepoints 

 

Mode of delivery 

 CSD VD 

Timepoints (M) Number of samples 

0 13 11 

1 21 18 

2 29 19 

3 22 14 

4 23 21 

5 28 25 

6 22 23 

7 31 24 

8 26 21 

 

The SRA Toolkit is a collection of libraries and tools created by NCBI for communication 

with the SRA database [92]. By utilizing the prefetch command, the dataset mentioned 

above was retrieved from NCBI SRA. Then, the fastq-dump command was used to convert 

the metagenome samples from SRA to FASTQ format. For storage convenience, gzip 

command was used to compress these FASTQ paired-end files. 

2.2 Preprocessing of sequence reads 

Raw metagenome data can typically have compromised sequence quality and must be 

preprocessed before downstream analysis. The steps taken during preprocessing are 

described in the subsequent sections. 
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2.2.1 Quality Control 

To identify potential quality issues in the data, FastQC [93], a quality control visualization 

tool, was used. These generated visualizations of the data quality which were subsequently 

curated for identification of major issues and selecting appropriate parameters for 

preprocessing. Some of the identified issues included adapter contamination, read 

duplication and short reads. Next, the preprocessing encompassing these requirements was 

implemented using fastp (v0.20.1) [94]. 

2.2.2 Host read removal 

Another source of contamination in the sequencing data, is the potential presence of host 

reads. This can result in false-positive results. Hence, the data must be processed for the 

removal of host reads. To accomplish this, BBDuk script (from BBMap suit) was used 

[95]. The BBDuk script (https://github.com/Habiba8956/HGT-insight-hub employed the 

human genome (GRCh38) as a reference dataset to align metagenomic reads with the host 

genome, subsequently removing them. 

2.2 Metagenome Assembly 

For metagenome de novo assembly, we used MEGAHIT (v.2.4.3) [96]. The metagenome 

assembly was conducted using the KBase online server [98]. The MEGAHIT assembly 

was conducted with the following k-list 31, 59, 87, 115, 127 and a minimum contig length 

of 500. 

2.3 Identification of HGTs using WAAFLE  

WAAFLE (Workflow to Annotate Assemblies and Find LGT Events) (v.2.0.0) [101] is 

computational approach based on phylogenetics designed to detect novel HGTs and profile 

them from metagenome assemblies. Metagenome assemblies with WAFFLE to identify 

https://github.com/Habiba8956/HGT-insight-hub
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potential HGT events was used. In the first step, assemblies were compared against the 

WAFFLE database using the waafle_search command. The resulting BLAST hits were 

then utilized for identifying open reading frames (ORFs), using the waafle_genecaller 

command. This yielded results in GFF (General Feature Format) which contains gene 

coordinates information. Finally, the metagenome assemblies, blast output and GFF files 

were used for identification of HGT events as well as for taxonomic classifications of the 

contigs involved in HGT events. WAFFLE results include both “directed” and “cumulative 

set” HGT events which refer to situations where donors are known and unknown, 

respectively. 

2.3.1 Extraction of genes involved in HGT events 

Next, FASTA sequences of genes involved in HGT events were identified and extracted 

from the genes predicted from the metagenome assemblies. For this, the coordinates of 

genes were extracted from the GFF files produced by WAAFLE. Then, the FASTA of the 

genes was obtained from the gene catalogue using the coordinates through a custom Python 

script. 

2.3.2 Estimation of counts of extracted genes  

Following gene extraction, count method from CoverM (8.6.1) was used to determine the 

number of reads mapping to each gene sequence. The resulting count tables for each sample 

were processed to create a matrix using a custom Python script. This script worked in two 

steps: (1) it summed up the counts of genes and (2) arranged the multisample counts such 

that each row corresponded to a unique query and columns represented counts in 

independent samples. 
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2.3.3 Estimation of Rate and Frequency of HGT events 

In the next step, the rates and frequencies of HGT events were calculated, within samples 

as well as between clade pairs. These rates of HGT events identified by WAAFLE were 

normalized by the assembly size. For this, the number of HGT events was obtained for 

each sample from the outputs and was divided by the corresponding sample’s metagenome 

assembly size in bp and finally normalized to rates per million. The rationale behind this 

step was to account for the inherent variability in assembly sizes, as larger assemblies 

naturally have a higher likelihood of capturing more events. Thus, this normalization 

enabled us to remove any potential bias that could have resulted due to a larger assembly 

size obtained due to deeper sequencing of certain samples.  

This was estimated by calculating HGT events frequency between a pair of clades: A is 

acceptor, B is donor; the number of AD events was observed between A and B in all 

samples. Then the figure was normalized to the total number of genes assembled for both 

acceptor and donor across all samples and normalized to 1000 genes per assembly. 

Likewise, the frequency of directed HGT events from a donor to an acceptor was calculated 

by measuring the number of transfers from a donor to an acceptor across samples and then 

normalized to the total number of acceptor genes assembled across all samples and then 

scaled to 1000 genes. The normalization of this enabled an accurate average density of 

transfers from the donor to the acceptor, with particular importance on the recipient clade 

acceptor in HGT events. 

