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ABSTRACT 

The skin microbiome is organised into microbial communities across the body, with 

early life a critical point in ecosystem development. Many factors cause temporal 

community shifts, sometimes causing perturbations and skin disease; highlighting 

the key role of skin microbes in health. Sequencing methods have allowed us to 

explore the skin microbiome however many previous studies have used 16S rRNA 

gene amplicon sequencing, which has its limitations. Currently, there are open 

questions on how the whole perinatal skin microbiome interacts and functions, 

before and after birth.  

In this study, I used shotgun metagenomics and a controlled healthy pregnancy and 

infant cohort (Pregnancy and Early Life (PEARL)) to analyse skin microbiome 

composition, temporal dynamics (bacteriome focused) and microbiome influencing 

factors. I compared multi body sites (skin, gut and vaginal) to investigate skin 

microbiome establishment and microbial sharing over time between mothers and 

their infants.  

To achieve these aims, I first optimised a skin specific bacterial DNA extraction 

method; addressing the limitations of existing commercial kit protocols for low 

biomass skin samples. The optimised method was validated on a healthy adult and 

PEARL study subset and sequenced using Shotgun Metagenomics Sequencing 

(SMS). The resulting data allowed genus, species and strain level profiling, and 

generation of Metagenome Assembled Genomes (MAGs) to explore the diversity of 

genomes to aid future determination of functional capacities.  

An optimised bacterial DNA recovery method from skin swabs, yielding high quality 

DNA suitable for shotgun metagenomics, was presented. Its application to the 

PEARL subset established a SMS generated baseline composition for a healthy 

infant skin microbiome, highlighting compositional and diversity changes over time. 

The infant archaeome was also indicated. Sharing of core genera, and their 

abundance changes over time, was identified between maternal and infant skin, 

stool and vaginal sites. Strain sharing of these core genera was also presented 

between mothers and infants. The maternal skin was the main source of microbial 

transfer to infant skin. A PEARL MAGs catalogue was generated. This research may 

help develop novel evidence-based probiotics to treat and prevent the increasing 

occurrence of early life skin disease. 
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CHAPTER 1 OVERVIEW 

This chapter explores what is known about the skin microbiome, particularly infant 
skin. The structure and function of the skin microbiome is investigated, as is its 
impact on the immune system and health, specifically skin health. Perturbations to 
the skin microbiome and resulting effects on the immune system and skin health are 
discussed; as are early life and longer-term factors that contribute to these 
perturbations. The current methods available to investigate the skin microbiome are 
presented, leading to a discussion about the technical challenges and unmet 
research questions within the skin microbiome field. Finally, the project aims and 
objectives are outlined.  

Chapter 1 forms the basis of a first author review publication: Serghiou, I.R, Webber, 
M.A., & Hall, L.J. (2023). An update on the current understanding of the infant skin 
microbiome and research challenges. Current opinion in microbiology, 75:102364. 

1.2.4 Age 

https://doi.org/10.1016/j.mib.2023.102364   
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1.1 Human Skin Microbiome and Health 

1.1.1 Structure and Function of the Human Skin Microbiome 

The skin is the human’s largest organ and main interface with the external world [1, 

2]. As reviewed in Smythe et al. [3], the skin is made up of multiple layers including 

the epidermis, dermis and subcutaneous adipose tissue, with hair follicles and 

glands embedded within these layers; together these are involved in preserving the 

cutaneous (skin) barrier and homeostatic functions, such as thermoregulation and 

wound repair [3] (Figure 1.1). This first line organ also retains a microbiome 

described as a complex ecosystem organised into communities at different body 

sites [4-9].  

 

 

 

 

 

 

 

 

  

The microbial communities start to become site specific with age [4-7]. These 

communities include bacteria (bacteriome), archaea (archaeome), viruses (virome) 

and fungi (mycobiome), which collectively have been shown to contain certain 

metagenomic elements that help them adapt and participate in the host’s 

physiological functions and immunity, and overall skin health [4, 9-12].   

What a healthy microbiome should look like is a frequently asked question. A lack 

of knowledge over the last 14 years, high inter-individual variation in both 

microbiome composition and factors affecting it prevents a clear answer [13]. What 

is known is that the adult skin bacteriome is typically colonised with phyla 

Pseudomonadota (formerly Proteobacteria), Actinomycetota (formerly 

Actinobacteria), and Bacillota (formerly Firmicutes), whilst the infant skin bacteriome 

exhibits phyla Bacillota, Actinomycetota, Pseudomonadota, and Bacteroidota 

         

      

                           

          
   

Figure 1.1. Diagram of Skin Layers and Microbiome 
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(formerly Bacteroidetes) [1, 7, 14, 15]. Directly after birth the infant skin microbiome 

is dominated by coagulase-negative staphylococci species (CoNS) 

(Staphylococcus epidermidis and Staphylococcus capitis) and Lactobacillus iners 

[16, 17]. Shortly after, these microbes decrease in abundance, allowing gradual 

colonisation (or transient appearance) by Acinetobacter, Streptococcus, Veillonella, 

Bifidobacterium and Enhydrobacter species [14]. Preterm neonates appear to have 

a more varied skin microbiome and exhibit more Staphylococcus, Klebsiella, 

Serratia, Streptococcus, Enterococcus and Enterobacter [17]. Streptococcus 

species particularly appear to be more abundant in infancy and decrease with age 

[1, 18, 19]. As the best studied microbial community on skin, bacteriome collections 

have been shared, such as the Skin Microbial Genome Collection (SMGC) and Skin 

Bacteria Culture Collection (SBCC) [20]. These collections recently identified a 

novel skin-abundant bacterial genus Candidatus Pellibacterium in adults and 

infants.  

More recently over the last two years, research has provided more insight into the 

infant skin fungal communities [21, 22]. The mycobiome typically contains 

Malassezia, Candida, Cladosporium, Alternaria, Rhodotorula, Fusarium, 

Cryptococcus, Exophiala, Aspergillus and Nigrospora [22-25]. Candida albicans has 

been shown more abundant in areas with skin-to-skin contact, whereas 

Cladosporium and Alternaria were more abundant in less-occluded areas [22]. 

Saheb Kashaf et al. [20] also recently identified three novel Malassezia species 

(Malassezia auris, Malassezia palmae and Malassezia rara) in adults and infants. 

There is a lack of infant skin virome research, and current work is focused on 

disease outcomes in neonates, such as the herpes simplex virus 2 [21]. Many 

viruses identified in the skin microbiomes of adults and infants have been classified 

to the class Caudoviricetes [20]. The toe web appears to be a site where viruses are 

abundant, and novel jumbo phages (bacteriophages characterised by having a very 

large genome > 200 kb) [26] have been identified here [20]. Archaeome research 

and its role in the skin microbiome is lacking across the lifespan; Nitrososphaerota 

(previously known as Thaumarchaeota) is currently the main archaeal phylum 

identified on human skin, with no specific phyla relating to infant skin [12, 27, 28]. 

The genus Nitrosocosmicus have been found to form an integral component of the 

skin microbiome [29]. The abundance of archaea is particularly increased in children 

and the elderly, which may be attributed to physical and chemical changes of skin 

physiology [27, 30].  
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Overall, research on early-life skin microbial community assembly is currently 

limited, especially using Metagenome-Assembled Genomes (MAGs); however, an 

Early-Life Skin Genome (ELSG) catalogue was recently published for infants aged 

2–3 months and 12 months [31]. This catalogue comprises 9194 bacterial genomes 

from 1029 species, 206 fungal genomes from 13 species and 39 viral sequences 

[31]. The top bacterial (Streptococcus, Corynebacterium, Neisseria, 

Bifidobacterium, Prevotella), fungal (Malassezia) and viral (Torque teno virus and 

Gammapapillomavirus) genera were identified [31].  

These mixed microbial communities can be found at different skin body sites, which 

differ in temperature, moisture, pH, and oxygen availability; these provide distinct 

microenvironments that supply required nutrients to support specific microbial 

growth [32, 33], demonstrating a mutualistic interaction between the host and its 

microbiome [34, 35]. Microenvironments include the face and forehead, which are 

high in sebaceous glands resulting in an environment suitable for lipophilic 

microbes, such as Cutibacterium (formerly Propionibacterium) and 

Corynebacterium species (Actinomycetota) [15, 36, 37]; The gluteal region, axillary 

vault, and toe web are moist and warm environments allowing Gram-negative bacilli 

(Pseudomonadota) and Gram-positive Staphylococcus aureus (Bacillota) to thrive 

[2, 36]. The antecubital fossa is a dry desiccated area, which fluctuates in 

temperature, and harbours diverse microbes [36], such as Pseudomonadota and 

Bacteroidota (Flavobacteriales) [15].  

These distinct microbial communities at different body sites have different functions 

[4-7]. Research into skin microbiome functionality is still limited, but it is known to 

contribute to epidermal development and differentiation [38]. More integrative 

approaches are now being used to study the infant skin microbiome and its function, 

using combinations of metabolomics, culturomics and metagenomics [20, 22, 39-

43]. This has enabled development of the SMGC and SBCC collections from infant 

and adult skin [20], and identification of three distinct metabolite–microbe clusters 

in the skin. The first was dominated by Cutibacterium linked to hydrophobic 

elements of the skin barrier, the second associated Staphylococcus with amino 

acids relevant to water holding capacity and pH regulation of the skin surface, and 

the third was characterised by Streptococcus associated with amino acid and sugar 

abundance [42]. Archaea have been associated with ammonia oxidation and 

nitrification processes [28]. These processes are known to lower the environmental 

pH, resulting in a more acidic environment, which has been associated with a more 
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stable skin barrier [27, 44]. Integrative studies will have implications for treatment of 

disease and maintenance of skin health through identification of potential strains for 

probiotic interventions [45]. 

It is also important to understand the microbiome functions of other body sites, such 

as the gut and vagina, as these are implicated in health outcomes in combination 

with the skin [38, 46-50]. The gut microbiome plays a vital role in nutrient uptake 

and metabolism [50], where enteric microbes produce and modify many biologically 

active compounds, such as macromolecules, bile acids and vitamins, that support 

host metabolism [51, 52]. For example, Akkermansia muciniphila produce short 

chain fatty acids (acetate and propionate), which activate certain fatty acid receptors 

(GPR41 and GPR43) that induce peptide production (GLP-1) [53]. GLP-1 is a 

principal incretin hormone that promotes glucose-dependent insulinotropic activity, 

inhibits appetite and food intake, delays gastric emptying, and restores the impaired 

incretin effect in type 2 diabetes mellitus patients [53]. Another example is 

Bifidobacteirum longum, which produce adenosine derivatives 

(methylthioadenosine) by converting dietary amino acids [54]. Methylthioadenosine 

has been shown to ameliorate obesity, thus has an anti-obesogenic effect [54]. In 

the vagina, Lactobacillus species support a low vaginal pH [51, 52] through microbial 

production of lactic acid, which prevents the development of infectious disease, such 

as Bacterial Vaginosis [55]. These varying roles of the skin, gut and vaginal 

microbiomes demonstrate the importance of understanding the mechanisms which 

underpin host microbial symbiosis, and how microbiota may contribute to immunity 

and disease [56].  

1.1.2 The Human Skin Microbiome and the Immune System 

The human skin microbiome influences host immunity [57] and evolution of the 

infant skin microbiome has been linked to immune system development [18]. The 

skin microbiome helps prevent pathogen colonisation of the skin [18, 37] and may 

be important for immune homeostasis and long-term health [1, 57-61]. 

For example, the skin commensal genus Staphylococcus produces lipoteichoic 

acid, which suppresses skin inflammation during wound repair by acting on a 

keratinocyte receptor (Toll‐like receptor 2), indicating a protective role of the skin 

microbiome against aberrant inflammatory response [62]. Staphylococcus 

epidermidis has also been shown to modulate the host innate immune response 

through production of phenol-soluble modulins or lipoteichoic acid, which can inhibit 
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skin pathogens and inflammation respectively [2]. Mouse models have further 

shown that the neonatal skin microbiota cause a high influx of regulatory T cells, 

promoting immune tolerance and preventing inflammation [61, 63]. When this influx 

was blocked before microbial colonisation, tolerance did not develop [63]. 

Regulatory T cells were also found to decrease if commensal microbiota 

colonisation and hair follicle morphogenesis were disrupted [64]. Hair follicle 

morphogenesis facilitates the accumulation of T cells within the hair follicles in 

neonatal skin [64]. These hair follicles are also home to commensal microbes that 

further increase T cell accumulation and promote chemokine production [64]. 

Therefore, hair follicle morphogenesis and commensal microbes work in concert to 

produce T cells, which establish and maintain immune homeostasis in the skin, 

thereby having critical roles in skin immunity development [64].  

Certain commensal microbes, such as Staphylococcus and Cutibacterium species, 

can act as both beneficial microbes and opportunistic pathogens [2, 65-67]. 

Continuous exposure of the skin microbiome to external pressures may destabilise 

the microbiome equilibrium, causing a microbial imbalance and allowing 

opportunistic pathogens to colonise [65, 68]. A microbial imbalance has been linked 

with several dermal conditions, including acne, vitiligo, Erythema Toxicum 

Neonatorum (ETN), Seborrheic Dermatitis (SD), Atopic Dermatitis (AD), 

Staphylococcal-Scalded Skin Syndrome (SSSS), Diaper Dermatitis (DD) and Tinea 

Capitis (TC) [9, 14, 22, 24, 59, 69-76]. The mechanisms of perturbations are 

complex [77] but contributing factors may include resource competition [78], 

nutritional interdependency resulting in trophic cascades [79], and behavioural 

changes resulting from internal or external stimuli [80]. It is therefore important to 

understand the skin microbiome in diseased and healthy individuals to elucidate 

how the skin microbiome can affect human health through host interactions [4, 81-

83]. 

1.1.3 Skin and Gut Microbiome Interactions and Links to Immune Responses 

As well as the skin microbiome, gut microbiomes are known to influence host 

immunity, with gut microbial imbalances linked to a variety of diseases including 

obesity, diabetes, inflammatory bowel disease, cancer, necrotizing enterocolitis, 

neurodevelopment, and allergic diseases such as asthma and AD [31, 46-49, 84-

87]. Gut microbial imbalances have elicited cytokine production in infants and 

mouse models, stimulating T-helper 2 cell inflammation, central to the pathogenesis 

of many allergic diseases [88, 89]. The skin microbiome has also been suggested 
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to influence allergic disease relating to skin health, but this is very understudied in 

comparison to the gut microbiome [46-49].  

Understanding the dynamic infant skin microbiome and its two-way interaction with 

the gut microbiome could allow for interventional opportunities to prevent disease 

[1, 58]. This link has been supported by literature suggesting that probiotic 

supplementation in the perinatal period may help prevent paediatric AD [90]. In 

another example,  exposure of the foetus in utero to meconium-stained amniotic 

fluid was suggested to protect the neonate from developing dermatitis and hospital-

acquired skin infections [91]. This exposure may increase diversity of the gut 

microbiome, potentially stimulating the immune system and preventing skin 

inflammatory conditions [92]. This link between the gut and skin microbiota working 

in parallel to prevent AD, emphasises the importance of host‐microbe interactions 

during the perinatal period [93]. This demonstrates a gut-skin axis relationship, 

where dietary catabolic products are utilised by gut microbes, which produce 

byproducts (i.e. short chain fatty acids) that influence gut physiology, resulting in 

circulating secretory products (i.e. hormones) around the body that enter the skin 

[94]. Therefore, ingested compounds and chemicals can impact the skin activity and 

appearance [94]. Additional research is required to understand the immune 

interaction between the gut and skin microbiome [95].  

Further research could identify paediatric skin disease treatments, and early 

preventative strategies such as oral and topical probiotics, or specific microbial 

metabolites [93]. Currently, probiotic interventions, mostly using Lactobacillus and 

Bifidobacterium spp., and Lacticaseibacillus rhamnosus GG, have shown promising 

results in treating AD in infants [96-98]. After probiotic treatment with L. rhamnosus 

GG, higher levels of Prevotella, Veillonella and Ralstonia and lower levels of 

Stenotrophomonas and Microbacterium were identified, which may have skin health 

implications. Certain skin and gut microbes (Acinetobacter spp., Haemophilus 

haemolyticus, Bacteroides ovatus, Schaalia odontolytica and Actinomyces 

graevenitzi) have also been identified as potential candidates for probiotic treatment 

of AD and food allergies [99]. I have recently highlighted multiple clinical trials for 

skin probiotic interventions in early life which are currently being conducted, or were 

recently completed [45]; these studies assess the potential of probiotics for 

treatment of skin disease.  
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1.1.4 Early Life Skin Microbiome Perturbation Related Skin Diseases 

Early life skin microbiome perturbation related skin disease include ETN, SD, AD, 

SSSS, DD and TC [9, 14, 22, 24, 59, 65, 69-76, 100, 101]. 

AD is a chronic skin condition common in early childhood and usually progresses to 

the development of other atopic diseases later in life such as asthma, allergic 

rhinitis, food allergies and hay fever (known as the atopic march) [100, 102]. 

Symptoms include dry, itchy skin, skin lesions, and a defective skin barrier, 

increasing vulnerability to superinfection [102]. Age (children), gender (females), 

geographic location (high income countries), genetics (filaggrin (FLG) gene) and 

parental atopic or allergic disease appear to be risk factors for incidence and 

prevalence of AD [103, 104]. AD-afflicted infants, whether in a lesional or non-

lesional state, demonstrated a slower temporal development of the skin microbiome 

than healthy infants [74], and also have an increased risk of developing allergic 

rhinitis and asthma [105]. The development and pathogenesis of AD may be 

determined by barrier dysfunction, inflammation, microbiota, and antibiotics, 

although there have been conflicting results between studies [106-108]. Skin 

microbiome profiling of infant AD has shown altered microbiome community 

composition, with S. aureus identified as the main bacterial driver; however, this was 

not always the case [9, 73, 74]. Other research has suggested a combined effort 

between S. aureus and S. epidermidis [71, 108] and some have identified no specific 

bacterial taxa associated with AD [14]. Mouse models have further demonstrated 

that S. aureus drives AD development and Corynebacterium bovis contributed to 

the pathogenic immune response [109]. There is a clear lack of consensus on the 

main causative agent of AD, with some believing that early commensal 

staphylococcal exposure may be critical in prevention [101]; thus, further 

investigation is warranted.  

ETN is another common neonatal skin condition which develops within the first week 

after birth [59, 76]. Symptoms present as papules and pustules on the body’s trunk, 

thighs, and buttocks – all areas with hair follicles [59, 76]. This condition is rare in 

premature neonates and common in neonates that were vaginally delivered with 

greater gestational age (full term) and birthweight [76, 110]. Other risk factors for 

prevalence of ETN include ethnicity (Caucasian), gender (male), mothers with no 

gestational risk factors, seasonal (warmer seasons) [111]. Full maturation of the 

foetal immune system appears to be related to the development of ETN [111]. ETN 

could be due to an immune response to the establishment of skin commensal 
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microbiota, through the hair canal; affected areas, around hair follicles, were found 

to contain primarily Staphylococcus [59]. Hair follicles are important in immune 

system development, and surrounding areas contain pro‐inflammatory markers 

such as Interleukin‐1, Interleukin‐8, E‐selectin, and psoriasin [59, 112, 113]. This 

suggests that ETN represents an immune response to microbiota in hair follicles 

[59, 112, 113], though the adaptive benefits of this response are not yet understood.  

DD, SD and TC are skin diseases that have been studied in relation to the 

bacteriome and mycobiome [22, 24, 75]. Candida and S. aureus have been directly 

correlated with DD disease severity [22, 75]. Peak incidence of DD appears to occur 

in infants aged 9-12 months, with risk factors including age, with a link to diet 

changes (affecting stool consistency and PH), and frequency of nappy changes 

(less frequent changes result in prolonged contact with urine and faeces, increasing 

risk of skin inflammation) [75, 114]. Symptoms of DD include erythema (sometimes 

more severe with maceration, erosions, nodules and punched out ulcerations), 

erythematous papules and itching [114].  

SD is a common chronic skin condition in infants (known as “cradle cap”), being 

most prevalent at three months of age [69, 70, 115]. Risk factors include age and a 

family history of atopy [115]. Clinical symptoms include erythema, greasy, and flaky 

skin, typically affecting the scalp, but it can also affect the face, ears, neck, and 

diaper area [69, 70]. In adults it typically affects sebum‐rich areas such as the scalp, 

ears, forehead, nasolabial folds, chest, and upper back [70, 116, 117]. Lipophilic 

yeast Malassezia has been a suggested cause [69, 70, 116-118]. Malassezia are 

found in healthy skin microbiota, but can become pathogenic [116, 117]. Both 

Malassezia restricta and Malassezia globosa are commonly found on healthy and 

diseased skin [117-119]. An increased abundance of Malassezia yeasts has been 

recorded on the scalp of patients with SD [116]. Staphylococcus, Streptococcus, 

and Acinetobacter were found to be more abundant at lesional sites, possibly 

supplying nutrients promoting Malassezia species growth [70]. It is as yet unknown 

why Malassezia species cause SD, as they are also present in healthy skin.  

TC is caused by a pathogenic fungus Microsporum canis, which has been correlated 

with an increase in abundance of Cutibacterium and Corynebacterium, and reduced 

Streptococcus [24]. TC commonly presents with diffuse scaling, erythema and 

alopecia. TC predominantly occurs in infants and children aged 2-8 years, although 

is rare compared to the other skin diseases previously described [24, 120]. Age is a 
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clear risk factor, likely due to adults producing fungistatic long-chain fatty acids by 

their matured sebaceous glands, which leads to increased resistance of hair to 

dermatophyte colonisation [24]. Presence of household pets (cats and dogs) are 

another risk factor as they are reservoirs for TC, therefore a source of transmission 

to infants/children [120]. 

1.2 Factors Influencing the Infant Skin Microbiome 

There are many complex interlinking factors that could influence microbiome 

community changes in early life and longer term, resulting in perturbation related 

skin disease. Recent studies have focused on how some of these factors influence 

skin microbiome establishment, function and disease [14, 16, 17, 22, 23, 39, 40, 

121-128]. Microbiome influential factors have been categorised as intrinsic 

(genetics, gender and age), which are inherent, and extrinsic (delivery mode, labour, 

antibiotic exposure, Vaginal Seeding (VS), probiotics, Live Biotherapeutics (LBP), 

neonatal skin structure and function, environment, skincare, breastfeeding, diet and 

maternal obesity) [1, 11, 12, 129-131] (Figure 1.2). It should be recognised that 

some research has presented the idea of an in utero microbiome [41, 43, 56, 132-

142]. However, the detected microbial signals from these studies likely resulted from 

contamination during the clinical procedures to obtain foetal samples or during DNA 

extraction and sequencing [43]. This highlights the high-risk nature of the in utero 

environment for contamination once exposed to the outside world [43]. Furthermore, 

this idea of a microbiome within healthy foetal tissues challenges the fundamental 

concepts of immunology, clinical microbiology and the obtainment of germ-free 

mammals [43]. Therefore, a transdisciplinary approach is warranted, incorporating 

biological, ecological and mechanistic concepts, in addition to contamination 

controls [43].  
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Figure 1.2. An Overview of the Complex Interlinking Factors Influencing the Infant Skin Microbiome 
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1.2.1 Delivery Mode 

In utero, the foetal skin is exposed to amniotic fluid, and undergoes changes after 

delivery including reduced transepidermal water loss, skin pH and sebaceous 

activity changes, and increased water content [143]. During early life, the neonatal 

skin barrier, water handling functions, and the epidermal cell proliferation and 

keratinization, mature  rapidly affecting skin microbial colonisation [143]. Delivery 

mode, i.e. Caesarean Section (CS) and Vaginal Delivery (VD), influences the skin 

microbial colonisation, in turn affecting skin barrier function [14, 22].  

The International Federation of Gynaecology and Obstetrics have labelled CS use 

as an “epidemic” due to its global overuse [144]. There is a global concern for the 

health of women and their children exposed to CS deliveries [145]. CS delivery has 

been associated with the development of immune related disorders such as asthma, 

allergies [146-152], AD, type 1 diabetes mellitus, impaired cognitive abilities [153], 

juvenile arthritis, systemic connective tissue disorders, inflammatory bowel disease, 

immune deficiencies, leukaemia [147], and obesity [154-159]. This observed link 

between CS delivery and health may be due to the absence of vaginal microbiota 

transmission from mothers to neonates at birth and may contribute to the immune 

system development [56, 129, 132, 154, 159-161]. 

Research suggests the skin microbiota of vaginally delivered neonates resemble 

the maternal vaginal microbiota, particularly Lactobacillus [56, 129]. Whereas, the 

gut of VD neonates is dominated by vaginal and gut microbes (e.g. Bacteroides, 

Bifidobacterium, and Lactobacillus) [159]. These microbes are often absent, or have 

a delayed development in CS delivered neonates, possibly delaying the 

development of the neonatal immune system and limiting metabolism of the early 

life diet, i.e. human breast milk oligosaccharides [159]. Other body sites, such as 

the nares and oral cavity, in VD neonates, have been shown to harbour microbiota 

similar to the maternal skin and vaginal microbiota [56]. These studies collectively 

identify the internal and external transfer of microbes from mothers to neonates. 

In contrast, the skin microbiota of neonates delivered by CS has been shown to 

resemble the maternal skin microbiota, dominated by Staphylococcus, 

Streptococcus, Corynebacterium, and Cutibacterium [56, 129]. Mycobiome-focused 

studies have also shown Aspergillus in higher abundance in CS infants, whilst C. 

albicans and Rhodotorula species were found in higher abundance on the skin of 

VD infants [22, 23]. More recent research has also included comparisons between 
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elective and emergency CS, as well as investigating modern birthing methods such 

as VD in water [14]; Rapin et al. identified a higher abundance of Streptococcus on 

the skin of infants born by elective CS and VD in water, compared with normal VD 

[14]. Dry skin was also observed in all infants born through elective CS, which was 

associated with higher Streptococcus abundance [14].  

1.2.3 Labour 

Labour onset involves the foetal descent into the vaginal canal and the rupture of 

the foetal membranes, exposing the foetus to the maternal vaginal microbiota [153, 

162]. This concept has been supported through research revealing neonatal 

microbiota differences between elective CS (unlaboured), emergency CS (more 

likely laboured) and VD methods [56, 162]. In one study, no significant difference 

was observed in bacterial skin diversity between elective and emergency CS, 

though higher Lactobacillus abundance was observed in emergency compared with 

elective CS. This was proposed to be due to initial labour-associated exposure to 

the vaginal microbiota [14]. Another study identified the presence of labour to be 

more influential on the neonatal microbiota than the delivery procedure itself [56]. 

There is a lack of research investigating microbiome differences between delivery 

methods that include comparisons between elective and emergency CS, therefore 

require further investigation [162]. 

An increase in circulating blood cytokine concentrations has been observed in 

mothers and their neonates delivered vaginally, lasting up to 4 days post-partum. 

This was not observed in mothers and their neonates delivered by elective CS,  likely 

due to the absence of labour [163]. These delivery mode differences in inflammatory 

and immune-mediating cytokine levels may contribute to microbiome differences 

and associated neonatal immune and health outcomes [153]. Asthma, psychosis 

and celiac disease have all been associated with CS delivery [164-166].  

Alternatively, microbiome differences associated with CS delivery could result from 

an underlying medical indication [162]. By way of illustration, most CS deliveries are 

performed due to medical indications such as foetal malpresentation, severe 

preeclampsia and Haemolysis Elevated Liver Enzymes and Low Platelets (HELLP) 

syndrome, absence of labour, foetal macrosomia, and history of previous CS [167, 

168]. Little is known about how these medical indications affect the neonatal 

microbiota and further research is warranted [167]. While medical indication is the 

primary reason for a CS, patient autonomy enables women to choose their birth 
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experience (for reasons such as a preference for a planned delivery date or fear of 

pain) causing a surge in elective CS without any medical indication, contributing to 

this CS “epidemic” [169, 170]. 

It is evident that there is multi body site (i.e. vagina, gut and skin) sharing of microbes 

between mothers and neonates, and clear neonatal microbiome differences 

between delivery modes. Despite these differences, from 1 month of age, infants 

start to develop colonisation patterns driven by body site [1, 56]. The skin 

microbiome continues to evolve into a stable community [1, 171]. During infancy, 

the microbiome starts to resemble an adult microbiome [18, 172-174]. Between 3 

weeks and 3 months of age, infants start developing the site‐specific bacterial 

profiles resembling adults [1, 4, 56, 175] (as discussed in section 1.1.1); though 

these still differ from the adult skin microbiome until late adolescence [68]. Whilst 

body site specific functional pathways appear in early life, the microbial community 

and function may start to change when the infant becomes more exposed to 

environmental factors [56]. This is consistent with other work which suggested that 

the skin microbiome community is largely defined by age, and only transiently 

influenced by factors such as delivery mode, drug use, cleaning and moisturising 

practices [14]. Many studies have shown that age influences the neonatal and infant 

skin microbiome development, continuing to influence into childhood, adolescence, 

adulthood and old age [176-181]. Overall, the skin microbiome literature is lacking 

research on age groups at different stages of skin aging, and age-independent 

extrinsic factors such as medication and lifestyle should also be considered [177]. 

More recently, community assembly was found to be driven primarily by ecological 

drift, suggesting occurrence of stochastic processes (random events evolving over 

time) [123]. It may be necessary to understand how long delivery mode differences 

persist in infants before stochastic processes occur, and whether a critical window 

of microbiome development is embedded within this complex microbial 

establishment that may link to long term health [182]. 

1.2.5 Antibiotic Exposure 

Irrespective of delivery mode, the pregnancy and birthing process can encounter 

complications; these may lead to the use of antibiotics, reducing skin microbial 

diversity [16, 126]. This appears to be transient, followed by recovery and an 

increase in diversity over time [16, 126]. Antibiotic use in pregnancy leads to 

colonisation of the infant skin with genitourinary tract-associated pathogens 

(Ureaplasma and Gardnerella) [39]. Furthermore, CS delivery is routinely 
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accompanied with antibiotics (intrapartum antibiotic prophylaxis) and anti-

inflammatory pain analgesics [153, 167]. Antibiotics and duration of exposure can 

disrupt the neonatal gut and skin microbiome, reducing diversity, abundance and 

richness [36, 183-189]. These perturbations to the neonatal gut and skin were 

associated with delayed immune development, increasing the risk of developing a 

variety of skin and health conditions into adulthood including asthma, allergies, 

obesity, delayed wound healing, vitiligo. Reduced abundance of protective skin 

bacteria, such as Lactobacillus, is also observed. Lactobacillus is known to suppress 

S. aureus infections, AD, and acne [190-202], by inhibiting adherence of S. aureus 

to keratinocytes by competitive exclusion [192]. Lactobacilli lysates (postbiotics) 

have also shown the same binding inhibition of S. aureus to keratinocytes, and 

stimulated keratinocyte production of antimicrobial peptides as a mechanism for 

clearing intracellular S. aureus [203]. These postbiotics have also demonstrated 

activation of tight junction proteins that appear to restore the skin barrier, thus 

promote wound healing, and may consequently contribute to the inhibition of S. 

aureus spreading between epidermal cells [203].  

These antibiotic research findings could suggest that the routine practices 

associated with CS delivery are an important contributor to the neonatal gut and 

skin microbiome disturbance and health outcomes. Some countries try to combat 

this through administration of intrapartum antibiotic prophylaxis after the cord is 

clamped to reduce antibiotic exposure to the neonate [153]. A recent randomized 

controlled trial (NCT06030713) suggested that the effect of timing of prophylactic 

antibiotic administration (before CS skin incision and after cord clamping) on the 

infant gut microbiome was minor, and feeding mode was more important in shaping 

the gut microbiome [204]. However, research on this topic has been mostly 

associative, leaving the mechanism and cause undetermined [153]. It is further 

important to consider the limitation of “dead” microbial DNA present in sequence-

based analysis; limiting our knowledge of the effects of antibiotic exposure to the 

neonate within the first days of life [153].  

1.2.6 Vaginal Seeding 

To prevent CS associated conditions, interventions have been trialled, such as VS 

[122, 125]. This exposes CS delivered infants to the maternal vaginal microbiome 

that is ‘bypassed’ during CS delivery, potentially important for neonatal immune 

system development, although this does not account for important vertical transfer 

of maternal gut microbes [122, 125, 159]. VS is currently only performed inside of a 
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research protocol, approved by a human subject’s review board, where a gauze 

soaked in the vaginal fluids is rubbed over the neonate’s entire body [159, 205, 206]. 

This experimental design may lead to the normalisation of neonatal microbial 

exposure through VS, which could normalise a healthy microbial development [159].  

Currently, there are five vaginal seeding randomised placebo-controlled trials in 

infants investigating how this process correlates with immunity and health outcomes 

in infants [45]. To date, one trial (ID: NCT03567707) does not appear to have 

published any data, however, the other four (ID: NCT03298334, ID: NCT03809390, 

ID: ChiCTR2000031326 and ID: ACTRN12618000339257) have conducted 

associated studies, some showing that VS can partially ‘restore’ microbiota profiles 

in CS babies and normalise neurodevelopment [122, 125, 207-209]. Conversely, 

two associated studies demonstrated that VS had no significant impacts on gut 

microbiota composition, growth, anthropometry or allergy risks during the first two 

years of life [210, 211]. 

Concerns have been raised regarding VS infection transmission from the mother’s 

vaginal microbiome to the neonate (such as transfer of GBS, Herpes Simplex Virus 

(HSV) and Human Immunodeficiency Virus (HIV)), however screening steps have 

been put in place [122, 125, 208, 212]. It is also important to note that this screening 

is not standard procedure for VD; and suggesting exposure to vaginal secretions 

could put all neonates at risk of infection, controversially infers that VD is a neonatal 

health risk [213]. The short- and long-term risks and benefits are still not fully 

understood, and this could influence future regulations regarding the unique VS 

procedure as a drug or biologic [159]. There are suggestions of neonatal probiotic 

administration being a more controllable and safer option to promote a healthy 

neonatal microbiome and correct perturbations [153, 189, 214].  

1.2.7 Probiotics and Live Biotherapeutics 

Probiotics are food supplements used for health that contain live organisms and are 

administered orally [215]. LBPs are biological drugs that contain live organisms, and 

can be in the form of topical probiotics or skin bacterial transplantation, to treat a 

specific condition or disease [215]. Oral and topical probiotics have been proven to 

reduce infection and antibiotic administration [216] and act by inhibiting skin 

pathogen growth and promoting a microbial balance [217]. Several probiotic studies 

have suggested beneficial outcomes in paediatric patients with skin disease [218-

220]. Multiple clinical trials for skin probiotic interventions in early life are currently 
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being/have been conducted for treatment of skin disease, which we have recently 

reviewed [45]. Furthermore, there is an emerging trend, with promising results, in 

skin bacterial transplantation to treat skin disease [221-223]. With ongoing clinical 

trials in this research field, we are a step closer for probiotics and LBPs to be 

implemented in clinical practice [224]. However research is still underway to 

establish formulation techniques for safe and effective delivery of these therapeutics 

for a wide spectrum of dermatological conditions, before being implemented in 

clinical practice [224]. 

1.2.8 Gestational Age 

After much deliberation on the intertwining effects of delivery mode, labour, antibiotic 

use and VS, there has been a lack of consideration for differences in skin 

microbiomes of pre-term and full-term neonatal groups, determined by their 

gestational age, which has been linked with significant microbiome differences [139, 

225-227]. These differences may be due to the influence of gestational age on skin 

maturity at birth, delivery mode and exposure to the Neonatal Intensive Care Unit 

(NICU); in turn affecting nutritional differences and antibiotic administration [228, 

229]. The multitude of factors involved in gestational age microbiome differences 

could govern neonatal immune development and health [139, 225-227, 230-233].  

1.2.9 The Neonatal Skin Structure and Function 

The foetal skin starts to mature and function as a barrier defence at 20-24 weeks of 

gestation [234]. The outermost layer of the skin (stratum corneum) is formed by the 

third trimester of pregnancy and provides immune and structural protection from 

colonising microbes and the environment at birth [235, 236]. Premature neonates 

have an immature stratum corneum, which results in increased temperature 

fluctuations, permeability, water loss, electrolyte imbalances, and risk of infection 

[235]. Term neonates have a stratum corneum maturity resembling that of an adult, 

whereas pre-term infants reach this maturation level 2-9 weeks after birth [235, 237].  

Term neonates also present with a vernix caseosa (white, greasy, lipid‐rich matrix) 

on the skin, produced during the last trimester of pregnancy and facilitating the 

formation of the acid mantle (slightly acidic film on the skin surface acting as a skin 

barrier) [238-240]. This is helpful to the neonate at birth as they experience 

environmental changes. The neonate begins with a uniformly neutral skin pH [241], 

but within 16 hours of birth skin acidity alterations occur, leading to body site specific 

differences in skin pH [241]. Skin acidity at this stage prevents pathogenic bacteria 
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colonising, and encourages commensal bacteria to populate [241]. The vernix 

caseosa is particularly important at birth as the neonate is suddenly exposed to 

microbes, toxins, oxidative stress, variable temperatures, and humidity; all of which 

are managed by preventing water loss, regulating temperature, and modulating the 

innate immunity [238, 239, 242].  

The vernix caseosa contains high levels of antimicrobial substances (such as, LL‐

37 and lysozyme) and antimicrobial peptides (such as lactoferrin and alpha‐

defensins) that are suggested to work synergistically to inhibit certain pathogens, 

such as Klebsiella, Bacillus megaterium, Listeria monocytogenes, Group B 

Streptococcus, and Candida albicans [239, 240, 243-246]. These antimicrobial 

properties are found in much higher levels on neonatal skin than adult skin [236]. 

However, they were unsuccessful in inhibiting Pseudomonas aeruginosa, 

coagulase‐negative Staphylococcus, and Serratia marcescens [244, 245]. The 

vernix caseosa has demonstrated an imperative function to the neonate at birth but 

is still relatively understudied and deserves special attention; particularly, with 

regard to pre-term neonates that have an immature skin structure and function.  

1.2.10 Environment 

Due to the immature skin structure and function of pre-term neonates, they are 

predisposed to pathogen colonisation (with CoNS and Candida species) resulting in 

an unstable skin microbiome, sepsis and immune deficiency [247-250]. 

Environmental factors, such as longer-term hospital stays, including in NICU (a 

common phenomenon with pre-terms), encourage carriage of potential pathogens 

to neonatal skin, and there are differences between countries in the carriage of 

hospital and NICU pathogens; for example, Mycobacterium tuberculosis and 

Mycobacteroides abscessus were found on the skin of neonates in a hospital in 

India [127]; Streptococcus was identified on neonates in a hospital in Sweden [14, 

127]; and bacterial colonisation with Gram negatives Klebsiella pneumoniae and 

Serratia marcescens appeared to be common on neonates born in South African 

hospitals [128]. Similarities have been identified between the pre-term skin 

microbiome and the environment of the infant’s incubator/ isolator and air swabs; 

although the skin microbiome swabs clustered separately from incubator/isolator 

and control swabs [17]. Neonates, particularly pre-term, have a higher risk of 

common skin commensal microbes becoming pathogenic [60]. Overall, term and 

pre-term neonates display differences in their skin microbiome, with pre-terms 

exhibiting more Staphylococcus, Cornebacterium and Prevotella, and term infants 
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presenting with more Brevundimonas, Flavobacterium, and Sphingobacterium; pre-

terms also have reduced diversity and community evenness [36].  

Longer-term environmental factors may also affect the developing infant skin 

microbiome and health into adulthood [251]; these environmental factors include, 

family members, pets, climate and urbanisation [14, 77, 251-256]. For example, the 

presence of dogs during pregnancy has been associated with higher 

representations of Betaproteobacteriales and Ralstonia on the infant skin [14]. 

Exposure to an alpine climate resulted in reduced S. aureus abundance on the skin 

of children with AD [255], potentially due to the higher UV radiation, and lower 

pollution and allergen levels in an alpine climate [255]. Conversely, urban 

environments have been associated with a higher risk of developing immune and 

metabolic diseases [257-259]. Urbanisation is associated with High Income 

Countries (HIC), which coincide with certain factors (human density, housing, urban 

planning, home architecture, technology, ventilation, exercise, diet, food/water 

access, clothing, antibiotic exposure, medicine, personal care and cleaning 

products) that may lead to microbiome changes [256]. However, there is limited 

research into skin health and disease in relation to environmental factors, especially 

in Low Income Countries (LIC) as we have previously highlighted [45]. 

1.2.11 Skincare 

Infantile skincare is important in clinical practice. Skincare regimes in hospitals 

include the use of neonatal skin cleansing practices with chlorhexidine gluconate, 

shown to be effective for skin antisepsis and reducing bacterial colonisation of 

neonates [124, 128]. These products can be harsh on the neonatal skin, therefore 

emollient application may be necessary to improve skin condition, which has 

previously been shown to increase S. aureus colonisation [128]. Capone et al. was 

the first study to evaluate the impact of commercialised baby skincare products on 

the infant skin microbiome and found that routine emollient use in infants increased 

their skin microbiome richness, ceramide and free fatty acid levels, which play an 

important role in skin barrier integrity [40]. In contrast, subsequent studies have 

shown no associations between emollient use and skin bacterial composition [14]. 

Some studies have shown zinc pyrithione, a commonly added ingredient in skincare 

cosmetics, to inhibit microbial growth [12, 83].  

Industry has seen the influence of skincare products on the skin microbiome as a 

market opportunity to develop microbiome friendly skincare products [13]. Industry 
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has focused on producing products containing prebiotics or probiotics to restore 

beneficial microbiota and healthy skin properties [13, 260]. There should be caution 

when using some commensal strains in skincare as probiotics, as they can become 

pathogenic; to mitigate this, low risk probiotics such as lactic acid bacteria (e.g. 