2.4 Contig Abundance Estimation 

CoverM (v0.6.1) [100] was applied to estimate the relative abundances of contigs in the 

metagenomes. For this, the contig identifiers obtained from the WAAFLE outputs were 
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utilized and their corresponding FASTA sequences were extracted from their respective 

metagenome assemblies. The specific parameters for estimating the abundances included: 

--min-read-percent-identity 95, and --min-read-aligned-percent 50. The 'Relative 

Abundance' method from the CoverM was used to calculate the percentage of total 

metagenomic reads that mapped to each contig. To concatenate multiple CoverM output 

files into a single matrix format, a customized Python script was prepared. This script 

performed two major functions: (1) it summed up the abundances of contigs that belonged 

to the same microbial taxa and (2) arranged the data such that abundances of each sample 

were represented in a single column. The first row of listed the name of the taxa that was 

idenfitied from WAAFLE. 

2.5 Gene Annotation  

HGT is conventionally linked to various molecular functions and to explore potential 

functional enrichments among genes involved in HGT events, eggNOG-mapper v.2.11. 

[104] is used for the identification of functions of genes. The extracted gene sequence files 

served as input. eggNOG-mapper was executed with default parameters to annotate the 

extracted gene sequences. This process involved mapping each gene to known orthologous 

groups and assigning putative functions. The output from eggNOG-mapper provided 

annotation files for both CSD and VD. These annotation files included information on the 

predicted functions of genes within each dataset, categorized according to Clusters of 

Orthologous Groups (COG). For this analysis, we processed the WAFFLE output and 

obtained the contigs that were assigned to the genes involved in HGT events. These steps 

collectively contributed to a comprehensive and functionally enriched representation of the 

gene sequences. 
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2.6 Statistical Analysis 

2.6.1 Median comparison using Wilcoxon’s test 

In the microbiome study conducted by Falony et al., the comparison of median differences 

in alpha-diversity measures, the proportion of core genera, and the abundance of specific 

genera was accomplished using the Wilcoxon test for categorical variables. These non-

parametric tests were employed to assess statistical significance, providing a robust method 

to evaluate differences within and between cases without relying on strong distributional 

assumptions. For the comparison of contig length, N50 and largest contig distribution in 

each case CSD and VD, the Wilcoxon test was applied using the QUAST report. This 

facilitated an examination of potential differences in contig sizes between cases. 

In the analysis of HGT events, the Wilcoxon test was utilized in multiple scenarios. The 

HGT rate, and transferred gene frequency were compared between CSD and VD cases. 

Differences in HGTs between timepoints in each individual case were tested, as well as 

differences in HGTs between cases at an individual time point. This enabled a powerful 

statistical comparison of HGT dynamics with consideration for different experimental 

conditions and factors related to time.  

2.6.2 Comparative Analysis of Alpha Diversity in CSD and VD 

Alpha diversity describes the variety and distribution of species within one sample. It 

comprises evenness, which shows the relative abundance of each of those species in a 

sample, and richness, which is the number of distinct species. [103]. Because the Shannon 

method is well-established and frequently used, it was employed to compute the alpha 

diversity of the two examples, CSD and VD. The calculation of the Shannon index was 

done at each time point from 0 to 8 months for both cases, and the respective results were 
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plotted in a line plot to compare the trends in the alpha diversity between cases across time. 

We also performed Wilcoxon tests on the cases at each time point to produce p-values of 

the differences in alpha diversity between the cases to analyze the observed differences 

statistically. 

2.6.2 Fold enrichment analysis using eggNOG-mapper 

To identify meaningful changes in gene function between datasets, log2 fold change 

calculations were applied to COG categories from the annotation files. This statistical 

approach quantified differences in gene expression patterns over various timepoints. 

Heatmaps were then generated using R to visually display these differential expression 

patterns across the COG categories.  
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Preprocessing of the metagenome data 

The mean raw read counts for CSD and VD were 4.73±1.87 M and 4.79±2.73 M 

respectively, as shown in Figure 3.1. These results indicate that the raw read counts for 

both cases are similar, thus the datasets were generated with similar sequencing depths. 

The mean counts for clean reads for the CSD and VD were 3.01±2.1 M and 3.09±2.1 M, 

respectively. Similarly, the read count after the removal of host-associated reads (HG 

trimmed) in CSD and VD was 3±1.39 M and 3.09±2.1 M, respectively (Figure 3.1). 

 

 

Visualization of raw, clean, and HG-trimmed read qualities through FastQC indicated 

improved data quality after preprocessing. Furthermore, no significant difference was 

observed in the read counts in both cases. 

 

Figure 3.1: Comparison of read distribution in both cases, highlighting 

variations in data processing stages 
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3.2 Metagenome assembly and quality assessment  

Metagenomes of both cases were assembled using MEGAHIT de novo metagenome 

assembler and their quality was assessed through QUAST. The main parameters evaluated 

for determining assembly quality include the total number of contigs, total assembly length, 

largest contig, and N50 length. These are discussed in detail below:  

3.2.1 Total number of contigs in metagenome assemblies 

The mean and std for the CSD are 2.17±1.38 kilobase pairs (Kbp), respectively. For the 

VD, the mean and std are 1.97±1.59 Kbp, respectively. This indicates that the number of 

contigs in both cases was relatively consistent, with the CSD having a relatively higher 

mean and std compared to the VD (Figure 3.2). However, no significant differences were 

observed between the cases, with p-value of 0.57. 

3.2.2  Total length of metagenome assemblies 

The total length of the metagenome assemblies for the CSD was 76.6±96.2 Mbp, whereas 

for the VD, it was 67.56±86.09 Mbp. This suggests that the total length of the metagenome 

assembly was comparatively higher for the CSD compared to the VD. However, no 

significant differences were observed between the cases, with p-value of 1. (Figure 3.2). 

3.2.3 Largest contig size 

The largest contig size of metagenome assemblies for the CSD was 307.15± 154 Kbp, 

whereas for the VD, it was 306.17± 146.39 Kbp. However, no significant differences were 

observed between the cases, with p-value of 0.91. (Figure 3.2). 

3.2.4 N50 length 

The N50 length for the CSD was 31±54 Kbp, whereas for the VD, it was 33.94±39.03 Kbp. 

This suggests that the N50 is slightly higher for the VD compared to the CSD (Figure 3.2). 
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However, no significant differences were observed between the cases, with p-value of 0.71. 

The results indicate that the metagenome assemblies for the CSD and VD were of similar 

quality, with no significant differences in the assembly metrics. This suggests that both 

cases were adequately represented in the assemblies. The assembled metagenomes of 

infants also enabled the investigation of HGTs involved in early life evolution and their 

impact on infant health and disease.  

 

 

 

 

 

 

 

 

 

 

 

  3.3 Identification and distribution HGTs in infant gut microbiome  

The observed pattern of HGT events in the infant gut microbiome, as depicted in Figure 

3.3, 3.4 shows a notable difference between VD and CSD in the early stages of infancy. 

Specifically, VD infants exhibit a higher number of HGT events at M0, M1, M2, and M3 

compared to CSD infants. However, by M5, M6, M7, and M8, the number of HGT events 

in both cases becomes more evenly distributed, with VD infants still showing a slight 

 

Figure 3.2: Visualization of quality assessment of metagenome assembly 
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advantage. Notably, no significant difference between the cases was observed other than 

at M4 (cumulative set of HGTs), as determined by the Wilcoxon rank-sum test (p-value = 

0.028). This pattern of HGT events can be linked to the existing literature on the influence 

of delivery mode on the infant gut microbiome. This association of VD with a more diverse 

and mature infant gut microbiome has been validated by several studies. The increase in 

diversity and maturation might be the reason for the high number of HGT events seen in 

these infants in early infancy [105]. Increased exposure to the maternal microbiome during 

VD may facilitate the gene transfer between species, thus promoting faster development of 

the infant gut microbiome [105]. In contrast, less diversity and immaturity of the gut 

microbiome are associated with CSD, and events of HGT could therefore potentially be 

fewer in the very early stages of infancy [106]. This reduced exposure of the infant to 

maternal microbiota in CSD could limit gene transfer between species, thus delaying the 

development of gut microbiome. By months M3, M4, M5, and M6, the number of HGT 

events in both CSD and VD infants tends to equalize, likely due to the overall maturation 

of the infant gut microbiome [107]. 

Specific families of bacteria may dominate the infant gut microbiome and thus relate to the 

observed pattern of HGT events. For example, in M1, CSD tend to be dominated by 

Enterobacteriaceae, while VD will more likely be dominated by Bifidobacteriales. By M2, 

CSD tend toward Lachnospiraceae, whereas VD tend toward Ruminococcaceae. In M3, 

Enterobacteriaceae again tends to be highly abundant in CSD but Lachnospiraceae in VD. 

This pattern again changes in the subsequent months, when Eubacteriaceae is the dominant 

family at M4 in CSD, while Ruminococcaceae remain dominant in VD. At M5, 

Enterobacteriaceae again rises in CSD and Lachnospiraceae joins to be the dominant 
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family in VD. From M5 onwards, Lachnospiraceae is the most abundant bacterial family 

in both modes of delivery and remains so as the predominant group from M6 to M8. 

 In brief, these results suggested that VD is associated with an increased number of HGT 

events during this early period of life that would contribute to the establishment of a more 

rich and mature gut microbiome. HGT events modification may be dependent on the 

dominance of certain bacterial families in the infant gut. As such, Bifidobacteriales in VD 

could facilitate gene transfer between species, leading to an increase in the number of HGT 

events [106]. The fact that Lachnospiraceae is a dominant family in both delivery modes 

during this period might help explain the more equal distribution of HGT events. 