Lactobacillus) are commonly used in skincare cosmetics [13]. Lactobacillus has 

shown beneficial effects on skin health, however the mechanisms by which it 

improves skin health are unknown [261-263]. Probiotic use in skincare cosmetics 

appears to be a promising method for improving skin health, and in the future could 

treat skin disease [264, 265]. However, the effect of probiotic use on delicate infant 

skin remains understudied, especially in pre-term neonates that have an immature 

skin structure and microbial diversity.  

1.2.12 Breastfeeding 

Fragile neonatal and long-term skin health could be improved through early life 

breastfeeding, as breastmilk associated microbiota are known to influence immune 

development [266-268]. Breastfeeding has been strongly recommended for pre-

term and low birth weight neonates by the World Health Organisation (WHO) [269]. 

However, pre-terms are typically born via CS, which is associated with a delay in 

breastmilk production and breastfeeding, sub-optimal breastfeeding behaviour, a 

reduced duration in breastfeeding, and a reduced volume of breastmilk consumption 

in the first five days of life [270-272]. The use of donor breastmilk could minimise 

these issues, and is conditionally recommended by the WHO when the mother’s 

breastmilk is unavailable [269]. Breastfeeding has been associated with the direct 

transfer of transient microbes (family Prevotellaceae and genus Bifidobacterium) to 

the infant skin, which was limited to the typical period of breastfeeding [14, 19]. 

These transient microbes could have important implications in skin community 

establishment and health; however there are differing opinions as to whether 

breastmilk has an effect on the infant skin microbiome composition, allergic disease 

and AD in infants [121, 123]. Another substitute for when the mother’s breastmilk is 

unavailable is formula milk, which has been compared with breastfeeding in relation 

to infant skin communities with AD and food allergies [121]. This study revealed that 

breastfeeding altered allergic infant’s skin communities to resemble healthy infants 

more than formula feeding [121]. This emphasises the importance of breastfeeding 

in shifting the microbiome toward a ‘healthy’ state [121]. 
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1.2.13 Diet 

After the breastfeeding period, the infant’s diet may continue to influence the 

developing skin microbiome [273], however, research is limited. Diet has been 

shown to affect both skin physiology and microbiome, and can cause adult Acne 

vulgaris [274, 275]. Cultural differences in diet have also been shown to impact the 

skin microbiome [276]. For example, cultural dietary differences resulted in a low 

microbial skin diversity and a dominance of Corynebacterium in westerners 

compared to Amerindians [276]. Significant weight gain (obesity) and a dominance 

of Corynebacterium have been found on the skin of mice that were fed a high fat 

diet compared to those that were fed a caloric neutral diet, suggesting that diet and 

associated obesity alters the skin microbiome [277]. Murine models can be useful 

for studying host-microbial interactions in complex systems as mice are easier to 

manipulate compared to humans [3]. However, it is standard practice to feed mice 

(including controls) a chow-based diet, which is composed mainly of plant materials 

and differs considerably to the composition and variation in a human diet [278]. 

Another consideration is that mouse skin is loosely connected to the subcutaneous 

connective tissue, whereas human skin is tightly connected [279], which could 

influence results. This highlights the importance of using real human skin (skin 

explants), although, they are often difficult to access and have a specific window of 

viability; therefore, other models, such as pig skin, may be a better option due to 

their easier access and similarity in skin structure to humans [279]. 

1.2.14 Maternal Obesity 

Obesity is also an important maternal factor that could impact the infant skin 

microbiome and health [280]. Obese mothers have a higher risk of longer or failed 

labour, resulting in a CS delivery [281-283]; leading onto the aforementioned CS 

associated health outcomes (section 1.2.1). Furthermore, obesity is associated with 

maternal Gestational Diabetes Mellitus (GDM) or type II diabetes, and a high fat 

diet, shown to alter the mothers’ milk microbiome; all may affect neonatal and infant 

immune development [56, 284]. Another maternal factor possibly affecting the infant 

skin microbiome are food allergies [14]. However, these maternal factors are 

understudied in relation to the neonatal and infant skin microbiome, with previous 

research particularly focused on neonatal and infant gut microbiome and health 

outcomes [280].  



23 
 

1.2.15 Genetics  

Less-studied factors impacting the infant skin microbiome include genetics and 

gender [14, 23, 126]. Ethnicity (a demographic variable) is linked with heritable 

genetic variation, which interacts with the skin microbiome [177]. Host genetics and 

the environment together have been shown to shape the skin microbiome of twins; 

research in this area may be useful for estimating the scale of genetic and 

environmental effects on human health [285, 286]. The hosts genetic variations in 

particular genes relating to skin barrier function, such as the FLG gene, appear to 

be associated with the abundance of Corynebacterium jeikeium [285]. The FLG 

gene encodes filaggrin, which is a structural protein in the cornified envelop of the 

stratum corneum critical for skin barrier function [285]. This association of genetic 

traits with the skin microbiome could potentially identify genomic and microbial 

targets for skin healthcare. On the contrary, more recent research on genetics, 

particularly of FLG gene functional deficiency (responsible for impaired skin barrier 

function and a major risk factor for AD) has shown no association with the skin 

microbiome [14].  

1.2.16 Gender 

Studies comparing the impact of gender on the infant skin microbiome are limited 

and report contrasting results. Some identified no significant effect [18, 23], whereas 

others have shown a significant difference in the first week of birth, specifically in 

the groin area, but the reasons were unclear [126]. Longer term into adulthood, there 

appear to be gender differences, with women having higher skin microbial diversity 

and richness than men, possibly related to gender physiological and anatomical 

differences, such as sebum, sweat and hormone production [2, 287]. For example, 

Cutibacterium are more abundant in men than women on the glabellae (forehead) 

and back of the hands; due to more terminal hair follicles and sebaceous glands in 

these areas in men than women, which is a desirable environment for Cutibacterium 

[287]. The role of the father in the neonatal microbiome development is very 

understudied and may also be an important factor to consider [176].  

Overall, there are a multitude of factors contributing to the establishment, 

development and changes to the infant skin microbiome. This insight into the 

complex nature of the skin microbiome has only been possible through traditional 

and emerging sequencing methods [13, 288]. 
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1.3 Current Methods Available to Investigate the Skin Microbiome 

Traditionally, microbiome research was performed using microbial cultivation 

techniques [289]. However, these techniques do not capture a true representation 

of the microbiota within a sample due to culturing bias [290]. Today, DNA-based 

methods, such as 16S rRNA gene amplicon sequencing and more recent Shotgun 

Metagenomic Sequencing (SMS), are frequently used for skin microbiome research 

as they sequence detectable genetic material within a sample [13, 288] (Figure 1.3).  
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Figure 1.3. Current Amplicon and Shotgun Metagenomic Sequencing Methods 
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For interpretation of amplicon and SMS results, computational and bioinformatics 

tools are essential [291, 292]. When using sequencing methods, DNA contamination 

arising from the DNA extraction kit reagents (kitome), skin to sample or sample to 

sample, and host DNA should be considered [293, 294]. Furthermore, due to the 

low microbial biomass of skin samples, these contaminants could result in false 

positives, which is of particular concern [291, 293, 295-298]. There are bioinformatic 

tools available to identify and deplete ktiome or other sources of microbial 

contaminants (SourceTracker, Meta-SourceTracker, decontam, microDecon, 

Recentrifuge and Squeegee), however there is a risk of removing microbes that 

aren’t contaminants within samples [294]. Host DNA contamination can be depleted 

before sequencing using mechanical and physiochemical depletion methods, and 

adaptive sampling (to selectively enrich microbial DNA or selectively deplete host 

DNA) [299, 300]. Although, adaptive sampling approaches do not reliably target all 

species and can skew the resulting genomic profiles, and mechanical host DNA 

depletion can result in some loss of bacteria [300, 301]. Alternatively, host DNA can 

also be removed after sequencing using bioinformatic depletion methods, which 

maps host DNA reads to a host reference database [19]. There should also be 

caution with read misassignment, and misinterpretation of read assignments into 

something meaningful - phenomenon’s that are particularly associated with low 

biomass samples generating low numbers of reads; Afshinnekoo et al. 2015 [302] 

and Poore et al 2020 [303] fell victim to this, identifying Yersinia pestis and Bacillus 

anthracis from a New York city subway, and extremely low abundant “contaminant” 

microbes in cancer patients tissue and blood microbiomes, both of which caused a 

wave of news stories.  

Skin microbiome studies commonly use traditional 16S rRNA gene amplicon 

sequencing methods to taxonomically classify microbiota to a genus level; some 

variations in this method can identify species level, but cannot provide information 

about strain variations or functional capacities in biological processes [288]. 

Amplicon sequencing targets specific genomic regions (16S rRNA, 18S rRNA and 

Internal Transcribed Spacer (ITS) genes) [304-306]. The bacteriome is more 

commonly studied, therefore, the 16S rRNA gene is most commonly targeted as it 

is ubiquitous and highly conserved between different bacterial species [288, 295, 

304, 305]. There are nine hypervariable regions (V1–V9) in the 16S rRNA gene with 

certain regions being more useful for determining lower- and higher-ranking taxa 

[305, 307, 308]. Skin microbiome research projects tend to target the V2-V3 and 
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V3–V4 regions of the 16S rRNA gene [308]. Analysis of the 16S rRNA gene 

sequence cannot provide information on other skin microbiota such as fungi and 

viruses; the 18S rRNA and ITS genes are specific targets used for fungi, but viruses 

lack a universally conserved target therefore pathogen specific primers are required 

[306, 309, 310]. For these amplicon sequencing techniques Polymerase Chain 

Reaction (PCR) is required to amplify the targeted variable region of choice [288]. 

Low Molecular Weight (LMW) DNA is typically used as Illumina technologies are 

used to sequence this DNA [311].  

SMS is an emerging method in microbiome studies, as this method sequences all 

genetic material in a sample (bacteria, archaea, viruses and fungi), without being 

limited to amplified regions [13, 304, 312]. This has major advantages, reducing bias 

from selective amplification efficiency and providing information about the rest of the 

genomes present [311]. As the entire genetic material in a sample is captured, large 

volumes of data are generated; this is harder to analyse and requires filtering to 

remove large volumes of human DNA, thereby becoming more costly [33, 313, 314]. 

SMS has the further advantage of being able to taxonomically classify bacteria up 

to strain level [13]. This method can also yield insight into the functional diversity 

within ecosystems as well as identifying the presence of mobile elements such as 

plasmids [315, 316]. Liu et al. [317] stated the importance of the research question 

in determining which sequencing methods to be used, and SMS is advisable if 

higher taxonomic resolution and functional information are required.  

SMS can be performed using multiple technologies, including Illumina, Oxford 

Nanopore (ONT) and PacBio Single Molecule Real-Time (SMRT) platforms [311, 

318]. Illumina uses multiple sequencers (NextSeq, NovaSeq, iSeq, MiniSeq, MiSeq) 

and a clonal amplification method (which uses individual fluorescent molecule tags 

attached to the ends of DNA strands) to detect sequences [319]. ONT uses three 

sequencers (MinION, GridION and PromethION), which measure the ionic 

fluctuations when single-stranded nucleic acids pass through the nanopore [320, 

321]. Within the pore, different nucleotides provide different electrical resistances as 

they pass through a pore allowing their sequence to be determined [318]. SMRT 

also uses three sequencers (RSII, Sequel and Sequel II), which detect fluorescence 

events that correspond to the addition of one specific nucleotide by a polymerase 

tethered to the bottom of a micro well [322, 323].  
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The Illumina technology can input High Molecular Weight (HMW) and LMW DNA, 

which becomes further fragmented, resulting in the sequencing of LMW DNA; 

Illumina therefore produces short reads with read lengths limited to about 300-500 

base pairs (bp) [311, 319, 324]. In comparison to the Illumina technology, the ONT 

and SMRT technologies input HMW DNA and result in long reads, ranging from read 

lengths of 500bp to several Megabase pairs (Mbp) [311, 325, 326]. Longer reads 

facilitate the generation of higher-quality MAGs, used for higher taxonomic 

resolution and functional information [311, 317, 327]. SMS works by piecing these 

long and short genome read fragments together [13]. Therefore, long read SMS 

technologies can reconstruct more complete genomes more easily than the Illumina 

short read technology due to its preference for HMW input and direct sequencing 

method [311, 328].  

In recent years, more integrative approaches are being used to study the infant skin 

microbiome and its function, using combinations of culturomics, metagenomics, 

metatranscriptomics, metabolomics and metaproteomics; Culturomics identifies 

culturable microbiota, metagenomics provides taxonomic profiles, 

metatranscriptomics distinguishes functional profiles through transcribed genes, 

and metabolomics and metaproteomics determine microbe metabolite and protein 

byproducts respectively [13, 20, 22, 39-43, 329]. 

1.4 Technical Challenges and Unmet Research Questions 

With an increasing popularity in infant skin microbiome research comes several 

technical and study design limitations that may impact the associations and 

conclusions drawn. Many studies are longitudinal or randomised controlled trials 

that focus on multiple timepoints closely clustered temporally, rather than taking a 

longer-term outlook into infancy [9, 11, 14, 16, 17, 22, 39, 40, 42, 72-75, 97, 98, 123, 

126, 127]. Furthermore, given the frequent use of 16S rRNA gene amplicon 

sequencing methods, many studies are limited due to either low microbial taxonomic 

resolution and/or lack of microbial functional information [13]. The resolution and 

robustness of sequencing methods is further impacted by the way skin samples are 

collected; for example, research has identified the deeper layers of skin tissue to 

hold stable viable bacterial populations compared with the skin surface [330]. 

Contrary to this, multiple studies using skin scrapings (which can access these 

deeper tissues) resulted in reduced DNA quantity and quality inadequate for 16S 
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rRNA gene sequencing, and elevated host DNA contamination (reviewed in Manos 

[73]); furthermore, skin scrapings are invasive causing neonatal skin trauma.  

Another technical challenge is the use of commercialised DNA extraction methods 

that are not optimised for skin, to study the infant skin microbiome (we summarised 

methods in our review [45]). The skin is a low-biomass niche with difficult to lyse 

microbial components, such as the mycobiome and these affect DNA quantity and 

quality, thus influencing sequencing outcomes [331]. For example, ITS sequencing, 

used to profile fungal communities, was identified as not yielding enough reads for 

analysis [75]. Furthermore, even with rigorous controls in place, low-biomass niches 

are at a high risk of contamination [41, 43]. New methodologies optimised for skin 

microbiome research are required to address these technical limitations and 

improve research outcomes. 

Evidentially, there is a pressing need for more longitudinal (following infants from 

birth into infancy) and higher-resolution infant skin microbiome studies; we 

highlighted common study types in our review [45]. SMS will provide higher 

resolution over targeted gene sequencing, allowing species and strain-level profiling 

as well as functional information to be obtained [13]. To date, there are very few skin 

microbiome studies that utilise SMS [16, 19, 22, 126, 332]. A consideration for these 

types of studies is the ability to extract enough high-quality DNA, but ongoing studies 

in this area are addressing this need [19]. Profiling using SMS will enable 

researchers to robustly study the infant skin microbiome, including the mycobiome, 

virome and archaeome, which are significantly understudied in infants when 

compared with the bacteriome [45]. There is also a research deficit on how the whole 

microbiome (viruses, fungi, bacteria and archaea) interacts and functions as a 

community, and how this is associated with skin health or disease [22]. Although 

there has been a research focus on infant skin microbiome in relation to certain skin 

diseases, as of yet, no one has been able to distinguish between microbiome-driven 

and microbiome-independent cases [14, 22, 24, 72-75, 121, 123]. This is a crucial 

research gap that needs to be addressed for improved treatment interventions [14]. 

Clinical studies have used culturomic and viromic methods to diagnose skin disease 

in independent cases and examine certain factors such as the effects of cleansing 

and moisturising products on skin bacterial colonisation [21, 72, 124, 128]. However, 

to improve the robustness of these studies, multi-omics techniques should be more 

widely employed, as currently there are few and far-between [20, 24, 41, 42]. These 

multi-omics studies would help to identify perturbation-associated microbiota 
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changes and fully understand their functional role in infant skin health and immunity, 

before and after birth, which is lacking [45]. This would also accelerate development 

of improved maintenance, preventative and treatment options that will improve 

standard of care of full-term and pre-term neonates, therefore optimising their long-

term health [45].  

Current therapeutic intervention studies underway include oral and topical probiotic 

use, development of LBPs and improved skin transplantation and wound dressing 

techniques [72, 96]. Presently, the vast majority of infant skin microbiome studies 

have only focused on a few HICs, but skin health interventions would be significantly 

benefitted by diversifying the cohorts that are sampled to a wider geographical and 

socio-economic reach [45]. This would also help establish a baseline for a healthy 

infant skin microbiome composition, the influence of factors modulating the skin 

microbiota and how skin conditions are linked to microbial compositional changes 

[45]. Certain interventional practices, such as kangaroo mother care (KMC) (skin-

to-skin contact between a mother and infant) and breastfeeding, are known to 

improve neonatal health outcomes, and their practice is advised globally by the 

WHOs updated 2022 recommendations [269]. The presence of M. tuberculosis and 

M. abscessus on Indian neonates diminished with KMC, demonstrating its 

importance in neonatal health outcomes [127]. Other practices worldwide may also 

influence seeding of the infant skin microbiota and should be explored further to 

understand the effects that practices have on birth outcomes and neonatal 

microbiomes, which could have lasting health implications [333]. 

Overall, infant skin microbiome research has focused on the bacteriome and 

investigated a more detailed interaction of certain factors that affect it. Infant skin 

exposed to these factors and afflicted with skin disease (mainly AD) has been 

assessed and profiled (mainly in HICs), which has led to initial investigations of 

probiotic skin health interventions. These research bottlenecks have left open 

questions on how the whole infant skin microbiome interacts and functions in infant 

skin health, before and after birth. These could be addressed by profiling cohorts 

across the globe, and overcoming technical limitations, which include lack of 

integrative approaches used, overuse of targeted gene sequencing and 

unoptimised skin collection and DNA extraction methods used. This would improve 

neonatal skin health interventions and optimise their long-term health. 
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This PhD project therefore aimed to use SMS and a healthy participant cohort to 

analyse infant skin microbial composition changes (with a focus on the bacteriome) 

over time from birth into infancy; also considering microbiome influencing factors 

(timepoint, pregnancy term, delivery mode and feeding mode). Multi body site (skin, 

gut and vagina) sharing of microbiota was compared over time between mothers 

and their infants to investigate skin microbiome establishment. The functional 

capacity of these shared microbiota in skin health was also investigated.  

1.5 Hypothesis 

An improved understanding of the development and evolution of the infant skin 

microbiome will provide insight into the infant skin composition, ecosystem 

dynamics, and functional roles in skin health within the first year of life. This will 

further help prediction of probiotics to treat and prevent skin disease in early life and 

maintain skin health. 

1.6 Aims 

1. Investigate the development and evolution of a healthy infant skin 

microbiome over time.  

2. Understand the factors that influence the infant skin microbiome 

development, evolution and skin health over time. 

3. Investigate sharing of microbes between mothers and their infants over time 

that may influence skin health. 

4. Identify a PEARL genome MAGs catalogue, which will provide future insight 

into the functional importance of the shared microbes in infant skin health 

over time and help formulate the next generation of oral probiotic and LBP 

interventions to help predict how to alter a microbiome to prevent and treat 

skin disease and maintain skin health across the life course.  

1.7 Objectives 

1. Develop an optimised high-throughput automated DNA extraction method, for 

recovery of bacterial DNA from skin swabs, that results in DNA with high yield 

and molecular weight, suitable for SMS. 

2. Analyse changes to the composition of the developing infant skin microbiome 

to establish a baseline for a healthy skin microbiome. 

3. Compare the developing infant skin microbiome to the maternal skin, vaginal 

and gut microbiome at birth and within the first year of life, to investigate 

microbiome establishment and associated influencing factors. 
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4. Assess changes to the infant gut microbiome and its impact on the skin 

microbiome development; which could help determine nutritional interventions 

to treat and prevent skin disease in early life and maintain skin health during 

the life course.   

5. Identify shared microbes between mothers and their infants over time that can 

be used in future work to elucidate their functional importance in infant skin 

health; which could help predict how to alter a microbiome to prevent and treat 

skin disease and maintain skin health in infants. 
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CHAPTER 2 OVERVIEW 

With this chapter, the methodology and cohorts (adult volunteers and the Pregnancy 
and Early Life (PEARL) Study) used throughout this thesis are introduced. The 
optimised extraction method developed (Chapter 3) was the basis for all data 
generated in this project to explore the infant skin microbiome using the PEARL 
cohort. In this chapter, cohort specific details are covered for ethics, study design, 
sample collection and handling, and ethical and regulatory considerations for data 
protection and donor confidentiality. Methods are also outlined for sample 
processing, culturing and bacterial DNA extractions for Shotgun Metagenomic 
Sequencing (SMS), relevant assays, SMS, statistical analysis and data analysis. I 
performed the vast majority of laboratory and bioinformatics work for my thesis 
described in this chapter: (1) I optimised a human skin swab specific microbial DNA 
extraction method through performing a series of initial diluent and lysis laboratory 
experiments using infant skin derived bacterial isolates and bioinformatics analysis; 
(2) I then applied for, and obtained, Faculty of Medicine and Health Sciences (FMH) 
ethical approval, and prepared a human tissue study protocol for my clinical study 
using adult volunteer skin swab samples, to validate the skin swab specific microbial 
DNA extraction method that I optimised; (3) I composed an SOP for the optimised 
skin swab microbial DNA extraction method; (4) Using the SOP that I composed, I 
then applied the validated optimised DNA extraction method to the PEARL study 
cohort consisting of mothers and their infants; (5) I processed skin and vaginal 
swabs and extracted DNA from them, and performed culturing of these samples 
alongside the DNA extraction, which I also extracted using the optimised method; 
(6) I performed the bioinformatics analysis for the skin, vaginal, stool and culture 
metagenomes that resulted from the shotgun metagenomic sequencing data 
(taxonomic profiling, Metagenome Assembled Genomes (MAGS), data visualisation 
and statistical analysis). Exceptions of work that were performed by other scientists 
included the stool DNA extractions (performed by the QIB PEARL study team), the 
shotgun metagenomics library preparation and sequencing (performed by the QIB 
sequencing team and Genewiz), the data clean up and strain level analysis 
(performed by the QIB bioinformatics support team), the archaeal taxonomic 
profiling (performed by Charlotte Neumann; I visualised and performed statistical 
analysis for the archaeal taxonomic profiles), and the optimisation of the generation 
of MAGs in Chapter 3 (performed by Dr. Raymond Kiu). 
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2.1 Adult Volunteer and PEARL Study Cohorts 

2.1.1 Ethical Statement and Regulatory Considerations for Data Protection 

and Donor Confidentiality 

I obtained ethical approval for the adult volunteer recruitment, skin swab sampling 

and processing from the University of East Anglia (UEA) Faculty of Medicine and 

Health Sciences (FMH) ethics committee (FMH ethical approval reference: 2020/21-

065). The recruitment, sampling and processing were performed under the NNUH 

Biorepository ethics (Research Ethics Committee (REC)); the biorepository team 

recruited and collected samples, and I processed all samples. Documents relating 

to the FMH ethical approval, including the ethics approval letter, my application form, 

the human tissue study protocol that I composed, and my registration forms, can be 

viewed in the Appendices (Appendix 1.; Appendix 2.; Appendix 3.; Appendix 4.). 

The Biorepository ethics covered the volunteer recruitment, sampling and 

processing. All samples were anonymised from the researcher, and I discarded the 

swabs after use. I bioinformatically identified and deleted all host DNA sequences 

(i.e., DNA reads mapping to the human genome). DNA preparations were only kept 

for 12 months, in case any further methodological verification, in terms of sequence 

library preparation was needed. DNA preparations were then destroyed according 

to the established waste disposal procedures within QIB. Bacterial DNA sequences 

were kept on secure servers within QIB and were anonymised from the donor. 

The PEARL study [334] is registered in the ClinicalTrials.gov Database with ID: 

NCT03916874. Ethical approval for this study was set up by the chief investigator 

Professor Lindsay Hall and the PEARL study team and was approved by the 

Quadram Institute Bioscience (QIB), Human Research Governance Committee 

(HRGC), the Health Research Authority (HRA) and the NHS London-Dulwich REC, 

obtained for the NNUH biorepository that I was working under (HRA REC NHS 

London-Dulwich reference: 18/LO/1703). This study was conducted in accordance 

with the principles of the Declaration of Helsinki, the conditions and principles of the 

International Conference on Harmonisation Good Clinical Practice (ICH GCP), and 

in compliance with the UK national law. The research meets the requirements of the 

EU General Data Protection Regulation (GDPR), UK Data Protection Act 2018 and 

the relevant sponsor’s policies (IRAS number: 241880). For further details and 

documents relating to the PEARL study approval see Phillips et al. [334]. The 

PEARL study complies with EU GDPR, which came into force in the UK on 25 May 

2018 and the UK Data Protection Act 2018, which requires data to be anonymised 
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as soon as it is practical to do so. Personal data were subjected to appropriate 

safeguards and a specific Standard Operating Procedure (SOP) was established 

with the Norwich Biosciences Institute (NBI) data protection officer. This ensured 

that the study team had appropriate organisational and technical measures in place 

to ensure that data were processed lawfully, fairly, in a transparent manner and were 

kept to a minimum and secure in the research context. 

2.1.2 Study Design 

For the adult volunteer cohort, the Biorepository recruited and consented adult 

volunteer participants ranging between the ages of 23 and 65. There was no contact 

between the researcher and participant to ensure anonymity. Volunteers were 

recruited from QIB via an email from the Biorepository. To be eligible, volunteer 

participants should have had no current skin conditions or been prescribed 

antibiotics over the last 3 months. As this study was carried out during the COVID-

19 pandemic, 12 volunteer participants were recruited, consented, and self-

swabbed remotely at one timepoint, to adhere to the COVID-19 regulations reducing 

person-to-person contact. The volunteer participants were provided with the 

established Biorepository Participant Information Sheets (PIS) and were consented 

with the established Biorepository Consent Forms (CF) (Appendix 5.). The 

Biorepository contact information was also provided to the volunteer participants for 

them to express any questions or concerns regarding the study. The Biorepository 

could then contact the researcher for further clarification. 

For the PEARL study cohort, there was a maximum of 12 collection timepoints for 

each PEARL study participant over approximately 31 months. There are 250 PEARL 

mother participants, which were representative healthy pregnant women recruited 

from across Norfolk. The PEARL study is based on a healthy cohort, therefore, early 

pre-term births were excluded from the PEARL study. Participants had planned to 

give birth at the NNUH National Health Service (NHS) Trust or have a home birth 

with maternity care provided by the NNUH. The study was divided into three 

collection phases. Phase 1 was during each pregnancy trimester, phase 2 was from 

birth to 3 weeks post birth, and phase 3 was 4-24 months after birth; there was no 

follow up past 24 months. Participants were asked to collect appropriate samples 

(skin, stool/meconium, vaginal, urine, colostrum/breastmilk, blood/cord blood and 

questionnaires on lifestyle, health and medical conditions) from themselves and 

their infants during each phase; maternal samples were only collected up to month 

4 due to budget and feedback from focused discussion groups with mothers 
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regarding pragmatism. Samples included in this thesis were skin, gut, vaginal and 

questionnaires. Most of the sample collection was at home using collection packs 

provided to the participants. Participants were provided with a small benchtop 

freezer where they stored their samples until an authorised member of the research 

team collected samples from the participant’s home. The only exception would be if 

the participant or their infant was an inpatient at NNUH where they were able to 

collect their samples at the hospital. If they wished, these could be given to their 

midwife/obstetrician to put in the PEARL study freezer located at the hospital. The 

duration of the recruitment period was 18-24 months from the project starting. 

Recruitment was mainly opportunistic at NNUH antenatal clinics and midwife led 

community clinics in General Practice (GP) surgeries and health clinics. Recruitment 

was facilitated by the close links with the NNUH and community midwife network. In 

response to the COVID-19 pandemic, digital appointments were put in place for 

pregnant women that replace the community clinics in GP surgeries and health 

clinics. The informed consent procedure took place up to the 22-week gestation 

point in a confidential space in the NNUH, at GP practices/health clinics where a 

community midwife clinic is held, at the QIB Clinical Research Facility (CRF), or via 

virtual means (video/telephone call). The individuals obtaining informed consent 

were GCP trained, suitably qualified and experienced, have been authorised to do 

so by the chief/principal investigator and appear in the delegation of duties log. 

Participants were consented with established participant information sheets and 

consent forms. A unique PEARL study identification number was provided to each 

participant. For further details on the PEARL study protocol, see  Phillips et al. [334]. 

An overview of the PEARL study design is summarised in Table 2.1. 

Table 2.1. Overview of the PEARL Study Design. Extracted from Phillips et al. [334]. 
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2.1.3 Sample Collection and Handling 

Skin Swabs 

The adult volunteer consent and swab sampling were condensed into one day. 

Black top charcoal amies transport medium cotton swabs (M40-A2, Technical 

Service Consultants Ltd.) were used in the study. The 12 volunteer participants were 

provided with swabs, which were already labelled with the date of sample collection, 

and sample IDs; these were completely unlinked to the participants personal 

information to eliminate the chance of identifiable information being given to the 

researcher. The volunteer participants self-swabbed at the QIB, using the PEARL 

study self-swabbing instructions as follows. 

1. To perform swabbing, pull and twist the swab out of its tube taking care 

not to touch the tip (swab end) with anything other than the area to be 

swabbed.  

2. Holding the swab in one hand, roll the swab end along the inside of the 

forearm from the wrist to the elbow pit ensuring that the whole of the swab 

end has come in to contact with the volunteer participant skin.  

3. Replace the swab back into the tube ensuring the lid is on tight.  

4. The swab may leave a grey residue on the forearm. Once sampling is 

complete, wash the area with soap and water.  

The date of sample collection and Biorepository sample ID were written on the 

container in pen. Mother and infant pairs were allocated the same sample IDs and 

twins were allocated with either “1” or “2” after the sample ID to indicate twin 1 or 

twin 2 (e.g. 2-1 and 2-2). PEARL samples were frozen and the volunteer samples 

refrigerated until collected for testing. 

The optimisation study volunteer participants swabbed themselves twice, one swab 

on each arm, to produce 24 biological samples in total. The participants then 

returned their samples to the Biorepository staff the same day, who ensured 

anonymity prior to swab transfer to the researcher. I collected and tested the 

samples the same day swabbing was performed (24.08.2021).  

The PEARL mother participants swabbed only one arm of themselves and their 

infants following the PEARL study self-swabbing instructions. The PEARL swabs 

were labelled with a yellow sticker stating that they were skin swabs. Mothers should 

have avoided showering, bathing, or using any perfume or creams on their arms or 

infants’ arms in the 8-10 hours before taking the swab and advised to take the swab 
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first thing in the morning. Mothers were told to use the same forearm each time they 

swabbed theirs and their infants’ skin.  

Vaginal Swabs 

The same type of swab was used to collect the skin swabs, but with a blue top lid 

(M40-A, Technical Service Consultants Ltd.). Swabs were labelled with a yellow 

sticker stating that they were low vaginal swab. The maternal vaginal swabs were 

self-collected by the mothers following the PEARL study self-swabbing instructions, 

as follows. 

1. Pull and twist the swab out of its tube taking care not to touch the tip (swab 

end) with anything. 

2. Find a comfortable position either sitting, squatting, or standing. 

3. Insert the tip of the cotton swab about 2 cm (about 1 finger joint) inside the 

vagina. 

4. Rotate the swab for 10 seconds and then hold the swab still for a further 10 

seconds inside the vagina. 

5. Remove the swab. 

6. Replace the swab back into the tube ensuring the lid is on tight. 

7. Write the date of sample collection on the sample container in pen. 

8. Freeze the sample in the sample freezer provided. 

Stool Samples 

The mothers collected their own stool samples and infant stool samples following 

the PEARL stool collection instructions. 

Maternal Sample 

1. Empty your bladder before collecting the stool sample, to prevent accidental 

contamination of the sample. 

2. Ensure the toilet seat is dry by wiping with toilet paper. 

3. Peel both sides of the provided faeces catcher out in the directions of the 

arrows. 

4. Stick the faeces catcher to the rim of the toilet seat. 

5. Produce stool onto the faeces catcher and ensure used toilet paper goes into 

the toilet water so as not to cover the stool sample. 

6. Unscrew the cap of the stool collection pot provided. 
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7. Hold the collection pot close to the sample on the faeces catcher with one 

hand and, with your other hand use the scoop attached to the lid of the 

sample container to fill the collection pot until it is about half full. 

8. Screw the lid back on the collection pot securely ensuring the lid is not cross-

threaded. 

9. Flush the faeces catcher once sample has been collected (the faeces catcher 

is fully biodegradable). 

10. Write the date of sample collection on the sample container in pen. 

11. Freeze the sample in the sample freezer provided. 

Infant Sample 

1. Open the infant’s nappy. 

2. Unscrew the cap from collection pot provided and using the scoop, transfer 

as much of the stool as possible into the collection pot, or until it is about half 

full. 

3. Replace the cap taking care that is not cross-threaded. 

4. Write the date of sample collection on the sample container in pen. 

5. Freeze the sample in the sample freezer provided. 

Questionnaires 

PEARL study mother participants completed questionnaires for health, lifestyle, and 

diet during the study. Questionnaires specifically asked for: 

• Pregnancy, breastfeeding, and infant feeding practices;  

• Information on lifestyle, diet, medication and medical history; 

• Dietary perceptions and preferences. 

The research team also collected clinical information from GP and hospital records 

that related to: 

• Changes in the mother’s or her infant’s medical history during the study; 

• Routine data collected by health visitors, which included information on fine 

and gross motor skills and problem solving;  

• Routine pregnancy scans and tests. 

For further details on the questionnaire and template see Phillips et al. [334]. For 

details on the subset of PEARL samples used in this thesis see Table 2.2 for the 

PEARL infant participant metadata and Table 2.3 for PEARL participant sample 
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collection timepoints. The sample subsets used for this thesis included timepoints 

from birth up to 12 months post birth. Adult volunteer metadata for the optimisation 

study was fully anonymised and therefore not provided. 
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Table 2.2. PEARL Infant Participant Metadata 

Sample ID Gestational Age (Weeks) Pregnancy Term Delivery Mode Feeding Mode (Birth - Month 12) Skin Disease 

1 37.57 Late Preterm Spontaneous Vertex (VD) Breast Not Detected 

2-1 37 Late Preterm Elective CS Breast/Formula Not Detected 

2-2 37 Late Preterm Elective CS Breast/Formula Not Detected 

3 36.57 Late Preterm Spontaneous Vertex (VD) Breast Not Detected 

4 37.57 Late Preterm Emergency CS Breast/Formula Not Detected 

5 39.14 Full Term Spontaneous Vertex (VD) Breast Not Detected 

6 40.71 Full Term Spontaneous Vertex (VD) Breast Not Detected 

7 39.14 Full Term Elective CS Breast/Formula Not Detected 

8 39.29 Full Term Spontaneous Vertex (VD) Breast Not Detected 

9 40 Full Term Spontaneous Vertex (VD) Breast/Formula Not Detected 

10 39.86 Full Term Elective CS Breast Not Detected 

11 38.14 Full Term Elective CS Breast Not Detected 

12 38.57 Full Term Spontaneous Vertex (VD) Breast/Formula Not Detected 

13 39.43 Full Term Elective CS Breast Not Detected 

14 40.14 Full Term Spontaneous Vertex (VD) Breast Not Detected 

Note: “Not Detected” under the Skin Disease section signifies that no skin disease was present in neonates from birth into infancy up to 12 months of age (the period of study for this thesis) 
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Table 2.3. PEARL Participant Sample Collection Timepoints 

Mother Sample ID Trimester 1 Trimester 2 Trimester 3 Birth Week 1 Week 3 Month 4 Month 8 Month 12 

1 N/A 05/06/2019 16:09 24/07/2019 16:11 14/09/2019 16:13 07/10/2019 16:18 22/10/2019 16:16 17/01/2020 16:19 N/A N/A 

2 N/A 19/09/2019 9:51 04/11/2019 9:53 Not Provided 31/12/2019 10:02 13/01/2020 10:00 26/04/2020 12:55 N/A N/A 

3 03/10/2019 10:50 Not Provided Not Provided 21/03/2020 0:00 27/03/2020 0:00 10/04/2020 0:00 17/07/2020 8:30 N/A N/A 

4 N/A Not Provided Not Provided 24/01/2020 0:00 30/01/2020 11:20 14/02/2020 11:22 19/05/2020 13:48 N/A N/A 

5 01/11/2019 14:37 19/01/2020 14:40 09/03/2020 15:35 10/05/2020 10:44 Not Provided Not Provided 11/09/2020 16:15 N/A N/A 

6 N/A 26/01/2020 14:50 17/03/2020 12:10 Not Provided 09/06/2020 15:20 18/06/2020 21:15 29/09/2020 10:20 N/A N/A 

7 N/A 10/03/2020 9:00 01/05/2020 8:00 08/07/2020 13:52 17/07/2020 11:02 30/07/2020 9:00 04/11/2020 7:00 N/A N/A 

8 N/A 24/11/2020 14:45 17/01/2021 17/03/2021 25/03/2021 13:00 08/04/2021 17:45 19/07/2021 7:30 N/A N/A 

9 N/A 19/10/2020 8:50 24/11/2020 13:15 16/02/2021 20:00 23/02/2021 8:30 07/03/2021 10:00 13/06/2021 N/A N/A 

10 N/A 22/12/2020 19:30 09/02/2021 10:30 17/04/2021 21:00 21/04/2021 07/05/2021 10:45 17/08/2021 6:45 N/A N/A 

11 N/A 21/10/2020 12/12/2020 04/02/2021 11/02/2021 15:30 25/02/2021 19:00 04/06/2021 9:50 N/A N/A 

12 N/A 22/10/2020 15/12/2020 15/02/2021 20/02/2021 06/03/2021 13/06/2021 N/A N/A 

13 N/A 29/10/2020 18:15 23/12/2020 24/02/2021 7:00 02/03/2021 8:45 17/03/2021 11:45 21/06/2023 19:45 N/A N/A 

14 N/A 08/03/2020 15:48 Not Provided 08/07/2020 12:51 Not Provided 29/07/2020 9:00 06/11/2020 13:00 N/A N/A 

 Baby  Sample ID  Trimester 1  Trimester 2  Trimester 3 Birth  Week 1  Week 3  Month 4  Month 8  Month 12  
 

1 N/A N/A N/A 14/09/2019 16:22 07/10/2019 16:26 22/09/2019 16:24 15/01/2020 16:27 Not Provided 15/09/2020 10:00 

2-1 N/A N/A N/A 19/12/2019 10:14 31/12/2019 10:17 13/01/2020 10:21 26/04/2020 13:00 24/08/2020 8:15 23/12/2020 12:35 

2-2 N/A N/A N/A 19/12/2019 10:23 31/12/2019 10:26 13/01/2020 10:25 26/04/2020 11:00 24/08/2020 9:30 24/12/2020 17:45 

3 N/A N/A N/A 21/03/2020 0:00 26/03/2020 0:00 09/04/2020 11:33 17/07/2020 11:45 16/11/2020 13:00 17/03/2021 9:00 

4 N/A N/A N/A 23/0/2020 11:27 29/01/2020 11:29 13/02/2020 11:30 18/05/2020 14:00 16/09/2020 16/01/2021 

5 N/A N/A N/A Not Provided Not Provided Not Provided 11/09/2020 13:50 09/01/2021 13:30 08/05/2021 2:45 

6 N/A N/A N/A 28/05/2020 15:41 Not Provided 18/06/2020 21:15 29/09/2020 27/01/2021 17:12 27/05/2021 19:15 

7 N/A N/A N/A Not Provided 17/07/2020 11:45 29/07/2020 00:30 05/11/2020 14:00 19/03/2021 8:00 09/07/2021 

8 N/A N/A N/A 18/03/2021 25/03/2021 11:30 08/04/2021 17:00 19/07/2021 11:30 20/11/2021 13:00 18/03/2022 18:30 

9 N/A N/A N/A 17/02/2021 8:00 23/02/2021 7:00 07/03/2021 10:30 13/06/2021 12/10/2021 14/02/2022 

10 N/A N/A N/A 16/04/2021 14:30 21/04/2021 07/05/2021 21:00 16/08/2021 6:30 20/12/2021 14:25 14/04/2022 13:50 

11 N/A N/A N/A 04/02/2021 11/02/2021 13:00 25/02/2021 17:00 03/06/2021 16:00 04/08/2021 07/02/2022 8:30 

12 N/A N/A N/A 10/02/2021 21/02/2021 05/03/2021 13/06/2021 11/10/2021 12/02/2022 

13 N/A N/A N/A 17/02/2021 16:00 02/03/2021 16:00 15/03/2021 15:00 22/06/2021 20:00 21/10/2021 18:00 17/02/2022 7:00 

14 N/A N/A N/A 04/07/2020 13:03 11/07/2020 11:30 24/07/2020 5:13 07/11/2020 11:30 02/03/2021 14:00 20/07/2021 8:30 

Note:  
N/A under trimester 1 in the mothers’ data signifies no sample was expected due to some mothers not being recruited at this timepoint 
N/A under month 8-12 in the mothers’ data signifies no sample was expected due to sample collection being stopped at month 4 for mothers 
N/A under trimesters 1-3 in the neonate/infant data signifies no sample was expected due to the unborn neonate 
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2.2 Sample Processing, Culturing and DNA Extraction Method for 

Shotgun Metagenomic Sequencing 

I transferred skin and vaginal swabs into Phosphate Buffered Saline (PBS) and 

cultured them aerobically (using the Walker class II microbiological safety cabinet 

and Binder static incubator BD 115) and anaerobically (using Baker Ruskinn 

Concept 400 or 1000 anaerobic cabinets and the central QIB triple mix gas supply 

- 5% CO2, 10% Hydrogen, 85% Nitrogen) in parallel with the swab DNA extraction. 