Nevertheless, it is close to being equally distributed between both delivery modes from M5 

to M8; hence, other factors such as diet and environmental influences may turn out to be 

more relevant in shaping the infant gut microbiome over time. 

 

 

 

Figure 3.3: Median HGT events across different timepoints in CSD 

and VD (directed only) 

 



30 

 

 

 

 

 

 

 

 

 

3.4 Rate of identified HGTs 

The rate of HGT events in the infant gut microbiome varies notably between CSD and VD 

with a significant difference at M4 (directed only) (p-value = 0.04) in Figure 3.4.1 and 

Figure 3.4.2 shows rate of HGT events (cumulative set). For more appropriate comparison, 

the rate of HGTs was calculated for the two sample groups by dividing the HGT events 

with the assembly length (in Mbp). This normalization ensured handling the differences in 

assembly size between samples. 

At M0, the CSD has a higher rate of HGT events (0.22 per Mbp of assembly) compared to 

the VD (0.18 per Mbp of assembly). This likely happens due to changes in the gut 

microbiota and reduced exposure to the maternal microbiome with CSD, which might 

influence how an infant's gut is initially colonized [105].  

Figure 3.4: Median HGT events across different timepoints in CSD 

and VD (cumulative set of HGTs) 
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In contrast to the M1, the rate of HGT events for both delivery methods decreases, but VD 

displays a fairly constant rate. This might be a consequence of the continued influence of 

the maternal microbiome on the infant's gut through continued breastfeeding or other 

environmental factors [107]. From M1 to M2 and from M2 to M3, the rate of HGT events 

is constant in both modes of delivery. This time period is associated with the establishment 

of an infant gut microbiome, and stability in HGT events may be influenced by processes 

linked to maturation of the immune system or development of gut protective barriers [107]. 

While this HGT rate is maintained from M2-M3 to M3-M4 in VD, it starts to decrease in 

CSD. Again, this could be the result of continuous exposure in VD to the maternal 

microbiome, keeping a gut microbiome more diverse and resilient. From M4 to M5, HGT 

events remain constant in CSD and reduced in VD.  

Now, going further from M5-M6, there is an increase in HGT events in CSD and a further 

drop in VD. This could result from increased exposure to environmental factors that should 

hence modify the gut microbiome composition [107]. Though in both cases there is a 

decline from M5-M6 to M6-M7 of HGT events, in CSD it still remains slightly higher. In 

the M7-M8 both cases the rate of HGT events levels off, with a slight uptick in CSD. This 

could be a result of the continuing development of the infant's immune system and 

stabilization of a gut microbiome [108].  

In summary, the variation in the HGT rate over time would depend on how the gut 

microbiome matures from birth into adulthood, develops the immune system, and the effect 

of the environment. 
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3.5 Frequency of identified HGTs 

The frequency of identified HGT events in the infant gut microbiome varies notably 

between CSD and VD. Frequency of HGTs was calculated for the two sample groups by 

dividing the HGT events by the genes. This normalization allows us to count the number 

of transferred genes in a given set of genes, providing a more accurate representation of 

the HGT frequency.The results indicate that there is no significant difference in the 

frequency of HGT events between CSD and VD across all timepoints (directed, cumulative 

Figure 3.6: Rate of HGT events across different timepoints in CSD and VD 

(cumulative set of HGTs) 

Figure 3.5: Rate of HGT events across different timepoints in CSD and VD 

(directed only) 
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set of HGTs) showing p values > 0.05 Figure 3.7, Figure 3.8. At M0, CSD had a slightly 

higher frequency of HGT events (0.3) compared to VD (0.2). This difference was 

maintained until M1-2, after which the frequency decreased and became similar for both 

cases. In the M2-3 period, there was no change in frequency.  

However, in the M3-4 period, both CSD and VD showed an increase in frequency, with 

VD having a slightly higher value. First, the frequency of HGT events decreased during 

M4-M5, and then it continued falling to almost the same level by M5-M6. From M6-M8, 

it started rising again, though showing a minor high value for VD.  

The first frequency difference of the CSD and VD can be explained through differences in 

the composition of maternal gut microbiomes and exposure to different environments that 

infants encounter [106]. The decrease in the frequency during M1-M2 could be because of 

the infant's gut microbiome adjusting itself to the new environment, losing some of the 

transient species [109]. Increased frequency during the period M3-M4 might indicate 

increased stability in gut microbiome, which allows HGT events to be more efficient. The 

drop in frequency during the M4-M5 might be attributed to gut microbiome reaching 

maturation and fewer needs for HGT events [107].  

This steady increase during the period from M6 to M8 could be driven by further 

development of gut microbiome [107]. Specifically, these results highlight the dynamics 

of HGT events within infant gut microbiomes, and significant roles for temporal and 

environmental factors in these processes. 
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3.6 Alpha diversity of identified HGTs 

The results of α-diversity analysis for donor and acceptor species in both CSD and VD 

across different timepoints reveal distinct patterns and intersections. At M0, CSD has 

higher α-diversity than VD. This difference is maintained until M1, with a significant 

difference observed at p-value=0.03 shown in Figure 3.9 and 3.10 Thereafter, the α-

diversity in CSD starts to decrease, while it continues to increase in VD until M3, at which 

point both cases intersect. In the CSD, α-diversity then keeps on going down until 5M 

Figure 3.7: Frequency of HGT events across different timepoints in CSD and VD 

(directed only) 

Figure 3.8: Frequency of HGT events across different timepoints in CSD and VD 

(cumulative set of HGTs) 
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while VD maintains a higher level. There is no significant difference between two delivery 

modes with p-value under 0.05. In both cases, α-diversity again plateaus between M6 and 

M7. According to VD, this α-diversity is greater at the end of M8. These observations are 

consistent with reports in existing literature that describe the effect of mode of delivery on 

the infant gut microbiome. For example, Korpela et al.  [110] recently reported that the gut 

microbiome was different in infants delivered by CSD when compared to VD. The authors 

postulated that this could be attributed to exposure to the maternal vaginal microbiome at 

birth during VD, in combination with other factors such as the introduction of solid foods 

and maturation of the infant immune system. They also indicated that the application of 

antibiotics, which is more frequent in the case of CSD infants, can perturb the gut 

microbiota and decrease α-diversity [111]. Another study by Yassour et al. [112] 

demonstrated lower diversity and different composition of gut microbiome in infants born 

by CSD versus VD. The investigators hypothesized that this disparity could be a result of 

reduced exposure to the maternal vaginal microbiome during CSD. Higher α-diversity of 

donor species at an earlier time point in CSD may indicate that a wider range of taxa is 

implicated in mediating HGT. 

 

 

 

 

 
Figure 3.9: Alpha diversity across different timepoints in CSD and VD 

(directed only) 



36 

 

 

 

 

 

 

3.7 Identifying unique driver of HGTs in CSD and VD 

The results of α-diversity analysis reveal significant differences at the M1 timepoint. This 

difference is observed in both donor and acceptor species, with a p-value of 0.03 in both 

cases. The upset plot further supports this finding by showing a greater number of unique 

donor (Figure 3.11) and acceptor (Figure 3.12) species in CSD compared to VD at M1. 

The unique donor species in CSD at M1 include Veillonella sp. oral taxon 158, 

Clostridiales genomosp. BVAB3, Anaerostipes hadrus, Streptococcus ferus, Oribacterium 

sinus, Escherichia coli, Dorea longicatena, Bifidobacterium animalis, and Clostridium 

clostridioforme. In contrast, the unique donor species in VD at M1 are Neisseriaceae, 

Treponema, Bacteroides vulgatus, and Streptococcus equinus. The unique acceptor species 

in CSD at M1 are Citrobacter freundii, Veillonella atypica, Megasphaera micronuciformis, 

Enterococcus malodoratus, Streptococcus thermophilus, Anaerostipes hadrus, 

Eubacterium ventriosum, and Roseburia hominis. In VD, the unique acceptor species are 

Parabacteroides merdae and Enterobacteriaceae. 

Figure 3.10: Alpha diversity across different timepoints in CSD and VD 

(cumulative set of HGTs) 
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Figure 3.11: Visualization of unique and common donor species across different 

timepoints in CSD and VD 

 

 

 

 

 

Figure 3.12: Visualization of unique and common acceptor species across different 

timepoints in CSD and VD 

 

3.8 Comparative analysis of HGT events in CSD and VD 

The donor-acceptor pair in CSD, involved in most HGT events (11 events), was Klebsiella 

sp_4_1_44FAA-Collinsella aerofaciens, followed by, Streptococcus sp oral taxon 071-

Streptococcus suis (8 HGT events) shown in Figure 3.13. In contrast, the donor-acceptor 

pair in VD, involved in most HGT events (16 events), was Coprococcus catus-

Ruminococcus sp_5_1_39BFAA, followed by, Lachnospiracea bacterium 2 1 4 6 FAA-
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Ruminococcus gnavus(11 HGT events) shown in Figure 3.14.  Furthermore, the donor-

acceptor pairs in CSD and VD belong to different families. For example, Klebsiella 

sp_4_1_44FAA and Collinsella aerofaciens belong to different families 

(Enterobacteriaceae and Erysipelotrichaceae, respectively). Similarly, Streptococcus sp 

oral taxon 071 and Streptococcus suis belong to the same family Streptococcaceae. In 

contrast, Coprococcus catus and Ruminococcus sp_5_1_39BFAA belong to different 

families (Lachnospiraceae and, Ruminococcaceae respectively), while Lachnospiracea 

bacterium 2 1 4 6 FAA and Ruminococcus gnavus belong to the same family 

Lachnospiraceae but different genera. Lachnospiracea bacterium 2 1 4 6 FAA, and 

Ruminococcus gnavus belongs to the genus Ruminococcus. Such differences in the donor-

acceptor pairs and their families and genera may impact on the interaction of bacteria with 

each other during processes such as CSD and VD. For example, the Ruminococcaceae 

family is more abundant during the early gut microbiome of VD infants. This family has 

been found to be more prevalent in the gut microbiota of VD-born infants and to play an 

important role in the degradation of dietary intake, particularly during early life [106], 