I scraped these aerobic and anaerobic cultures into 40% glycerol stocks; I 

performed sweep-plate metagenomics to characterize the cultivated skin 

microbiota. I extracted the DNA from the processed swabs and cultures using the 

Promega Maxwell® RSC 48 Instrument and RSC Blood DNA Kit protocol, optimised 

for low biomass swabs in Chapter 3. This extraction protocol was optimised in 

Chapter 3 and included an overnight heated lysis, an offboard heated lysis and a 

bead beat lysis (using the Qiagen tissue lyser). Stool samples were extracted by the 

PEARL study team using the Promega Maxwell RSC Pure Food GMO kit and 

Promega Maxwell® RSC 48 instrument. A cell-free, diluent-only sample was 

included as a negative control on each extraction run to ensure no contamination 

had occurred. An established commercial skin mock community (American Type 

Culture Collection (ATCC) skin microbiome whole cell mix) was included as a 

positive control [335] for the skin and vaginal runs, and a stool mock community 

(M004Base and M008Base) was created by the PEARL study team and used as a 

positive control for the stool runs (Appendix 6.), to determine if lack of DNA yield 

from swabs was due to absence of material or an extraction problem. I also prepared 

dilutions of the positive control sample to validate skin DNA extraction efficiency and 

identify a cut-off point of starting material needed for SMS (Chapter 3). See 

Appendices for details on sample processing, culturing and DNA extraction 

protocols for swabs, stools, equipment and reagents used (Appendix 7.; Appendix 

8.). 

2.3 Qubit Assay 

I performed High Sensitivity (HS) and Broad Range (BR) Qubit assays to quantify 

DNA extracts according to manufacturer’s instructions, using the Qubit 2.0 

fluorometer instrument.  



45 
 

2.4 Chapter 3 

2.4.1 Bacterial Strains  

I optimised a skin microbial DNA extraction method in Chapter 3, which involved the 

use of the bacterial strains listed below. I chose the strains based on their source 

from neonatal skin at the NICU department at the Norfolk and Norwich University 

Hospital (NNUH), and the requirement for a good representation of Gram-negative 

and Gram-positive skin bacteria.  

Staphylococcus aureus (Sample ID. 21 / Isolate No. 60) (S. aureus) 

Staphylococcus epidermidis (Sample ID. 274 / Biorepository No. 16TB0533) (S. 

epidermidis) 

Pseudomonas aeruginosa PA14 (Sample ID. 29) (P. aeruginosa) 

Escherichia coli EC18PR-0166-1 (BW25113) (Sample ID. 129) (E. coli) 

The Staphylococcus species were isolated by Sethi et al. [336] from skin swabs from 

healthy neonates on Colombia Blood Agar (CBA). Colonies consistent with 

Staphylococci were isolated onto Mannitol Salt Agar before being sequenced [336]. 

These can be obtained from Professor Mark Webber on request. The Pseudomonas 

and Eshcerichia species are both reference strains and can be obtained from the 

National Collection of Type Cultures. 

2.4.2 Overnight Culture Methods 

I prepared overnight cultures by inoculating from bacterial glycerol stocks into either 

10 ml of Luria Bertani (LB) broth in a falcon tube or onto LB agar plates using the 

quad-streak method (media prepared by QIB media kitchen). I incubated them for 

24 hours at 37°C (for protocols see Appendix 9. and Appendix 10.). 

2.4.3 Tapestation Assay 

To measure molecular weight, I performed Tapestation assays on DNA extracts 

from the culture lysis experiments and adult skin validation experiments. I used the 

D5000 and HS D5000 Tapestation kits accordingly, using the Agilent 2200 

instrument as per the manufacturer protocols. 

2.4.4 Illumina Library Preparation for Shotgun Metagenomic Sequencing 

Sequencing libraries were prepared and sequenced by the QIB sequencing team 

for both Illumina and ONT sequencing of the skin and culture samples. Libraries 

were sequenced on the Illumina NextSeq500 and ONT minION platforms for SMS.  
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For Illumina library preparation, the tagmentation-based library construction with the 

Illumina DNA Prep Kit (Illumina Catalogue No. 20018704) was used. Where 

possible, samples were normalised to 5 ng/µl with PCR-grade water. 10% of skin 

swabs and 70% of skin cultures were normalised. The remaining skin swab and 

cutlure DNA concentrations were lower than 5 ng/µl and were used at their existing 

concentration. A bead tagmentation of metagenomic DNA was then performed 

whereby transposomes are randomly inserted into the genomic DNA adding Illumina 

adapters enabling barcoding and amplification of the libraries for multiplexing on an 

Illumina run. This tagmentation was a reduced reaction (20-fold dilution) and was 

prepared by mixing 0.5 µl of Tagmentation buffer (TB1), 0.5 µl Bead Linked 

Transposomes (BLT) (Illumina Catalogue No. 20018704) and 4 µl PCR grade water. 

This master mix (5 µl) was then added to a 96-well plate. Normalised DNA (10 ng) 

was pipette mixed with the tagmentation mix and heated (55 ⁰C, 15 min) in a PCR 

block. For samples containing less than 5 ng/µl, a separate tagmentation master 

mix was used with no water added and instead 6 µl input DNA volume. Tagmented 

samples were barcoded by setting up the following PCR master mix: 10 µl KAPA 

2G Fast Hot Start Ready Mix (Merck Catalogue No. KK5601) and 2 µl PCR grade 

water per sample. The master mix was added to 1 µl of 10 µM custom made primer 

stock containing both P7 and P5 Illumina 9 bp barcodes (Illumina Catalogue No. 

FC-131-2001 to 2004). Finally, the 7 µl of tagmentation mix was added and mixed. 

The PCR was run using the following protocol: 72 ⁰C 3 min, 95⁰C 1 min, 14 cycles 

of (95⁰C 10 s, 55 ⁰C 20 s, 72 ⁰C 3 min). 

Individual libraries were quantified using the Promega QuantiFluor® dsDNA System 

(Catalogue No. E2670) and run on a GloMax® Discover Microplate Reader. They 

were also run on the Agilent Tapestation 4200 instrument using a D5000 screentape 

(Agilent Catalogue No. 5067-5579) to check the library size distribution. Libraries 

were pooled based on DNA concentration. The pooled library was double-SPRI 

(Solid Phase Reversible Immobilization) size selected between 0.5 and 0.7X bead 

volumes using sample purification beads supplied in the Illumina DNA prep kit 

(Illumina® DNA Prep, (M) Tagmentation (96 Samples, IPB), 20060059). The final 

Illumina pooled library was then quantified using the Qubit 3.0 fluorometer and run 

on the Agilent 4200 Tapestation instrument. Both the concentration and average 

insert size were used to estimate the molarity of the final pool. The final pool was 

denatured and diluted to 1.5 pM. Libraries were loaded on the QIB in-house 

NextSeq500 Instrument using a Mid-output 300 cycle kit (Illumina Catalogue FC-
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404-2003) with paired-end 150 bp chemistry. The Illumina recommended 

denaturation and loading recommendations were followed, which included a 1% 

PhiX spike in (PhiX Control v3 Illumina Catalogue FC-110-3001). Approximately 300 

Mbp data was generated per sample. Conversion of the raw data into Fast Quality 

(FastQ) file format was performed by the Bioinformatics team at QIB. 

2.4.5 Oxford Nanopore Library Preparation for Shotgun Metagenomic 

Sequencing 

Oxford Nanopore libraries were prepared and sequenced in-house at QIB for the 

Chapter 3 optimisation samples only, due to cost limitations. A novel modified 

Illumina DNA Prep ultra-cost-effective method (Illumina® DNA Prep, Tagmentation 

20018704) was used. Primers were designed with a 3’ end compatible with the 

Nextera transposon insert, a 24 bp barcode at the 5’ end and included a pad and 

spacer. The same barcode was used at each end using up to 96 combinations. 

Primer pairs were mixed at a concentration of 10 µM. The tagmentation reaction as 

described above was set up. Where possible, DNA was normalised to 50 ng/µl and 

2 µl was used in the tagmentation reaction. 30% of skin swab cultures were 

normalised. For the remaining skin swab culture and swab DNA that could not be 

normalised, 6 µl DNA was used and the water was omitted from the master mix; 

90% of skin swab DNA was below 6 µl DNA and their existing concentration was 

used. A PCR master mix was prepared using 10 µl NEB LongAmp Taq 2x Master 

Mix (Catalog no. M0287S) and 2 µl PCR grade water per sample. The appropriate 

primer pair (1 μl at 10µM) was added to each well. Finally, the tagmentation reaction 

was added and mixed. The PCR was run as follows: 94 ⁰C 1 min, 14 cycles (94 ⁰C 

30 s, 55 ⁰C 1 min, 65 ⁰C30 min).  

Following the PCR, libraries were quantified using the Promega Quantifluor dsDNA 

system (Catalogue No. E2670) and run on a Promega Glomax plate reader. Equal 

amounts of libraries were pooled together and the SPRI size was selected at 0.5X 

bead volume using sample purification beads (Illumina® DNA Prep, (M) 

Tagmentation (96 Samples, IPB), 20060059) with a final elution in 30 µl. The pooled 

library was prepared for sequencing on a MinION flow cell (R9.4.1) following the 

Nanopore SQK-LSK109 protocol with the following modifications: The DNA end-

repair reaction was extended to 15 min, the formalin-fixed paraffin-embedded 

(FFPE) repair buffer and enzyme mix were omitted, instead 7 µl Ultra II End-prep 

buffer and 3 µl Ultra II End-prep enzyme mix (cat no. E7546L) were used. The library 

was loaded on the MinION in accordance with manufacturer’s instructions. The data 
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coverage varied from 300 Mbp to 10 Gbp per sample. The Bioinformatics team at 

QIB converted the raw data into FastQ file format. 

2.4.6 Data Clean Up  

I obtained the SMS data through the Integrated Rapid Infectious Disease Analysis 

(IRIDA) platform (irida-19.09.2) [337], and uploaded the data to the QIB Galaxy 

platform (V.19.05) [338, 339]. Here, I cleaned the data by removing human 

(classified) reads using the Kraken2 tool (V.2.1.1+galaxy0) [340] (confidence level 

set to 0.1) to map human reads to a human database (human_20200311). This 

human database was custom built by the QIB core bioinformatics team using a 

human genome available on the Reference Sequence (RefSeq) database (available 

from 11.03.2020), and the custom database manual [341] (see Github link for 

details: Manual · DerrickWood/kraken2 Wiki · GitHub). I filtered adaptors and 

checked the quality of sequence reads using the tools Fastp (V.0.19.5+galaxy1) 

[342] (all default settings used, except for quality phred, which was set to 20) and 

Fast Quality Control (FastQC) (V.0.72+galaxy1) (default settings used) [343] 

respectively.  

2.4.7 Taxonomic Profiling 

I generated taxonomic profiles using the Galaxy tools Kraken2 (V.2.1.1+galaxy0) 

[340] and Bracken (V.2.2) [344]. I mapped microbial reads to genus and species 

using a microbial metagenomic database (Kraken2_db_20190111) in Kraken2 

(V.2.1.1+galaxy0) [340] (confidence level set to 0.1). This microbial database was 

custom built by the QIB core bioinformatics team using RefSeq genomes (bacteria, 

viral, archaea, fungi, human GRCh38) (available from 11.01.2019), and a custom 

database manual [341] (see Github link for details: Manual · DerrickWood/kraken2 

Wiki · GitHub). I then ran the Kraken2 output report through Bracken (V.2.2) [344] 

(default settings used and species level selected) to obtain taxonomic profiles of 

microbiota. I plotted the taxonomic profiles to show the relative abundance (%) and 

number of reads of the ten most abundant species (for simplified visualisation) either 

within each individual or across the sample set. This identified common species 

within each individual and across the whole population to allow easier comparisons 

of the abundance of major organisms.  

2.4.8 Assembly of Metagenome Assembled Genomes 

The MAGs were assembled by Dr. Raymond Kiu. The shotgun metagenome raw 

reads (Fastq.gz) were trimmed, adaptor-removed and quality-filtered using Fastp 

https://github.com/DerrickWood/kraken2/wiki/Manual#custom-databases
https://github.com/DerrickWood/kraken2/wiki/Manual#custom-databases
https://github.com/DerrickWood/kraken2/wiki/Manual#custom-databases
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(V.0.20.0) (-q 20) [342]. Subsequently, host-associated sequences were removed 

via Kneaddata (V.0.10.0) [345] with human genome (GRCh38.p13 - no ALT) 

bowtie2 index file retrieved from https://benlangmead.github.io/aws-indexes/bowtie 

(--bypass-trim and –reorder) to generate clean FastQ reads. These metagenome 

reads were then co-assembled using the HPC. MEGAHIT (V.1.2.9) [346] was used 

prior to extraction of MAGs to produce a collection of output assemblies per sample. 

The Metagenomic Wrapper (MetaWRAP) (V.1.3.2) pipeline [347] was then used to 

extract MAGs based upon the metagenome assemblies generated. Metagenome 

clean reads were produced via three binning software packages: Metagenome 

Binning with Abundance and Tetra-nucleotide frequencies (MetaBAT) (V.2.12.1) 

[348], MAXBIN2 (V.2.2.6) [349] and Clustering cONtigs with COverage and 

ComposiTion (CONCOCT) (V.1.1.0) [350], using sub-module metaWRAP binning. 

The MAGs were further refined using sub-module metaWRAP bin_refinement to 

select the high-quality bins from each sample with completeness >80% and 

contamination <10% via CheckM (V.1.1.3) [351]. Finally, MAGs were taxonomically 

ranked using the Genome Database Taxonomy Toolkit (GTDB-Tk) (V.2.1.0) via 

module GTDB-Tk classify_wf [352]. 

2.4.9 Data Visualisation and Statistical Testing 

I used R (V.4.1.2) (R Core Team, 2021) and ggplot2 (Wickham, 2016) to plot data 

and perform statistics. I used GraphPad Prism (V.5.04) (GraphPad Software, 2021) 

to generate jitter plots and perform Unpaired t tests (significance level ≤ 0.05). 

Access to Bioinformatics scripts is restricted because they hold identifiable 

information embedded within the scripts. Full statistical test reports (containing 

actual P values and coefficients) can be viewed in Github: 

https://github.com/ilianaserghiou/Iliana-Rosa-Serghiou-Thesis-2024  

2.5 Chapter 4 

2.5.1 Illumina Library Preparation for Shotgun Metagenomic Sequencing 

Sequencing libraries were prepared by the QIB sequencing team for Illumina 

sequencing of the skin, vaginal, stool and culture samples. Libraries were 

prepared for each sample type separately to reduce the chance of contamination 

occurring from different sources that varied in biomass and extraction efficiency. 

Libraries were sent externally to Genewiz for SMS on the Illumina iSeq100 

platform. 

https://benlangmead.github.io/aws-indexes/bowtie
https://github.com/ilianaserghiou/Iliana-Rosa-Serghiou-Thesis-2024
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For Illumina library preparation, the tagmentation-based library construction using 

the Illumina DNA Prep Kit (Illumina Catalogue No. 20018704) was used. Where 

possible, samples were normalised to 5 ng/µl with PCR-grade water. 20% of skin 

swabs, 75% of skin cultures, 96% of vaginal swabs and 90% of vaginal cultures 

were normalised. The remaining swab and culture DNA concentrations were lower 

than 5 ng/µl and were used at their existing concentration. A bead tagmentation of 

metagenomic DNA was then performed whereby transposomes are randomly 

inserted into the genomic DNA adding Illumina adapters enabling barcoding and 

amplification of the libraries for multiplexing on an Illumina run. This tagmentation 

was a reduced reaction (20-fold dilution) and was prepared by mixing 0.5 µl of 

Tagmentation buffer (TB1), 0.5 µl Bead Linked Transposomes (BLT) (Illumina 

Catalogue No. 20018704) and 4 µl PCR grade water. This master mix (5 µl) was 

then added to a 96-well plate. Normalised DNA (10 ng) was pipette mixed with the 

tagmentation mix and heated (55 ⁰C, 15 min) in a PCR block. For samples 

containing less than 5 ng/µl, a separate tagmentation master mix was used with no 

water added and instead 6 µl input DNA volume. Tagmented samples were 

barcoded by setting up the following PCR master mix: 10 µl KAPA 2G Fast Hot Start 

Ready Mix (Merck Catalogue No. KK5601) and 2 µl PCR grade water per sample. 

The master mix was added to 1 µl of 10 µM custom made primer stock containing 

both P7 and P5 Illumina 9 bp barcodes (Illumina Catalogue No. FC-131-2001 to 

2004). Finally, the 7 µl of tagmentation mix was added and mixed. The PCR was 

run using the following protocol: 72 ⁰C 3 min, 95⁰C 1 min, 18 cycles of (95⁰C 10 s, 

55 ⁰C 20 s, 72 ⁰C 3 min). 

Individual libraries were quantified using the Promega QuantiFluor® dsDNA System 

(Catalogue No. E2670) and run on a GloMax® Discover Microplate Reader. They 

were also run on the Agilent Tapestation 4200 instrument using a D5000 screentape 

(Agilent Catalogue No. 5067-5579) to check the library size distribution. Libraries 

were pooled based on DNA concentration. The pooled library was double-SPRI 

(Solid Phase Reversible Immobilization) size selected between 0.5 and 0.7X bead 

volumes using sample purification beads supplied in the Illumina DNA prep kit 

(Illumina® DNA Prep, (M) Tagmentation (96 Samples, IPB), 20060059). The final 

Illumina pooled library was then quantified using the Qubit 3.0 fluorometer and run 

on the Agilent 4200 Tapestation instrument. Both the concentration and average 

insert size were used to estimate the molarity of the final pool. The final pool was 

denatured and diluted to 1.5 pM. Libraries were then sent to Genewiz for SMS. A 
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target of 8 Gb data per sample was established, and 8-11 Gb data were obtained 

per sample. Conversion of the raw data into Fast Quality (FastQ) file format was 

performed by the Bioinformatics team at QIB. 

2.5.2 Data Clean Up  

The QIB bioinformatics team uploaded all PEARL data to the High Performance 

Computing (HPC), where they cleaned the data by removing human reads using 

their clean up pipeline, which used the tool Sequence Fastx Utilities (seqfu) 

(V.0.23.2) [353] to obtain read counts for each sample. Samples that obtained < 

1000 reads were not used as this threshold defines the samples that are not 

biologically relevant for analysis [353]. Host removal was then performed using the 

Kraken2 tool (V.2.1.0) [340] to map human (classified) reads to a host contaminant 

database [354], built upon a viral sequence masked human reference database 

(Virus (Sars-Cov-2 and PhiX) + Sequence Masked Human Reference Genome 

(hg19)) [355]; Contaminant sequences (Sars-Cov-2, PhiX) were also removed 

using the same reference database and Burrows-Wheeler Aligner (BWA) mapping 

tool (V.0.7.17-r1188). Adapter filtering was performed using the tool Fast Pre-

processor (Fastp) (v.0.23.2) [342] (quality filtering setting was disabled). Fast 

profiling using the Kraken2 tool (V.2.1.0) [340] and microbial database (gutcheck-

db) [354] was used to evaluate the fluctuations in the microbial (unclassified) 

reads. Multi-Quality Control (MultiQC) was run to identify samples that passed the 

Quality Control (QC), and also provided general statistics (percentage (%) of 

classified (host), raw sequence and cleaned reads after host removal) (Appendix 

11.). See GitHub links for the clean up pipeline and further details on databases 

used: 

https://github.com/telatin/cleanup 

https://github.com/telatin/cleanup/blob/main/md/databases.md 

https://zenodo.org/records/7050266  

2.5.3 Taxonomic Profiling 

I generated the microbial taxonomic profiles to genus and species level using the 

HPC and the optimised PEARL pipeline. The pipeline used Kraken2 (V.2.1.2) [340] 

and Bracken (V.2.8) [344] tools. I mapped the microbial reads to a microbial 

metagenomic database (StandardDB) (containing RefSeq archaea, bacteria, viral, 

plasmid, human, UniVec_Core genomes; available from: 

https://benlangmead.github.io/aws-indexes/k2) in Kraken2 (V.2.1.2) [340] 

https://github.com/telatin/cleanup
https://github.com/telatin/cleanup/blob/main/md/databases.md
https://zenodo.org/records/7050266
https://benlangmead.github.io/aws-indexes/k2
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(confidence level set to 0.1). I then ran the Kraken2 output report through Bracken 

(V.2.8) [344] (default settings used, genus and species levels selected) to obtain 

taxonomic profiles. Human reads may still be detected at low levels (Kraken2 

database consists of human genomes), therefore I filtered any remaining Homo 

sapiens reads from the Bracken output using the KrakenTools tool (V.1.1) [356]. I 

combined all filtered Bracken outputs for each sample into a single output. I plotted 

the taxonomic profiles to show the relative abundance percentage and number of 

reads of the most abundant genera and species either within each individual or 

across the sample set. This identified common species within each individual and 

across the whole population, to allow easier comparisons of the abundance of major 

organisms. Due to the magnitude of samples and data generated, when visualising 

the profiles, the five most abundant genera and species were identified within each 

sample as this reduced complexity to enable simplified visualisation. 

Due to the lack of knowledge on the infant skin archaeome in the microbiome 

research field, and the absence of archaea in the skin taxonomic profiling results, a 

specialised archaeal taxonomic profiling pipeline was run to species level on the 

infant and maternal skin datasets by Dr. Charlotte Neumann from the Med Uni Graz 

in Austria. ATLAS (V.2.18.0) [357] was run initially for an extra QC step to ensure 

all human and contaminant reads were removed; human reads were mapped to a 

host human database (chm13v2.0.fa) and a contaminant database 

(phix174_virus.fa). Kraken2 (V.2.1.2) [340] and Bracken (V.2.7) [344] tools were 

then run on the QC files. Kraken2 (V.2.1.2) [340] mapped microbial reads to a 

microbial database (Unified Human Gastrointestinal Genome collection [UHGG]), 

which implemented archaeal species from the genome catalogue published by 

Chibani et al. [358]. The Kraken2 output report was run through Bracken (V.2.7) 

[344] to obtain taxonomic profiles. 

Strainphlan was used to perform metagenomic strain-level population genomics on 

this large metagenomic dataset by profiling microbes from known species with strain 

level resolution and providing comparative and phylogenetic analysis of strains 

retrieved from metagenomic samples. Strainphlan took a set of metagenomic 

samples and reference genomes and reconstructed the sample-specific strains of 

all species present in the sample and the genome-specific strains from the reference 

genomes. Profiling for strain level detection and transmission analysis was first 

performed by Dr. Alise Ponsero from the QIB core bioinformatics team using the 

HPC. The already quality controlled samples were annotated by Metagenomic 
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Phylogenetic Analysis (MetaPhlAn4) (V.4.0.1) against the 

Jun23_CHOCOPhlAnSGB_202307 database to identify whether the samples 

contained enough marker genes to be used in the strain analysis and to perform 

profiling of the global community composition. Samples that were too shallow in 

terms of sequencing depth (i.e., did not appropriately cover any marker genes) were 

removed from the strain level analysis. These samples that were removed included 

4 metagenomes with a sequencing depth between 79252 and 524690 reads. 

Notably, appropriate coverage for relevant marker genes could be detected in 

samples with a minimum of 20205 reads, in particular the culture and meconium 

samples, in which the microbial community is composed of few organisms. Where 

several metagenomes were available for one sample, the replicate with the highest 

number of reads was kept. Multiple samples were generated for only 10 samples in 

the dataset for internal control purposes and protocol development. While pooling 

metagenomes may have allowed for an increased microbial coverage, it would have 

risked introducing methodological inconsistencies. Having different effective 

sequencing depths between pooled and non-pooled samples would have risked 

introduction of systematic biases in the downstream analyses. It was therefore 

decided to maintain consistent methodology across all samples rather than 

improving the sequencing depth of these few samples. 

This also identified the species and clades that will be used for the strain level 

analysis. Core genera of interest (Streptococcus, Microccocus, Staphylococcus and 

Bifidobacterium) were identified first from the taxonomic profiling analysis, which 

allowed the species and clades to be identified for the strain level analysis. Sample 

types (i.e. infant skin swab, infant skin culture, maternal skin swab, maternal skin 

culture, infant stool, maternal stool, maternal vaginal swab, and maternal vaginal 

culture) that did not identify presence of species and clades relating to the core 

genera of interest were not included in the strain level analysis.  

Strain detection and threshold for strain transmission events was determined using 

strain level profiling with Strain Phylogenetic Analysis (StrainPhlAn4) (V.4.1.1), 

against the strainphlan-vJun23 database [359]. The ChocoPhlAn species markers 

were extracted using the sample2markers.py and extract_markers.py scripts and 

the strainphlan.py scripts from StrainPhlAn [360]. The markers were used to build 

multiple sequence alignments using the following parameters: --

markers_in_n_samples 1 --sample_with_n_markers 10 --phylophan_mode 

accurate. Pairwise phylogenetic distances between samples were used to assess 
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strain transmission events as defined previously [361]. SGB-specific Normalized 

Phylogenetic Distance (nGD) was calculated as leaf-to-leaf branch lengths 

normalized by total tree branch length in phylogenetic trees produced by 

StrainPhlAn4 (V.4.1.1); which were built on marker gene alignments on positions 

with at least 1% variability. The precomputed strain identity thresholds defined 

previously [361] were used with the nGD corresponding to the 3rd percentile of the 

unrelated individual nGD distribution. For SGBs detected in at least 50 pairs of 

same-individual samples, nGD thresholds were defined based on maximizing 

Youden’s index [362]. For SGBs detected in fewer than 50 same-individual close 

pairs, the nGD corresponding to the 3rd percentile of the unrelated individual nGD 

distribution was used. Clades detected in only one family pair were excluded from 

the analysis due to the impossibility to reliably compute the appropriate thresholds. 

Gtree (V.3.10.1) was used to identify whether strain transmission events occurred.  

Based on the strain transmission events identified, changes in species 

transmissibility over time was assessed between different maternal body sites (skin, 

stool and vagina) and infant body sites (skin and stool). Changes in species 

transmissibility according to specific factors (delivery mode, pregnancy term and 

feeding mode) were assessed between different maternal body sites (skin, stool and 

vagina) and infant body sites (skin and stool). To avoid confusion with potential 

strain persistency effect, when the species or strain was shared between maternal-

infant sample pairs in multiple time points, the transmission events were counted 

only once. Finally, strains shared between any maternal-infant sample pairs were 

assessed for their presence in the culture samples to determine cultivability. 

2.5.4 Assembly of Metagenome Assembled Genomes 

I co-assembled the metagenome reads using the HPC and the PEARL pipeline. I 

used MEGAHIT (V.1.2.9) [346] prior to extraction of MAGs to produce a collection 

of output assemblies per sample. I then used the Metagenomic Wrapper 

(MetaWRAP) (V.1.3.2) pipeline [347] to extract MAGs based upon the metagenome 

assemblies generated. I generated metagenome clean reads via three binning 

software packages: Metagenome Binning with Abundance and Tetra-nucleotide 

frequencies (MetaBAT) (V.2.12.1) [348], MAXBIN2 (V.2.2.6) [349] and Clustering 

cONtigs with COverage and ComposiTion (CONCOCT) (V.1.1.0) [350], using sub-

module metaWRAP binning. I further refined the MAGs using sub-module 

metaWRAP bin_refinement to select the high-quality bins from each sample with 

completeness >80% and contamination <10% via CheckM (V.1.1.3) [351]. Finally, I 
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taxonomically ranked the MAGs using the Genome Database Taxonomy Toolkit 

(GTDB-Tk) (V.2.1.0) via module GTDB-Tk classify_wf [352]. 

2.5.5 Data Visualisation and Statistical Testing 

I used R (V.4.2.2) (R Core Team, 2021) and ggplot2 (Wickham, 2016) to plot the 

data and perform statistics. Access to Bioinformatics scripts is restricted because 

they hold identifiable information embedded within the scripts. Full statistical test 

reports (containing actual P values and coefficients) can be viewed in Github: 

https://github.com/ilianaserghiou/Iliana-Rosa-Serghiou-Thesis-2024  
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CHAPTER 3 

METHOD DEVELOPMENT FOR HIGH MOLECULAR WEIGHT BACTERIAL 
DNA EXTRACTION SUITABLE FOR SHOTGUN METAGENOMICS FROM 
SKIN SWABS 
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CHAPTER 3 OVERVIEW 

In this chapter, optimisation of a skin specific high-throughput bacterial DNA 
extraction method is presented, resulting in DNA yield and molecular weight suitable 
for both short and long read Shotgun Metagenomic Sequencing (SMS) methods. 
This method optimisation was necessary due to limited commercialised kit protocols 
available that produce High Molecular Weight (HMW) DNA from skin in sufficient 
quantities for SMS. Culture and DNA extraction-based experiments were used to 
optimise the initial diluent and lysis procedure. Initial experiments included 
measurement of DNA yield recovered from swabs spiked with bacterial colonies that 
were processed in Phosphate-Buffered Saline (PBS) or Ultrapure Milli-Q Water 
(UMQW) as diluents, and measure of cell viability in both diluents. Lysis procedure 
experiments included quantification of DNA yield and molecular weight extracted 
from overnight liquid cultures and swabs (spiked with bacterial colonies), processed 
in the chosen diluent, under six different lysis variations. The finalised method was 
validated on adult volunteer and the Pregnancy and Early Life (PEARL) study cohort 
skin swabs and sequenced using SMS on short (Illumina) and long (Oxford 
Nanopore Technologies (ONT)) read platforms. Sequence data was 
bioinformatically analysed to produce taxonomic profiles and investigated skin 
composition, platform efficiency (in terms of composition and AT and GC content 
differences), and species and MAGs recovery from samples sequenced at 1 Gb to 
5 Gb depth. I performed all laboratory experiments and bioinformatics analysis 
(including visualisations and statistical tests) in this chapter, except for the SMS 
library preparation and sequencing (performed by the QIB sequencing team) and 
the assembly of the Metagenome Assembled Genomes (MAGs) (performed by Dr. 
Raymond Kiu). This optimised method was the basis for all the subsequent data 
that I generated (Chapter 4) to explore the infant skin microbiome using the PEARL 
study cohort. 

Data in this chapter has been previously published: 

Serghiou, I. R, Baker, D., Evans, R., Dalby, M. J., Kiu, R., Trampari, E., Phillips, S., 
Watt, R., Atkinson, T., Murphy, B., Hall, L. J., & Webber, M. A. (2023). An efficient 
method for high molecular weight bacterial DNA extraction suitable for shotgun 
metagenomics from skin swabs. Microbial Genomics,9(7). 

https://doi.org/10.1099/mgen.0.001058  
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3.1 Introduction 

Both targeted 16S rRNA gene amplicon sequencing and SMS methods are 

commonly used to study the skin microbiome [13, 19, 288]. The 16S rRNA gene 

amplicon sequencing method typically uses Illumina sequencing technology, which 

results in short reads for taxonomic classification to genus level; though some 

variations of this method can identify species level [19, 311]. This targeted 

sequencing method is limited to PCR amplification of targeted regions in bacteria 

and archaea (Prokaryotes) where the 16S rRNA gene is found; whereas SMS 

sequences all genetic material, without being limited to targeted regions [13, 19, 

304, 312]. Therefore, in SMS selective amplification efficiency bias is reduced, 

whole genomes are taxonomically classified to strain level, and microbiome 

functions can be identified [13, 19, 288, 317]. SMS uses Illumina, ONT and PacBio 

SMRT technologies for taxonomic classification [19, 311, 318]. Compared to 

Illumina, the ONT and PacBio SMRT technologies can produce long reads as they 

directly sequence HMW DNA [19, 311, 328, 363]. In contrast, Illumina technology 

requires fragmentation of HMW DNA, resulting in LMW DNA being sequenced [19, 

319]. Compared to Illumina, ONT and PacBio SMRT can generate more complete 

genomes and high-quality MAGs, used for higher taxonomic resolution and 

functional information [19, 311, 317, 327].   

Skin has a relatively low bacterial biomass, challenging the extraction of sufficient 

DNA quantities for SMS [19, 331, 364]; especially for long read technologies where 

more input material is needed and sequencing is direct rather than via amplification 

[19, 363]. There are limited commercialised kit protocols available that produce 

HMW DNA from low biomass samples, such as skin, in sufficient quantities for SMS. 

To address this, an optimised high-throughput automated DNA extraction method 

for recovery of microbial DNA from skin is required.  

3.2 Aims 

Work presented in this chapter aimed to complete Objective 1 (section 1.7) of this 

thesis, to develop an optimised high-throughput automated DNA extraction method 

for recovery of microbial DNA from skin swabs; and a culture collection alongside. 

Yielding sufficient DNA yield and molecular weight suitable for SMS was a key part 

of this objective. 
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3.3 Objectives 

1. Compare the effectiveness of 1X PBS and Milli-Q water in recovering 

extracted bacterial DNA, to determine an effective initial diluent for recovering 

skin microbial cells for use in DNA extraction. 

2. Compare bacterial cell viability from cultures processed and grown in 1X PBS 

and Milli-Q water, to determine an effective initial diluent for recovering viable 

skin microbial cells for culturing alongside DNA extraction. 

3. Compare different bacterial DNA extraction lysis methods, using the 

automated Maxwell® RSC 48 Instrument and the Maxwell® RSC Blood DNA 

Kit, to identify a method that results in sufficient DNA yield and molecular 

weight suitable for SMS, and effectively extracts both Gram-positive and 

Gram-negative bacterial DNA. 

4. Validate the optimised protocol was compatible with PEARL swab samples 

using adult volunteer and baby skin swabs. The resulting DNA extracts were 

sequenced using SMS on Illumina and ONT platforms to verify a microbial 

community profile could be identified. 

3.4 Experimental Methods  

To optimise extraction of microbial DNA from skin swabs, I evaluated different initial 

diluents and lysis procedures for their effectiveness to recover DNA yield and 

molecular weight suitable for short and long read SMS. After I performed the dilution 

and lysis, I heated the samples following the RSC Blood DNA Kit protocol and 

loaded them onto the Promega Maxwell RSC 48 instrument for the automated 

extraction (Figure 3.1). Once I tested all variables, I finalised a method and 

validated it using adult volunteer and PEARL study infant skin swabs. I obtained 

FMH Ethical approval, which was approved to test this method on volunteer skin 

swabs (section 2.1.1). 

I chose to use the Promega Maxwell RSC 48 instrument and RSC Blood DNA Kit 

as they were already in use within the PEARL study, and their protocols (Appendix 

12.) were therefore optimised in this study. The RSC Blood DNA kit that was 

optimised, has previously been shown to produce HMW DNA [365, 366], and has a 

higher binding capacity and cleaner eluate than traditional silica-based DNA 

purification systems [367-370]. The Promega Maxwell RSC 48 instrument is also 

suitable for high-throughput automated genomic DNA isolation capable of 
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processing 48 samples in 40 min [370], making it compatible with larger sample 

sets, such as the PEARL study. 

The focus of this work was to develop an efficient, optimised, and validated lysis 

method, with an appropriate initial diluent, for recovering DNA from skin microbiota. 

I developed this protocol using a Promega Maxwell RSC 48 instrument, but the 

method should be applicable to any other automated and column-based kits on the 

market. The aim was not to benchmark extraction kits, which was beyond the scope 

of producing this protocol.  

 

Figure 3.1. RSC Blood DNA Kit Protocol (Yellow Box) and Modifications to Test Initial Diluents 

and Lysis Procedures. The yellow box presents the RSC Blood DNA kit protocol. Steps 1-6 outside 

of the yellow box identify the modifications included at each step, and the modifications introduced 

as an extra step (step 4). Extracted from Serghiou et al. [19] 
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3.4.1 Initial Diluent Testing Experiments 

A protocol where a skin swab could be processed allowing both DNA extraction and, 

in parallel, culture of organisms was desired. It was therefore necessary to remove 

material from the swab into a diluent, with 1x PBS and UMQW, which I selected for 

initial trials. I compared their impact on bacterial viability and ability to extract DNA 

by measuring extracted bacterial DNA recovered from swabs spiked with bacterial 

colonies, and testing recovered bacterial cell viability through recovery from liquid 

and plate cultures.  

I selected this initial diluent variable due to a pilot study, conducted by the QIB 

PEARL team, for optimisation of a skin specific microbial DNA extraction method. 

Initial diluents (UMQW, Lysis Buffer, Proteinase K, MT Buffer, and Sodium 

Phosphate) were tested, and DNA recovery compared between the automated 

Promega Maxwell RSC 48 instrument with the RSC Blood DNA kit (Appendix 12.) 

and the column-based FastPrep MPBio kit (QIB established method – Appendix 

13.). UMQW was the only diluent from which DNA could be recovered (Table 3.1) 

and therefore taken forward. PBS was also selected, as previous research has 

shown the suitability of both diluents in long-term preservation of viable bacteria 

[371-378], therefore may be effective with protocol alterations. Both kit protocols 

tested in the pilot study recovered similar DNA concentrations, and have previously 

been shown to recover a good representation of mock communities [367], justifying 

their continued use. 

Table 3.1. Pilot Study DNA Yield 

ID Platform & Protocol Volume (ml) & Initial Diluent  DNA Concentration (ng/µl) 

1 Maxwell 1 UMQW 13.4 

2 Maxwell 0.5 UMQW 18.4 

3 Maxwell 0.99 Lysis Buffer + Proteinase K Too Low 

4 Maxwell 0.33 Lysis Buffer + Proteinase K Too Low 

5 FastPrep 1 UMQW 11.8 

6 FastPrep 0.5 UMQW Too Low 

7 FastPrep 1 UMQW Too Low 

8 FastPrep 0.5 UMQW 12.2 

9 FastPrep 0.98 Sodium Phosphate + 0.12 MT 
Buffer (PBS) 

Too Low 

10 FastPrep 0.49 Sodium Phosphate + 0.06 MT 
Buffer (PBS) 

Too Low 

 

Method for Measuring Extracted Bacterial Quantities 

I spiked fourty-four sterile charcoal amies agar cotton swabs with a single colony 

collected from an agar plate containing S. aureus NCTC 8532 (S. aureus) (section 

2.4.1; 2.4.2). I included two negative controls containing only 1x PBS or UMQW. I 

removed the spiked swab heads into 1.5 ml Microcentrifuge tubes containing 1 ml 
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of either PBS (n=22) or UMQW (n=22). I then extracted DNA from these samples 

following the Promega Maxwell® RSC 48 Instrument and RSC Blood DNA Kit 

protocol (Appendix 12.), modified to adapt to the use of swabs. The swab heads 

were present throughout the entirety of the extraction procedure. Modifications 

included the initial vortex of swabs at full speed for 2 minutes, followed by 

centrifugation (14,000 × g, 15 min) to pellet the cells. I then removed the supernatant 

and resuspended cells in 300 µl of 1x PBS or UMQW. Steps 4 and 6-8 of the RSC 

protocol were then followed (Appendix 12.). I next performed a bead beating step 

using the MP Biomedicals FastPrep instrument (3 min, 6.0 m/s), and centrifuged the 

samples again as above. I loaded the sample supernatants onto the Maxwell 

instrument and started the extraction following steps 9-21 of the RSC protocol. I 

performed a Qubit assay to quantify the resulting DNA (section 2.3).    

Method for Measuring Cell Viability  

I grew overnight liquid cultures from isolates of three species (S. aureus NCTC 

8532, P. aeruginosa PA14 and E. coli EC18PR-0166–1, a food isolate of ST10), 

with three replicates for each (section 2.4.1; 2.4.2). For each isolate replicate, I 

transferred 1 ml into x3 15 ml falcon tubes, and pelleted cells by centrifugation 

(14,000 × g, 15 min). I resuspended each isolate replicate in 200 μl of Luria Bertani 

(LB), 1 x PBS or UMQW and incubated for 1 h at ambient temperature (to account 

for future sample processing time of skin swabs), with LB acting as a control. I used 

three biological replicates for each diluent, and nine for each isolate. I performed 

serial dilutions (10-¹ to 10-⁸) for each resuspended replicate, and plated onto drug 

free LB  agar using the Miles and Misra spot method [379]. I used a set of 18 LB 

agar plates to plate dilutions for each diluent (x6 plates for LB, x6 plates for PBS 

and x6 plates for UMQW) per isolate replicate; I spotted each dilution three times 

onto plates that were split into quadrants. After an overnight incubation, I counted 

the number of colonies formed as a proxy for viable bacterial cells, then calculated 

the CFU/ml. In total, I recorded nine data points for each diluent per isolate replicate, 

totalling 27 condition suspensions assessed per isolate replicate. Negative control 

liquid and plate cultures were included in this experiment. This experiment is 

summarised in Figure 3.2. 
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Figure 3.2. Workflow Diagram for Measuring Cell Viability. This figure shows how E. coli, P. 

aeruginosa and S. aureus isolates were cultured and processed and how serial dilutions were 

performed and plated. The diagram represents one species isolate. For each species isolate 

overnight liquid cultures were grown, with three replicates for each (step 1). For each isolate replicate, 

1 ml was transferred into x3 15 ml falcon tubes (Step 2), and cells pelleted by centrifugation (14,000 

× g, 15 min). Each isolate replicate was resuspended in 200 μl of LB, 1 x PBS or UMQW (step 3) 

and incubated for 1 h at ambient temperature, with LB acting as a control. Three biological replicates 

were performed for each diluent, and nine for each isolate. Serial dilutions (10-¹ to 10-⁸) were 

performed for each resuspended replicate (step 4) and plated onto drug free LB agar using the Miles 

and Misra spot method (step 5); a set of 18 plates were used to plate dilutions for each diluent (x6 

plates for LB, x6 plates for PBS and x6 plates for UMQW) per isolate replicate. Each dilution was 

spotted three times onto plates that were split into quadrants. After an overnight incubation, the 

number of colonies formed were counted as a proxy for viable bacterial cells, then the CFU/ml was 

calculated (step 6). Nine data points were recorded for each diluent per isolate replicate, totalling 27 

condition suspensions assessed per isolate replicate. 