[113]. In contrast, CSD infants often have a gut microbiome resembling their mothers' skin 

bacteria, dominated by Corynebacterium and Staphylococcus spp. [113]. Distinctions 

within the gut microbiome are thought to derive from a lack of exposure to maternal vaginal 

microbiome following VD.  
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Figure 3.13: Visualization of HGT donor-acceptor pair in CSD, 

representing the number of occurrences  

Figure 3.14: Visualization of HGT donor-acceptor pair in VD, 

representing the number of occurrences 
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3.9 Temporal Patterns of HGTs in Early-Life Gut Microbiomes 

Understanding gene transfer between bacteria requires more than simply counting raw 

numbers of gene transfers. The reason is that raw counts can sometimes be misleading if 

certain bacteria are very abundant or very rare in the community. Instead, these counts have 

been normalised to show relative abundances, which will be helpful in understanding the 

dynamics of gene transfer. In CSD infants, the bacterium donor is mostly represented by 

Clostridium nexile. Over time, this bacterium starts transferring genes to other bacteria. For 

example, at M0, it transfers genes to the Eubacterium ramulus. At M2, it transfers to the 

Coprobacillus sp. 3_3_56FAA and M4 to Roseburia intestinalis. Another important donor 

is Salmonella enterica, which donates genes to Klebsiella pneumoniae at M5. The 

variability in the gene donor and the months where exchanges occur underscores the notion 

that the gut microbial community is still dynamic. This means that each event of transfer, 

more specifically from C. nexile, is changing the gut microbiome over time in ways that 

can have large consequences for health [114]. Compared with CSD, VD had different 

dominant donor species of gene transfer. The most abundant donor in VD was 

Coprococcus catus, which had gene transfer to Ruminococcus sp_5_1_39BFAA at M5. The 

second highest donor contribution is from Butyricicoccus pullicaecorum, which transfers 

genes to Bifidobacterium longum at multiple time points: M2, M3, and M6. These 

differences underline how some of the dominant donor species in VD, such as C. catus and 

B. pullicaecorum, belong to families—Ruminococcaceae and Butyricicoccaceae—

common in the vaginal microbiome [111]. These findings suggest that the vaginal 

microbiome could be more important for shaping the gut microbiome of VD infants than 

that of CSD. The differences could exert very fundamental, long-lasting effects on the 
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health of infants. Figures 3.15 and 3.16 illustrate the gene flow over time between the donor 

and acceptor bacteria in CSD and VD infants, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Visualization of temporal HGT patterns from donor to acceptor in CSD 

 

Figure 3.16: Visualization of temporal HGT patterns from donor to acceptor in VD  



42 

3.10 Gene Expression Profiles of Horizontal Gene Transfer in CSD and VD 

We used DESeq2 to analyze how genes involved in HGT are expressed in CSD infants 

than those born via VD. To make sense of these genes, we extracted and annotated them 

with eggNOGmapper. We then identified the biological pathways they’re involved in using 

COG categories and took a closer look at what these genes do. By mapping the gene reads, 

we were able to quantify gene expression and categorize the functions of HGT genes in 

both delivery methods. The summary of these findings is outlined below. 

3.10.1 Differential Expression Analysis and Functional Annotation in CSD 

In CSD, we identified and assigned functions to 3,753 genes, while 1,304 genes remained 

without a clear function. Of the annotated genes, 771 were involved in information storage 

and processing pathways, 599 were involved in cellular processing and signaling pathways, 

and 1079 were involved in metabolic pathways. 

The function categories were divided into three: immunity, digestion, and cognition. These 

categories are crucial for infant health and development, especially in the context of 

personalized health care. Genes related to immunity play a very important role, for they 

will determine how prone an infant may be to infections, allergies, or autoimmune 

disorders [116], genes related to digestion affect how well nutrients are used and impact 

the diversity of gut microbes, overall metabolic health [117]. Moreover, gene-transfer-

evolved cognitive-function genes can also have effects on neurological development, 

behavior, and mental health [118]. Such gene transfer events from these categories may 

give insights into how the gut microbiome influences overall health. Resulting 

understanding will, therefore, lead to tailored interventions addressing the unique health 

needs of each infant and maintaining good outcome in health throughout life. 
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It used count data of genes for this DESeq2 analysis. Log2 fold change was applied to 

understand the difference in gene expression. In this case, the M0 time point was used as a 

reference to compare the rest of the time points, starting from M1 up to M8. Figure 3.17 

Heatmap: The heatmap depicted three clusters—a positive LFC, a negative LFC, and a 

near-zero LFC.  