3.4.2 Lysis Method Experiments 

I compared six lysis variations to identify the best method for high yields of HMW 

DNA from both Gram-negative and Gram-positive bacteria. For each method, 

factors from common lysis methods used in commercial kits for research were 

varied – heat, chemical, enzymatic, and mechanical [380, 381]. Table 3.2 lists the 

differences between the six methods.  



64 
 

Table 3.2. Comparison of Extraction Methods. Extracted from Serghiou et al., [19] 

  Method 1 Method 2 Method 3 Method 4 Method 5 Method 6 

Heated Lysis Step Yes Yes Yes Yes Yes Yes 

Time 20 min 20 min 18 h 18 h 18 h 18 h 

Temperature 56 °C 56 °C 37 °C  37 °C  37 °C  37 °C  

Reagents Proteinase K + Lysis Buffer  Proteinase K + Lysis Buffer  Epicentre ready-lyse 
lysozyme  

Epicentre ready-lyse 
lysozyme  

Thermo Fisher lysozyme Thermo Fisher lysozyme 

Agitation No No 300 rpm 300 rpm 300 rpm 300 rpm 

Bead Beat Step Yes Yes Yes Yes Yes Yes 

Instrument FastPrep Tissue Lyser  FastPrep Tissue Lyser  FastPrep Tissue Lyser  

Settings 3 min 6.0 m/s 3 min 20 Hz 3 min 6.0 m/s 3 min 20 Hz 3 min 6.0 m/s 3 min 20 Hz 

Heated Offboard Lysis Step No No Yes Yes Yes Yes 

Temperature N/A N/A 68 °C  68 °C  68 °C  68 °C  

Time N/A N/A 15 min  15 min  15 min  15 min  

Reagents N/A N/A Proteinase K + buffer ATL & 
ACL + carrier RNA 

Proteinase K + buffer ATL & 
ACL + carrier RNA 

Proteinase K + buffer ATL & 
ACL + carrier RNA 

Proteinase K + buffer ATL & 
ACL + carrier RNA 

Agitation N/A N/A 300 rpm  300 rpm  300 rpm  300 rpm  
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The gold standard bacterial lysis method is the mechanical approach to release 

genomic material, which results in an unbiased lysis of Gram-positive and Gram-

negative bacteria. Other approaches such as enzymatic lysis have shown bias when 

used alone [382, 383]. Gram-positive bacteria are harder to lyse than Gram-

negative bacteria due to their thicker and more rigid cell walls [384, 385]. Therefore, 

Gram-positive resident skin microbiota, such as Staphylococcus species [2, 15], will 

require a stronger lysis method using a high velocity mechanical approach [382]. 

Studies have also shown the importance of an enzyme lysis approach for the lysis 

of Gram-positive bacteria as it helps breakdown the thick peptidoglycan layer of the 

Gram-positive cell wall [386-389]. Thus, a combined method was explored.  

Within the six lysis methods, I compared two high velocity bead beating instruments 

available, MP Bio FastPrep and QIAGEN Tissue Lyser. I selected the MP Bio Lysing 

Matrix E tubes to use on both instruments due to their advertised compatibility. 

These tubes also allow efficient lysis of diverse human and environmental sample 

types due the range of bead sizes contained in the matrix (1.4 mm ceramic spheres, 

0.1 mm silica spheres and one 4 mm glass bead) [367]. I also compared an 

overnight heated lysis and off-board lysis method (using the Epicentre Ready-Lyse 

lysozyme), with the Promega Maxwell lysis protocol. Furthermore, I compared the 

effectiveness between the Epicentre Ready-Lyse lysozyme with a more cost-

effective lysozyme. 

I tested all six lysis methods on overnight liquid cultures. I validated the best method 

on sterile swab heads inoculated with harvested bacteria from overnight plate 

cultures. I used 1 x PBS as the initial diluent for all DNA extractions based on initial 

diluent testing experiment results (section 3.6.1), which I completed on the 

automated Maxwell® RSC 48 Instrument.  

Method for DNA Extraction on Overnight Liquid Cultures 

I grew duplicate 10 ml overnight liquid cultures from isolates of three species (S. 

aureus NCTC 8532, P. aeruginosa PA14 and E. coli EC18PR-0166–1 (section 

2.4.1; 2.4.2). I tested methods 1 and 2 using 300 µl overnight culture, and methods 

3-6 using 400 µl. I performed all trials in biological duplicate for all three tested 

strains. I started extractions following the Promega Maxwell® RSC 48 instrument 

and RSC Blood DNA Kit protocol (Appendix 12.) with the listed changes to the lysis 

procedure for each of the six methods tested (Table 3.2). I first vortexed all samples 

(full speed, 2 min) and centrifuged (14000 ×g, 15 min) then to pellet the cells. I 
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removed the supernatants and resuspended the pellets in 300 μl (methods 1 or 2) 

or 400 μl (methods 3–6) of 1 x PBS. 

For method 1 and 2 samples, I added 30 μl of Proteinase K and 300 μl of Lysis 

Buffer (both reagents included in the RSC Blood DNA Kit) to the 300 μl sample 

suspensions. I then incubated the samples in a heat block (56 °C, 20 min). For 

methods 3 and 4, I added 3 μl Epicentre Ready-Lyse lysozyme (250 U/μl in Tris-

EDTA Buffer [Sigma-Aldrich]) to the 400 μl sample suspensions. For methods 5 and 

6, I added 3 μl Thermo Fisher lysozyme (250 U/μl in Tris-EDTA Buffer [Sigma-

Aldrich]) to the 400 μl sample suspensions. I then incubated samples from methods 

3–6 with agitation (300 rpm., 37 °C, 18 h). I then performed a bead beating step on 

all samples. For methods 1, 3 and 5, I used the MP Biomedicals FastPrep instrument 

(3 min, 6.0 m/s).  For methods 2, 4 and 6, I used the Qiagen Tissue Lyser instrument 

(3 min, 20Hz). This was to compare the impact of a less intense bead beating step. 

I also performed an off-board lysis step for methods 3–6, where I added 40 μl 

Proteinase K, 165 μl Buffer ATL, 120 μl Carrier RNA (1 μg/μl stock in Buffer AVE), 

and 315 μl Buffer ACL (all off-board lysis reagents from Qiagen) into the 400 μl 

sample suspensions. I incubated these offboard lysis samples (68 °C, 15 min).  

I centrifuged the samples (14000 ×g, 15 min) to pellet cells, and I loaded the 

supernatants onto the Promega Maxwell® RSC 48 instrument (≈ 630µl; the total 

recommended loading volume of sample and reagents onto the instrument [370]). I 

started the extraction following steps 9–21 of the initial RSC Blood DNA Kit protocol. 

I included a cell-free, diluent-only sample as a negative control to ensure no 

contamination had occurred. I performed Qubit and Tapestation assays on the 

resulting DNA extracts (sections 2.3; 2.4.3).  

Method for DNA extraction on spiked swabs  

Method 6 was found to be most effective (section 3.6.2), therefore I carried this 

method forward for validation using swab samples spiked with colonies from 

overnight plate cultures using the same three isolates (S. aureus NCTC 8532, P. 

aeruginosa PA14 and E. coli EC18PR-0166–1) (section 2.4.1; 2.4.2). In this 

experiment, I tested the effect of an additional Agarase step, as the swab 

preservation agar was suspected to have reduced DNA yield in the initial diluent 

DNA extraction optimisation. 

For validation, I spiked 24 sterile charcoal cotton swabs with one colony from 

overnight plates of each of the three isolates, with eight independent swabs 
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processed per species. I added the swab heads into 1.5 ml microcentrifuge tubes 

containing 1 ml 1 x PBS.  I processed the swabs following the method 6 protocol 

outlined above. During the overnight lysis step, I added 1 µl β-Agarase-I to half of 

the spiked swabs, resulting in four replicates per species, per condition. I included 

a cell-free, diluent-only sample as a negative control to ensure no contamination 

had occurred. I performed a Qubit assay on extracted DNA to measure 

concentration (section 2.3). 

3.4.3 DNA Extraction Validation with Adult Volunteer and PEARL Study Skin 

Swabs 

I validated the finalised method 6, described in the previous section, using skin 

swabs from adult volunteer and PEARL study cohorts (section 2.1). I used both 

Illumina and ONT platforms for SMS to validate sequencing effectiveness on short 

and long read SMS platforms (section 2.4.4; 2.4.5). I used culturing in parallel with 

the skin swab DNA extraction to ensure culturable organisms were also represented 

in the SMS. I cultured swabs aerobically and anaerobically on Columbia Blood Agar 

(CBA + 5% horse blood - prepared by the QIB media kitchen), as this is a known 

non-selective media for culturing a diverse range of bacteria [390], and has been 

successful in other studies in obtaining a good representation of skin bacteria [391]. 

I verified the successful bacterial DNA extraction through investigating the relative 

skin taxonomic profiles for each swab and culture metagenomes obtained using 

SMS (section 2.4.7). This will provide greater insights into community compositions 

of the skin microbiome using the optimised extraction method. I completed this 

validation experiment by investigating SMS platform bias in species identification 

and determined the depth of sequence data required to provide optimal phylogenetic 

resolution and MAGs. 

Method  

I performed optimised bacterial DNA extractions, with culturing in parallel, on 24 

adult volunteer and 10 PEARL infant skin swabs that were collected at 4 months old 

(see Table 3.3 for the PEARL study infant metadata).  
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Table 3.3. PEARL Study Infant Metadata. Extracted from Serghiou et al. [19] 

Sample ID Age Birth Health Status  Birth Breast Feed Feed at Week 3 Feed at Month 4 

Baby 1 Month 4 Healthy No Missing Data Missing Data 

Baby 2 Month 4 Healthy No Missing Data Formula 

Baby 3 Month 4 Healthy Yes Breast Breast 

Baby 5 twin 1 Month 4 Healthy No Breast/formula Breast/formula 

Baby 5 twin 2 Month 4 Healthy No Breast/formula Breast/formula 

Baby 6 Month 4 Healthy Yes Breast Breast 

Baby 7 Month 4 Healthy Yes Breast Breast 

Baby 8 Month 4 Healthy Yes Breast/formula Formula 

Baby 9 Month 4 Healthy No Missing Data Missing Data 

Baby 10 Month 4 Healthy Breast/formula Breast/formula Formula 

 

For each skin swab, I grew cells on CBA aerobically and anaerobically and 

harvested colonies into one glycerol stock to investigate the skin swab culture 

metagenome. On each cohort extraction run, I included a negative control (cell-free, 

diluent-only sample) and a positive control (established commercial mock 

community - ATCC skin microbiome whole cell mix) [335]. I prepared dilutions of the 

positive control microbiome mix to validate extraction efficiency and identify the 

amount of starting material needed for SMS (section 2.2). I used Qubit assays to 

quantify all skin swab and culture DNA extracts, and I used Tapestation assays on 

the volunteer DNA to confirm appropriate molecular weight DNA was extracted 

(sections 2.3; 2.4.3).  

All DNA extracts were sent to the QIB sequencing team for SMS using the Illumina 

and ONT platforms. A lower sequencing depth of 300 Mbp was sought, which was 

more cost effective for optimisation work (section 2.4.4; 2.4.5). I bioinformatically 

analysed the SMS data to identify the taxonomic profiles of the samples, to assess 

successful harvesting of bacterial DNA and gain insight into the skin community 

composition (sections 2.4.6; 2.4.7; 2.4.9). Some swabs did not yield DNA using the 

optimised method, which led me to further investigate using another ten extracted 

skin swabs from PEARL study infants. I used different overnight lysis incubation 

times; I randomly incubated samples for either 18, 20 or 22 hours. I then investigated 

platform bias through bioinformatic comparison of resulting SMS AT and GC content 

(%). I finalised this method optimisation through determination of sequence data 

depth required to provide optimal phylogenetic resolution and MAGs (section 2.4.8; 

2.4.9). This was determined through sequencing the PEARL study infant skin swab 

DNA at 1 Gb and 5 Gb sequencing depth, and I bioinformatically compared MAGs 

and species recovery at both sequence depths. I compared species recovery 

outcomes using the 5 Gb per sample dataset and subsampling down to 1 Gb of 

data. 
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3.5 Data Analysis 

3.5.1 Initial Diluent Testing 

I used jitter plots to display the extracted DNA concentrations and CFU/ml recovered 

from each isolate processed in different diluents. I performed statistical analysis 

using an unpaired t test (appropriate for comparing two independent groups), to 

determine if there was a significant difference in concentrations (ng/µl) between 

samples processed in both diluents, and the CFU/ml between PBS and UMQW 

(section 2.4.9).  

3.5.2 Lysis Method Experiments 

I used jitter plots to display DNA yield and molecular weight (bp) produced from all 

six extraction methods, and DNA yield from spiked swabs extracted with and without 

Agarase. I performed statistical analysis using unpaired t tests to determine if there 

were significant differences: (i) in the yield and molecular weight of DNA recovered 

using each of the six DNA extraction methods, (ii) between DNA recovery from each 

species, regardless of the method used, (iii) in the yield between the swabs, and 

each species, extracted with and without Agarase (section 2.4.9). 

3.5.3 DNA Extraction Validation with Adult Volunteer and PEARL Study Skin 

Swabs 

I cleaned all the SMS data and taxonomically classified the data using the Galaxy 

platform (V.19.05) [338]. The main taxonomic classification methods are mapping 

microbial reads to a reference database, and assembly and binning of reads [392]. 

Here, I used the mapping method for taxonomic classification/profiling using the 

commonly used Centrifuge tool (V.1.0.3) [392-394], using the default settings. 

However, the resulting Centrifuge taxonomic profiles exhibited consistent 

discrepancies, with the Relative Abundance (RA) not matching read numbers, 

replicate species and a low percentage or zero human reads present in the samples. 

Low or zero human reads is ideal, however isn’t a realistic result for skin swabs. Due 

to these discrepancies, I ran the data through two other commonly used taxonomic 

classification tools, Kraken2 (V.2.1.1+galaxy0) [340] and Bracken (V.2.2) [392, 394, 

395]; the Kraken2 output was run through Bracken. For Kraken2, I used a 

confidence level of 0.1 and the ‘Kraken2_benlangmead_standard' database. I used 

all default settings for Bracken. The discrepancies were resolved, and I established 

a pipeline to clean and analyse the data to obtain taxonomic profiles (sections 2.4.6; 

2.4.7).  
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I visualised the taxonomic profiles of the skin microbiome as stacked bar plots. I 

then used alluvial plots to explore whether the Illumina and ONT platforms identified 

comparable percentage total counts of the common abundant species (>0.5%) 

using the infant swab dataset. The adult volunteer dataset was not used for this 

comparison, as data were not generated on both platforms for all samples. I used a 

box plot to investigate the AT and GC content differences of samples sequenced on 

the Illumina and ONT platforms. I used box and spaghetti (rarefaction) plots to 

investigate species and MAGs recovery from samples sequenced at 1 Gb to 5 Gb 

depth. Finally, I performed statistical analysis using unpaired t tests  to determine 

whether significant differences were present between: (i) the DNA yield from swabs 

incubated at different overnight lysis times; (ii) the AT and GC content % of samples 

sequenced on the Illumina and ONT platforms; (iii) species and MAGs recovery from 

samples sequenced at 1 Gb-5 Gb of data (section 2.4.9). 

3.6 Results 

3.6.1 Initial Diluent Testing Experiments 

DNA was obtained from all samples with no significant difference in DNA yield from 

spiked swabs processed in either diluent (Table 3.4; Figure 3.3; P > 0.05 [0.4014]).  

S. aureus, P aeruginosa and E. coli were all recovered in high numbers and showed 

no significant differences in viable numbers (CFU/ml) recovered after suspension in 

either diluent. P. aeruginosa had the lowest CFU/ml and E. coli had the highest 

CFU/ml (Table 3.5; Figures 3.4-3.5, P > 0.05 [0.5339]).  
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Table 3.4. DNA Yield from Spiked Swabs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID Diluent Used Qubit (ng/µl) 

1 1x PBS 0.801 

2 1x PBS 1.18 

3 1x PBS 2.97 

4 1x PBS 0.56 

5 1x PBS 1.67 

6 1x PBS 0.662 

7 1x PBS 1.22 

8 1x PBS 1.19 

9 1x PBS 2.09 

10 1x PBS 1.99 

11 1x PBS 0.462 

12 1x PBS 0.839 

13 1x PBS 3.04 

14 1x PBS 2.17 

15 1x PBS 2.22 

16 1x PBS 2.15 

17 1x PBS 2.45 

18 1x PBS 2.24 

19 1x PBS 3.47 

20 1x PBS 1.81 

21 1x PBS 1.88 

22 1x PBS 2.56 

Negative Control 1x PBS 0.055 

23 Milli-Q Water 1.28 

24 Milli-Q Water 0.975 

25 Milli-Q Water 2.41 

26 Milli-Q Water 4.41 

27 Milli-Q Water 3.26 

28 Milli-Q Water 2.64 

29 Milli-Q Water 1.49 

30 Milli-Q Water 3.7 

31 Milli-Q Water 1.93 

32 Milli-Q Water 3.02 

33 Milli-Q Water 1.52 

34 Milli-Q Water 2.21 

35 Milli-Q Water 3.4 

36 Milli-Q Water 1.92 

37 Milli-Q Water 1.21 

38 Milli-Q Water 1.39 

39 Milli-Q Water 1.67 

40 Milli-Q Water 1.41 

41 Milli-Q Water 1.99 

42 Milli-Q Water 0.487 

43 Milli-Q Water 0.804 

44 Milli-Q Water 1.36 

Negative Control 2 Milli-Q Water 0.146 
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Figure 3.3. Total DNA Yield (ng/µl) of Spiked Swabs Processed in 1xPBS and UMQW. This 

figure identifies results for the comparison of the extracted bacterial quantities from swabs processed 

in 1x PBS and UMQW used as an initial diluent. Fouty four sterile charcoal amies agar cotton swabs 

were spiked with a single colony collected from an agar plate containing S. aureus. Half the spiked 

swabs were processed in 1x PBS (n=22) and half in UMQW (n=22). DNA was then extracted from 

these samples following the Promega Maxwell® RSC 48 Instrument and RSC Blood DNA Kit 

protocol, modified to adapt to the use of swabs. The swab heads were present throughout the entirety 

of the extraction procedure. Modifications included the initial vortex of swabs at full speed for 2 

minutes, followed by centrifugation (14,000 × g, 15 min) to pellet the cells. The supernatant was then 

removed, and cells resuspended in 300 µl of 1x PBS or UMQW. Steps 4 and 6-8 of the RSC protocol 

were then followed. A bead beating step was performed using the MP Biomedicals FastPrep 

instrument (3 min, 6.0 m/s). Samples were centrifuged again as above. Sample supernatants were 

loaded onto the Maxwell instrument and the extraction started following steps 9-21 of the RSC 

protocol. A Qubit assay was used to quantify the resulting DNA. Horizontal bars on each plot show 

the means, vertical bars show the standard error of the mean (SEM). Unpaired t tests were performed 

to identify significant differences (P < 0.05) in DNA yield from spiked swabs processed in either 

diluent; no significant results identified. Extracted from Serghiou et al. [19]. 
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Table 3.5. CFU/ml for Each Culture Condition Suspension Replicate 

Condition Suspension Diluent E. coli CFU/ml S. aureus CFU/ml P. aeruginosa CFU/ml 

LB 195,000,000,000 60,000,000,000 85,000,000,000 

LB 205,000,000,000 35,000,000,000 120,000,000,000 

LB 170,000,000,000 75,000,000,000 115,000,000,000 

LB 180,000,000,000 95,000,000,000 26,000,000,000 

LB 190,000,000,000 105,000,000,000 29,500,000,000 

LB 175,000,000,000 55,000,000,000 22,500,000,000 

LB 220,000,000,000 95,000,000,000 20,500,000,000 

LB 135,000,000,000 125,000,000,000 23,000,000,000 

LB 135,000,000,000 115,000,000,000 29,500,000,000 

1x PBS 145,000,000,000 70,000,000,000 30,500,000,000 

1x PBS 15,000,000,000 70,000,000,000 27,500,000,000 

1x PBS 140,000,000,000 35,000,000,000 27,000,000,000 

1x PBS 185,000,000,000 70,000,000,000 24,000,000,000 

1x PBS 175,000,000,000 55,000,000,000 21,500,000,000 

1x PBS 160,000,000,000 125,000,000,000 13,000,000,000 

1x PBS 315,000,000,000 95,000,000,000 22,000,000,000 

1x PBS 245,000,000,000 205,000,000,000 23,000,000,000 

1x PBS 230,000,000,000 165,000,000,000 28,500,000,000 

Milli-Q Water 90,000,000,000 55,000,000,000 22,500,000,000 

Milli-Q Water 95,000,000,000 85,000,000,000 30,000,000,000 

Milli-Q Water 175,000,000,000 45,000,000,000 25,000,000,000 

Milli-Q Water 120,000,000,000 110,000,000,000 23,000,000,000 

Milli-Q Water 110,000,000,000 100,000,000,000 24,000,000,000 

Milli-Q Water 115,000,000,000 120,000,000,000 19,000,000,000 

Milli-Q Water 175,000,000,000 70,000,000,000 17,500,000,000 

Mill-Q Water 140,000,000,000 70,000,000,000 26,000,000,000 

Milli-Q Water 140,000,000,000 140,000,000,000 27,500,000,000 

Average CFU/ml Per Isolate Per Suspension 

LB 178,333,333,333 84,444,444,444 52,333,333,333 

1x PBS 178,888,888,889 98,888,888,889 24,111,111,111 

Milli-Q Water 128,888,888,889 88,333,333,333 23,833,333,333 

Average CFU/ml Per Isolate Log Fold Change 

1x PBS vs Milli-Q Water 50,000,000,000 10,555,555,556 277,777,778 

Unpaired t test P Values Per Isolate 

1x PBS vs Milli-Q Water 0.3618 0.7599 0.9254 

Unpaired t test P Value Across all Isolates 

1x PBS vs Milli-Q Water 0.5339 
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Figure 3.4. Bacterial Growth for E. coli, S. aureus and P. aeruginosa that were Processed and Grown in 1x PBS and UMQW. This figure identifies results for the 

comparison of cell viability from overnight liquid cultures that were grown for E. coli, S. aureus and P. aeruginosa in either 1x PBS or UMQW (and LB as a control), with three 

replicates for each isolate (n=9). For each isolate replicate, 1 ml was transferred into x3 15 ml falcon tubes, cells were pelleted by centrifugation and resuspended in 200 μl 

of LB, 1 x PBS or UMQW. These were incubated for 1 h at ambient temperature, with LB acting as a control. Three biological replicates were performed for each diluent, 

and nine for each isolate. Serial dilutions (10-¹ to 10-⁸) were performed for each resuspended replicate and plated onto drug free LB agar using the Miles and Misra spot 

method; a set of 18 plates were used to plate dilutions for each diluent (x6 plates for LB, x6 plates for PBS and x6 plates for UMQW) per isolate replicate. Each dilution was 

spotted three times onto plates that were split into quadrants. After an overnight incubation, the number of colonies formed were counted as a proxy for viable bacterial cells, 

then the CFU/ml was calculated. Nine data points were recorded for each diluent per isolate replicate, totalling 27 condition suspensions assessed per isolate replicate. A 

and B: CFU/ml recovered for each isolate replicate cultured in LB broth (n=9), 1x PBS (n=9) and Milli-Q water (n=9), and the reproducibility of replicates in each diluent 

condition. Horizontal bars on each plot show means and the vertical bars show the SEM. Unpaired t tests were performed to identify significant differences (P < 0.05) in 

viable numbers (CFU/ml) recovered after suspension in either diluent for all isolates; no significant results identified. Extracted from Serghiou et al.  [19]. 
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Figure 3.5. Example Photos of E. coli, S. aureus and P. aeruginosa Colony Growth. This figure displays example photos for colony growth from overnight liquid cultures 

that were grown for E. coli (top row), S. aureus (middle row) and P. aeruginosa (bottom row) in either 1x PBS or UMQW (and LB as a control), for the comparison of cell 

viability. Three replicate cultures were grown for each isolate (n=9) but only replicate 1 results of each isolate is shown.  
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3.6.2 Lysis Method Experiments 

Comparison of six lysis variations was used to identify the best method for obtaining 

high yields of HMW DNA from both Gram-negative and Gram-positive bacteria. For 

each method, factors from common lysis methods (heat, chemical, enzymatic, and 

mechanical) used in commercial kits for research were varied (section 3.4.2). 

Methods 5 and 6 yielded the most DNA from liquid cultures (40.9–97.7 ng/μl and 

37–104 ng/μl respectively). There was a significant difference in the quantity of DNA 

recovered using methods 5 and 6 versus methods 1 and 2 (Table 3.6; Figure 3.6; 

P < 0.05). Methods 5 and 6 yielded higher DNA concentrations for P. aeruginosa 

(Figure 3.6) compared to other species, but there was no statistically significant 

difference in extraction efficiency between each bacterial species (P > 0.05). 

Methods 2, 4 and 6 extracted DNA of a higher molecular weight than the other 

methods, with the averages ranging from 20232 to 31786 bp (Table 3.7). Together, 

these results demonstrated that method 6 produced the most DNA of highest 

molecular weight; the molecular weight produced from method 6 was significantly 

higher than method 5 (P < 0.05). Method 6 was also the most cost effective due to 

the cheaper Themo Fisher lysozyme used and was chosen for further validation. 

This method included overnight lysis with lysozyme, a further heated offboard lysis 

step and a bead beating lysis using the Qiagen Tissue Lyser. DNA extractions from 

sterile charcoal cotton swabs spiked with independent colonies were successful, 

with DNA concentrations averaged at 22.1 ng/μl (Table 3.8; Figure 3.7). There was 

no significant difference in DNA yield between all swabs, and each species, 

extracted with and without Agarase (P > 0.05). 

Table 3.6. Bacterial DNA Yield (ng/µl) from the Six DNA Extraction Methods. Extracted from 

Serghiou et al. [19] 

Sample Method 1 (ng/µl) Method 2 (ng/µl) Method 3 (ng/µl) Method 4 (ng/µl) Method 5 (ng/µl) Method 6 (ng/µl) 

E. coli  19.9 11.5 36.8 47.2 40.9 46.8 

E. coli  33.2 11.3 46.5 55.3 54.9 38.5 

P. aeruginosa  8.68 18.6 63.9 30.8 88.4 96.7 

P. aeruginosa 7.96 12.2 33.5 42.7 97.7 104 

S. aureus 9.7 5.18 32.8 29.7 51.2 37.8 

S. aureus 8.76 4.16 28.7 39.7 49.8 45.6 
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Figure 3.6. Total DNA Yield (ng/µl) Observed for each DNA Extraction Method for E. coli, S. aureus and P. aeruginosa. Duplicate overnight liquid cultures were grown 

from isolates of three species (E. coli, S. aureus and P. aeruginosa). Six lysis methods were tested on each duplicate overnight liquid culture: E. coli (n=12) S. aureus (n=12) 

and P. aeruginosa (n=12). All DNA extractions used 1 x PBS as the initial diluent and were completed on the automated Maxwell® RSC 48 Instrument. A Qubit assay was 

used to quantify the resulting DNA. A. Total DNA yield (ng/µl) obtained from each DNA extraction method. B. Total DNA yield (ng/µl) per species for each method. Horizontal 

bars on each plot show means, vertical bars show the SEM and the lines with an asterisk (*) show significant differences (P < 0.05). The lines with an asterisk (*) identify the 

unpaired t test significant differences in the quantity of DNA recovered between methods. Extracted from Serghiou et al. [19]. 
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Table 3.7. Average Molecular Weight (bp) of DNA Extracted. Extracted from Serghiou et al. [1] 

Sample Method 1 (bp) Method 2 (bp) Method 3 (bp) Method 4 (bp) Method 5 (bp) Method 6 (bp) 

E. coli  0 25321 1735 21693 1909 24219 

E. coli  0 25697 2057 20232 1877 22730 

P. aeruginosa 0 23771 1763 23163 1678 29459 

P. aeruginosa 0 23826 1631 23742 1538 31786 

S. aureus 0 25085 1831 23954 1668 22118 

S. aureus 0 22011 1762 24084 1711 22904 

 

Table 3.8. DNA Yield (ng/µl) of Spiked Swabs Extracted with and without Agarase 

Sample Condition (ng/µl) 

E. coli Without Agarase 8.81 

E. coli Without Agarase 25.4 

E. coli  Without Agarase 30.2 

E. coli  Without Agarase 18.9 

S. aureus  Without Agarase 9.28 

S. aureus  Without Agarase 26.7 

S. aureus  Without Agarase 5.6 

S. aureus  Without Agarase 4.82 

P. aeruginosa  Without Agarase 26.2 

P. aeruginosa  Without Agarase 46 

P. aeruginosa  Without Agarase 47.4 

P. aeruginosa  Without Agarase 89.9 

E. coli  With Agarase 18.8 

E. coli  With Agarase 10.9 

E. coli With Agarase 24.7 

E. coli  With Agarase 29.6 

S. aureus  With Agarase 6.81 

S. aureus  With Agarase 3.82 

S. aureus  With Agarase 6.02 

S. aureus  With Agarase 4.04 

P. aeruginosa  With Agarase 29.2 

P. aeruginosa  With Agarase 11.5 

P. aeruginosa  With Agarase 20.7 

P. aeruginosa  With Agarase 24.4 

Negative Control N/A 2.31 
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Figure 3.7. DNA Yield (ng/µl) from Spiked Swabs (with E. coli, S. aureus and P. aeruginosa) Extracted with and without Agarase. 24 sterile charcoal cotton swabs 

were each spiked with one colony from overnight plate cultures of three isolates: S. aureus (n=8), P. aeruginosa (n=8) and E. coli (n=8). Swabs were processed and DNA 

extracted following the optimised method 6 protocol. During the overnight lysis step, 1 µl β-Agarase-I was added to half of the spiked swabs (n=12), resulting in four replicates 

per species, per condition. A. Total DNA yield (ng/µl) obtained from spiked swabs extracted with and without Agarase. B. Total DNA yield (ng/µl) per species extracted with 

and without Agarase. Horizontal bars on each plot show means, vertical bars show the SEM. Unpaired t tests were performed to identify significant differences (P < 0.05) in 

DNA yield between all swabs, and each species, extracted with and without Agarase; no significant results identified.
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3.6.3 DNA Extraction Validation with Adult Volunteer and PEARL Study Skin 

Swabs 

DNA concentrations from adult and infant skin swabs, extracted using the optimised 

method, ranged from <0.50 (no detected DNA) to 10.5 ng/μl (Table 3.9). DNA was 

successfully extracted from all PEARL infant samples, but only 15/24 adult volunteer 

samples. This result could be due to the adult volunteers having to self-swab, which 

would be more difficult than being swabbed by another person (as were the infants 

by their mothers). Cultured plates recovered bacteria from all adult skin swabs, 

however recovery of cultures from the infant samples was only successful for 4/10 

swabs (Table 3.10; Figure 3.8-3.9). This result was likely due to long term storage 

of the PEARL study swabs in a -80°C freezer reducing microbial cell viability, 

whereas the adult volunteer swabs were fresh samples. Concentrations of DNA 

extracted from cultured bacteria averaged 79.9 ng/μl. The positive control DNA 

concentrations showed a clear decrease with the dilutions, as expected (Table 3.9). 

Molecular weights of extracted DNA were successfully quantified for 4/24 adult swab 

extractions (Table 3.9) and 17/24 adult swab culture extractions (Table 3.10), 

ranging from 1000 to 6000 bp; molecular weights were only quantified for the adult 

swabs as a validation that the extraction method was able to produce appropriate 

molecular weight for real human swabs. These results were due to low, or no DNA 

detected by the Tapestation to calculate the molecular weight. A QC summary of 

the total number of reads, and human and microbial reads generated from each 

sample can also be viewed in Tables 3.9 and 3.10. Results for the DNA yield at 

different overnight lysis incubation times identified a significant difference between 

18 and 20 h, and 18 and 22 h (P < 0.05), but no significant difference was observed 

between 20 and 22 h (P > 0.05) (Figure 3.10). The adult volunteer swabs that did 

not yield detectable amounts of DNA were those incubated for 18 h, therefore 

subsequent samples were incubated between 20 and 22 h to obtain higher DNA 

yield.  
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Table 3.9. Skin Swab DNA Yield/Weight and Sequencing QC Summary. Extracted from Serghiou et al. [19] 

Sample ID DNA Yield 
(ng/µl) 

Average Molecular 
Weight (bp)  

Illumina Total 
Reads 

Illumina Total Human 
Reads 

Illumina Total Microbial 
Reads 

Nanopore Total Human 
Reads  

Nanopore Total Microbial 
Reads 

Nanopore Total 
Reads 

Volunteer 1 – Swab 1 < 0.50 Not Detected 149280 69698 79582 10 51 61 

Volunteer 1 – Swab 2 < 0.50 Not Detected 474556 158980 315576 15 89 104 

Volunteer 2 – Swab 1 < 0.50 Not Detected 296986 91226 205760 9 21 30 

Volunteer 2 – Swab 2 < 0.50 Not Detected 444346 219776 224570 27 111 138 

Volunteer 3 – Swab 1 < 0.50 Not Detected 1476424 813892 662532 60 463 523 

Volunteer 3 – Swab 2 < 0.50 Not Detected 3743138 1300116 2443022 59 315 374 

Volunteer 4 – Swab 1 < 0.50 3563 3822458 43180 3779278 7 614 621 

Volunteer 4 – Swab 2 < 0.50 Not Detected 221642 173798 47844 9 37 46 

Volunteer 5 – Swab 1 1.09 Not Detected 802948 557172 245776 30 87 117 

Volunteer 5 – Swab 2 2.16 Not Detected 534748 388310 146438 47 39 86 

Volunteer 6 – Swab 1 3.31 Not Detected 4425280 1005038 3420242 59 999 1058 

Volunteer 6 – Swab 2 1.67 3934 911920 89916 822004 19 290 309 

Volunteer 7 – Swab 1 0.68 Not Detected 188944 149928 39016 21 83 104 

Volunteer 7 – Swab 2 0.477 Not Detected 2030116 1021646 1008470 42 180 222 

Volunteer 8 – Swab 1 < 0.50 Not Detected 2874830 249134 2625696 17 162 179 

Volunteer 8 – Swab 2 0.156 4885 2134824 21944 2112880 682 24350 25032 

Volunteer 9 – Swab 1 0.837 Not Detected 160574 88216 72358 18 98 116 

Volunteer 9 – Swab 2 0.809 Not Detected 1879600 1348416 531184 66 137 203 

Volunteer 10 – Swab 1 6.52 4554 11690 6404 5286 433 5305 5738 

Volunteer 10 – Swab 2 9.73 Not Detected 145694 63050 82644 7 33 40 

Volunteer 11 – Swab 1 10.5 Not Detected 37436 21794 15642 296 3574 3870 

Volunteer 11 – Swab 2 5 Not Detected 64242 16252 47990 328 3933 4261 

Volunteer 12 – Swab 1 1.69 Not Detected 1011326 770872 240454 29 73 102 

Volunteer 12 – Swab 2 3.63 Not Detected 205884 25522 180362 510 6161 6671 

Positive Control 1 (Neat) 2.47 510 1783516 118 1783398 374 18674 19048 

Positive Control 2 (10¯¹) 1.1 Not Detected 320322 47872 272450 1172 14868 16040 

Positive Control 3 (10¯²) 0.41 Not Detected 20022 142 19880 279 5922 6201 

Positive Control 4 (10¯³) 0.261 Not Detected 3738 318 3420 346 6467 6813 

Negative Control  0.064 Not performed 5216 62 5154 177 3759 3936 

Baby 1 – Month 4 - Swab 5.1 Not performed 1551032 649294 901738 19363 34305 53668 

Baby 2 – Month 4 - Swab 4.05 Not performed 46308 26690 19618 3510 5552 9062 

Baby 3 – Month 4 - Swab 4.48 Not performed 369470 304628 64842 16167 5700 21867 

Baby 5 – Twin 1 – Month 4 - Swab 4.07 Not performed 2389960 2330166 59794 112683 10920 123603 

Baby 5 – Twin 2 – Month 4 - Swab 3.71 Not performed 169008 87880 81128 3124 4323 7447 

Baby 6 – Month 4 - Swab 4.47 Not performed 878478 694382 184096 34750 18487 53237 

Baby 7 – Month 4 - Swab 3.61 Not performed 327370 247800 79570 22096 9363 31459 

Baby 8 – Month 4 - Swab 3.91 Not performed 1141178 651174 490004 14342 15360 29702 

Baby 9 – Month 4 - Swab 3.22 Not performed 342902 309828 33074 31036 6296 37332 

Baby 10 – Month 4 - Swab 3.46 Not performed 31536 19818 11718 4719 4095 8814 

Positive Control 4.53 Not performed 7944470 186 7944284 23 425832 425855 

Negative Control 2.69 Not performed 3400 72 3328 5 200 205 



83 
 

Table 3.10. Skin Swab Culture DNA Yield/Weight and Sequencing QC Summary 

Sample ID DNA Yield 
(ng/µl) 

Average Molecular 
Weight (bp) 

Illumina Total 
Reads 

Illumina Total Human 
Reads 

Illumina Total Microbial 
Reads 

Nanopore Total 
Human Reads  

Nanopore Total 
Microbial Reads 

Nanopore Total 
Reads 

Volunteer 1 - Swab 1 - Culture 26.9 Not Detected 4990780 92 4990688 36 3760 3796 

Volunteer 1 - Swab 2 - Culture 32.4 5083 4745388 58 4745330 23 3403 3426 

Volunteer 2 - Swab 1 - Culture 6.29 6007 4418158 52 4418106 27 3268 3295 

Volunteer 2 - Swab 2 - Culture 57.1 5434 4847838 48 4847790 31 3452 3483 

Volunteer 3 - Swab 1 - Culture 38.9 1295 3172496 52 3172444 23 1736 1759 

Volunteer 3 - Swab 2 - Culture 204 Not Detected 4137884 28 4137856 21 3081 3102 

Volunteer 4 - Swab 1 - Culture 91.5 4896 3475754 28 3475726 130 6535 6665 

Volunteer 4 - Swab 2 - Culture 7.73 Not Detected 3856832 84 3856748 40 3931 3971 

Volunteer 5 - Swab 1 - Culture 93.3 5175 4574220 40 4574180 24 4311 4335 

Volunteer 5 - Swab 2 - Culture 3.43 1447 4856288 422 4855866 33 4108 4141 

Volunteer 6 - Swab 1 - Culture 680 1497 2459038 22 2459016 0 283 283 

Volunteer 6 - Swab 2 - Culture 178 4499 2859508 34 2859474 12 1315 1327 

Volunteer 7 - Swab 1 - Culture 10.3 1382 4494442 68 4494374 29 3513 3542 

Volunteer 7 - Swab 2 - Culture 77.7 4886 4612254 42 4612212 35 3637 3672 

Volunteer 8 - Swab 1 - Culture 289 Not Detected 2412866 12 2412854 7 1087 1094 

Volunteer 8 - Swab 2 - Culture 334 Not Detected 2499434 10 2499424 15 1494 1509 

Volunteer 9 - Swab 1 - Culture 2.75 1101 3635370 116 3635254 28 2535 2563 

Volunteer 9 - Swab 2 - Culture 21.4 4629 2684504 18 2684486 22 1509 1531 

Volunteer 10 - Swab 1 - Culture 4.98 1124 4511712 44 4511668 29 2974 3003 

Volunteer 10 - Swab 2 - Culture 2.17 Not Detected 4469876 62 4469814 25 2737 2762 

Volunteer 11 - Swab 1 - Culture 14.8 1394 4240154 156 4239998 43 4129 4172 

Volunteer 11 - Swab 2 - Culture 2.4 Not Detected 627278 170 627108 3 430 433 

Volunteer 12 - Swab 1 - Culture 19.5 4976 3365414 26 3365388 29 2918 2947 

Volunteer 12 - Swab 2 - Culture 22.8 5269 4090276 28 4090248 47 6206 6253 

Positive Control 2.78 Not Detected 3249852 90 3249762 36 3273 3309 

Negative Control 2.57 Not Detected 3804 1432 2372 24 1374 1398 

Baby 1 – Month 4 – Swab - Culture 6.4 Not performed 3508900 120 3508780 9 378863 378872 

Baby 2 – Month 4 – Swab - Culture 2.79 Not performed 362834 1212 361622 40 86034 86074 

Baby 5 – Twin 1 – Month 4 – Swab - Culture 2.52 Not performed 146188 380 145808 91 65671 65762 

Baby 6 – Month 4 – Swab - Culture 4.93 Not performed 3410516 528 3409988 14 349299 349313 

Positive Control 5.72 Not performed 8411820 480 8411340 19 426288 426307 

Negative Control 2.61 Not performed 878 118 760 10 159 169 
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Figure 3.8. Skin Swab Aerobic and Anaerobic Cultures Obtained from PEARL Infants. The optimised bacterial DNA extraction method was performed on 10 PEARL 

infant skin swabs that were collected at 4 months old, with aerobic and anaerobic culturing of the swabs performed in parallel. Swabs were cultured on Columbia Blood Agar 

(CBA + 5% horse blood). Each row shows the aerobic and anaerobic cultures obtained from each PEARL infant from one arm swab (n=4).  
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Figure 3.9. Skin Swab Aerobic and Anaerobic Cultures Obtained from Adult Volunteers. The 

optimised bacterial DNA extraction method was performed on 24 skin swabs from 12 adult volunteers 

(each volunteer had a skin swab collected from the right and left arms), with aerobic and anaerobic 

culturing of the swabs performed in parallel. Swabs were cultured on Columbia Blood Agar (CBA + 

5% horse blood). Each row shows the aerobic and anaerobic cultures from the left and right arm 

swabs of each volunteer participant. It is unknown which swabs represent the left and right arms as 

this was anonymised. 
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Figure 3.10. Comparison of DNA Yield (ng/μl) from Swabs Incubated for Different Periods. The box plot shows the extracted DNA concentrations (ng/μl) from PEARL 

study infant skin swabs (collected from one forearm from each infant) that included an offboard heated lysis incubation period at three incubation times (18, 20 and 22 hours- 

n=10 per incubation time). Horizontal bars on each box show the means, vertical bars show the standard error of the mean (SEM) and lines with an asterisk (*) indicate 

significant (P < 0.05) differences. The key shows incubation times, which were allocated a unique colour. Extracted from Serghiou et al. [19].  
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Illumina sequencing per sample yielded up to 300 Mbp data, and ONT up to 10 Gb. 

The taxonomic profiles generated show the microbial species diversity within each 

adult and infant individual for the swab and culture Illumina and ONT datasets 

(Figures 3.11-3.16). The positive controls displayed the expected microbiota in the 

ATCC skin microbiome whole cell mix: Acinetobacter johnsonii, Corynebacterium 

striatum, Micrococcus luteus, Cutibacterium acnes, Staphylococcus epidermidis, 

and Streptococcus mitis. There was a clear reduction in reads across the dilution 

series. This demonstrated that the DNA extraction method was able to effectively 

extract DNA from the diverse range of species present in the ATCC skin microbiome 

mix. Some background contamination was detected in negative controls (Illumina 

Median Number of Reads =  2850; Nanopore Median Number of Reads = 787; 

Illumina IQR of Reads = 2675; Nanopore IQR of Reads = 2387), although the 

number of reads was always much lower than in test samples and most DNA 

fragments identified in the negative controls mostly mapped against organisms not 

seen in the test samples (Tables 3.9-3.10; Figures 3.13-3.14, 3.16). 

Both Illumina and ONT data indicated a typical skin microbiota from both adult and 

infant skin swabs and generated a sufficient number of reads to allow downstream 

taxonomic analysis at the species level. The adult skin swabs contained bacteria, 

viruses, and phages, whereas the infant swabs only displayed bacterial diversity. 

Infant skin swabs contained more Streptococcus and fewer Staphylococcus species 

(7 and 3 species respectively) when compared to adult skin swabs (6 and 7 species 

respectively). The infant skin swabs also contained Bifidobacterium longum, 

Bifidobacterium breve and Bifidobacterium bifidum, which are not typical skin 

residents, but common residents of the infant gut. This likely demonstrates transient 

skin contamination on the infants [396, 397]. Importantly, data were generated for 

skin swabs that had no DNA detected by the Qubit (< 0.50).  
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Figure 3.11. Taxonomic Profiles of Skin Swabs from Adult Volunteers Generated using 

Illumina and ONT Data. Composition data was generated from adult volunteer skin swabs using 

shotgun metagenomics sequencing data, generated on the Illumina and Oxford Nanopore platforms. 

Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a 

read mapping method with Kraken2 and Bracken. Stacked bar plots display the relative abundance 

data of the 10 most abundant species that occur within each sample. The origin swab samples were 

collected from adult volunteers (n=12) between the ages of 23 and 65, with one swab collected from 

each forearm from each volunteer (n=24). The key allocates a unique colour to the species 

represented in the stacked bars. Extracted from Serghiou et al. [19]. 
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Figure 3.12. Taxonomic Profiles of Skin Swab Cultures from Adult Volunteers Generated 

using Illumina and ONT Data. Composition data was generated from adult volunteer skin swab 

cultures using shotgun metagenomics sequencing data, generated on the Illumina and Oxford 

Nanopore platforms. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bar plots 

display the relative abundance data of the 10 most abundant species that occur within each sample. 

The origin swab samples were collected from adult volunteers (n=12) between the ages of 23 and 

65, with one swab collected from each forearm from each volunteer (n=24). The key allocates a 

unique colour to the species represented in the stacked bars. Extracted from Serghiou et al. [19].  
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Figure 3.13. Taxonomic Profile Reads of Skin Swabs from Adult Volunteers Generated using 

Illumina and ONT Data. Composition data was generated from adult volunteer skin swabs using 

shotgun metagenomics sequencing data, generated on the Illumina and Oxford Nanopore platforms. 

Read numbers of the taxonomic profiles were generated from the shotgun metagenomics data using 

a read mapping method with Kraken2 and Bracken. Stacked bar plots display the number of reads 

of the 10 most abundant species that occur within each sample. The origin swab samples were 

collected from adult volunteers (n=12) between the ages of 23 and 65, with one swab collected from 

each forearm from each volunteer (n=24). The key allocates a unique colour to the species 

represented in the stacked bars. 
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Figure 3.14. Taxonomic Profile Reads of Skin Swab Cultures from Adult Volunteers Generated 

using Illumina and ONT Data. Composition data was generated from adult volunteer skin swab 

cultures using shotgun metagenomics sequencing data, generated on the Illumina and Oxford 

Nanopore platforms. Read numbers of the taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bar plots 

display the number of reads of the 10 most abundant species that occur within each sample. The 

origin swab samples were collected from adult volunteers (n=12) between the ages of 23 and 65, 

with one swab collected from each forearm from each volunteer (n=24). The key allocates a unique 

colour to the species represented in the stacked bars. 
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Figure 3.15. Taxonomic Profiles of the Skin Swabs and Cultures from PEARL Study Infants 

Generated using Illumina and ONT Data. Composition data was generated from PEARL study 

infant skin swabs and cultures using shotgun metagenomics sequencing data, generated on the 

Illumina and Oxford Nanopore platforms. Relative abundant taxonomic profiles were generated from 

the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked 

bar plots displays the relative abundance data of the 10 most abundant species that occur within 

each sample. The origin swab samples were collected from PEARL study infants at 4 months old 

with one swab collected from one forearm (n=10). The key allocates a unique colour to the species 

represented in the stacked bars. A. Illumina and ONT skin swab data. B. Illumina and ONT skin 

culture data. The key allocates a unique colour to the species represented in the stacked bars. 

Extracted from Serghiou et al. [19]. 
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Figure 3.16. Taxonomic Profile Reads of the Skin Swabs and Cultures from PEARL Study 

Infants Generated using Illumina and ONT Data. Composition data was generated from PEARL 

study infant skin swabs and cultures using shotgun metagenomics sequencing data, generated on 

the Illumina and Oxford Nanopore platforms. Read numbers of the taxonomic profiles were 

generated from the shotgun metagenomics data using a read mapping method with Kraken2 and 

Bracken. Stacked bar plots display the number of reads of the 10 most abundant species that occur 

within each sample. The origin swab samples were collected from PEARL study infants at 4 months 

old with one swab collected from one forearm (n=10). The key allocates a unique colour to the 

species represented in the stacked bars. A. Illumina and ONT skin swab data. B. Illumina and ONT 

skin culture data.  

 

 



94 
 

Illumina and ONT platforms identified very similar microbiota profiles for both skin 

swabs and cultures, with comparable percentage total counts of the most abundant 

species (those representing more than 0.5 % of each sample) (Figure 3.17).  

There was a significant difference identified between the AT and GC content of 

samples sequenced on both platforms (Figure 3.18; P < 0.05), indicating platform 

sequencing bias. However, due to both platforms identifying similar taxonomic 

profiles, this difference in AT and GC content was not viewed to cause bias in 

species identification and could be mitigated by using a combined sequencing 

approach.  

Species recovery identified more species, as more data was used. There was a 

significant difference (P < 0.05) in species recovery between 1 Gb and 5 Gb, though 

no significant difference was found between 2.5 and 5 Gb of data (Figure 3.19. A). 

Recovery of MAGs was also higher from samples where 5 Gb of data were used 

than 1Gb, although this difference was not found to be statistically significant 

(Figure 3.19. B). MAGs predicted to be from diverse genera were isolated, showing 

the method can isolate and assemble DNA from different parts of the phylogeny of 

the skin microbiota (Table 3.11). Based on this analysis, 5 Gb of data per sample 

appeared to be adequate for phylogenetic analysis of the skin microbiota using this 

method, whilst providing enough data for generation of MAGs. This allowed detailed 

study of the functional capacity of the skin microbiome based on these results. 

 



95 
 

 

Figure 3.17. Alluvial Plot of the Percentage Total Abundant Species Counts between Illumina 

and ONT Shotgun Metagenomics data from the PEARL Study Infant Skin Swab and Culture 

Datasets. Composition data was generated from PEARL study infant skin swabs and cultures using 

shotgun metagenomics sequencing data, generated on the Illumina and Oxford Nanopore platforms. 

Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a 

read mapping method with Kraken2 and Bracken. The origin swab samples were collected from 10 

PEARL study infants at 4 months old with one swab collected from one forearm (n=10). Counts were 

calculated by adding the total counts of each species, which were converted into a percentage of the 

total species count. Only species with >0.5% of counts were used. Adjoining lines show the abundant 

skin species that were detected by both platforms. The key allocates a unique colour to the species 

represented in the stacked bars. Extracted from Serghiou et al. [19]. 
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Figure 3.18. GC-AT Content (%) of the Illumina and Nanopore Swab Datasets from the PEARL Study Infants. Composition data was generated from PEARL study 

infant skin swabs using shotgun metagenomics sequencing data, generated on the Illumina and Oxford Nanopore platforms. Relative abundant taxonomic profiles were 

generated from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. The origin swab samples were collected from PEARL study infants 

at 4 months old with one swab collected from one forearm (n=10). The box plot shows the AT and GC content (%) of the shotgun metagenomics profiles from the infant 

samples sequenced on both platforms. Horizontal bars on each plot show averages, vertical bars show the SEM and the lines with an asterisk (*) show significant differences 

(P < 0.05). Extracted from Serghiou et al. [19].  
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Figure 3.19. Species and MAGs Recovery from PEARL Infant Skin Swabs. Composition data was generated from PEARL study infant skin swabs using shotgun 

metagenomics sequencing data, generated on the Illumina platform. Read taxonomic profiles were generated from the shotgun metagenomics data using a read mapping 

method with Kraken2 and Bracken. The shotgun metagenomics data was run through a MetaWRAP three binning (MetaBAT, MAXBIN2 and CONCOCT) pipeline to generate 

high quality MAGs assessed using the criteria from Kiu et al. [398] (completeness >80% and contamination <10%). The origin swab samples were collected from PEARL 

study infants at 4 months old with one swab collected from one forearm (n=10).  A. Species recovery at 5 Gb sequencing depth and subsampled depths. The horizontal bars 

give the average number of species recovered at each level of reads, and the dots and lines show how each sample changes with reduced sequencing depth. 10%-100% 

reads represent 0.5 Gb-5Gb at increments of 0.5 Gb. B. MAGs recovery at 1 Gb and 5 Gb sequencing depths. Horizontal bars give the average number of MAGs at each 

sequencing depth. The key allocates a unique colour to the sequencing depth. The vertical lines on each box plot show the SEM. Unpaired t tests identified significant 

differences (P < 0.05) between species and MAGs recovery from samples sequenced at 1 Gb to 5 Gb of data. Extracted from Serghiou et al. [19]. 

A B
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Table 3.11. MAGs Recovered from Ten Infant Skin Swabs at 1 Gb and 5 Gb Sequencing Depth. 

Extracted from Serghiou et al. [19] 

Sequence Depth (GB) Sample Number of MAGs Recovered Predicted Genus 

1GB Baby-1-B 0 N/A 

Baby-1-W1 0 N/A 

Baby-2-1-B 1 Paracoccus 

Baby-2-2-B 3 Bacillus 

Moraxella 

Pseudomonas 

Baby-2-2-W3 0 N/A 

Baby-2-2-M8 2 Streptococcus 

Neisseria 

Baby-4-B 0 N/A 

Baby-5-B 0 N/A 

BSS-5-W3 0 N/A 

Positive 
Control 

6 Streptococcus 

Micrococcus 

Cutibacterium 

Staphylococcus 

Acinetobacter 

Corynebacterium 

5GB Baby-1-B 0 N/A 

Baby-1-W1 0 N/A 

Baby-2-1-B 3 Paracoccus 

Paracoccus 

Paracoccus 

Baby-2-2-B 4 Moraxella 

Pseudomonas 

Bacillus 

Psychrobacter 

Baby-2-2-W3 1 Cutibacterium 

Baby-2-2-M8 5 Rothia 

Veillonella 

Neisseria 

Granulicatella 

Prevotella 

Baby-4-B 0 N/A 

Baby-5-B 1 Streptococcus 

Baby-5-W3 0 N/A 

Positive 
Control 

6 Streptococcus 

Staphylococcus 

Corynebacterium 

Cutibacterium 

Acinetobacter 

Micrococcus 

 

3.7 Discussion 

3.7.1 Initial Diluent Testing Experiments 

There was effective cell suspension and DNA recovery from both diluents tested. 

PBS is more widely used than water in molecular techniques, due to more 

longitudinal research on its use [371, 376]. DNA yield was lower than expected for 

spiked swabs and may be due to presence of the swab transport medium (charcoal 

amies agar) during the DNA extraction, which is known to inhibit molecular 

techniques. This could be overcome by including a prolonged heated lysis step 

during the DNA extraction [399, 400], which was subsequently explored (section 

3.4.2). Negative controls resulted in low DNA recovery (lower than the test samples), 

suggesting the presence of a ‘kitome’ - background DNA contaminants found in 

DNA extraction kit reagents and consumables [331, 401-404]. This was monitored 
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in subsequent DNA extractions on adult volunteer and PEARL study skin swabs 

(section 3.4.3), as this could have interfered with microbiome data interpretation 

from low biomass samples [298, 403, 405-409].  

In agreement with other studies, there was effective viable cell recovery from both 

diluents, with no significant loss of viable numbers [371-375, 377, 378]. This 

highlights the suitability of both diluents to collect viable bacterial cells for culturing 

alongside the DNA extraction. Results further demonstrated better survivability of E. 

coli compared to P. aeruginosa and S. aureus in all diluents. As there was no 

observed significant difference in DNA extraction and culturing effectiveness 

between PBS and UMQW, and PBS appears more widely used in molecular 

techniques [371], PBS was selected for lysis optimisation.  

3.7.2 Lysis Method Experiments 

Comparison of a variety of lysis procedures identified the effectiveness of method 

6, which incorporated a combined approach using both overnight heated enzymatic 

(lysozyme) and mechanical (bead beat) lysis methods. This resulted in sufficient 

yield of HMW DNA from both Gram-positive and Gram-negative bacteria, and was 

the most cost effective due to the cheaper lysozyme used. Previous work has 

indicated that the type of enzyme and mechanical intensity is important for lysis of 

certain bacterial species [387, 388, 410]; however, the combined use of both 

mechanical and enzymatic lysis resulted in effective DNA extraction from both 

Gram-positive and Gram-negative bacteria. The addition of Agarase did not 

significantly alter DNA recovery. Overall, the Promega Maxwell® RSC 48 instrument 

with method 6 was able to reliably extract DNA with a high enough yield and 

molecular weight for both long and short read SMS. Other platforms are available, 

and this method is likely to be transferable. This study did not aim to benchmark 

extraction kits, but this could be done in the future to refine this method further. The 

final optimised method included an overnight lysis with lysozyme, a further heated 

offboard lysis step and a bead beating lysis using a Tissue Lyser. This method was 

next validated on low biomass skin swabs from adults and infants. 

3.7.3 DNA Extraction Validation with Adult Volunteer and PEARL Study Skin 

Swabs 

Given the low biomass of skin microbiota, some adult skin swabs yielded very 

low/absent DNA concentrations and paired cultures also indicated low bacterial 

burden. Individual variations when swabbing (pressure, direction, frequency) can 
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affect the yield of DNA and viable bacteria, but these are difficult to control [13]. 

Alternative skin collection methods include pad scrubbing, cylinder suspension and 

tape-stripping. Some of these methods have previously been shown to improve 

DNA yield and viable bacteria compared to the swabbing method [391, 411-413]. 

However, the swabbing method was used here as the PEARL study had already 

established this method within their sample collection protocol. Swabbing was 

initially selected due to its commonality for collecting skin samples and non-invasive 

nature, suitable for neonates who have an underdeveloped skin structure [235, 237]. 

The lack of cultures grown from some infant swabs may be due to the long-term 

storage of them in the -80°C freezer, which can reduce bacterial cell viability [414]. 

However, we were still able to determine skin swab taxonomic profiles using SMS, 

allowing microbiota to be identified. A difference in sensitivity was identified between 

platforms for samples with low amounts of DNA. Some adult swabs did not produce 

data using the ONT platform but did generate bacterial cultures. As the ONT 

platform requires more input DNA to generate data than Illumina platforms [363], 

the inability to generate data for some samples was not surprising as skin swabs 

can be low biomass [331, 364]. This indicated that ONT was less sensitive than 

Illumina. However, increasing the overnight incubation time did improve DNA yield, 

and Illumina sequencing generated data for all samples. Overall, the results show a 

complimentary pairing of sequencing and cultures to identify skin microbiota from 

skin swabs. 

Data were generated for most samples from both Illumina and ONT platforms, which 

presented similar microbiota profiles from skin swabs and cultures. Typical adult 

skin microbiota (phyla Pseudomonadota, Actinomycetota, and Bacillota) [7, 15, 37] 

and infant skin microbiota (phyla Bacillota, Actinomycetota, Pseudomonadota, and 

Bacteroidota) [1] were detected. Infant profiles demonstrated less microbial diversity 

than adults, as has been shown in previous studies [18]. Infant skin did exhibit more 

Streptococcus species than adult skin, which agrees with previous work 

demonstrating a predominance of Streptococcus species in early age, decreasing 

over time [1, 18]. Interestingly, sequencing of swabs from infant skin identified 

Bifidobacterium species, which are not typical skin residents, but rather maternal 

and infant gut residents also found in breast milk [396, 397]. Given the paired 

cultures did not result in any Bifidobacterium isolates, this is likely to indicate 

transient transfer to the infants’ skin through breast feeding. The infants with 
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available metadata that showed Bifidobacterium presence on the skin were all 

breast fed at some point between birth and month 4. 

Whilst skin is a relatively low biomass environment, we did not need to include any 

methods to mechanically deplete human DNA or selectively enrich microbial DNA 

before SMS, which have been needed in some other studies on low biomass 

samples [300]. These enrichment approaches do not reliably target all species, will 

not remove all human reads [300], and can skew the resulting genomic profiles 

[301]. Depletion can also result in some loss of bacteria [300], and further steps are 

required for downstream analysis. In this described method, enough microbial data 

were generated, and human DNA reads were depleted computationally. This 

precluded the need for any additional steps that may introduce biases and skew 

skin microbiota profiles.   

Both Illumina and ONT sequence data allowed identification of all ATCC positive 

control species, with a clear reduction in read number across the dilution series. 

These results further demonstrate the effectiveness of both the extraction method 

and utilisation of both sequencing platforms. Inclusion of a commercially available 

mixed community positive control, with a known cell concentration, is important for 

standardising the extraction process, and serial diluting the positive control can 

determine the limit of detection [415]. This was also helpful when comparing 

different sequencing runs and sample sets, allowing more robust comparisons to be 

made. Definition of a limit of detection was attempted for DNA concentration and 

read number required for effective SMS. Several swab samples did not yield 

quantifiable DNA, but usable reads were produced for taxonomic profiling. 

Therefore, no obvious cut-off for a limit of detection was determined, and indeed 

there is also no ‘defined’ limit identified in the literature for low biomass samples, 

such as skin swabs. 

Some background contamination was identified in the negative controls. 

Contamination commonly occurs in metagenomic studies, especially those with low 

biomass samples [416]. Several studies have identified contamination sources 

occurring from neighbouring samples and the ‘kitome’ [405, 416]. Contamination 

within a dataset can be identified and removed using bioinformatic techniques [407, 

409, 417-419] although low biomass samples have a higher risk of true microbial 

microbiota members being removed  [420]. Given the background contaminants in 

the controls were at a very low level and mostly represented species not seen in the 
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test samples, they were not removed as they had a negligible impact on the profiles 

produced. To address contamination in subsequent work, the Illumina and ONT 

libraries for low biomass samples were prepared separately from high biomass 

samples as recommended in the literature [405, 416].  

Although this work identified a significant difference in AT and GC content of 

samples sequenced on both platforms, from a profiling perspective, the data 

indicated that they were highly comparable, agreeing with other work [421]. Some 

studies have demonstrated platform biases in the recovery of GC and AT rich 

microbial species [422, 423]. The Illumina platform can effectively determine 

diversity within samples, but the associated short reads reduce the chance of 

complete genomes being reconstructed [424]. In contrast, the ONT platform is less 

sensitive and has an increased chance of high raw error rates [395], but can result 

in the reconstruction of complete genomes [424]. Therefore, using a combination of 

the two should improve complete reconstruction of genomes, microbial identification 

and reduce biases.  

Generation of 5 Gb Illumina data per skin swab was determined to be suitable for 

microbial species profiling, producing a limited number of MAGs. MAGs are 

important for in-depth functional information [327] and indicate genome quality [351, 

425-427]. They can be used to identify novel taxa and allow further comparison with 

whole genome sequence data from isolates. This method was found to be 

compatible with both Illumina and ONT platforms. Combining a higher sequencing 

depth with ONT, there is potential to improve the number and quality of MAGs 

recovered [327, 428, 429]. 

3.8 Conclusion 

An optimised medium-throughput DNA extraction, SMS, and analysis approach 

effectively characterised the skin microbiota from both adults and infants. This 

method can be applied for in-depth analysis of cohort studies (PEARL study), 

allowing identification of taxonomic and functional temporal changes of mothers and 

infants with comparisons to other body sites (gut and vagina); work that can be found 

in Chapter 4. Robust microbial profiling, particularly in less well studied niches such 

as the skin, is important for the development of methods to alter microbiome 

compositions, with a goal to maintain skin health and prevent and treat skin disease.  
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CHAPTER 4 

THE COMPOSITION OF THE DEVELOPING INFANT SKIN MICROBIOME 
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CHAPTER 4 OVERVIEW 

In this chapter, the optimised skin microbial DNA extraction and Shotgun 
Metagenomics Sequencing (SMS) method from Chapter 3 were applied to samples 
from a healthy participant cohort (the Pregnancy and Early Life (PEARL) study) to 
analyse the infant skin composition (bacteriome focused with an insight into the 
archaeome) and temporal changes, diversity changes, and microbiome influencing 
factors (pregnancy term, delivery mode, feeding mode). Multi body site (skin, stool 
and vaginal) comparisons were made for microbial sharing over time between 
mothers and their infants, to investigate skin microbiome establishment. Genus, 
species and strain level analysis was conducted. Metagenome Assembled 
Genomes (MAGs) from both maternal and infant datasets were identified, which 
generated a PEARL genome catalogue. The strain level data formed the basis for 
subsequent future work discussed in Chapter 5 that will explore the potential 
functional capacities of important skin microbiota members. These data and findings 
may help guide targeted probiotic interventions to prevent and treat skin disease in 
early life and maintain skin health. I performed the vast majority of laboratory 
experiments and bioinformatics analysis in this chapter: I processed skin and 
vaginal swabs and extracted DNA from them using the extraction protocol that I 
optimised in Chapter 3; I performed culturing of these samples alongside the DNA 
extraction, which I also extracted using the optimised extraction method; I performed 
the bioinformatics analysis for the skin, vaginal, stool and culture metagenomes that 
resulted from the SMS data (taxonomic profiling, MAGS, data visualisation and 
statistical analysis). Exceptions of work that were performed by other scientists 
included the stool DNA extractions (performed by the QIB PEARL study team), the 
shotgun metagenomics library preparation and sequencing (performed by the QIB 
sequencing team and Genewiz), the data clean up and strain level analysis 
(performed by the QIB bioinformatics support team), the archaeal taxonomic 
profiling (performed by Dr. Charlotte Neumann; I visualised and performed statistical 
analysis for the archaeal taxonomic profiles). 

Due to the large and complex dataset curated, some figures have been 
adapted with an interactive element, which can be viewed in the 
supplementary files provided; a hyperlink to the interactive versions are also 
available within the figure legends.  
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4.1 Introduction 

The composition and functional role of the infant skin in maintaining skin health is 

an emerging area of research. While age has been identified as a key factor in the 

establishment of the skin microbiome, it is also transiently influenced by multiple 

intrinsic and extrinsic factors including delivery mode, labour, vaginal seeding, 

antibiotic use, parental factors, environment, skincare, probiotics, neonatal skin 

structure and function, diet, breastfeeding, genetics, and gender [1, 11, 12, 14, 122, 

129-131]. Despite these influences, research indicates that community assembly is 

largely driven by stochastic processes [123]. Profiling of the skin microbiome has 

identified many of these factors as important for skin health, while others have been 

linked to perturbations and skin disease [14, 16, 17, 22, 23, 39, 40, 121, 122, 124, 

125, 127, 128]. However, recent research has focused on diseased infant skin [9, 

14, 22, 24, 72-75], leaving gaps in our understanding of the healthy infant skin 

microbiota, particularly understudied skin communities, such as the archaeome [12]. 

Furthermore, few studies have used integrative approaches combining multiple 

techniques (such as culturomics, metagenomics and metabolomics) to robustly 

study the infant skin microbiome composition and function [20, 22, 39-43]. 

There is a pressing need for research to use an integrative approach to establish a 

baseline composition of the healthy infant skin microbiome, and to clarify the roles 

of these microbes in the skin health. This will aid in identifying microbiota altered by 

various intrinsic and extrinsic factors and deepen our understanding of their 

functional role in infant skin health and disease prevention.  

4.2 Aims 

The work presented in this chapter addresses thesis Objectives 2-5 (section 1.7), 

enabling investigation into the development and evolution of the healthy infant skin 

microbiome over time. It also explores the factors influencing the microbiome, the 

microbial sharing between mothers and their infants over time, and identifies MAGs, 

which may influence skin health; in turn addressing thesis Aims 1-4 (section 1.6). 

1. To establish a baseline for a healthy skin microbiome by analysing changes 

to the composition of the developing infant skin microbiome.  

2. Investigate microbiome evolution and associated influencing factors by 

comparing the developing infant skin microbiome to the maternal skin, 

vaginal and gut microbiome at birth and into infancy. 
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3. Assess changes to the infant gut microbiome and its impact on the skin 

microbiome development; which could help determine nutritional 

interventions to treat and prevent skin disease in early life and maintain skin 

health during the life course.   

4. Identify shared microbes between mothers and their infants over time. 

5. Identify a PEARL genome MAGs catalogue, which will provide future insight 

into the functional importance of the shared microbes in infant skin health 

over time, and help formulate the next generation of oral probiotic, and LBP 

interventions to help predict how to alter a microbiome to prevent and treat 

skin disease and maintain skin health across the life course.  

4.3 Objectives 

1. Identify changes in the skin microbiome of infants over time from birth up to 

1 year of age. 

2. Identify common genera and species between the skin, gut and vaginal 

microbiome taxonomic profiles of mother and infant pairs over time that 

indicate microbe sharing. 

3. Investigate the skin, gut, and vaginal microbiome compositional diversity 

changes over time, to genus and species level, across the maternal and 

infant pair datasets; whilst accounting for factors (delivery and feeding mode, 

and pregnancy term) that may significantly alter the diversity over time. 

4. Investigate the skin, gut, and vaginal microbiome compositional relative 

abundances of the identified shared genera and species over time across the 

maternal and infant pair datasets; whilst accounting for factors (delivery and 

feeding mode, and pregnancy term) that may significantly alter their relative 

abundances over time. 

5. Identify strain level sharing of the identified shared genera and species 

between mother and infant pairs.  

6. Identify the MAGs generated from the eight maternal and infant pair datasets. 

4.4 Experimental Methods 

I performed my optimised skin microbial DNA extraction method on PEARL maternal 

and infant paired skin swabs (n=85 and n=89 respectively), and maternal vaginal 

swabs (n=85). Maternal and infant paired stool samples (n=81 and n=80 

respectively) were DNA extracted by the PEARL team at QIB using their protocol 

(section 2.2). This sample set was collected from 14 mothers and 15 infants (one 
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set of twins). The infant skin swab and stool samples selected for extraction were 

collected at Birth (B), 1 week (W1), 3 weeks (W3), 4 months (M4), 8 months (M8), 

and 12 months (M12) after birth. The maternal skin and vaginal swabs selected for 

extraction were collected at Trimesters 1-3 (T1-T3), B, W1, W3, and M4; the 

maternal samples were only collected up to month 4 due to budget and feedback 

from focused discussion groups with mothers regarding pragmatism. For PEARL 

cohort and study details see section 2.1. 

I processed all skin and vaginal swabs into 1 x PBS (due to previous results from 

initial diluent optimisation experiments in Chapter 3) and cultured them aerobically 

and anaerobically in parallel with the swab DNA extraction, which were scraped into 

combined glycerol stocks. Culturing was not performed alongside the stool DNA 

extractions as this was not part of the PEARL team protocol (section 2.2). This 

resulted in 48 infant and 56 maternal skin cultures, and 69 maternal vaginal cultures. 

Skin, vaginal and culture samples totalled 432 samples (plus 15 positive and 15 

negative controls = 462 samples). Infant and maternal stool samples totalled 161 

samples (plus 2 positive and 16 negative controls = 179 samples). This resulted in 

593 samples (plus 48 controls), across eight datasets (Baby Skin Swab [BSS], 

Mother Skin Swab [MSS], Baby Skin Culture [BSC], Mother Skin Culture [MSC], 

Baby Stool [BST], Mother Stool [MST], Mother Vaginal Swab [MVS], and Mother 

Vaginal Culture [MVC]). See Figure 4.1 for a summary of the sample numbers 

collected and sequenced, for each maternal and infant group, across the skin, stool 

and vaginal body sites. I performed a Qubit assay (section 2.3) on all DNA extracts 

before SMS Illumina libraries were prepared by the QIB sequencing team and 

samples sent to Genewiz for SMS on the Illumina platform. Libraries were prepared 

for each sample type separately to reduce the chance of contamination occurring 

from different sources that vary in biomass and extraction efficiency. The libraries 

generated for the skin and vaginal samples were split across two library pools, and 

the stool samples were split across eight library pools (section 2.5.1).  
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Figure 4.1 Summary of the PEARL Study Total Sample Numbers Collected and Sequenced. This Figure displays: the total number of mother and infant participants 

(n=14 and n=15 respectively) as coded in the animated icons; the total number of samples collected for mothers and infants (n=376 and n=217 respectively) as colour coded 

in the key under “Group”; the total number of samples collected before and after sequencing Quality Control (QC) (n=593 and n=582 respectively) as colour coded in the key 

under “Sample Type”; the total number of samples collected for each maternal and infant group, across the skin, stool and vaginal body sites, at each timepoint.
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4.5 Data Analysis  

The QIB core bioinformatics team cleaned the SMS data, and I performed 

taxonomic profiling to genus and species level, whilst the core bioinformatics team 

generated the strain level data. I assembled the MAGs and visualised the data using 

a variety of plot styles. The infant archaeome was also explored; Dr. Charlotte 

Neumann generated the archaeome profiles and I visualised and performed 

statistical analysis for the archaeal taxonomic profiles (sections 2.5.2; 2.5.3; 2.5.4; 

2.5.5). 

4.5.1 Genus and Species Level Analysis 

I plotted rarefaction curves to determine whether the sequence depth allowed each 

sample to reach a ‘full’ microbial profile. I visualised taxonomic profiles of the eight 

datasets as stacked bar plots and pie charts to show microbiome compositions and 

identify sharing of microbes between datasets. The stacked bar plots provided an 

overview of the top five genera and species (plotted as relative abundance (RA)) 

within individuals from the eight maternal and infant pair datasets and the content 

of the controls. There were no species detected in 13 samples (MVS-14-M4, MVS-

13-W3, MVS-13-W1, MVS-13-T3, MVS-12-M4, MVS-11-T2, MVS-8-M4, MVS-6-B, 

MVS-3-M4, MVS-2-W1, MVS-1-W3, MVC-14-M4, BSC-2-2-M8) and were therefore 

removed from the plots; these samples were mostly vaginal samples that presented 

with blood and discharge, which is known to introduce background contaminants 

that interfere with sequencing. I displayed the common microbes across the 

maternal and infant datasets and within each dataset over time in pie charts (relative 

abundance counts were used from all individuals that were combined to calculate 

the mean relative abundance for each of the common genera and species at each 

timepoint across all datasets and within each dataset). I displayed the archaeal 

profiles in bubble plots to show the relative abundance of species within individuals 

from the infant and maternal skin swab datasets, and changes over time within and 

across the infant and maternal skin swab datasets.  

I examined the relative abundant differences of the shared genera and species 

between maternal and infant paired datasets, accounting for individual differences 

and factors over time. I accounted for certain factors including pregnancy term (Full 

Term [FT] and Late Pre-Term [LP]), delivery mode (Vaginal Delivery [VD] and 

Caesarean Section [CS]) and feeding mode (Breast [BR] and Breast/Formula 

[BR/FO] milk), which I examined over time and visualised using spaghetti plots. I 
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examined the overall compositional diversity differences within and between the 

eight maternal and infant pair datasets (accounting for individual differences and 

pregnancy term, delivery and feeding mode factors) over time to genus and species 

level, measuring alpha (within sample diversity using the Richness and Shannon 

indexes) [430, 431], beta (between sample diversity using the Bray-Curtis index) 

[430, 432], and differential abundance (abundance changes using Microbiome 

Multivariable Association with Linear Models [MaAsLin2]) [433] diversity metrics. I 

used the R Vegan (V.2.6-6.1) [434] and MaAsLin2 [433] packages for this analysis. 

I chose the Alpha diversity indexes for their ability to encompass community 

richness and community diversity. I chose the beta diversity index for its ability to 

account for both the presence of each genus and its abundance percentage. I chose 

differential abundance test as it accommodates microbiome longitudinal data and 

adjusts for multiple samples whilst accounting for individual variation (random 

effects). I visualised this diversity analysis using box-violin (alpha diversity), Non-

metric Multi-dimensional Scaling (NMDS) plots (beta diversity), and heatmaps 

(differential abundance).  

I performed statistical analysis to determine whether there was a significant 

difference in the relative abundance of shared microbiota and compositional 

diversity (alpha, beta, differential abundance) over time within the eight maternal 

and infant paired datasets; also accounting for pregnancy term, delivery and feeding 

mode factors. I performed the Analysis of Variance (ANOVA) test [435] in R using 

the Vegan package (V.2.6-6.1) [434] to identify whether there was an overall 

significant difference in the: (i) relative abundance of the shared microbiota (to 

genus and species level) over time, (ii) relative abundance of archaea (to species 

level) over time, (iii) alpha diversity over time; within each dataset, whilst accounting 

for individual variation and pregnancy term, delivery and feeding mode factors. I 

further adjusted the ANOVA test [435] accordingly for multiple testing using the 

Estimated Marginal Means (EMMeans) R package (V.1.10.4) [436], which is a 

posthoc test allowing for multiple comparisons to be made between individual 

timepoints, microbes, and factors accounted for (pregnancy term, delivery and 

feeding mode). As an overarching view of microbial changes over time was 

warranted, the ANOVA test seemed most appropriate than other tests, such as the 

Mixed Model for Repeated Measures (MMRM) test (using the R MMRM package) 

which is advantageous for larger and more complex datasets [437].  
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I performed the Permutational Multivariate ANOVA (PERMANOVA) test [438] with 

Adonis2 (a statistical function used to perform the PERMANOVA test) and Bray-

Curtis using the R Vegan package (V.2.6-6.1) [434] to identify whether there was an 

overall significant difference over time in beta diversity between each dataset, whilst 

accounting for individual variation and factors. I performed the PairwiseAdonis 

package (V.0.4) [439] as a posthoc test alongside PERMANOVA to allow for 

multiple comparisons to be made between individual timepoints and factors 

(pregnancy term, delivery and feeding mode) accounted for. I chose PERMANOVA 

for its robustness in testing the difference between groups based on measures of 

beta-diversity, and adjustment for covariates.  

MaAsLin2 is a multivariable regression and mixed effect model [433] that I 

performed to test significant positive and negative associations (providing 

directionality and strength of associations) between microbial abundance over time, 

whilst accounting for individual variation, and allowing for multiple comparisons to 

be made across timepoints and factors accounted for (pregnancy term, delivery and 

feeding mode). 

4.5.2 Strain Level Analysis  

The QIB core bioinformatics team used Strainphlan to perform and visualise 

metagenomic strain-level population genomics on this large metagenomic dataset 

by profiling microbes from known species with strain level resolution and providing 

comparative and phylogenetic analysis of strains retrieved from metagenomic 

samples. Strainphlan took a set of metagenomic samples and reference genomes 

and then reconstructed the sample-specific strains of all species present in the 

sample and the genome-specific strains from reference genomes. Strain taxonomic 

profiling and sharing of microbiota between mother and infant pairs were visualised 

using tile plots, dot plots, stacked bar plots and tables. Samples available for strain 

level profiling were visualised using a tile plot. Dot plots were used to visualise the 

number of strains shared between mother and infant pairs over time across the eight 

datasets. Stacked bar plots were used to display the overall strain (same or different 

strain of a species) transmissibility between mother and infant pairs across the 

different body sites, and the strain transmissibility accounting for time, pregnancy 

term, delivery and feeding mode. To avoid confusion with potential strain 

persistency effect, when the species or strain was shared between maternal and 

infant sample pairs in multiple timepoints, the transmission events were counted 

only once. Finally, I used tables to display the strains that were shared between any 
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mother and infant pairs and present in the culture samples. A strain sharing event 

was defined as the presence of at least one shared strain between pairs of samples 

from the same individual or from the same family unit. Species transmissibility was 

defined as the ratio of the number of sharing events with strain level sharing events 

over the number of families with species level sharing events. Fisher tests were 

performed to identify whether there were significant differences overall in the strain 

transmissibility between mother and infant pairs at different body sites (BSS, BST, 

MSS, MST and MVS); also accounting for factors (timepoint, pregnancy term, 

delivery mode and feeding mode). This test was chosen for its ability to compare 

distributions more robustly on smaller sample sizes. 

4.5.3 MAGs Analysis  

I ran the MAGs generated through Mashtree (V.1.2.0) [440], which uses Mash 

(V.2.0) [441] to generate PHYLogeny Inference Package (PHYLIP) [442] distance 

matrices to be used for neighbour function in PHYLIP software to generate trees. 

PHYLIP is a computational phylogenetics package for inferring evolutionary trees 

(phylogeny). Mashtree (V.1.2.0) [440] demonstrates clustering of genera together 

but it does not infer phylogeny. I used Mashtree (V.1.2.0) [440] here to purely display 

the genera in the dataset and identify whether the MAGs composition was in line 

with the taxonomic profiles. I uploaded the Mashtree output to Interactive Tree of 

Life (ITOl) (V.6.9.1) [443, 444] where the Tree of Life (V.1.0) [445] function was used 

to generate a tree of all the MAGs. 

4.6 Results 

Sequencing resulted in between 8 and 11Gb of data per sample. Of the 641 

samples, 29 failed QC, and were not used for further analysis; 18/29 failed samples 

were negative controls, 2/29 were vaginal swabs, and 9/29 were stools. Overall, 

96% of samples generated useable data (582 samples plus 30 controls). 