Changes in gene expression magnitude between time-points are quantified using the LFC 

scale. LFC 1 corresponds to a two-fold increase in gene expression and LFC –1 

corresponds to two-fold decrease in gene expression. The more positive LFC is, the more 

increased the gene expression is relative to a reference time point. 

Among the top two donor-acceptor pairs, Klebsiella pneumoniae is the acceptor receiving 

Salmonella enterica, transferring the YagA gene in CSD infants. This gene has PFAM 

integrase catalytic activity and regulates genes related to metabolism. Its transcription is 

influenced by stress and conditions leading to biofilm formation. It was found to be 

involved in the posttranslational modification function. This gene plays a crucial role in 

immunity due to its ability to integrate foreign DNA into the host genome. This can have 

a huge influence on the immune system of the infant. 

In this respect, the expression of this gene was high, with a positive log2 fold change of 

LFC > 5 at timepoints M2, M5, M6, and M8, relative to other times. This could be 

attributed to several factors. Firstly, during these periods, the infant's immune system is 

still developing and hence more prone to infections. In addition to this, the integration of 

foreign DNA into the genome of the host could have long-term effects on the immune 

system, which could manifest itself more at such times. Salmonella enterica is a pathogenic 

bacterium that might cause severe infections and could transfer its genetic material to other 
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pathogenic bacteria, like Klebsiella pneumoniae. Gene transfer in this way could give rise 

to new, more harmful strains of bacteria that may further weaken an infant's immune 

system. Thus, the presence of these bacteria and their genetic material in the microbiome 

of an infant can have long-lasting effects on health and immunity. 

Carbohydrate metabolism has changed across different time points; some remain almost 

with no change in LFC, while others show a slight decrease. One of the leading donor-

acceptor pairs was the Clostridium nexile and Eubacterium ramulus, which were beneficial 

bacteria associated with a key function on the 4Fe-4S single-cluster domain by the gene 

fdxA. It is an important gene in the degradation of polysaccharides. This gene plays a 

significant role in the digestion of babies, given that it hydrolyzes complex carbohydrates 

to yield simple sugars that are absorbed as energy. In the process, it helps the gut 

microbiome derive energy from the dietary carbohydrate to further the growth and 

development of the infant. The expression of the gene encoding the 4Fe-4S single cluster 

domain was slightly higher at points M1, M4, and M8 compared to others. This might be 

the case because of the major changes in the diet of an infant across these time points. At 

M1, for example, when infants are fed by breast milk or formula, gut microbiome has to 

adapt the degradation of complicated carbohydrates. At M4, infants are on a weaning diet, 

and by M8, they are on much more varied diets that include solid foods. It clearly means 

that this will be required of the gut microbiome to adjust to break down more complex 

carbohydrates. The slightly higher expression of the 4Fe-4S single cluster domain at these 

times might be the microbiome’s way of adapting to these dietary changes, helping it 

efficiently process polysaccharides and provide energy for growth. Even though overall 
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gene expression showed a decrease (LFC < -2), the increased expression at these key times 

indicates that the gene remains active and important for digestion. 

 

 

 

 

  

3.10.2 Differential Expression Analysis and Functional Annotation in VD 

Similarly, for the VD, a total of 3622 genes were annotated with a function, while 1375 

genes were of unknown function. Among the annotated genes, 771 were involved in 

information storage and processing pathways, 465 were involved in cellular processing and 

signaling pathways, and 1011 were involved in metabolic pathways. 

Butyricicoccus pullicaecorum transfers the lepB gene to Bifidobacterium longum, which is 

involved in signal peptidase activity, a valuable target for antimicrobial drug development 

and this pair is significantly involved in the intracellular trafficking, secretion, and 

transport function, as indicated by a positive LFC in Figure 3.18. Specifically, the gene 

lepB was found to be the key player in this process. lepB plays a crucial role in the 

regulation of inflammation, stress response, and the production of neurotransmitters, all of 

which are essential for cognitive development [118]. At M1, M6, M7, and M8, the 

expression of SPP was notably higher, showing a significant increase compared to other 

times. That means that the changes in the SPP levels were accompanied by a change in gut 

 

Figure 3.17: Heatmap depicting functional enrichment patterns across different 

timepoints in CSD 



46 

microbiota and the introduction of solid food into the baby's diet. Weaning processes and 

other dietary changes at those times probably affect both the gut microbiome and the SPP 

expression. 

Association analysis showed that Butyricicoccus pullicaecorum and Bifidobacterium 

longum were significantly associated with the signal transduction function with an LFC 

above 3. This was particularly noted for the vanS gene, which seems to be involved in 

regulating immune responses. The gene is, therefore, an immune cell activator and the 

cytokines required in the course of controlling how a reaction from the immune system 

comes about [116]. In this way, increased expression levels of this gene in VD infants may 

enhance their immune response and reduce the risk of infections. High expression levels at 

M3 and M7 might also be related to the rapid development of the gut microbiome and 

immune system during both of these critical windows of growth. Dietary changes, 

especially coming off a weaning diet and onto solid foods, may also contribute to such 

variation in gene expression. 