Rarefaction curves of the eight maternal and infant pair datasets, to genus and 

species level, showed that all samples plateaued, suggesting sequencing had 

captured the complete microbiome composition. Thus, the sequencing depth was 

sufficient to generate comprehensive data for the skin, stool, vaginal and cultures 

samples (Figure 4.1-4.2). 
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Figure 4.2. Rarefaction Curves of the Maternal and Infant Datasets at Genus Level. Shotgun 

metagenomics data was generated from maternal and infant samples from the skin, stool and vaginal 

body sites (infant and maternal skin swabs, skin cultures, stools, and maternal vaginal swabs and 

cultures) using shotgun metagenomics sequencing, generated on the Illumina platform. Number of 

reads of the taxonomic profiles were generated from the shotgun metagenomics data using a read 

mapping method with Kraken2 and Bracken. Using the number of read values, rarefaction curves 

were generated. The origin samples were collected at multiple timepoints, with one swab collected 

from one forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each 

mother (n=83), a stool sample collected from each mother (78) and infant (n=74), and cultures 

prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); 

total n=582. Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 

4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 

(T3), B, W1, W3 and M4. A. Number of genera detected reads for the infant skin swabs. B. Number 

of genera detected reads for the maternal skin swabs. C. Number of genera detected reads for the 

infant skin cultures. D. Number of genera detected reads for the maternal skin culture. E. Number of 

genera detected reads for the infant stool. F. Number of genera detected reads for the maternal 

stools. G. Number of genera detected reads for the maternal vaginal swabs. H. Number of genera 

detected reads for the maternal vaginal cultures. 
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Figure 4.3. Rarefaction Curves of the Maternal and Infant Datasets at Species Level. Shotgun 

metagenomics data was generated from maternal and infant samples from the skin, stool and vaginal 

body sites (infant and maternal skin swabs, skin cultures, stools, and maternal vaginal swabs and 

cultures) using shotgun metagenomics sequencing, generated on the Illumina platform. Number of 

reads of the taxonomic profiles were generated from the shotgun metagenomics data using a read 

mapping method with Kraken2 and Bracken. Using the number of read values, rarefaction curves 

were generated. The origin samples were collected at multiple timepoints, with one swab collected 

from one forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each 

mother (n=83), a stool sample collected from each mother (78) and infant (n=74), and cultures 

prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); 

total n=582. Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 

4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 

(T3), B, W1, W3 and M4. A. Number of species detected reads for the infant skin swabs. B. Number 

of species detected reads for the maternal skin swabs. C. Number of species detected reads for the 

infant skin cultures. D. Number of species detected reads for the maternal skin culture. E. Number 

of species detected reads for the infant stool. F. Number of species detected reads for the maternal 

stools. G. Number of species detected reads for the maternal vaginal swabs. H. Number of species 

detected reads for the maternal vaginal cultures. 
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Positive controls displayed the expected microbiota from the ATCC skin microbiome 

whole cell mix (A. johnsonii, Cor. striatum, M. luteus, Cut. acnes, Sta. epidermidis, 

and Str. mitis) and the M004Base and M008Base mix (Akkermansia muciniphila, 

Bacteroides caccae, Bacteroides uniformis, Faecalibacterium prausnitzii, Alistipes 

shahii, Lachnospira elegans, Parabacteroides sp. CT06, Phocaeicola coprophilus, 

Phocaeicola dorei, Segatella copri (formerly Prevotella copri), Ruminococcus 

champanellensis and Ruthenibacterium lactatiformans) (Figure 4.3). Some 

background contamination was detected in negative controls, although the number 

of reads was much lower than in test samples and most DNA fragments mapped 

against organisms not seen in test samples (Figure 4.4). One negative control to 

genus level and three to species level generated no profiles and were therefore 

removed from plots.
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Figure 4.4. Taxonomic Relative Abundance Illumina Profiles of Controls to Genus and Species) Level. Shotgun metagenomics data was generated from the positive 

and negative control samples (skin positive (n=11) and negative (n=4) controls, vaginal positive (n=4) and negative (n=1) controls, stool positive (n=2) and negative (n=7) 

controls), that were run alongside the maternal and infant test samples, using shotgun metagenomics sequencing, generated on the Illumina platform. The relative abundance 

(%) taxonomic profiles were generated from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bar plots were used to 

display the relative abundance (%) values, and the key allocates a unique colour to the genus and species represented in the stacked bars. A. Profiles show the relative 

abundance of the genera within each control sample. B. Profiles show the relative abundance of the species within each control sample.  
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Figure 4.5. Taxonomic Read Illumina Profiles of Controls to Genus and Species Level. Shotgun metagenomics data was generated from the positive and negative 

control samples (skin positive (n=11) and negative (n=4) controls, vaginal positive (n=4) and negative (n=1) controls, stool positive (n=2) and negative (n=7) controls), that 

were run alongside the maternal and infant test samples, using shotgun metagenomics sequencing, generated on the Illumina platform. The number of reads of the taxonomic 

profiles were generated from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bar plots were used to display the number 

of read values, and the key allocates a unique colour to the genus and species represented in the stacked bars. A. Profiles show the number of reads of the genera within 

each control sample. B. Profiles show the number of reads of the species within each control sample.  
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4.6.1 The Composition and Baseline of a Healthy Infant Skin Microbiome Over 

Time 

The ‘common’ or ‘core’ microbes across the infant skin swab dataset over time were 

identified to genus and species level (Figures 4.6-4.7). All infants included in this 

analysis were healthy, providing a baseline for the healthy infant skin microbiome 

from Birth (B) to Month 12 (M12). The common genera and species identified within 

the infant skin swab dataset over time included Acinetobacter (A. baumannii, A. 

johnsonii and A. lwoffii), Bifidobacterium (B. longum), Corynebacterium, 

Cutibacterium (C. acnes), Epilithonimonas (E. vandammei), Fervidobacterium (F. 

pennivorans), Gemella (G. haemolysans), Gordonia, Haemophilus, Micrococcus 

(M. luteus), Moraxella (Moraxella osloensis), Neisseria, Paracoccus (P. yeei), 

Pseudomonas (P. putida), Rothia, Staphylococcus (S. epidermidis and S. hominis) 

and Streptococcous (S. mitis, S. pneumoniae and S. salivarius). Relative 

abundance trends of these genera and species were identified. These common 

shared genera and species over time at each timepoint represented between 78% 

and 86% and 52% and 63% respectively of the microbiota across all individuals, 

leaving between 14% and 22% and 43% and 48% respectively representing the 

“Other” microbes that were not common across all timepoints.  

The relative abundance of Acinetobacter genus and species across all infants (A. 

baumannii, A. johnsonii and A. lwoffii) fluctuated over time and was highest at M12. 

The Acinetobacter genus (and to species level, A. johnsonii) was in higher 

abundance at M12 compared to the other common microbes. Staphylococcus 

genus and species (S. epidermidis and S. hominis) relative abundance fluctuated 

over time and was higher between B and Week 1 (W1), before decreasing over 

subsequent timepoints to Month 8 (M8), when a slight increase was observed at 

M12. Streptococcus genus and species (S. mitis, S. pneumoniae and S. salivarius) 

relative abundance was found to increase from B to Month 4 (M4), at which point it 

decreased up to M12. There appeared to be a relationship between Staphylococcus 

and Streptococcus (particularly S. epidermidis and S. mitis). When Staphylococcus 

(S. epidermidis) relative abundance was higher from B to W1, Streptococcus (S. 

mitis) was lower. This relationship reversed from Week 3 (W3). Overall, to genus 

and species level, Staphylococcus started off in higher relative abundance than 

Streptococcus, which then reversed from W3. But at M12 Streptococcus relative 

abundance rapidly decreased and Staphylococcus started to increase again. There 

was a significant difference in relative abundance changes over time of 
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Streptococcus (S. mitis and S. salivarius) and Staphylococcus on infant skin, and 

between Str. mitis and Sta. hominis, Str. pneumoniae and Sta. epidermidis, and Str. 

salivarius and Sta. epidermidis (Figures 4.8. A. & B.). These relative abundance 

trends correspond to the individual infant taxonomic profiles (to genus and species 

level) over time (Figures 4.9-4.10). The trends at M12 of Acinetobacter, 

Staphylococcus and Streptococcus genus and species on infant skin, resembled 

the individual maternal skin taxonomic profiles, suggesting a starting point for 

transition to an adult microbiome. Overall, Acinetobacter and Staphylococcus was 

higher in abundance on the mothers’ skin than infants, and Streptococcus was lower 

on the mothers’ skin than infants. Other skin microbes also suggesting this transition 

point across the infants are Epilithonimonas (E. vandammei), Paracoccus (P. yeei) 

and Pseudomonas (P. putida), which exhibited relative abundance fluctuations over 

time being highest from M8 to M12.  

Abundant culturable microbes were also identified from both maternal and infant 

skin, such as Micrococcus (M. luteus) and Staphylococcus (S. hominis, S. warneri, 

S. epidermidis and S. pasteuri and S. capitis) (Appendix 14.; Appendix 15.). These 

higher abundance species were present with other lower abundance species of the 

same genus over time in the infant and maternal skin (Micrococcus sp. KBS0714, 

Micrococcus sp. A1, Micrococcus sp. A7, Micrococcus sp. MG2010D12, 

Micrococcus sp. 28, Micrococcus sp. V7, Staphylococcus lugdunensis, Sta. 

haemolyticus, Sta. aureus and Staphylococcus sp. M0911).  

Over time, the infant skin microbiome appeared most influenced by the maternal 

skin as identified in the individual taxonomic profiles (Figures 4.9-4.10). But there 

were some associations with the infant skin and gut microbiome, and other maternal 

body sites, i.e. vaginal (Lactobacillus crispatus, Bif. breve, Bif. longum and Bif. 

bifidum) and stool (Bif. longum and Bif. bifidum), as well as associated factors, such 

as feeding (Bif. breve was identified in infant stools, but not maternal stools, 

suggesting transfer to infant gut via breastfeeding) and delivery (L. crispatus, Bif. 

breve, Bif. longum and Bif. bifidum) mode in the individual mother and infant 

taxonomic profiles (Appendix 14.; Appendix 15.) and confirmed metadata (Table 

2.2 in section 2.1.3).  

For example, one infant skin profile (BSS-1-B) identified L. crispatus, which was 

likely a transient acquisition from their maternal vaginal microbiome (MVS-1-B) at B 

where L. crispatus was in high abundance. Metadata (Table 2.2 in section 2.1.3) 
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identified a VD for this mother and infant pair. Some infant skin profiles identified 

Bif. breve (BSS-7-W1), Bif. longum (BSS-9-W3) and Bif. bifidum, which may be 

transiently acquired from the maternal stool (MST-9-W3,) and vaginal microbiomes 

(MVS -7-W1) where these Bifidobacterium species were present; metadata (Table 

2.2 in section 2.1.3) for these mother and infant pairs identified different birthing 

modes (VD and CS), suggesting vertical transfer from breast milk instead, as these 

infants were fed breast milk from B to M12. Individual infant skin (BSS-14-W1) and 

mother vaginal (MVS-14-W1) taxonomic profiles of mother and infant pairs identified 

potential S. epidermidis transfer from the mothers’ vagina to the infants’ skin during 

delivery. Although, other mother (MVS-4-B) and infant (BSS-4-B) pairs underwent a 

CS, suggesting transfer via other means; these mother skin taxonomic profiles 

presented with S. epidermidis, suggesting main transfer was likely via skin-to-skin 

contact. Bifidobacterium (B. longum) relative abundance fluctuated over time across 

the infant skin, being highest at W3 and lowest at M12. This trend of Bifidobacterium 

being highest at W3 could suggest transient species from breast milk, as all infants 

were fed breast milk at some point between B and M12. However, there were no 

significant differences in the Bifidobacterium (B. longum) relative abundance 

changes over time when accounting for feeding mode (BR and BR/FO) (Figures 

4.8 C. & D.). The relative abundance fluctuations could be indicative of infants that 

were fed a combination of breast and formula milk. The drop in relative abundance 

at M12 could indicate infants being weaned off breast milk. Some mother-infant pair 

individual taxonomic profiles (BSS-9-W3 and MST-9-W3) indicated that the initial 

transfer of B. longum may have occurred via vertical transmission from the mothers’ 

stool to the infants’ skin, likely during the birthing process where a VD occurred. 

There was also potential sharing of B. longum within individual infants between their 

skin and stools (BSS-12-W1 and BST-12-W1; BSS-9-W3 and BST-9-W3; BSS-14-

W3 and BST-14-W3; BSS-11-M4 and BST-11-M4; BSS-14-M4 and BST-14-M4). 

However, this may also indicate transient and vertical transfer from breast milk to 

the skin and gut as all infants were fed breast milk from B to M12.  

Oral specific microbiota (Gemella [G. haemolysans], Neisseria and Rothia) were 

also identified across infant skin over time and remained in low consistent relative 

abundance over time with slight fluctuations (Neisseria was highest at B, Rothia was 

highest at M4 and Gemella was lowest at M12). This trend could relate to consistent 

breast feeding from B to M12 where the transfer of oral microbes to skin occurred; 

Neisseria relative abundance was highest at birth, which may relate to the first 
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breast feed at birth. Gemella relative abundance was lowest at M12 and is 

consistent with infants being weaned off breast feeding.  

Fervidobacterium genus and species (F. pennivorans) relative abundance on infant 

skin decreased gradually from B to M12. This trend could be suggestive of 

environmental hospital acquired microbiota due to the highest relative abundance 

at B and consistent gradual decrease over time. The relative abundance of the 

genera and species for Cutibacterium (C. acnes) and Moraxella (M. osloensis) 

fluctuated over time being highest at B, which could be suggestive of hospital 

acquired microbiota from skin-to-skin contact during heavy handling of the infant in 

the hospital setting. Gordonia, Haemphilus, Micrococcus (M. luteus), and 

Corynebacterium relative abundance were low and consistent over time with slight 

fluctuations, which may indicate stable low relative abundant microbes over time.  
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Figure 4.6. Common Relative Abundant Skin Genera Across all Infants Over Time. Composition data was generated from infant skin swabs using shotgun metagenomics 

sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a read mapping 

method with Kraken2 and Bracken. Pie charts displayed the relative abundance data. All individuals were combined to calculate the mean relative abundance (%) for each 

of the common genera (represented in the pie chart slices) at each timepoint (represented in each pie chart) in the infant population. The origin swab samples were collected 

at multiple timepoints, with one swab collected from one forearm from each infant (n=89). Timepoints investigated included Birth (B), Week 1 (W1), Week 3 (W3), Month 4 

(M4), Month 8 (M8) and Month 12 (M12). The coloured labels corresponding to the pie chart slices indicates the genus relative abundance (%), and the Genus key allocates 

a unique colour to the genera represented in the pie charts and labels. 
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Figure 4.7. Common Relative Abundant Skin Species Across all Infants Over Time. Composition data was generated from infant skin swabs using shotgun 

metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a 

read mapping method with Kraken2 and Bracken. Pie charts displayed the relative abundance data. All individuals were combined to calculate the mean relative 

abundance (%) for each of the common species (represented in the pie chart slices) at each timepoint (represented in each pie chart) in the infant population. The origin 

swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89). Timepoints investigated included Birth (B), Week 1 

(W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12). The coloured labels corresponding to the pie chart slices indicates the species relative abundance 

(%), and the Species key allocates a unique colour to the species represented in the pie charts and labels. 
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Figure 4.8. Significant Genus and Species Level Relative Abundance Changes Over Time on Infant Skin. Relative abundance data was generated from infant skin 

swabs using shotgun metagenomics sequencing, generated on the Illumina platform; and cleaned read sequences were run through Kraken2 and Bracken, which are read 

mapping methods. The origin swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89). Timepoints 

investigated included Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12). The black line intersecting each plot shows the average 

relative abundance over time. An asterisk (*) indicates whether the genera and species had ANOVA significant differences (P < 0.05). A. Staphylococcus and 

Streptococcus genus level relative abundance changes over time. B. Streptococcus mitis, Streptococcus pneumoniae, Streptococcus salivarius, Staphylococcus 

epidermidis and Staphylococcus hominis species level relative abundance changes over time. C. Bifidobacterium genus level relative abundance changes over time 

accounting for feeding mode – Breast (BR) and Breast/Formula (BR/FO) fed. D. Bifidobacterium longum species level relative abundance changes over time accounting 

for feeding mode – Breast (BR) and Breast/Formula (BR/FO) fed. 
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Figure 4.9. Individual Infant and Maternal Skin Relative Abundant Genus Level Taxonomic Profiles Over Time. Composition data was generated from infant and 

maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the 

shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bars displayed the relative abundance data. The origin swab samples were 

collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother (n=85). Timepoints investigated included: Infant - Birth (B), 

Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Each 

stacked bar represents the relative abundance (%) of the top 5 genera in an individual infant or mother over time. The Genus key allocates a unique colour to the genera 

represented in the stacked bars.  
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Figure 4.10. Individual Infant and Maternal Skin Relative Abundant Species Level Taxonomic Profiles Over Time. Composition data was generated from infant and 

maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the 

shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bars displayed the relative abundance data. The origin swab samples were 

collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother (n=85). Timepoints investigated included: Infant - Birth (B), 

Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Each 

stacked bar represents the relative abundance (%) of the top 5 species in an individual infant or mother over time. The Species key allocates a unique colour to the species 

represented in the stacked bars.  
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Genus and species level significant differential abundance associations over time 

across infant skin were identified, also accounting for individual variation (Figure 

4.11). Multiple genera (Acinetobacter, Epilithonimonas, Fervidobacterium and 

Streptococcus) and species (A. johnsonii and S. salivarius) that were previously 

identified as common across all infant skin over time (Figures 4.6-4.7), were 

identified as significantly differentially abundant with positive and negative 

associations temporally on infant skin.  

With B as a reference timepoint (Figure 4.11. A.), Acinetobacter had a weaker 

positive association on infant skin at W3 and a stronger positive association at M12. 

Streptococcus had a strong positive association on infant skin at M4. 

Epilithonimonas had a strong positive association on infant skin at M8 and M12. To 

species level (Figure 4.11. C.), A. johnsonii had a weaker positive association at 

M8 and a stronger positive association at M12 on infant skin. S. salivarius had a 

weaker positive association at W1 and W3, and a stronger positive association at 

M4 on infant skin.  

With M12 as a reference timepoint (Figure 4.11. B.), Acinetobacter had a stronger 

negative association at B and M4, and a weaker negative association at W1 on 

infant skin. Epilithonimonas had a stronger negative association at B, and weaker 

negative association at W1 and M4 on infant skin. Fervidobacterium had a weaker 

positive association at B and W3, and a stronger positive association at W1 on infant 

skin. To species level (Figure 4.11. D.), A. johnsonii had a stronger negative 

association at B and M4, and a weaker negative association at W1 and W3 on infant 

skin.  

These results correlate with Figures 4.6-4.7 where certain microbes were in higher 

abundance at timepoints, such as Acinetobacter (A. johnsonii) at M12, 

Streptococcus (S. salivarius) at M4, Epilithonimonas at M8 and M12, and 

Fervidobacterium between B and W3. There was no association of these genera or 

species with pregnancy term, delivery or feeding mode on infant skin. But 

Fervidobacterium had a weak positive association with feeding mode over time, 

which is in line with Fervidobacterium relative abundance being higher between B 

to W3, when breast feeding would have been more prevalent. Timepoint, thus age, 

was influential on the microbial abundance on infant skin, whilst pregnancy term, 

delivery and feeding mode were not. Feeding mode appeared to have some 

influence on Fervidobacterium abundance at earlier timepoints.  
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Figure 4.11. Top 50 Differential Abundant Genera and Species Significant Associations Over Time on Infant Skin. Relative abundance data was generated from 

infant skin swabs using shotgun metagenomics sequencing, generated on the Illumina platform.  Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. The relative abundance values were run through MaAsLin2 to obtain significant differential 

abundant genera and species associations over time, accounting for individual variation and multiple factors. The origin swab samples were collected at multiple timepoints, 

with one swab collected from one forearm from each infant (n=89). Timepoints investigated included Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and 

Month 12 (M12). Factors accounted for included pregnancy term (Late Preterm [LP] and Full Term [FT]), delivery mode (Vaginal Delivery [VD] and Caesarean Section [CS]) 

and feeding mode (Breast [BR] and Breast/Formula [BR/FO]). The key allocates a significance scale (-log[q-value]*sign[coefficient]) with a unique colour and direction to 

positive (red [+]) and negative (blue [-]) microbial associations. A. Infant skin swab differential abundant genera significant associations over time using birth as a reference 

timepoint. B. Infant skin swab differential abundant genera significant associations over time using month 12 as a reference timepoint. C. Infant skin swab differential abundant 

species significant associations over time using birth as a reference timepoint. D. Infant skin swab differential abundant species significant associations over time using 

month 12 as a reference timepoint. 
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4.6.2 Maternal and Infant Skin Archaeal Composition Over Time 

Archaeal profiles were successfully generated from 67/174 maternal and infant skin 

swab samples, but not the skin culture datasets demonstrating that archaea were 

unculturable from the skin; as only 67 samples generated archaeal profiles, 

timepoints were lost. The archaeal taxonomic profiles within each individual, in the 

maternal and infant datasets, identified 13 common species (Halorubrum 

lipolyticum, Haloferax massiliensis, Methanobacterium sp. 000499765, 

Methanobrevibacter_A oralis, Methanobrevibacter_A sp. 900766745, 

Methanobrevibacter_A sp. 900769095, Methanobrevibacter_A smithii, 

Methanobrevibacter_A smithii_A, Methanobrevibacter_A woesei, Methanosphaera 

sp. 900322125, Methanosphaera stadtmanae, MGYG000003962 and UBA71 sp. 

006954425) (Figure 4.12). The maternal and infant skin exhibited similar archaeal 

profiles, which were in very low abundance in the skin (1% of each sample) relative 

to the other microbial communities present (99% of each sample); “Other” 

represents the other microbial communities identified within the samples. 

Species level relative abundance changes of archaea over time across all maternal 

and infant datasets were identified, accounting for individual variation (Figure 4.13). 

Significant differences were identified in the relative abundance changes between 

archaeal species over time (P < 0.001); in the relative abundance changes of 

archaeal species between the maternal and infant skin swab datasets over time (P 

< 0.05). These trends were still apparent when accounting for pregnancy term 

(Figure 4.14), delivery (Figure 4.15) and feeding mode (Figure 4.16). There were 

additional significant differences identified in the relative abundance changes of 

archaeal species between mothers that solely BR and BR/FO fed in the maternal 

skin swab dataset (P < 0.05). 

This appears to be the first descriptive account of archaea (sequenced using SMS) 

identified on infant skin within an infant cohort. These archaeal results indicate that 

timepoint (age) did not influence the archaeal relative abundance within each infant 

and maternal dataset but did influence relative abundance between all archaeal 

species across and between maternal and infant skin. Pregnancy term (gestational 

age), delivery and feeding (breast feeding) mode, did not appear to directly influence 

the establishment and development of the infant skin microbiome. 
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Figure 4.12. Archaeal Species Relative Abundance Profiles in Maternal and Infant Skin Swab Datasets. Shotgun metagenomics data was generated from infant and maternal skin 

swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with ATLAS, Kraken2 and Bracken. Bubbles display the relative abundance data of species. The origin swab samples 

were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother (n=85). Only 67 samples generated archaeal profiles 

from mothers (n=39) and infants (n=28). Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); 

Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. The species were allocated a unique colour and the relative abundance (%) is represented 

by the bubble size as identified in the key. 
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Figure 4.13. Archaeal Species Relative Abundance Changes Over Time in Maternal and Infant Skin Swab Datasets. Shotgun metagenomics data was generated from 

infant and maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were generated 

from the shotgun metagenomics data using a read mapping method with ATLAS, Kraken2 and Bracken. Bubbles display the relative abundance data of species. The origin 

swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother (n=85). Only 67 samples generated 

archaeal profiles from mothers (n=39) and infants (n=28). Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and 

Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. The timepoints were allocated a unique colour as identified in the Timepoint 

key, the relative abundance (%) is represented by the bubble size as identified in the Relative Abundance (%) key, and the ANOVA significant differences are indicated with 

an asterisk (*) as identified in the Significance Level and Significance Results key. 
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Figure 4.14. Archaeal Species Relative Abundance Changes Over Time in Maternal and Infant Skin Swab Datasets Accounting for Pregnancy Term. Shotgun 

metagenomics data was generated from infant and maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant 

taxonomic profiles were generated from the shotgun metagenomics data using a read mapping method with ATLAS, Kraken2 and Bracken. Bubbles display the relative 

abundance data of species. The origin swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother 

(n=85). Only 67 samples generated archaeal profiles from mothers (n=39) and infants (n=28). Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 

(W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Pregnancy term accounted for 

was split into Late Pre-Term (LP) and Full Term (FT). The timepoints were allocated a unique colour as identified in the Timepoint key, the relative abundance (%) is 

represented by the bubble size as identified in the Relative Abundance (%) key, and the ANOVA significant differences are indicated with an asterisk (*) as identified in the 

Significance Level and Significance Results key. 
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Figure 4.15. Archaeal Species Relative Abundance Changes Over Time in Maternal and Infant Skin Swab Datasets Accounting for Delivery Mode. Shotgun 

metagenomics data was generated from infant and maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant 

taxonomic profiles were generated from the shotgun metagenomics data using a read mapping method with ATLAS, Kraken2 and Bracken. Bubbles display the relative 

abundance data of species. The origin swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother 

(n=85). Only 67 samples generated archaeal profiles from mothers (n=39) and infants (n=28). Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 

(W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Delivery mode accounted for was 

split into Caesarean Section (CS) and Vaginal Delivery (VD). The timepoints were allocated a unique colour as identified in the Timepoint key, the relative abundance (%) is 

represented by the bubble size as identified in the Relative Abundance (%) key, and the ANOVA significant differences are indicated with an asterisk (*) as identified in the 

Significance Level and Significance Results key. 
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Figure 4.16. Archaeal Species Relative Abundance Changes Over Time in Maternal and Infant Skin Swab Datasets Accounting for Feeding Mode. Shotgun 

metagenomics data was generated from infant and maternal skin swabs using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant 

taxonomic profiles were generated from the shotgun metagenomics data using a read mapping method with ATLAS, Kraken2 and Bracken. Bubbles display the relative 

abundance data of species. The origin swab samples were collected at multiple timepoints, with one swab collected from one forearm from each infant (n=89) and mother 

(n=85). Only 67 samples generated archaeal profiles from mothers (n=39) and infants (n=28). Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 

(W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Feeding mode accounted for was 

split into Breast (BR) and Breast/Formula combined (BR/FO) fed. The timepoints were allocated a unique colour as identified in the Timepoint key, the relative abundance 

(%) is represented by the bubble size as identified in the Relative Abundance (%) key, and the ANOVA significant differences are indicated with an asterisk (*) as identified 

in the Significance Level and Significance Results key. 
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4.6.3 Maternal and Infant Skin, Stool and Vaginal Composition Diversity 

Changes Over Time 

Significant alpha diversity genus and species level changes over time across infant 

skin (and all other maternal and infant body sites) were identified, also accounting 

for individual variation (Figures 4.17-4.20; Table 4.1). Alpha diversity significant 

differences indicated that timepoint influenced within sample microbial diversity in 

the infant skin swabs and infant stools to genus and species level, mother vaginal 

swabs to genus level and mother skin cultures to species level; between the infant 

skin swab and other maternal and infant body sites to genus and species level 

(infant and maternal skin swab, infant skin swab and infant stool, infant skin swab 

and maternal stool, infant skin swab and maternal vaginal swab, infant skin swab 

and maternal vaginal culture, infant skin swab and infant skin culture, and infant skin 

swab and maternal skin culture); and overall across all maternal and infant body 

sites to genus and species level. All P values can be seen in Table 4.1. 

These trends were still apparent when accounting for pregnancy term (Table 4.2), 

delivery mode (Table 4.3), and feeding mode (Table 4.4). There was a significant 

difference in the within sample microbial diversity over time between LP and FT 

infants and mothers in the infant and mother skin swabs to species level, infant 

stools to genus and species level, and maternal stools to genus level. There was a 

significant difference in the within sample microbial diversity over time between CS 

and VB infants in infant stools to genus and species level, and maternal skin and 

vaginal swabs to genus level. There was a significant difference in the within sample 

microbial diversity over time between BR and BR/FO fed infants in the infant stools 

to genus level and the maternal skin to genus and species level.  All P values can 

be seen in Tables 4.2-4.4. 

With a focus on the infant microbiome, these trends indicate age as a defining factor 

for the within sample microbial diversity changes on infant skin and within infant 

stools. The diversity differences between pregnancy term, delivery and feeding 

modes in infant stools, and pregnancy term on infant skin could indicate that 

gestational age, delivery mode and breast feeding were involved in the within 

sample microbial changes in infants over time. Thus, age and gestational age 

appear important in the establishment and development of the infant skin 

microbiome, whilst age, gestational age, delivery and feeding mode appear 

important in the establishment and development of the infant gut microbiome. 
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Figure 4.17. Mother and Infant Genus Level Richness Alpha Diversity Changes Over Time at 

Multiple Body Sites. Diversity data was generated from maternal and infant samples from the skin, 

stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal 

vaginal swabs and cultures) using shotgun metagenomics sequencing data, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Using the relative 

abundance values, alpha diversity data was generated and displayed in box/violin plots. The 

Richness metric was used to measure alpha diversity. The origin samples were collected at multiple 

timepoints, with one swab collected from one forearm from each mother (n=85) and infant (n=89), 

one vaginal swab collected from each mother (n=83), a stool sample collected from each mother 

(78) and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and 

maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 

1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Horizontal bars on each plot show 

averages and vertical bars show the SEM. The Group key allocates a unique colour to indicate the 

maternal and infant body sites represented in the boxes/violins. An asterisk (*) indicates the infant 

and mother body sites with ANOVA significant differences (P < 0.05) in alpha diversity changes over 

time, and a line with an asterisk (*) indicates a significant difference (P < 0.05) over time across all 

the groups combined. 
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Figure 4.18. Mother and Infant Species Level Richness Alpha Diversity Changes Over Time at 

Multiple Body Sites. Diversity data was generated from maternal and infant samples from the skin, 

stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal 

vaginal swabs and cultures) using shotgun metagenomics sequencing data, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Using the relative 

abundance values, alpha diversity data was generated and displayed in box/violin plots. The 

Richness metric was used to measure alpha diversity. The origin samples were collected at multiple 

timepoints, with one swab collected from one forearm from each mother (n=85) and infant (n=89), 

one vaginal swab collected from each mother (n=83), a stool sample collected from each mother 

(78) and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and 

maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 

1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Horizontal bars on each plot show 

averages and vertical bars show the SEM. The Group key allocates a unique colour to indicate the 

maternal and infant body sites represented in the boxes/violins. An asterisk (*) indicates the infant 

and mother body sites with ANOVA significant differences (P < 0.05) in alpha diversity changes over 

time, and a line with an asterisk (*) indicates a significant difference (P < 0.05) over time across all 

the groups combined. 
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Figure 4.19. Mother and Infant Genus Level Shannon Alpha Diversity Changes Over Time at 

Multiple Body Sites. Diversity data was generated from maternal and infant samples from the skin, 

stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal 

vaginal swabs and cultures) using shotgun metagenomics sequencing data, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Using the relative 

abundance values, alpha diversity data was generated and displayed in box/violin plots. The 

Shannon metric was used to measure alpha diversity. The origin samples were collected at multiple 

timepoints, with one swab collected from one forearm from each mother (n=85) and infant (n=89), 

one vaginal swab collected from each mother (n=83), a stool sample collected from each mother 

(78) and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and 

maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 

1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Horizontal bars on each plot show 

averages and vertical bars show the SEM. The Group key allocates a unique colour to indicate the 

maternal and infant body sites represented in the boxes/violins. An asterisk (*) indicates the infant 

and mother body sites with ANOVA significant differences (P < 0.05) in alpha diversity changes over 

time, and a line with an asterisk (*) indicates a significant difference (P < 0.05) over time across all 

the groups combined. 
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Figure 4.20. Mother and Infant Species Level Shannon Alpha Diversity Changes Over Time at 

Multiple Body Sites. Diversity data was generated from maternal and infant samples from the skin, 

stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal 

vaginal swabs and cultures) using shotgun metagenomics sequencing data, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. Using the relative 

abundance values, alpha diversity data was generated and displayed in box/violin plots. The 

Shannon metric was used to measure alpha diversity. The origin samples were collected at multiple 

timepoints, with one swab collected from one forearm from each mother (n=85) and infant (n=89), 

one vaginal swab collected from each mother (n=83), a stool sample collected from each mother 

(78) and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and 

maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 

1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Horizontal bars on each plot show 

averages and vertical bars show the SEM. The Group key allocates a unique colour to indicate the 

maternal and infant body sites represented in the boxes/violins. An asterisk (*) indicates the infant 

and mother body sites with ANOVA significant differences (P < 0.05) in alpha diversity changes over 

time, and a line with an asterisk (*) indicates a significant difference (P < 0.05) over time across all 

the groups combined. 
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Table 4.1. Alpha Diversity Index ANOVA P Values for Significant Changes in the Maternal and Infant 

Datasets Over Time 

Datasets Genus P Values Species P Values 

Individual Richness Shannon Richness Shannon 

BSS P≤0.01 
 

P≤0.01  

MSS 
  

  

BST P≤0.05 
 

P≤0.01 P≤0.05 

MST     

MVS  P≤0.01   

MVC     

BSC     

MSC   P≤0.05 P≤0.05 

Between Richness Shannon Richness Shannon 

BSS-MSS P≤0.001 P≤0.05 P≤0.001  

BSS-BST P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MST P≤0.001 P≤0.001 P≤0.001  

BSS-MVS P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MVC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-BSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

Across All P≤0.001 P≤0.001 P≤0.001 P≤0.01 

 

Table 4.2. Alpha Diversity Index ANOVA P Values for Significant Changes in the Maternal and Infant 

Datasets Over Time Accounting for Pregnancy Term 

Datasets Genus P Values Species P Values 

Individual Richness Shannon Richness Shannon 

BSS P≤0.01 
 

P≤0.01  

MSS 
  

  

BST P≤0.01 P≤0.05 P≤0.01 P≤0.05 

MST     

MVS  P≤0.01   

MVC     

BSC     

MSC   P≤0.05  

Between Richness Shannon Richness Shannon 

BSS-MSS P≤0.001 P≤0.05 P≤0.001  

BSS-BST P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MST P≤0.001 P≤0.001 P≤0.001  

BSS-MVS P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MVC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-BSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

Across All P≤0.001 P≤0.05 P≤0.001 P≤0.01 

FT vs LP Richness Shannon Richness Shannon 

BSS   P≤0.05  

MSS   P≤0.01  

BST P≤0.01 P≤0.05 P≤0.05  

MST P≤0.01    

MVS     

MVC     

BSC     

MSC     
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Table 4.3. Alpha Diversity Index ANOVA P Value for Significant Changes in the Maternal and Infant 

Datasets Over Time Accounting for Delivery Mode 

Datasets Genus P Values Species P Values 

Individual Richness Shannon Richness Shannon 

BSS P≤0.01 
 

P≤0.01  

MSS 
  

  

BST P≤0.01 
 

P≤0.01 P≤0.05 

MST     

MVS  P≤0.01   

MVC     

BSC     

MSC   P≤0.05  

Between Richness Shannon Richness Shannon 

BSS-MSS P≤0.001 P≤0.05 P≤0.001  

BSS-BST P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MST P≤0.001 P≤0.001 P≤0.001  

BSS-MVS P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MVC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-BSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

Across All P≤0.001 P≤0.05 P≤0.001 P≤0.01 

CS vs VD Richness Shannon Richness Shannon 

BSS     

MSS  P≤0.01  P≤0.01 

BST P≤0.01 P≤0.05 P≤0.05  

MST     

MVS P≤0.05    

MVC     

BSC     

MSC     

 

Table 4.4. Alpha Diversity Index ANOVA P Value for Significant Changes in the Maternal and Infant 

Datasets Over Time Accounting for Feeding Mode 

Datasets Genus P Values Species P Values 

Individual Richness Shannon Richness Shannon 

BSS P≤0.01 
 P≤0.01  

MSS  
   

BST P≤0.01  P≤0.01 P≤0.05 

MST     

MVS  P≤0.01   

MVC     

BSC     

MSC   P≤0.05  

Between Richness Shannon Richness Shannon 

BSS-MSS P≤0.001 P≤0.01 P≤0.001  

BSS-BST P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MST P≤0.001 P≤0.001 P≤0.001  

BSS-MVS P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MVC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-BSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

BSS-MSC P≤0.001 P≤0.001 P≤0.001 P≤0.001 

Across All P≤0.001 P≤0.05 P≤0.001 P≤0.01 

BR vs BR/FO Richness Shannon Richness Shannon 

BSS     

MSS  P≤0.01  P≤0.05 

BST P≤0.05 P≤0.05   

MST     

MVS     

MVC     

BSC     

MSC     
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Beta diversity genus and species level changes over time across infant skin (and all 

other maternal and infant datasets) were identified, also accounting for individual 

variation (Figures 4.21-4.22; Table 4.5). Significant differences indicated that 

timepoint influenced the between sample microbial diversity in the infant skin swab, 

infant stool and mother vaginal swab body sites to genus and species level, and the 

infant skin cultures to species level; between the infant skin swab and certain 

maternal and infant body sites (infant and maternal skin swab, infant skin and infant 

stool, infant skin and maternal stool, infant skin and maternal vaginal swab, infant 

skin and maternal vaginal culture, infant skin and infant skin culture, infant skin and 

mother skin culture) to genus and species level; overall across all maternal and 

infant datasets to genus and species level. P values can be seen in Table 4.5. 

These trends were still apparent when accounting for pregnancy term (Table 4.6), 

delivery (Table 4.7) and feeding mode (Table 4.8). Pregnancy term also influenced 

the between sample microbial diversity in the maternal skin cultures to species level 

over time. There was a significant difference in the between sample microbial 

diversity over time between LP and FT infants in the infant skin swabs to genus and 

species level, and mothers in the mother skin swab and stools to genus and species 

level, and mother vaginal swab and cultures to species level. There was a significant 

difference in the between sample microbial diversity over time between CS and VB 

infants in the infant skin swabs to species level, and mothers in the mother skin 

swab, stool and vaginal swabs to genus and species level, and the mother vaginal 

cultures to species level. There was a significant difference in the between sample 

microbial diversity over time between BR and BR/FO fed infants in the infant skin 

swabs to species level, infant stools to genus and species level, and mothers in the 

mother skin swab, stool and vaginal swab and culture body sites to genus and 

species level. P values can be seen in Tables 4.6-4.8. 

With a focus on the infant microbiome, these trends indicate age as a defining factor 

for the between sample microbial diversity changes on infant skin and in infant stool. 

The diversity differences between pregnancy term, delivery and feeding mode on 

infant skin and feeding mode in infant stool, indicates that gestational age, delivery 

mode and breast feeding were involved in the between sample microbial diversity 

changes in infants. Thus, age, gestational age, delivery and feeding mode appear 

important in the establishment and development of the infant skin microbiome, and 

age and feeding mode appear important in the establishment and development of 

the infant gut microbiome. 
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Figure 4.21. Mother and Infant Genus Level Beta Diversity Changes Over Time at Multiple 

Body Sites. Diversity data was generated from maternal and infant samples from the skin, stool and 

vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal vaginal swabs 

and cultures) using shotgun metagenomics sequencing data, generated on the Illumina platform. 

Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a 

read mapping method with Kraken2 and Bracken. Using the relative abundance values, beta diversity 

data was generated and displayed in NMDS plots. The Bray-Curtis metric was used to measure beta 

diversity. The origin samples were collected at multiple timepoints, with one swab collected from one 

forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother 

(n=83), a stool sample collected from each mother (78) and infant (n=74), and cultures prepared for 

maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. 

Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 

8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, 

W3 and M4. The Group key allocates a unique colour to indicate the maternal and infant body sites 

represented in the ellipses. An asterisk (*) indicates the infant and mother body sites with 

PERMANOVA significant differences (P < 0.05) in beta diversity changes over time, and a line with 

an asterisk (*) indicates a significant difference (P < 0.05) over time across all the groups combined. 

The stress level is measure of how well the clustering has worked and should be 0.2 or less for a 

good result. 
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Figure 4.22. Mother and Infant Species Level Beta Diversity Changes Over Time at Multiple 

Body Sites. Diversity data was generated from maternal and infant samples from the skin, stool and 

vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal vaginal swabs 

and cultures) using shotgun metagenomics sequencing data, generated on the Illumina platform. 

Relative abundant taxonomic profiles were generated from the shotgun metagenomics data using a 

read mapping method with Kraken2 and Bracken. Using the relative abundance values, beta diversity 

data was generated and displayed in NMDS plots. The Bray-Curtis metric was used to measure beta 

diversity. The origin samples were collected at multiple timepoints, with one swab collected from one 

forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother 

(n=83), a stool sample collected from each mother (78) and infant (n=74), and cultures prepared for 

maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. 

Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 

8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, 

W3 and M4. The Group key allocates a unique colour to indicate the maternal and infant body sites 

represented in the ellipses. An asterisk (*) indicates the infant and mother body sites with 

PERMANOVA significant differences (P < 0.05) in beta diversity changes over time, and a line with 

an asterisk (*) indicates a significant difference (P < 0.05) over time across all the groups combined. 

The stress level is measure of how well the clustering has worked and should be 0.2 or less for a 

good result. 
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Table 4.5. Beta Diversity Index PERMANOVA P Values for Significant Changes in the Maternal and 

Infant Datasets Over Time 

Datasets Genus P Values Species P Values 

Individual Bray-Curtis Bray-Curtis 

BSS P≤0.001 P≤0.001 

MSS     

BST P≤0.001 P≤0.001 

MST     

MVS P≤0.001 P≤0.05 

MVC     

BSC  P≤0.05 

MSC     

Between Bray-Curtis Bray-Curtis 

BSS-MSS P≤0.01 P≤0.01 

BSS-BST P≤0.01 P≤0.01 

BSS-MST P≤0.01 P≤0.01 

BSS-MVS P≤0.01 P≤0.01 

BSS-MVC P≤0.01 P≤0.01 

BSS-BSC P≤0.01 P≤0.01 

BSS-MSC P≤0.01 P≤0.01 

Across All P≤0.001 P≤0.001 

 

Table 4.6. Beta Diversity Index PERMANOVA P Values for Significant Changes in the Maternal and 

Infant Datasets Over Time Accounting for Pregnancy Term 

Datasets Genus P Values Species P Values 

Individual Bray-Curtis Bray-Curtis 

BSS P≤0.001 P≤0.001 

MSS     

BST P≤0.001 P≤0.001 

MST     

MVS P≤0.001 P≤0.05 

MVC     

BSC  P≤0.05 

MSC   P≤0.05 

Between Bray-Curtis Bray-Curtis 

BSS-MSS P≤0.01 P≤0.01 

BSS-BST P≤0.01 P≤0.01 

BSS-MST P≤0.01 P≤0.01 

BSS-MVS P≤0.01 P≤0.01 

BSS-MVC P≤0.01 P≤0.01 

BSS-BSC P≤0.01 P≤0.01 

BSS-MSC P≤0.01 P≤0.01 

Across All P≤0.001 P≤0.001 

LP vs FT Bray-Curtis Bray-Curtis 

BSS P≤0.01 P≤0.001 

MSS P≤0.001 P≤0.001 

BST   

MST P≤0.01 P≤0.001 

MVS  P≤0.001 

MVC   P≤0.05 

BSC   

MSC     

 

 

 

 

 

 

 

 

 

 



159 
 

Table 4.7. Beta Diversity Index PERMANOVA P Values for Significant Changes in the Maternal and 

Infant Datasets Over Time Accounting for Delivery Mode 

Datasets Genus P Values Species P Values 

Individual Bray-Curtis Bray-Curtis 

BSS P≤0.001 P≤0.001 

MSS     

BST P≤0.001 P≤0.001 

MST     

MVS P≤0.001 P≤0.05 

MVC     

BSC  P≤0.05 

MSC     

Between Bray-Curtis Bray-Curtis 

BSS-MSS P≤0.01 P≤0.01 

BSS-BST P≤0.01 P≤0.01 

BSS-MST P≤0.01 P≤0.01 

BSS-MVS P≤0.01 P≤0.01 

BSS-MVC P≤0.01 P≤0.01 

BSS-BSC P≤0.01 P≤0.01 

BSS-MSC P≤0.01 P≤0.01 

Across All P≤0.001 P≤0.01 

CS vs VB Bray-Curtis Bray-Curtis 

BSS  P≤0.05 

MSS P≤0.01 P≤0.01 

BST   

MST P≤0.05 P≤0.05 

MVS P≤0.05 P≤0.05 

MVC   P≤0.01 

BSC   

MSC     

 

Table 4.8. Beta Diversity Index PERMANOVA P Values for Significant Changes in the Maternal and 

Infant Datasets Over Time Accounting for Feeding Mode 

Datasets Genus P Values Species P Values 

Individual Bray-Curtis Bray-Curtis 

BSS P≤0.001 P≤0.001 

MSS     

BST P≤0.001 P≤0.001 

MST     

MVS P≤0.001 P≤0.05 

MVC     

BSC  P≤0.05 

MSC     

Between Bray-Curtis Bray-Curtis 

BSS-MSS P≤0.01 P≤0.01 

BSS-BST P≤0.01 P≤0.01 

BSS-MST P≤0.01 P≤0.01 

BSS-MVS P≤0.01 P≤0.01 

BSS-MVC P≤0.01 P≤0.01 

BSS-BSC P≤0.01 P≤0.01 

BSS-MSC P≤0.01 P≤0.01 

Across All P≤0.001 P≤0.001 

BR vs BR/FO Bray-Curtis Bray-Curtis 

BSS  P≤0.05 

MSS P≤0.01 P≤0.01 

BST P≤0.05 P≤0.05 

MST P≤0.01 P≤0.01 

MVS P≤0.05 P≤0.05 

MVC P≤0.01 P≤0.01 

BSC   

MSC     
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4.6.4 Shared Microbiota Over Time between Maternal and Infant Skin, Stool 

and Vaginal Body Sites 

The common genera and species across all the maternal and infant body sites (skin, 

stool, vaginal and culture), combining all individuals, were also identified (Figures 

4.23-4.24); the cultures were included in this analysis to enable identification of 

culturable microbiota of interest. Common genera identified across all the datasets 

over time included Staphylococcus, Streptococcus, Micrococcus and 

Bifidobacterium. Species of interest included S. epidermidis and M. luteus. Of these 

common shared genera and species identified across all datasets over time, trends 

were identified. From T1 to T3, across the maternal datasets, there was an overall 

trend of Staphylococcus (S. epidermidis) relative abundance decreasing and 

Bifidobacterium, Streptococcus and Micrococcus (M. luteus) increasing. From B to 

M4, across the maternal and infant datasets, Staphylococcus (S. epidermidis) 

decreased, which then increased from M8 to M12. From B to M8 the abundance of 

Streptococcus and Bifidobacterium increased and then decreased at M12. These 

trends are likely indicative of weaning the infants off breast milk and a possible start 

point for transition from an infant microbiome to an adult microbiome. Micrococcus 

(M. luteus) abundance slightly fluctuated over time across the maternal and infant 

datasets. These common microbiota over time across all maternal and infant 

datasets may indicate the occurrence of microbial sharing between mother and 

infant pairs across different body sites (skin, gut and vagina) over time (all of which 

should be culturable from the culture collection); and may have a functional 

importance in the developing infant microbiomes.  
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Figure 4.23. Common Shared Relative Abundant Genera Over Time Across all Maternal and 

Infant Datasets. Relative abundance data was generated from maternal and infant samples from 

the skin, stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and 

maternal vaginal swabs and cultures), using shotgun metagenomics sequencing, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. The origin samples 

were collected at multiple timepoints, with one swab collected from one forearm from each mother 

(n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample 

collected from each mother (78) and infant (n=74), and cultures prepared for maternal (56) and infant 

(n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated 

included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 

(M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. All 

individuals and body sites (skin, stool, vaginal and cultures) were combined to calculate the mean 

relative abundance (%) for each of the common genera (represented in the pie chart slices) at each 

timepoint (represented in each pie chart) in the maternal and infant population; cultures were 

included to identify what microbiota are culturable from these body sites. The coloured labels 

matching the pie chart slices indicates the genus relative abundance (%). The Genus key allocates 

a unique colour to the genera represented in the pie charts.
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Figure 4.24. Common Shared Relative Abundant Species Over Time Across all Maternal and 

Infant Datasets. Relative abundance data was generated from maternal and infant samples from 

the skin, stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and 

maternal vaginal swabs and cultures), using shotgun metagenomics sequencing, generated on the 

Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. The origin samples 

were collected at multiple timepoints, with one swab collected from one forearm from each mother 

(n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample 

collected from each mother (78) and infant (n=74), and cultures prepared for maternal (56) and infant 

(n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated 

included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 

(M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. All 

individuals and body sites (skin, stool, vaginal and cultures) were combined to calculate the mean 

relative abundance (%) for each of the common species (represented in the pie chart slices) at each 

timepoint (represented in each pie chart) in the maternal and infant population; cultures were 

included to identify what microbiota are culturable from these body sites. The coloured labels 

matching the pie chart slices indicates the species relative abundance (%). The Species key 

allocates a unique colour to the species represented in the pie charts.
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Relative abundance changes over time for each of the common shared genera 

(Staphylococcus, Streptococcus, Micrococcus and Bifidobacterium) and species (S. 

epidermidis and M. luteus) across all maternal and infant datasets were identified, 

accounting for individual variation (Figure 4.25-4.26). Significant differences were 

found in the relative abundance of each common genera over time in the infant skin 

swab dataset (P < 0.01), and common species in the infant stool dataset (P < 0.01); 

relative abundance between the common genera in all maternal and infant datasets 

over time (P < 0.001; maternal vaginal swab dataset P < 0.05), and between the 

common species in the infant skin swab, maternal skin culture, maternal vaginal 

culture (P < 0.001), infant skin culture and infant stool datasets (P < 0.01) over time; 

relative abundance of the common genera over time between the infant skin swab 

and maternal stool datasets, and the infant skin swab and maternal vaginal swab 

datasets (P < 0.001); and the overall relative abundance of the common genera and 

species over time across all maternal and infant skin, stool, vaginal and culture 

datasets (P < 0.001). 

These trends were still apparent when accounting for pregnancy term, delivery and 

feeding mode. When accounting for delivery mode (VD vs CS), there were additional 

significant differences in the relative abundance of each common genera over time 

in the maternal skin swabs (P < 0.01). There was a significant difference in the 

overall relative abundance of the common genera over time between LP and FT 

mothers and infants in the maternal skin swabs and infant stools (P < 0.01), and 

common species over time between LP and FT mothers in the maternal vaginal 

cultures (P < 0.01). There was a significant difference in the overall relative 

abundance of the common genera over time between solely BR and BR/FO 

combined feeding mothers and infants in the maternal skin swabs (P < 0.05), 

maternal vaginal cultures (P < 0.01) and infant stools (P < 0.05), and of the common 

species over time between solely BR feeding and BR/FO combined feeding infants 

in the infant stools (P < 0.05). 

With a focus on the infant microbiome, these trends indicate age as a defining factor 

for the relative abundance changes of the common genera and species on infant 

skin and within infant stools. The influence of pregnancy term and feeding mode on 

the relative abundance changes of the shared microbes over time in infant stools 

could indicate the involvement of gestational age and breast feeding in the 

establishment and development of the infant skin and gut microbiomes. Delivery 

mode did not appear to have an influence.
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Figure 4.25. Individual Variation of the Relative Abundance Changes Over Time of the Common Shared Genera in Maternal and Infant Datasets. Relative abundance 

data was generated from maternal and infant samples from the skin, stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and maternal vaginal 

swabs and cultures), using shotgun metagenomics sequencing, generated on the Illumina platform. Relative abundant taxonomic profiles were generated from the shotgun 

metagenomics data using a read mapping method with Kraken2 and Bracken. The origin samples were collected at multiple timepoints, with one swab collected from one 

forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample collected from each mother (78) and infant (n=74), 

and cultures prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. The 

relative abundance (%) for each of the common genera at each timepoint, within each mother and infant group, were plotted as spaghetti plots. The black line intersecting 

each plot shows the average, each sample ID has been allocated a unique colour and the lines with an asterisk (*) show the ANOVA significant differences (* = ≤ 0.05; ** = 

≤ 0.01; *** = ≤ 0.001). 
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Figure 4.26. Individual Variation of the Relative Abundance Changes Over Time of the Common Shared Species in Maternal and Infant Datasets. Relative 

abundance data was generated from maternal and infant samples from the skin, stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and 

maternal vaginal swabs and cultures), using shotgun metagenomics sequencing, generated on the Illumina platform. Relative abundant taxonomic profiles were generated 

from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. The origin samples were collected at multiple timepoints, with one swab 

collected from one forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample collected from each mother (78) 

and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated 

included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, 

W1, W3 and M4. The relative abundance (%) for each of the common species at each timepoint, within each mother and infant group, were plotted as spaghetti plots. The 

black line intersecting each plot shows the average, each sample ID has been allocated a unique colour and the lines with an asterisk (*) show ANOVA significant differences 

(* = ≤ 0.05; ** = ≤ 0.01; *** = ≤ 0.001).  
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Genus and species level top 50 significant differential abundance associations over 

time across infant skin (and all other maternal and infant datasets) were identified, 

also accounting for individual variation (Figure 4.27). With a focus on the common 

shared genera (Staphylococcus, Streptococcus, Micrococcus and Bifidobacterium) 

and species (S. epidermidis and M. luteus) identified previously between mothers 

and infants, only Streptococcus was identified in the top 50 significant associations 

when B and infant skin were used as the reference timepoint and body site (Figure 

4.27. A.).  

Streptococcus was weakly negatively associated with infant and maternal stool, and 

strongly negatively associated with maternal and infant skin cultures, and maternal 

vaginal swab and cultures. Streptococcus was not identified in the top 50 significant 

associations with maternal skin or pregnancy term, delivery or feeding mode. But 

Streptococcus was weakly positively associated with certain timepoints (W1, W3 

and M4) across the maternal and infant body sites. Streptococcus was also weakly 

positively associated with M8 and M12, which are timepoints only found across the 

infant body sites (skin and stool). When using M4 and maternal skin as the reference 

timepoint and body site, there were some timepoint specific associations with other 

genera within and across maternal and infant body sites. But there were no specific 

maternal and infant body site associations with genera in the top 50 significant 

associations identified (Figure 4.27. B.).  

There were also multiple Streptococcus species (S. mitis, S. oralis, Streptococcus 

gwangjuense, Streptococcus sp. oral. taxon. 431, S. pseudopneumoniae, 

Streptococcus australis, S. pneumoniae, and S. sanguinis) identified in the top 50 

significant associations within and across the maternal and infant body sites over 

time (Figure 4.27. C. & D.). When using B and infant skin as the reference timepoint 

and body site (Figure 4.27. C.), some Streptococcus species identified were weakly 

positively associated with timepoints W1 (S. mitis, S. oralis, Streptococcus sp. oral. 

taxon. 431, S. gwangjuense, S. pseudopneumoniae, S. australis and S. 

pneumoniae) and W3 (S. mitis, S. oralis, S. gwangjuense, S. pseudopneumoniae, 

S. australis and S. pneumoniae) in both mothers and infants, and more strongly 

positively associated at M4 in both groups; the positive association signal for S. 

pneumoniae, S. oralis and Streptococcus sp. oral. taxon. 431 at M4 was weaker 

than the other species. Other Streptococcus species identified were weakly 

positively associated with timepoints M8 (S. mitis, Streptococcus sp. oral. taxon. 

431, S. gwangjuense, S. pseudopneumoniae, S. australis and S. pneumoniae) and 
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M12 (Streptococcus sp. oral. taxon. 431, S. mitis, S. pseudopneumoniae and S. 

australis), which are infant specific timepoints, and T2 (S. australis) and T3 

(Streptococcus sp. oral. taxon. 431), which are maternal specific timepoints. All 

these Streptococcus species were strongly negatively associated with all maternal 

and infant body sites, except for maternal skin swab where, S. mitis, S. 

gwangjuense, Streptococcus sp. oral. taxon. 431, S. pseudopneumoniae, S. 

australis, and S. pneumoniae had a weak negative association. Some 

Streptococcus species were not identified in the top 50 significant associations for 

pregnancy term (S. mitis, S. oralis, Streptococcus sp. oral. taxon. 431, S. 

pseudopneumoniae, and S. pneumoniae), delivery (S. mitis, S. oralis, S. 

pseudopneumoniae, S. gwangjuense and S. pneumoniae) or feeding mode (S. 

mitis, S. oralis, Streptococcus sp. oral. taxon. 431, S. pseudopneumoniae, S. 

gwangjuense and S. pneumoniae). Streptococcus sp. oral. taxon. 431 and S. 

australis were weakly positively associated with delivery mode. S. australis and S. 

gwangjuense were also weakly negatively associated with pregnancy term.   

When using M4 and maternal skin as the reference timepoint and body site (Figure 

4. 27. D.), some Streptococcus species identified were strongly (S. mitis) and weakly 

(S. oralis and Streptococcus sp. oral. taxon. 431) negatively associated with the 

timepoint B, W3 (S. mitis, S. oralis and Streptococcus sp. oral. taxon. 431), and W1 

(S. mitis) in both mothers and infants. S. sanguinis was weakly positively associated 

with M12, which is an infant specific timepoint. Some species were also weakly 

negatively associated with maternal specific timepoints T1 (S. sanguinis, S. mitis, 

S. oralis and Streptococcus sp. oral. taxon. 431), T2 (S. mitis, S. oralis and 

Streptococcus sp. oral. taxon. 431) and T3 (S. mitis). S. mitis, S. oralis and 

Streptococcus sp. oral. taxon. 431 followed the same group associations as 

identified when using B and infant skin as the reference timepoint and body site.  S. 

mitis and Streptococcus sp. oral. taxon. 431 had an additional weak positive 

association found with infant skin, while S. oralis and S. sanguinis had no 

association on infant skin. S. mitis, S. oralis, S. sanguinis had no association with 

pregnancy term, feeding and delivery mode. Streptococcus sp. oral. taxon. 431 also 

had no associations with these factors except for a weak negative association with 

delivery mode.      

These results suggest that timepoint (age) was a defining factor on Streptococcus 

abundance on the infant skin and gut microbiome, whilst pregnancy term 

(gestational age), delivery and feeding mode were not largely influential. 
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Figure 4.27. Top 50 Differential Abundant Genera and Species Significant Associations Over Time Within and Across Mother and Infant Body Sites. Relative 

abundance data was generated from maternal and infant samples from the skin, stool and vaginal body sites (infant and maternal skin swabs, skin cultures, stools, and 

maternal vaginal swabs and cultures), using shotgun metagenomics sequencing, generated on the Illumina platform. Relative abundant taxonomic profiles were generated 

from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. The relative abundance values were run through MaAsLin2 to obtain 

significant differential abundant genera and species associations over time, accounting for individual variation and multiple factors. The origin samples were collected at 

multiple timepoints, with one swab collected from one forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool 

sample collected from each mother (78) and infant (n=74), and cultures prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); 

total n=582. Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), 

Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Factors accounted for included pregnancy term (Late Preterm [LP] and Full Term [FT]), delivery mode (Vaginal 

Delivery [VD] and Caesarean Section [CS]) and feeding mode (Breast [BR] and Breast/Formula [BR/FO]). The key allocates a significance scale (-log[q-

value]*sign[coefficient]) with a unique colour and direction to positive (red [+]) and negative (blue [-]) microbial associations. A. Mother and infant multi body site differential 

abundant genera significant associations over time using birth as a reference timepoint. B. Mother and infant multi body site differential abundant genera significant 

associations over time using month 4 as a reference timepoint. C. Mother and infant multi body site differential abundant species significant associations over time using 

birth as a reference timepoint. D. Mother and infant multi body site differential abundant species significant associations over time using month 4 as a reference timepoint.  
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4.6.5 Strain Level Sharing of the Common Microbiota between Maternal and 

Infant Skin, Stool and Vaginal Body Sites Over Time 

For the strain level analysis 4/582 samples were excluded from the analysis (BSS-

12-W1, BSS-12-W3, MVS-9-W3, BSC-2-2-M12) as the sequencing was not deep 

enough to correctly cover any markers. In case of when several metagenomes were 

available for one sample, the replicate with the higher number of reads were kept, 

with 566 samples included in the analysis (Figure 4.28), allowing full maternal and 

infant paired sample sets to be defined. 

 

Figure 4.28. Sample Availability Overview. Green tiles represent samples available for the 

analysis. Shotgun metagenomics data was generated from maternal and infant samples from the 

skin, stool and vaginal body sites (infant and maternal skin swabs, stools, and maternal vaginal 

swabs) using shotgun metagenomics sequencing, generated on the Illumina platform. The shotgun 

metagenomics data were annotated by MetaPhlAn4 to identify whether the samples contained 

enough marker genes to be used in the strain analysis. Samples that didn’t meet the sequencing 

depth threshold to cover enough markers for analysis were excluded, leaving a total of n=566 

samples, allowing full maternal and infant paired sample sets to be defined.  The origin samples were 

collected at multiple timepoints, with one swab collected from one forearm from each mother (n=85) 

and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample collected 

from each mother (78) and infant (n=74); total n=582. Timepoints investigated included: Infant - Birth 

(B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 

1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Factors accounted for included 

pregnancy term (Late Preterm [LP] and Full Term [FT]), delivery mode (Vaginal Delivery [VD] and 

Caesarean Section [CS]) and feeding mode (Breast [BR] and Breast/Formula [BR/FO]). 

Of the four genera of interest, strain detection identified seven clades of 

Bifidobacterium, one clade of Microccocus, nine clades of Streptococcus and ten 

clades of Staphylococcus (Table 4.9); see Appendix 16 for further details on which 

infant and mother samples these strains were found in, and which were skin specific. 
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A total of 27 strains and 109 sharing events between mother and infant pairs were 

identified (Figure 4.29).  

Table 4.9. Clade ID and nGD Threshold to Detect and Identify Strains 

Species Name Clade ID nGD Threshold 

Micrococcus luteus t__SGB16676 0.03 

Bifidobacterium dentium t__SGB17234 0.05 

Bifidobacterium pseudocatenulatum t__SGB17237 0.05 

Bifidobacterium catenulatum t__SGB17241 0.03 

Bifidobacterium adolescentis t__SGB17244 0.00542012 

Bifidobacterium breve t__SGB17247 0.03 

Bifidobacterium longum t__SGB17248 0.03413473 

Bifidobacterium bifidum t__SGB17256 0.0204073 

Staphylococcus simulans t__SGB7832 0.03 

Staphylococcus lugdunensis t__SGB7850 0.03 

Staphylococcus aureus t__SGB7852 0.03 

Staphylococcus warneri t__SGB7857 0.03 

Staphylococcus hominis t__SGB7858 0.03 

Staphylococcus haemolyticus t__SGB7861 0.03 

Staphylococcus caprae t__SGB7862 0.03 

Staphylococcus capitis t__SGB7863 0.03 

Staphylococcus epidermidis t__SGB7865 0.03 

Streptococcus thermophilus t__SGB8002 0.05 

Streptococcus salivarius t__SGB8005 0.03 

Streptococcus salivarius t__SGB8007_group 0.05 

Streptococcus gallolyticus t__SGB8018 0.03 

Streptococcus lutetiensis t__SGB8021 0.03 

Streptococcus anginosus t__SGB8028_group 0.03 

Streptococcus australis t__SGB8059_group 0.03 

Streptococcus lactarius t__SGB8065 0.03 

Streptococcus parasanguinis t__SGB8071 0.03607692 

Streptococcus mitis t__SGB8168 Present in positive controls only 
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Figure 4.29. Strains Shared between Mother and Infant Pairs. Strain level data was generated 

from maternal and infant samples from the skin, stool and vaginal body sites (infant and maternal 

skin swabs, stools, and maternal vaginal swabs) using shotgun metagenomics sequencing data, 

generated on the Illumina platform. The shotgun metagenomics data were annotated by MetaPhlAn4 

to identify whether the samples contained enough marker genes to be used in the strain analysis. 

Samples that didn’t meet the sequencing depth threshold to cover enough markers for analysis were 

excluded, leaving a total of n=566 samples, allowing full maternal and infant paired sample sets to 

be defined. Strains were generated from the shotgun metagenomics data using a read mapping 

method with MetaPhlAn4 and StrainPhlan identifying 27 strains and 109 sharing events for the four 

genera of interest (Bifidobacterium, Microccocus, Streptococcus and Staphylococcus). The origin 

samples were collected at multiple timepoints, with one swab collected from one forearm from each 

mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool 

sample collected from each mother (78) and infant (n=74); total n=582. Timepoints investigated 

included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 

(M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Factors 

accounted for included pregnancy term (Late Preterm [LP] and Full Term [FT]), delivery mode 

(Vaginal Delivery [VD] and Caesarean Section [CS]) and feeding mode (Breast [BR] and 

Breast/Formula [BR/FO]). A. Number of strains shared between maternal and infant skin samples 

over time, for the four genera of interest. B. Number of strains shared between maternal and infant 

stool samples over time, for the four genera of interest.  
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The overall strain transmissibility sharing events of the four genera of interest were 

identified between the maternal body sites and infant skin, and the maternal body 

sites and infant stool (focusing on 109 strain level sharing events) (Figure 4.30). 

Sharing events labelled as “Maternal related strain shared” indicated mother and 

infant pairs containing the same strains from the same species, and those labelled 

as “Maternal unrelated strain shared” indicated mother and infant pairs containing 

different strains from the same species.  

Sharing events (Figure 4.30. A.) were identified between infant and maternal skin 

swabs (Maternal related strain shared: Str. salivarius, Streptococcus lactarius, Sta. 

hominis; Maternal unrelated strain shared: Sta. hominis, Sta. epidermidis, Mic. 

luteus); infant skin swab and maternal stool (Maternal related strain shared: Sta. 

epidermidis, Bif. longum and Bif. bifidum; Maternal unrelated strain shared: Bif. 

longum); infant stool and maternal skin swab (Maternal related strain shared: Str. 

salivarius, Str. lactarius, Sta. hominis and Bif. longum; Maternal unrelated strain 

shared: Sta. hominis and Sta. epidermidis); infant stool and maternal stool (Maternal 

related strain shared: Str. salivarius, Str. parasanguinis, Bif. longum, 

Bifidobacterium dentium, Bif. bifidum and Bif. adolescentis; Maternal unrelated 

strain shared: Str. salivarius, Str. parasanguinis, Bif. longum, Bif. dentium, Bif. 

bifidum and Bif. adolescentis); infant stool and maternal vaginal swab (Maternal 

related strain shared: Bif. breve; Maternal unrelated strain shared: Sta. epidermidis 

and Bif. breve); and no sharing events were identified between infant skin swab and 

maternal vaginal swab. Fisher tests identified no significant differences (P > 0.05) 

in strain transmissibility in mother and infant pairs between the maternal body sites 

and infant skin swab, and maternal body sites and infant stool (P > 0.05). When 

accounting for timepoint (Figure 4.30. B.), pregnancy term (Figure 4.30. C.), 

delivery (Figure 4.30. D.) and feeding mode (Figure 4.30. E.), the same sharing 

events and Fisher test results were identified. 

The absence of significant differences in strains detected in mother and infant pairs, 

was likely due to the small number of mother and infant pairs (15 pairs), even though 

these pairs represented large sample sets and datasets. There is generally a low 

strain transmissibility (where the mother and infant pairs contain different strains of 

the same species) of Sta. epidermidis and Mic. luteus between maternal and infant 

body sites; these trends were still apparent when accounting for the factors 

timepoint, pregnancy term, delivery mode and feeding mode. There was a low strain 

transmissibility of Sta. epidermidis specifically between maternal and infant skin 
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from W1 to M8, and within the FT, LP, CS, VD, BR/FO and BR groups; between 

maternal skin and infant stool from W1 to W3, and within the FT, LP, VB, and BR 

groups (there was no transmission in the CS and BR/FO groups); between maternal 

vaginal swab and infant stool at W1, and within the FT, VB and BR groups (there 

was no transmission in the LP, CS and BR/FO groups). There was a low strain 

transmissibility of Mic. luteus specifically between maternal and infant skin from W1 

to W3, and within the FT, CS, VD, BR/FO and BR groups.  

There were also factor specific trends identified. There were no transmission events 

at B and M12 between maternal and infant body sites, M8 between maternal skin 

swab and infant stool or B and W3 between maternal vaginal swab and infant stool. 

There was low strain transmissibility between maternal and infant body sites at 

particular timepoints (Sta. hominis between maternal and infant skin swabs at M4; 

Bif. longum between maternal stool and infant skin swabs at M4 and M8; Str. 

salivarius between maternal and infant stool at M4; Str. parasanguinis between 

maternal and infant stool at M4 and M8; Bif. dentium between maternal and infant 

stool at M12; Bif. breve between maternal vaginal swab and stool at W1). When 

accounting for pregnancy term, there were no transmission events between 

maternal stool and infant skin swabs in the LP group, and low transmissibility of Str. 

salivarius and Bif. longum between maternal and infant stool in the LP group. When 

accounting for delivery mode, there was low transmissibility between maternal stool 

and infant skin swabs of Bif. longum in the CS group, maternal skin swabs and infant 

stool of Sta. hominis in the CS group. Low transmissibility was also observed 

between maternal and infant stool of Str. salivarius in CS group, Str. parasanguinis 

in the VB group, and Bif. adolescentis in the CS group. When accounting for feeding 

mode, there was low transmissibility of Bif. longum between maternal stool and 

infant skin swabs in the BR group, and Str. salivarius between maternal and infant 

stool in the BR/FO group. 

These transmissibility results overall suggest species specific sharing between 

certain body sites. Streptococcus, Staphylococcus and Micrococcus species were 

shared between maternal and infant skin. Staphylococcus and Bifidobacterium 

species were shared between maternal stool and infant skin however no species-

specific sharing was observed between infant skin and maternal vaginal body sites. 

Streptococcus, Staphylococcus, and Bifidobacterium species were shared between 

infant stool and maternal skin, Streptococcus and Bifidobacterium species were 

shared between infant and maternal stool, and Staphylococcus and Bifidobacterium 
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species were shared between infant stool and maternal vaginal body sites. These 

body site specific species sharing events appear to correlate with the taxonomic 

profiles previously discussed identifying “typical” maternal and infant skin and gut 

microbes (Streptococcus, Staphylococcus, Micrococcus, Bifidobacterium) and 

maternal vaginal microbes (Staphylococcus and Bifidobacterium). The maternal 

skin appears to be the main source of microbial transfer to infant skin, followed by 

the maternal gut, whereas the maternal vaginal body site did not appear to play a 

part in microbial transfer to the infant skin. The maternal skin also appeared to be 

the main source of microbial transfer to the infant gut, followed by the maternal gut 

and vaginal body sites.  

Finally, the strains that were shared between mother and infant pairs, were also 

identified in some culture samples (Table 4.10). In total, 27 strains were identified 

in one or more maternal skin or vaginal culture samples and were found in at least 

one paired infant sample. Six species of the 27 strains were identified as culturable 

from the culture metagenome samples (Bif. breve, Sta. aureus, Sta. epidermidis, 

Sta. haemolyticus, Sta. hominis and Str. anginosus).  
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Figure 4.30. Strain Transmissibility of the Shared Common Microbiota Between Maternal and Infant Pairs. Strain level data was generated from maternal and infant 

samples from the skin, stool and vaginal body sites (infant and maternal skin swabs, stools, and maternal vaginal swabs) using shotgun metagenomics sequencing data, 

generated on the Illumina platform. The shotgun metagenomics data were annotated by MetaPhlAn4 to identify whether the samples contained enough marker genes to be 

used in the strain analysis. Samples that didn’t meet the sequencing depth threshold to cover enough markers for analysis were excluded, leaving a total of n=566 samples, 

allowing full maternal and infant paired sample sets to be defined. Strains were generated from the shotgun metagenomics data using a read mapping method with 

MetaPhlAn4 and StrainPhlan identifying 27 strains and 109 sharing events for the four genera of interest (Bifidobacterium, Microccocus, Streptococcus and Staphylococcus), 

and strain transmissibility was assessed between infant and maternal body sites. The origin samples were collected at multiple timepoints, with one swab collected from one 

forearm from each mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool sample collected from each mother (78) and infant (n=74); 

total n=582. Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), 

Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Factors accounted for included pregnancy term (Late Preterm [LP] and Full Term [FT]), delivery mode (Vaginal 

Delivery [VD] and Caesarean Section [CS]) and feeding mode (Breast [BR] and Breast/Formula [BR/FO]). The strain transmissibility data displayed in stacked bar plots. The 

yellow bars correspond to the number of maternal and infant pairs sharing the same strain of each species (maternal related strains), while the purple bars correspond to 

the number of maternal and infant pairs carrying a different strain of the same species (maternal unrelated strains). Charted figures show the strain transmissibility between 

the maternal body sites and the infant skin (top chart) and infant stool (bottom chart). Fisher tests were used to test for statistically significant differences (P < 0.05) in strain 

transmissibility in maternal and infant pairs between the maternal body sites and infant skin swab, and maternal body sites and infant stool (also accounting for timepoint, 

pregnancy term, delivery and feeding mode); there were no significant differences identified. A. Overall Strain Transmissibility Between Maternal and Infant Pairs. B. Strain 

Transmissibility Over Time Between Maternal and Infant Pairs. C. Strain Transmissibility Between Maternal and Infant Pairs During Pregnancy Term. D. Strain Transmissibility 

Between Maternal and Infant Pairs During Delivery Mode. E. Strain Transmissibility Between Maternal and Infant Pairs During Feeding Mode.  
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Table 4.10. List of Species of Strains Identified in One Maternal Culture Sample and At Least One Infant Sample 

Species Family ID Mother Culture ID Infant Sample ID  

Bifidobacterium breve 6 MVC-6-T3 BST-6-M12; BST-6-M4; BST-6-W3; BST-6-M8; BST-6-W1 

Staphylococcus aureus 1 MVC-1-W3 BST-1-W3 

Staphylococcus epidermidis 1 MSC-1-T2 BST-1-W1 

Staphylococcus epidermidis 5 MVC-5-T2 BST-5-B; BSS-5-W1 

Staphylococcus epidermidis 5 MVC-5-W1 BST-5-W1 

Staphylococcus epidermidis 7 MVC-7-B BST-7-W1 

Staphylococcus epidermidis 10 MVC-10-B BST-10-B 

Staphylococcus epidermidis 10 MVC-10-W1 BST-10-B 

Staphylococcus epidermidis 10 MVC-10-W3 BST-10-B 

Staphylococcus epidermidis 14 MVC-14-T2 BST-14-W1 

Staphylococcus haemolyticus 5 MVC-5-B BST-5-B 

Staphylococcus haemolyticus 5 MVC-5-T3 BST-5-B 

Staphylococcus haemolyticus 5 MVC-5-W1 BST-5-B 

Staphylococcus haemolyticus 6 MVC-6-W1 BST-6-W1 

Staphylococcus hominis 5 MSC-5-T2 BSS-5-W3 

Staphylococcus hominis 5 MVC-5-T2 BSS-5-W1; BST-5-W1; BST-5-W3 

Staphylococcus hominis 5 MVC-5-T3 BSS-5-W1; BST-5-W1; BST-5-W3 

Staphylococcus hominis 5 MVC-5-W1 BSS-5-W3 

Staphylococcus hominis 11 MVC-11-B BSS-11-B; BST-11-W1 

Staphylococcus hominis 11 MVC-11-W1 BSS-11-B; BST-11-W1 

Streptococcus anginosus 1 MVC-1-W3 BST-1-M4; BST-1-W3 

Streptococcus anginosus 5 MVC-5-B BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 

Streptococcus anginosus 5 MVC-5-T1 BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 

Streptococcus anginosus 5 MVC-5-T2 BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 

Streptococcus anginosus 5 MVC-5-T3 BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 

Streptococcus anginosus 5 MVC-5-W1 BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 

Streptococcus anginosus 5 MVC-5-W3 BST-5-W3; BST-5-M4; BST-5-W1; BST-5-B 
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4.6.6 Generation of a PEARL Study MAGS Genome Catalogue 

A PEARL genome catalogue was generated, comprising 4,408 MAGs across 

various body sites: 110 infant skin swabs, 98 infant skin cultures, 871 infant stools, 

130 maternal skin cultures, 166 maternal skin swabs, 2319 maternal stools, 315 

maternal vaginal cultures, 230 maternal vaginal swabs and 169 from controls. All 

MAGs were of high quality (assessed using the criteria from Kiu et al. [398] with 

completeness >80% and contamination <10%), ranging in size from 1 to 7MB. 

Notably, 119 MAGs were unassigned at the species level and 7 MAGs were 

unassigned at the genus level, suggesting the potential discovery of novel species 

and genera. A phylogenomic tree provided an overview of the genus-level MAGs, 

highlighting the complexity of the data, and accounting for multifactorial differences 

(timepoint, pregnancy term, delivery and feeding mode) in microbial changes over 

time across eight maternal and infant datasets (covering skin, stool and vaginal body 

sites) (Figure 4.31). The tree also demonstrated alignment between MAGs 

composition and the taxonomic profiles presented earlier in this chapter (Figures 

4.9; Appendix 14). There were more MAGs generated for the previously identified 

core genera (Bifidobacterium, Micrococcus, Streptococcus and Staphylococcus) 

(Figure 4.18) than other genera. These core genera were highlighted in the inner 

circle of the tree (Figure 4.31) and zoomed in on in a pruned version of the tree 

(Figure 4.32). Overall, these results support earlier compositional and microbial 

sharing findings, confirming the sharing of core genera between maternal and infant 

pairs across multiple body sites over time. Additionally, the trees indicate that the 

composition remained relatively consistent over time, as no clustering was identified 

at specific timepoints. An overview of the species-level MAGs and their counts 

revealed greater species diversity in the maternal skin and stool sites compared to 

their infants (Figure 4.33).  
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Figure 4.31. Genus Level Tree for Maternal and Infant MAGs Generated. This tree provides an overview of genus level MAGs (n=4,408) identified in mothers and infants 

at multi body sites. MAGs were generated from infant (n=110) and maternal (n=166) skin swabs, infant (n=98) and maternal skin swab cultures (n=130), infant (n=871) and 

maternal (n=2319) stools, and maternal vaginal swab (n=230) and cultures (n=315) and controls (n=169) using the shotgun metagenomics sequencing data on the Illumina 

platform. The shotgun metagenomics data was run through a MetaWRAP three binning (MetaBAT, MAXBIN2 and CONCOCT) pipeline to generate high quality MAGs 

assessed using the criteria from Kiu et al. [398] (completeness >80% and contamination <10%). MAGs were run through Mashtree to generate a tree in ITOL. The origin 

samples (these MAGs were identified in) were collected at multiple timepoints, one swab was collected from one forearm from each mother (n=85) and infant (n=89), one 

vaginal swab was collected from each mother (n=83), a stool sample was collected from each mother (78) and infant (n=74), and cultures were prepared for maternal (56) 

and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 

4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Other factors accounted for included: Pregnancy 

Term - Late Preterm (LP) and Full Term (FT); Delivery Mode - Vaginal Delivery (VD) and Caesarean Section (CS); Feeding Mode - Breast (BR) and Breast/Formula (BR/FO) 

milk. The Factor and Genus key allocates a unique colour to each factor and genus identified in the tree clades and rings. The tree scale indicates the branch length distance 

between the clades.
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Figure 4.32. Pruned Tree for Maternal and Infant MAGs Generated for the Core Genera. MAGs 

were generated using the shotgun metagenomics data, generated from the Illumina platform, from 

infants and mothers at multiple body sites (skin, stool and vagina). The shotgun metagenomics data 

was run through a MetaWRAP three binning (MetaBAT, MAXBIN2 and CONCOCT) pipeline to 

generate high quality MAGs assessed using the criteria from Kiu et al. [398] (completeness >80% 

and contamination <10%). MAGs were run through Mashtree to generate a tree in ITOL. This tree 

provides an overview of the genus level MAGs for the four shared genera - Staphylococcus (n=228), 

Streptococcus (n=94), Micrococcus (n=94) and Bifidobacterium (n=200) identified in mothers and 

infants at multiple body sites - Baby Skin Swabs (BSS), Baby Skin Cultures (BSC), Mother Skin 

Swabs (MSS), Mother Skin Cultures (MSC), Baby Stools (BST), Mother Stool (MST), Mother Vaginal 

Swabs (MVS) and Mother Vaginal Cultures (MVC). The origin samples (where these MAGs were 

identified in) were collected at multiple timepoints, with one swab collected from one forearm from 

each mother (n=85) and infant (n=89), one vaginal swab collected from each mother (n=83), a stool 

sample collected from each mother (78) and infant (n=74), and cultures prepared for maternal (56) 

and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints 

investigated included: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) 

and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and 

M4. Other factors accounted for included: Pregnancy Term - Late Preterm (LP) and Full Term (FT); 

Delivery Mode - Vaginal Delivery (VD) and Caesarean Section (CS); Feeding Mode - Breast (BR) 

and Breast/Formula (BR/FO) milk. The Factor and Genus key allocates a unique colour to each 

factor and genus identified in the tree clades and rings. The tree scale indicates the branch length 

distance between the clades. 
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Figure 4.33. Treemap of the Maternal and Infant Species MAGs Counts. This treemap provides an overview of the species counts for the MAGs generated (n=4,408) 

from mothers and infants at multi body sites (skin, stool and vagina). MAGs were generated from infant (n=110) and maternal (n=166) skin swabs, infant (n=98) and maternal 

skin swab cultures (n=130), infant (n=871) and maternal (n=2319) stools, and maternal vaginal swab (n=230) and cultures (n=315) and controls (n=169) using shotgun 

metagenomics sequencing data, generated on the Illumina platform. The shotgun metagenomics data was run through a MetaWRAP three binning (MetaBAT, MAXBIN2 

and CONCOCT) pipeline to generate high quality MAGs assessed using the criteria from Kiu et al. [398] (completeness >80% and contamination <10%). MAGs species 

counts were displayed in a treemap. The origin samples (these MAGs were identified in) were collected at multiple timepoints, one swab was collected from one forearm 

from each mother (n=85) and infant (n=89), one vaginal swab was collected from each mother (n=83), a stool sample was collected from each mother (78) and infant (n=74), 

and cultures were prepared for maternal (56) and infant (n=48) skin swabs and maternal vaginal swab cultures (n=69); total n=582. Timepoints investigated included: Infant 

- Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. 

Each species were allocated a unique colour as identified in the key. 
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4.7 Discussion 

The Composition and Baseline of a Healthy Infant Skin Microbiome Over Time 

The dominant microbes in varying abundances identified in infant and maternal skin 

(Streptococcus, Staphylococcus and Acinetobacter), and associations of certain 

infant microbes (Lactobacillus and Bifidobacterium) with other maternal body sites 

(vaginal and stool) and factors (feeding and delivery mode) correlated with the 

dominant adult and infant phyla identified in other studies [1, 7, 14, 15, 446-448]. 