It transfer the alfA gene, related to carbohydrate metabolism, in Coprococcus catus to 

Ruminococcus sp_5_1_39BFAA. This gene pair represents the alpha-L-fucosidase gene, 

one of the major players in HMO degradation and metabolism. The overall expression was 

downregulated, showing an LFC of less than -5 for alpha-L-fucosidase, indicating that VD 

infants express this gene at lower levels. This may indicate that VD infants have reduced 

digestive and absorptive capability of HMOs, a significant source of nutrition for an infant. 

The trend in LFC values across time points is more nuanced in comparison. Although 

alpha-L-fucosidase, in general, is less expressed in VD infants compared to the other 

groups, it has increased a little at M1, M6, and M7. This might indicate that the gut 
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microbiome of VD infants is in a process of adaptation and development, which leads to a 

higher expression of genes in carbohydrate metabolism during these periods. 

The output from Maaslin2 is shown in Figure 3.19, where there is a strong association of 

the Ruminococcus sp_5_1_39BFAA with carbohydrates like Lactose and 

GOS_FOS_Lactose, hence further confirming that this bacterium might be involved in 

breaking down carbohydrates. Thus, the negative association suggests that Ruminococcus 

sp_5_1_39BFAA promotes the degradation of these complex carbohydrates to form 

simpler sugars useful to the infant. This means that at certain times, expression of the gene 

increases, which may indicate gut microbiome adaptation and maturation in VD infants. 

This increase in alpha-L-fucosidase expression at specific points in time could be related 

to the weaning of the diet from mother's milk to solid foods for the infant.  

 

 

 

 

 

 

 

 

 

Figure 3.18: Heatmap depicting functional enrichment patterns across different 

timepoints in VD 
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Figure 3.19: Impact of weaning diet on HGT driver in VD 
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CHAPTER 4: CONCLUSIONS AND FUTURE RECOMMENDATION 

In conclusion, the findings highlight the dynamics of early life gut microbiome evolution 

and its potential implications for infant health and disease. Throughout the breastfeeding, 

weaning, and solid-food diet, distinct microbial compositions were observed between CSD 

and VD infants, shedding light on the intricate interplay between birth mode, dietary 

factors, and microbial colonization patterns. 

In the early stages, CSD infants had a higher presence of Enterobacteriaceae and 

Lachnospiraceae families, while VD infants had more Bifidobacteriales and 

Ruminococcaceae families. Through HGT, this microbial environment was shaped by 

exchanging genetic material between specific bacteria. In the CSD infants, there were 447 

known HGT drivers, whereas in the VD infants, there were 360. For example, in the case 

of CSD infants, Clostridium nexile was shown to transfer genes to Eubacterium ramulus, 

helping in breaking down polysaccharides with a log2 fold change of -2. In contrast, in VD 

infants, Butyricicoccus pullicaecorum transferred genes for Bifidobacterium longum that 

modulate inflammation and impact cognitive development, at a log2 fold change of +5.  

Whereas during later stages, CSD infants drifted toward more Eubacteriaceae and 

Lachnospiraceae families, VD infants continued to have a robust representation of both 

Ruminococcaceae and Lachnospiraceae. In CSD infants, HGT transfer was noted, such as 

from Salmonella enterica to Klebsiella pneumoniae, and from Butyricicoccus 

pullicaecorum to Bifidobacterium longum in VD infants. These gene transfers thus had 

effects on processes such as posttranslational modification and the transduction of signals 

with a log2 fold change of +4. This association of Coprococcus catus and Ruminococcus 

sp_5_1_39BFAA has shown their crucial roles in carbohydrate metabolism, in particular 
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the degradation and fermentation of HMOs, in VD infants. Ruminococcus 

sp_5_1_39BFAA is negatively associated with lactose, showing a coefficient value of -

1.84e+00 and an FDR of 9.052e-05. Lachnospiraceae bacterium_2_1_46FAA and 

Ruminococcus gnavus HGT drivers are found in VD infants and are positively associated 

with NICU-admitted infants, with coefficient values of 1.15e+00 and 1.12e+00, 

respectively, and FDR values of 2.281e-03 and 5.402e-03, respectively. The gene involved 

is xylB, which has antimicrobial properties and is involved in defense mechanisms.  

In light of these findings, future recommendations must encompass a comprehensive 

approach to leverage the potential of the early-life gut microbiome for infant health 

optimization. Firstly, continued exploration of probiotic interventions tailored to specific 

microbial compositions, including species such as Coprococcus catus and 

Lachnospiraceae bacterium_2_1_46FAA , could offer promising avenues for therapeutic 

intervention. Secondly, longitudinal studies examining the intricate interplay between diet, 

microbial colonization, and health outcomes are imperative for informing targeted 

nutritional strategies. Furthermore, the development and refinement of microbiome-based 

therapies, such as fecal microbiota transplantation (FMT), hold promise for restoring 

microbial diversity and function in infants at risk of dysbiosis or associated health 

conditions.  
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