The higher abundances of Streptococcus spp., such as S. mitis and S. salivarius 

identified in infant skin compared to their mothers, align to other research; indicating 

that increased Streptococcus abundance contributes to the acidification of infant 

skin in the months following birth, contributing to the formation of the acid mantle 

[449]. This protective layer, which begins forming during the last trimester of 

pregnancy, creates an environment that supports the growth of lactic-acid producing 

Streptococcus spp. [449, 450]. This may explain the steady increase in 

Streptococcus abundance on infant skin from B to M8, followed by a decrease at 

M12 as the acid mantle becomes fully developed. In parallel, a higher abundance 

of Staphylococcus on infant skin from B to W3, may be attributed to the vernix 

caseosa, known as a “natural moisturiser”, that makes skin greasy and moist, 

providing an ideal environment for Staphylococcus, as seen on adult skin [37, 238-

240]. After W3, the abundance of Staphylococcus decreases significantly, but 

begins to rise again at M12. This resurgence may coincide with development of the 

acid mantle by Streptococcus, leading to a more stable and acidic skin barrier, that 

supports the growth of Staphylococcus; ultimately contributing to a shift towards a 

more adult-like skin microbiome, where Staphylococcus plays a key role in 

maintaining skin barrier integrity [44]. This trend aligns with the consistent presence 

of Staphylococcus on maternal skin across all timepoints. Acinetobacter showed 

higher abundance on maternal skin compared to infants, with its presence on infant 

skin increasing by M12, consistent with other studies showing a gradual increase in 

Acinetobacter abundance from B to M12 [14]. Additionally, oral related taxa, such 

as S. oralis, G. haemolysans, Neisseria and Rothia, were identified on infant skin, 

likely transferred through breast feeding [449, 451]. This is supported by previous 

studies showing that breast milk influences the development of the infant oral 

microbiome [451], suggesting a plausible transfer between the infant skin, breast 

milk and oral microbiome.  
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Breast milk derived species, such as  B. breve [397, 452], were identified exclusively 

in infant stools and not in maternal stools, suggesting potential vertical transfer from 

breast milk, as supported by previous studies [397, 452]. Other Bifidobacterium 

species present in mother and infant included B. longum and B. bifidum. These 

species have also been detected in both breast milk and faeces of mothers and 

infants [397]. Research has shown Bifidobacterium to dominate the infant gut 

microbiome, which aligns with my findings [446]. This may be due to the infant’s milk 

based diet, which promotes a saccharolytic metabolism of human milk 

oligosaccharides characterised by smaller sugar like glucose -  primarily driven by 

Bifidobacterium spp., such as B. bifidum, B. breve, B. longum [446]. In contrast, the 

adult gut microbiome supports a metabolic profile with lower sugar levels, typically 

sustained by F. prausnitzii [446], which may explain the decrease of Bifidobacterium 

in infant stools at M12 identified; coinciding when infants stop consuming any breast 

milk.  

From a multi-body site microbial sharing perspective, the infant skin microbiome 

over time appears to be most influenced by the maternal skin, with limited 

contributions from other maternal body sites. However, some sharing of vaginal 

associated bacteria such as L. crispatus, and stool and vaginal associated bacteria 

such as B. breve, B. longum and B. bifidum from maternal to infant skin was 

observed, as shown in other studies [129]. Mothers with Bifidobacterium in both 

vaginal and stool profiles gave birth via different delivery modes, suggesting that 

these microbes may be transferred vertically through breast milk. Additionally, there 

was potential microbial sharing within individual infants between their skin and stool, 

specifically for Bifidobacterium spp., indicating transient and vertical transfer from 

breast milk to the skin and gut. This transfer between body sites has been supported 

by previous literature [397, 451, 452].  

Across all infants, the common bacteria present on the skin from B to M12 included 

Acinetobacter (A. baumannii, A. johnsonii and A. iwoffii), Bifidobacterium (B. 

longum), Corynebacterium, Cutibacterium (C. acnes), Epilithonimonas (E. 

vandammei), Fervidobacterium (F. pennivorans), Gemella (G. haemolysans), 

Gordonia, Haemophilus, Micrococcus (M. luteus), Moraxella (M. osloensis), 

Neisseria, Paracoccus (P. yeei), Pseudomonas (P. putida), Rothia, Staphylococcus 

(S. epidermidis, S. hominis) and Streptococcous (S. mitis, S. pneumoniae and S. 

salivarius), which agreed with 16S rRNA gene amplicon profiles from a healthy 

cohort of infants (using leg skin samples) by Murphy et al. [449]. This further 
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suggests that this study may provide the first potential baseline for a healthy infant 

skin microbiome generated using SMS. 

Maternal and Infant Skin Archaeal Composition Over Time 

Though the focus of this thesis was on the bacteriome, the infant skin archaeome 

was explored to address a research gap in the microbiome field. Using a specialised 

archaeome pipeline, the first species-level skin archaeome was identified in an 

infant cohort. The same archaeal species were found on both maternal and infant 

skin including Halorubrum lipolyticum, Haloferax massiliensis, Methanobacterium 

sp. 000499765, and various Methanobrevibacter and Methanosphaera species. All 

archaeal species were present at very low abundance, consistent with other 

research on the human skin archaeome [30, 453-456]. While timepoint did not 

appear to drive archaeal abundance on maternal and infant skin at the individual 

species level, it did influence archaeal abundance across and between species in 

the combined maternal and infant datasets. These trends were still apparent when 

accounting for pregnancy term, delivery mode and feeding mode, although feeding 

mode specifically influenced the abundance of archaea on the maternal skin. 

Maternal and Infant Skin, Stool and Vaginal Diversity Changes Over Time 

With a focus on the infant microbiome, these trends indicate age as a defining factor 

for the within (alpha) and between (beta) sample microbial diversity changes on 

infant skin and within infant stools; thus, the establishment and development of the 

infant skin and gut microbiome. From an alpha diversity perspective, gestational age 

exhibited additional influences on the infant skin and gut microbiome, with delivery 

and feeding mode having additional influences on the gut microbiome. From a beta 

diversity perspective, gestational age, delivery and feeding mode had additional 

influences on the infant skin microbiome and feeding mode had additional influences 

on the infant gut microbiome. The consistency in diversity analysis trends over time 

aligns with findings from several studies that highlight that the skin microbiome is 

defined by age [1, 4, 14, 18, 56, 175, 176]. 

Shared Microbiota Over Time between Maternal and Infant Skin, Stool and 

Vaginal Body Sites 

The common microbiota (Bifidobacterium, Micrococcus, Staphylococcus and 

Streptococcus) over time across all maternal and infant dataset indicate the 

occurrence of microbial sharing between mother and infant pairs across different 
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body sites (skin, gut and vagina) over time (all of which should be culturable from 

the culture collection); and may have a functional importance in the developing 

infant microbiomes. Timepoint emerged as the primary driver of abundance 

changes of the shared microbes across all maternal and infant body sites. With a 

focus on the infant microbiome, the trends indicate age as a defining factor for the 

relative abundance changes of the common genera and species on infant skin and 

within infant stools. The influence of pregnancy term and feeding mode on the 

relative abundance changes of the shared microbes over time in infant stools could 

indicate the involvement of gestational age and breast feeding in the establishment 

and development of the infant skin and gut microbiomes. Delivery mode did not 

appear to have an influence. The consistency in results for the shared microbial 

abundance and differential associations across and within maternal and infant body 

sites, suggests timepoint is the main determinant of the infant skin microbiome 

development. This aligns with findings from several studies that highlight that the 

skin microbiome is defined by age [1, 4, 14, 18, 56, 175, 176]. 

Strain Level Sharing of the Common Microbiota between Maternal and Infant 

Skin, Stool and Vaginal Body Sites Over Time 

Species specific strain level sharing was observed between certain body sites 

including maternal and infant skin swab (Streptococcus, Staphylococcus and 

Micrococcus), maternal stool and infant skin swab (Staphylococcus and 

Bifidobacterium), infant stool and maternal skin swab (Streptococcus, 

Staphylococcus, and Bifidobacterium), infant and maternal stool (Streptococcus and 

Bifidobacterium) and infant stool and maternal vaginal swab body sites 

(Staphylococcus and Bifidobacterium). Infants displayed a mix of maternal related 

(same strains shared between mother and infant) and unrelated strains, which has 

been previously highlighted [457]. S. epidermidis and M. luteus exhibited high levels 

of unrelatedness between mothers and infants, indicating low vertical transmission, 

and suggesting that they may have been acquired by other means. Research 

suggests that vertically transmitted strains are more likely to persist in the infant 

microbiome and may play a role in its development [458, 459].  

No strain level sharing was detected between infant skin and maternal vaginal sites, 

suggesting that the maternal vaginal microbiome does not contribute significantly to 

microbial transfer to the infant skin. Instead, the maternal skin appeared to be the 

main source of microbial transfer to infant skin, followed by the maternal gut. 
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Similarly, maternal skin was the main source of microbial transfer to the infant gut, 

followed by the maternal gut and vaginal sites. While research on strain level sharing 

between maternal and infant skin is limited, with only one study demonstrating C. 

acnes sharing between maternal and infant skin [31], more studies have focused on 

gut microbiome sharing between maternal body sites and infant gut [361, 457-464].  

In contrast to this study’s findings, other research has shown a smaller contribution 

of maternal skin to infant stool transfer [461]. The mother vaginal site was not 

significant for microbial transfer to infant skin, though other studies have shown its’ 

importance in microbial transfer to the infant gut. VD infants were previously found 

to share more gut strains with their mothers than CS infants, suggesting delivery 

mode as a stronger factor for gut strain sharing [461, 462]. This pattern was also 

reflected in this study, with fewer species and strain transmission between maternal 

and infant stools in CS infants. One study contradicted this by suggesting that the 

vaginal microbiome is unlikely to be a major contributor of maternal to infant gut 

microbial transmission [464]. More strains of Bifidobacterium were shared between 

maternal and infant stools in infants delivered via VD than CS, consistent with 

previous research [457]. CS deliveries may disrupt maternal-infant microbial 

seeding, as demonstrated previously [462]. This ‘disruption’ could potentially be 

mitigated by exclusive breastfeeding, as more Bifidobacterium strains were shared 

between maternal and infant pairs (maternal and infant stool, maternal skin swab 

and infant stool, and maternal vaginal swab and infant stool) that solely breastfed 

compared to those that had a combination of breast and formula milk. Similar 

findings have been reported where Bifidobacterium strains were identified in both 

breast milk and infant stool of FT infants [458]. In this study, FT infants shared more 

Bifidobacterium strains than LP infants. Strain sharing between maternal and infant 

skin was not detected at B or at M12, although rapid microbial influx has been 

identified by others between the infant and maternal gut, and other maternal body 

sites at birth [458]. Strain sharing between maternal and infant stools was present 

at B and M12, aligning with previous research that showed maternally shared strains 

contributed substantial fractions to the infant microbiome during the first two years 

of life [461]. 

Generation of a PEARL Study MAGS Genome Catalogue 

Overall, these results support earlier compositional and microbial sharing findings, 

confirming the sharing of core genera between maternal and infant pairs across 
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multiple body sites over time. Additionally, the trees indicate that the composition 

remained relatively consistent over time, as no clustering was identified at specific 

timepoints. An overview of the species-level MAGs and their counts revealed 

greater species diversity in the maternal skin and stool sites compared to their 

infants. 

Limitations 

This study involved a multifactorial analysis, accounting for timepoint, pregnancy 

term, delivery and feeding mode, highlighting the complexity of the data. However, 

some limitations were present. This study focused on the bacteriome. However, an 

overarching view of all microbiome communities within mothers and infants, 

including fungal, archaeome and viral communities with the bacteriome, will enable 

a more comprehensive analysis of all microbiome communities and provide a 

clearer picture of how these ecosystems interact in the establishment and 

development of the infant skin microbiome, and consequently its impact on skin 

health.  

Furthermore, this study included several body sites from mothers and infants, 

including the skin, stool and vagina. However, understanding the parental and family 

contributions to the early life microbiome establishment would be beneficial, as 

explored in other studies [461, 463]. The inclusion of samples from different skin 

sites, oral and breast milk samples, would further provide a more complete 

understanding of the infant skin microbiome, as different body environments support 

distinct microbial communities [2, 15, 36, 37]. The detection of oral related 

microbiota on infant skin further emphasises the need for these additional sample 

types.  

Expanding the study to include more mother-infant pairs, later timepoints up to 2 

years of age, as well as early pre-term, formula fed infants, and both emergency 

and elective CS maternal and infant pairs, would provide a deeper insight into the 

influence of timepoint, pregnancy term, and feeding and delivery mode on the infant 

skin microbiome establishment and development. This would also enhance the 

statistical power of strain level sharing analysis. However, due to the ongoing 

recruitment in the PEARL study, there were not enough mother-infant pairs meeting 

these criteria at the time of analysis to ensure sufficient statistical power.  

Moreover, incorporating factors, such as antibiotic use and environmental (e.g. 

hospital and home) influences, would provide a fuller understanding of delivery 
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mode effects on the infant skin microbiome. Previous research has shown 

antibiotics can markedly influence the infant gut microbiota fitness and dynamics 

[463], and environmental factors may explain the presence of maternally unrelated 

strains identified in this study. Hospital environments warrant further exploration, as 

they have been identified as reservoirs for early colonisers (Sta. epidermidis, Sta. 

haemolyticus, Ent. faecalis, Psuedomonas aeruginosa, Aeromonas hydrophilia, 

Cutibacterium avidum, Esc. coli and Klebsiella pneumoniae), which may pose risks 

to pre-term infant health [465].  

There was some contamination of the negative controls. Contamination commonly 

occurs in metagenomic studies, especially those with low biomass samples [416]. 

Several studies have identified contamination sources occurring from neighbouring 

samples and the ‘kitome’ [405, 416]. Contamination within a dataset can be 

identified and removed using bioinformatic techniques [407, 409, 417-419] although 

low biomass samples have a higher risk of true microbial microbiota members being 

removed [420]. Given the background contaminants in the controls were at a very 

low level and mostly represented species not seen in the test samples, they were 

not removed as they had a negligible impact on the profiles produced. 

Finally, this chapter aimed to explore the diversity of genomes present in the 

samples rather than a full functional analysis, therefore, a quality assessment of the 

MAGs was run following a set of parameters (>80 % completeness, <10 % 

contamination) established in Kiu et al. [398]. As future work will identify the 

functional capacities of generated MAGs for the shared common microbiota 

between mothers and infants, with a focus on providing new insight into their role in 

skin health, further analysis will be undertaken for the quality assessment using the 

MIMAG criteria set out in Bowers et al. [426]. In addition to providing the 

completeness and contamination information, other information will be highlighted 

(species name, length of MAG sequence in nt, number of contigs and N50 values) 

for each MAG. The MAGs will then be annotated using Prokka or Bakta and the 

number of coding sequences, rRNAs and tRNAs will be reported. Then using the 

criteria set out in Bowers et al. [426] it can be determined whether the MAGs 

represent draft genomes.  

4.8 Conclusion 

This study provides the first baseline for a healthy infant skin microbiome using 

SMS. A consensus of microbial sharing was observed between body sites, with 
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common microbiota identified across both maternal and infant samples over time. 

Notably, this is also the first study to characterise the infant skin archaeome to 

species level using SMS. From a multi body site microbial sharing perspective, the 

infant skin microbiome was primarily influenced by the maternal skin, with minimal 

contributions from other body sites. Timepoint was the main determinant of skin 

microbiome development. No strain level sharing was observed between infant skin 

and the maternal vaginal microbiome, suggesting that this does not play a major 

part in microbial transfer to infant skin. Instead, the maternal skin was the main 

source of microbial transfer to infant skin, followed by the maternal gut. Similarly, 

the maternal skin was the main source of microbial transfer to the infant gut, followed 

by the maternal gut and vagina. Vertical transmission of S. epidermidis and M. 

luteus strains between mothers and infants was low, as most strains identified were 

different between mothers and infants, indicating transmission from non-maternal 

sources. As strain level sharing was observed for some species, but not for others, 

further investigation is needed to fully understand microbial transmission pathways 

between mothers, infants, and other potential sources. Subsequent studies should 

expand on these findings, to explore species not covered within the scope of this 

study. Furthermore, a PEARL genome catalogue was generated, containing 4,408 

high quality MAGs. The MAGs generated support earlier compositional and 

microbial sharing findings between maternal and infant pairs across multiple body 

sites over time. Additionally, the trees indicate that the composition remained 

relatively consistent over time, as no clustering was identified at specific timepoints. 

An overview of the species-level MAGs and their counts revealed greater species 

diversity in the maternal skin and stool sites compared to their infants. Future work 

will focus on identifying the functional capacities of generated MAGs for the shared 

common microbiota across maternal and infant body sites. This will provide new 

insight into their role in skin health.  
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CHAPTER 5 OVERVIEW 

In this chapter, the main conclusions from the thesis are summarised, along with 
limitations and suggestions for future work that could enhance and expand the 
robustness of this complex, multifactorial dataset involving mother and infant pairs.  
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The overarching conclusions from this research highlight the success in developing 

an optimised medium-throughput DNA extraction, Shotgun Metagenomic 

Sequencing (SMS), and analysis approach, which effectively characterised the skin 

microbiota of both adults and infants. This method was successfully applied to the 

Pregnancy and Early Life (PEARL) cohort, allowing for an in-depth analysis of 

temporal changes in the skin microbiome of mothers and infants, as well as 

comparisons with gut and vaginal microbiota. The research identified microbial 

sharing between body sites and accounted for key factors influencing the infant skin 

microbiome, such as pregnancy term (late-preterm vs full term), delivery (caesarean 

section vs vaginal delivery) and feeding mode (breast vs breast/formula combination 

fed). Timepoint was the main determinant linked to changes in the skin microbiome 

development. Core genera - Bifidobacterium, Micrococcus, Streptococcus, and 

Staphylococcus - were consistently shared between mothers and infants across 

multiple body sites, with the maternal skin being the primary source of microbial 

transfer to the infant’s skin and gut. The maternal vaginal site was not a major source 

of microbial transfer to the infant skin. Strain-level sharing of S. epidermidis and M. 

luteus between mothers and infants was minimal, suggesting other non-maternal 

sources of transmission. This study also produced the first potential baseline for a 

healthy infant skin microbiome using SMS. It further provided the first indication of 

the infant skin archaeome at the species level. A PEARL genome catalogue with 

4,408 high-quality MAGs was generated, showing consistency with taxonomic 

profiles and confirming the shared genera between mother-infant pairs over time.  

This study had multiple strengths, including its multifactorial analysis involving 

infants and matched maternal samples, to explore the influence of maternal factors 

on the establishment and development of the infant skin microbiome. This study 

accounted for maternal influential factors including pregnancy term, delivery and 

feeding mode. Several body sites from mothers and infants, including the skin, stool 

and vagina were investigated, providing a thorough picture of microbial sharing 

between mothers and infants, and the influence of the mothers’ microbiome on the 

establishment and development of the infant skin microbiome. This study was also 

longitudinal following infants at multiple timepoints from birth up to 1 year of age. 

This study provided a robust investigation of the infant skin microbiome to genus, 

species and strain level using shotgun metagenomics. It also enables the future 

investigation of the function of core members of the infant skin microbiome. Though 

the bacteriome was of focus, Shotgun metagenomics also enabled the exploration 
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of other low biomass communities within infant skin, such as the archaeome, and 

will enable further investigation of other communities of interest in the future. This 

robust compositional investigation would have been restricted with traditional 16s 

rRNA amplicon sequencing, which would have removed the future ability to explore 

the microbiome functions [13, 19, 288, 317]. This study also used integrative 

approaches to study the infant skin microbiome in more detail utilising shotgun 

metagenomics and culturomics. There are few studies utilising an integrative 

approach, which is necessary to robustly study the infant skin microbiome 

composition and function  [20, 22, 39-43]. Current research in this field focuses on 

diseased infant skin [9, 14, 22, 24, 72-75], whilst this study focused on a healthy 

cohort of infants with healthy mothers. This research, therefore, satisfied a pressing 

need to use an integrative approach to establish a baseline composition of the 

healthy infant skin microbiome longitudinally, which will help clarify the roles of 

microbes in infant skin health. This work also identified the various intrinsic (age, 

gestational age) and extrinsic (delivery and feeding mode) factors, that alter the 

infant skin microbiome establishment and development, and identified specific 

microbes of interest, that may be important to infant skin health. This will aid future 

work in deepening the understanding of the functional role of these microbes in 

infant skin health and disease prevention. Finally, this work further provided the first 

indication of the infant skin archaeome at the species level, which is a highly 

understudied community within infant skin [12].  

However, some limitations were present. This study focused on the bacteriome with 

an insight into the archaeome. Therefore, future work would be to explore other 

communities, including the mycobiome and virome. Having an overarching view of 

all microbiome communities within mothers and infants, will enable a more 

comprehensive analysis of all microbiome communities and provide a clearer 

picture of how these ecosystems interact in the establishment and development of 

the infant skin microbiome, and consequently its impact on skin health. Furthermore, 

these microbial communities in skin can differ across different skin body sites, due 

to differing body conditions, which support distinct microbial communities [2, 15, 36, 

37].Therefore, it would have been beneficial to have skin samples from multiple 

body sites, however, the PEARL study only collected skin samples from the forearm. 

Furthermore, the detection of oral related microbiota on infant skin in this thesis, 

emphasises the need for additional sample types (such as oral and breast milk) that 

unfortunately weren’t collected in the PEARL cohort. Though this study explored the 
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influence of maternal factors on the infant skin microbiome establishment and 

development, and understanding of both parental (including paternal) and other 

family contributions, to the early life microbiome establishment would be beneficial, 

as explored in other studies [461, 463]. 

Expanding the study to include a larger number of mother-infant pairs with samples 

and metadata collected from pairs at later timepoints (up to 2 years of age), as well 

as early pre-term, formula only fed, and both emergency and elective caesarean 

pairs, would provide a deeper insight into the influence of the investigated factors 

(timepoint, pregnancy term, feeding and delivery mode) on the infant skin 

microbiome establishment and development. This would also enhance the statistical 

power of strain level sharing analysis. However, as this study was conducted during 

the PEARL study recruitment phase, during the COVID period, which delayed 

PEARL recruitment and sample collection, this study was delayed, and there were 

not enough mother-infant pairs meeting these additional criteria at the time of this 

studies commencement.  

Moreover, incorporating factors, such as antibiotic use and environmental (e.g. 

hospital and home) influences, would provide a fuller understanding of delivery 

mode effects on the infant skin microbiome. Previous research has shown 

antibiotics can markedly influence the infant gut microbiota fitness and dynamics 

[463], and environmental factors may explain the presence of maternally unrelated 

strains identified in this study. Hospital environments warrant further exploration, as 

they have been identified as reservoirs for early colonisers (Sta. epidermidis, Sta. 

haemolyticus, Ent. faecalis, Psu. aeruginosa, Aer. hydrophilia, Cut. avidum, Esc. 

coli and Kle. pneumoniae), which may pose risks to pre-term infant health [465].  

Finally, the culturomics work in this thesis used a suitable media (CBA) to 

encompass a broad range of microbes [390], which has been successful in other 

studies in obtaining a good representation of skin bacteria [391]. However, it is 

acknowledged that different communities (archaeome, mycobiome and virome) and 

certain microbes require special conditions to facilitate their recovery (such as, 

Corynebacteria that require Tween 80 to be added to medium as they need access 

to lipids) [466], which could potentially underestimate their prevalence. 

Nevertheless, culturomics was not the focus of this study, and was only used to 

identify what was culturable, and whether microbes of interest from the shotgun data 

(sequenced directly from skin swabs) could be cultivated for future functional work.  
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Leading on from this thesis, future research could expand on these findings by 

investigating the functional capacities of the shared microbiota and their relationship 

to skin health. This could be investigated by functionally characterising MAGs of 

interest (i.e., Streptococcus, Microccocus, Staphylococcus and Bifidobacterium), 

that were generated in the final chapter of this thesis, using the Distilled and Refined 

Annotation of Metabolism (DRAM) tool [467], which would infer the main metabolic 

functions of interest detected in the MAGs, relating to skin that support skin microbial 

development and stability. Prior to the use of DRAM for functional characterisation, 

a thorough quality assessment of the MAGs of interest would be required using a 

set of parameters and criteria (>80 % completeness, <10 % contamination, species 

name, length of MAG sequence in nt, number of contigs and N50 values) 

established in Kiu et al. [398] and the MIMAG recommendations in Bowers et al. 

[426]. The MAGs should then be annotated using Prokka or Bakta, and the number 

of coding sequences, rRNAs and tRNAs be reported. Then using the criteria set out 

in Bowers et al. [426] it can be determined whether the MAGs represent draft 

genomes. 

Additionally, a more in-depth strain level analysis could be performed to identify all 

strains being shared between mother and infant pairs for a thorough investigation 

to compare what is present in infant and maternal samples. Exploring microbial 

transmission pathways and the mechanisms of whether maternal strains are more 

likely to persist in infants than non-maternal strains could be examined, as this may 

be important in the infant skin microbiome establishment [457]. Prediction of these 

microbiome interactions using bioinformatic network analysis and more complex 

computational modelling such as Minimal Microbial Consortia (MiMiC), as shown in 

some studies [449, 468], would aid the design of probiotic interventions for 

maintaining healthy skin or preventing skin disease in early life. The MiMiC 

predictions could then identify culturable microbiota within this study to be applied 

on in vitro 3D skin models to mimic a functioning, healthy infant skin microbiome, 

and study the effects of individual taxa and the microbial consortia in skin health, in 

a controlled context, as utilised in some studies with Streptococcus, Staphylococcus 

and Micrococcus  [469]. This could provide critical insights into how microbiota 

influence skin processes and immune responses, enabling the development of 

precision probiotics for skin health. Micrococcus has already been trialled in 

skincare for therapeutic use, with promising results in promoting skin health [470]. 

Additionally, procedures such as vaginal seeding and Faecal Microbiota 
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Transplantation (FMT) could be explored to replicate and restore maternal microbial 

seeding in caesarean delivered infants, to prevent skin disease in early life, and has 

been successfully performed in some studies [463]. MiMiC predictions could select 

the appropriate microbiota for use in FMT trials. Though, further research is needed 

to address associated safety concerns [159, 213]. 

In conclusion, this research presents an optimised method for skin microbiota 

characterisation, establishes a baseline composition for the healthy infant skin 

microbiome, and opens new avenues for probiotic development based on evidence 

from compositional analyses. 
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Appendix 2. FMH Application   

Application Form for Ethical Approval of a Health Related Research 
Project 
 

IMPORTANT: PLEASE READ BEFORE COMPLETING THIS FORM: 
 

1. Please refer to the guidelines for Applicants conducting Research Projects in FMH when completing 
this form.  The link to this is on the FMH Ethics intranet page.  
    

 

2. It is ESSENTIAL that you do not use complex/technical language. This is to ensure that the 
objectives of your project/research and the procedures to be conducted can easily be understood by 
non-specialists and lay members of the Committee.  
 

 

3. All submitted applications must include an electronic version of all relevant documents.  All 
hard copies must be collated and fixed together in the top left hand corner. 
   

 

4. Please include your supervisor when emailing the application if you are a student. 
 

 

5. If the project involves the use of drugs, or testing of new equipment, or research on NHS 
patients it MUST be referred to an NHS Research Ethics Committee for approval. 
 

 

6. Applications cannot be accepted after the deadline so please ensure that you read the 
information above and complete the checklist at the back of this form. To avoid delays it is essential 
that you ensure you have provided all of the required information in the requested format, on or 
before the deadline.   

 

 

If this is related to a Research project please include the following information (if student, 
you may need to ask your supervisor for this): 
 
NB I am a PhD student registered at UEA but with the NRP DTP and based in the Quadram 
Institute 
 
REN project number: N/A 
 
Name of REN Project Officer: N/A 

 

If the project is a resubmission, please provide the FMH Ethics Reference Number: 
 
N/A 
 

For standard applications. Please send 2 hard copies of the application form, proposal 
and all other supporting documents to: FMH Research Ethics, c/o FMH RIN Administration, 
Research & Innovation Office, The Registry 1.14, University of East Anglia, Norwich NR4 7TJ.  
Please also e-mail ONE copy of all documents to fmh.ethics@uea.ac.uk on or before the 
deadline shown on the following intranet page. (https://portal.uea.ac.uk/faculty-school-
intranets/fmh-intranet/ethics-committee). 
 

If you are submitting a Service Evaluation/Audit or Human Tissue application, please tick one of 
the following relevant boxes: 
 

mailto:fmh.ethics@uea.ac.uk
https://portal.uea.ac.uk/faculty-school-intranets/fmh-intranet/ethics-committee
https://portal.uea.ac.uk/faculty-school-intranets/fmh-intranet/ethics-committee
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1. If the project involves the use of Human Tissue, please complete this form and email ONE signed 
copy (if student) including all supporting documents to fmh.ethics@uea.ac.uk. These can be emailed 
at any time and do not usually need to go to a Committee meeting. We do not need hard copies of 
Human Tissue applications. 

 

 
 
 

2. If the project is a Service Evaluation or Audit within the NHS, please complete this form and 
email ONE signed copy (if student) including all supporting documents to fmh.ethics@uea.ac.uk. 
The Chair will also require evidence of acceptance by the relevant host NHS Trust with your 
submission. These can be emailed at any time and do not usually need to go to a Committee 
meeting. We do not need hard copies of Service Evaluations/Audits. 

 

 

For any queries please email: fmh.ethics@uea.ac.uk  
 

Please ensure that you have completed the checklist at the end of the form before 
submitting and have provided all of the required information, as the Committee will return 
your application if the required information is not provided. 
 

    Application form  
 

1. Name of applicant: ILIANA ROSA SERGHIOU 
(Block letters) 

 
 

2. Academic address for correspondence (please do not use your home address):  
 
Quadram Institute of Biosciences, Norwich Research Park  Post code: NR4 7UA 

 
3. Tel No: Work - 01603 255034 / Mobile - 07738610612 

 
4. Academic (UEA) E-mail address:  

 
Btm20tqu@uea.ac.uk / Iliana.serghiou2@quadram.ac.uk  

 
5. School: Quadram Institute Biosciences 

 
 

6. Status of applicant (Staff, UG or PG student - and year of course): PG PhD student - 
2020 
 

 
7. Supervisory arrangements for STUDENT PROJECTS ONLY:  

 
Is this study being carried out to fulfil a required part of your course?  Yes 
 
Degree/Course: PhD Study – The Development and Evolution of the Human Infant Skin 
Microbiome   

 
School: QIB     
 
Name and contact details of UEA supervisor:  

 
 Supervisor Name: Dr. Mark Webber (MED) 
 
 Supervisor Email: Mark.Webber@quadram.ac.uk / m.webber@uea.ac.uk 
 
 

Please ensure that your supervisor signs the declaration on page 4 of this document 
 
 

8. Has this application gone to an Ethics Committee elsewhere? No 
 

mailto:fmh.ethics@uea.ac.uk
mailto:fmh.ethics@uea.ac.uk
mailto:fmh.ethics@uea.ac.uk
mailto:Btm20tqu@uea.ac.uk
mailto:Iliana.serghiou2@quadram.ac.uk
mailto:Mark.Webber@quadram.ac.uk
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 If YES, please indicate where and provide copies of correspondence: 
 
 N/A 
 
Project details (sections 9, 10 and 11 must be limited to a combined maximum of 3000 
words). 
 

9. Full title: Method Development for Bacterial DNA Extraction from Skin Swabs 
 

10. Purpose of project:  
 

My PhD project will study how bacteria on the skin change through early life. This will 
use samples from the ‘PEARL’ project which has already been established and has full 
ethical approval (Lindsay Hall, the PEARL PI is my second supervisor). However, before 
working with any PEARL samples I want to optimise a method for extracting bacterial 
DNA from swabs taken from human skin. This application is to ask for ethical permission 
for this work which will then allow the PEARL samples to be processed in an optimal 
manner. 
 
Currently, there is a lack of research on the human skin microbiome and an optimised 
bacterial DNA extraction method specific to skin swabs has not been established. 
Therefore, there is a need to develop a method for this.  
 
Due to the scale of the PEARL study, the development of a method compatible with 
downstream use of a high-throughput automated DNA extraction method using the 
Promega Maxwell® RSC Blood DNA Kit and Maxwell® RSC 48 Instrument (purchased 
for the study), is required. 
 
Therefore, the purpose of this project is to develop a high-throughput automated 
method, using the Promega Maxwell® RSC Blood DNA Kit with the Maxwell® RSC 48 
Instrument, for bacterial DNA extraction from skin swabs that results in DNA with high 
yield, quality, purity, and high molecular weight suitable for metagenomics sequencing. 

 
11. Methodology, Procedure and Analysis: 

  
QIB Researcher: Iliana Rosa Serghiou 
Principle Investigator: Dr. Mark Webber 
Supervisors: Dr. Mark Webber & Dr. Lindsay Hall 

 
Study Design 
 
Volunteer participants will be recruited by an expression of interest email sent out to QIB 
staff by the Biorepository. The recruiters will be trained in consenting for the 
Biorepository. The recruiters will then provide participants with the established 
Biorepository participant information sheets and consent participants with the 
established Biorepository consent forms. To adhere to Covid19 regulations, participants 
will be consented either remotely or at a socially distanced location at QIB to reduce 
person-person contact. 24 participants will be recruited and each swabbed once to 
collect one skin swab per participant. If it is difficult to recruit 24 participants, 12 
participants may be swabbed at two separate body sites to produce the 24 biological 
samples in total. The recruiters will swab participants to collect the samples. If the 
participants are consented to the study in person, their swabs will be collected at the 
same time. If the participant has been consented remotely, the recruiters will arrange a 
suitable day/ time to meet the participant to collect these samples. We hope that we can 
condense these sampling sessions into a period of 2 days, with no more than 12 
participants a day. Appointments will be staggered on each of these days to reduce 
social contact. All participants and those swabbing will wear a face mask, and those 
swabbing will also wear gloves, to reduce person-person contact. In the case of reduced 
recruiting staff due to covid, participants will be consented remotely, as described above, 
and will self-swab at the QIB, using the PEARL study self-swabbing instructions. The 
participants will then return the swabs to the available recruiters the same day. 
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Participants must have no current skin conditions and have had no skin conditions or 
been prescribed antibiotics over the last 3 months. 
 
Sample Collection and Handling 

 
As this method development procedure is being performed for the purpose of optimising 
the DNA extraction method of the PEARL study skin swabs, swabs will be swabbed 
according to the PEARL study protocol which swabs the inner (volar) forearm of either 
the left or right arm with Charcoal Amies Transport Medium swabs. The protocol will be 
as follows: 
 
To perform swabbing, pull and twist the swab out of its tube taking care not to touch the 
tip (swab end) with anything other than the area to be swabbed. Holding the swab in 
one hand, roll the opposite end (swab end) along the inside of the forearm from the wrist 
to the elbow pit ensuring that the whole of the swab end has come in to contact with the 
volunteers skin. Replace the swab back into the tube ensuring the lid is on tight. The 
swab may leave a grey residue on the forearm. Once sampling is complete, wash the 
area with soap and water. The date of sample collection and Biorepository sample ID 
will be written on the container in pen. Samples will be stored in a 4°C fridge until 
samples are collected for testing.  
 
Samples will be collected and tested on the same day swabbing was performed. 

 
Experimental Methods 
 
A review of the literature and protocols supplied by the CASE partner (Unilever) have 
been analysed to identify a potentially efficient DNA extraction method. The main 
variables to be tested are the initial diluent for swab suspension, type of ‘bead beating’ 
to disrupt bacterial cells, and different lysis protocols. The detailed protocol and 
variations to be tested are listed below: 
 
Initial diluent testing 
The skin swab samples that were collected and stored in Charcoal Amies Transport 
Media will be processed in two diluents, PBS and water, then cultured to grow bacteria 
in order to determine which diluent is more effective for collecting skin bacterial cells in 
the suspension (water may have additional lytic effect to PBS). When culturing the skin 
swabs, Colombia Blood Agar plates will be used as this is a known non-selective media 
suggested in literature for culturing a diversity of bacteria. To obtain a good 
representation of aerobic and anaerobic bacteria present on the skin, skin swabs will be 
cultured aerobically and anaerobically (Ogai et al. 2018). 
 
Two studies by Alan and Sallene 1998 and Bourbeau et al. 2007 have indicated that the 
agar in the Amies transport medium swabs inhibits molecular techniques such as PCR. 
Skin swabs will be washed twice to reduce the chance of the presence of transport 
media which could potentially impact metagenomics sequencing.  
 
The processed swabs will then go through a series of five DNA extraction procedures 
using the Promega Maxwell® RSC Blood DNA Kit and the Maxwell® RSC 48 
Instrument. This Promega Maxwell® kit and instrument permits a high-throughput 
automated genomic DNA isolation from up to 48 whole blood samples in 40 minutes 
which is ideal for processing large sample sets efficiently. The Maxwell® RSC 48 
Instrument purifies samples using a paramagnetic particle to allow sample capture, 
washing, and purification of gDNA, and provides a higher bind capacity and cleaner 
eluate than traditional silica-based DNA purification systems (Sui et al. 2020; Moeller et 
al. 2014; Dunbar et al. 2018). 
 
The Promega Maxwell® Kit and instrument was purchased as it allows high throughput 
and has been used to produce high molecular weight DNA (Mandrekar et al. 2010) which 
is important in metagenomic studies such as this (Bey et al. 2010).  
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As the manufacturers technical manual recommends the use of up to 300µl of sample, 
this volume will be used in the five experimental methods below.  
 
Bead beating 
Previous bacterial DNA extraction methods using the Promega Maxwell® instrument 
have incorporated a bead beating step using e.g. the Lysing Matrix E tubes and the MP 
Bio FastPrep instrument which is a high velocity bead beater. This protocol has been 
incorporated as it is an established protocol at the QIB for extracting bacterial DNA from 
human samples. The bead beating step has been suggested to be important for the lysis 
of bacteria, and certain microorganisms, such as Staphylococcus and Streptococcus 
which are vital skin probiotics, require a stronger homogenization using a high velocity 
bead beater. The Lysing Matrix E tubes contain 1.4mm ceramic spheres, 0.1 mm silica 
spheres and one 4 mm glass bead, and this range of bead sizes allows efficient lysis of 
diverse human and environmental sample types (Sui et al. 2020).   
 
Lysing matrix E tubes are a suitable choice for the bead beating step in this protocol as 
they can be used on any bead-beating device according to the manufacturer’s 
instructions. Two different high velocity bead beating instruments will be compared, the 
MP Bio FastPrep and the QIAGEN Tissue Lyser, to see if there is a difference in DNA 
yield, quality, molecular weight, and bacterial composition recovered after each. The 
QIAGEN Tissue Lyser is an established instrument used for a bead beating step in 
Unilever’s skin bacterial DNA extraction protocol which uses the QIAGEN QIAsymphony 
instrument with the QIAGEN QIAsymphony Virus/Bacteria Midi Kit (931055). As the 
CASE partner of this PhD study, Unilever have provided access to their established skin 
bacteria DNA extraction procedure. However, this Unilever protocol is specific for 16s 
sequencing which allows for more fragmented DNA, thus there is a worry that using a 
high velocity bead beating instrument might cause very fragmented DNA not suitable for 
metagenomics. If the resulting DNA is too fragmented, the bead beating instrument 
could be replaced with a series of vortexing steps that other high molecular weight kits 
perform.    
 
Lysis 
The Unilever protocol also includes, an overnight heated lysis with the Epicentre Ready-
Lyse lysozyme, and the QIAGEN QIASymphony off-board lysis procedure, which will be 
compared to the Maxwell lysis method to see if there is a difference in DNA 
concentration, quality, molecular weight and bacterial composition. The overnight 
heated lysis with a Lysozyme is vital for the lysis of certain bacteria such as 
Staphylococcus and Streptococcus. The Ready-Lyse lysozyme will also be compared 
to the cheaper Thermofisher lysozyme to see if this affects bacteria extracted. If there is 
no difference the Thermofisher lysozyme will be more cost-effective to use. 
 
For each run a negative control containing PBS will be used to ensure no contamination 
has occurred, and a positive control containing a spiked suspension with an established 
mock community will be used to demonstrate that any negative results are a lack of 
material rather than an extraction problem. A recent study evaluated the composition of 
the mock microbial communities across four DNA extraction procedures, one being the 
Promega Maxwell gDNA which provided the best representation of the composition of 
the mock community (Sui et al. 2020).  
 
Figure 1 below summarises the protocol and variations to be tested. 
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Figure 1 – Protocol Variations to be Tested 
 
Analysis of DNA  
 
Resulting DNA extracts will then be analysed for quantity, quality and fragment length 
using a QuBit and Tapestation instruments (both available in QIB). DNA will then be 
sequenced using an Illumina platform (NextSeq) to verify successfully harvesting of 
bacterial DNA from the volunteers. WGS sequencing allows the microbiota to be 
resolved down to a species level. Scripts already established in the Webber lab will be 
utilised to resolve a microbiota profile to identify the bacterial composition of the 
samples. This will help determine which DNA extraction method provides a better 
representation of the skin bacterial composition. 
 
Statistical Analysis 
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As this protocol is for the purpose of method development and determining optimum 
conditions for DNA extraction data no statistical power ‘effect’ is being examined. 
 
Storage of Processed Samples 
 
There is no need to store any of these samples in the long term – DNA preparations will 
be kept for 12 months in case any further methodological verification in terms of 
sequence library preparation is needed but will then be destroyed according to 
established waste disposal procedures within QIB. 
Bacterial DNA sequences will be kept on secure servers within QIB (and anonymised 
from donor as described below). 
 
Data protection and Donor Confidentiality 
 
There will be no contact between researcher and participant. The Biorepository 
members of staff will remain the link between the researcher and participant. The 
Biorepository will also label all swabs with a Biorepository sample ID completely unlinked 
to the participants personal information to eliminate the chance of identifiable 
information being given to the researcher. Samples will be collected by the Biorepository 
staff members who will ensure its anonymity prior to being given to the researcher. The 
Biorepository contact information will be provided to participants for them to express any 
questions or concerns regarding the study. The Biorepository can then contact the 
researcher for further clarification. 
Any DNA reads mapping to the human genome will be identified and destroyed (deleted) 
bioinformatically in the initial analysis following an established procedure within QIB. 
 
Ethical and Regulatory Considerations 
 
As this method development will go through the Biorepository, swabbing must be 
anonymised, and no samples can be stored therefore swabs must be discarded after 
use. To adhere to this, the Biorepository will recruit, consent, and swab volunteers, and 
samples will be collected from the Biorepository and tested on the same day the 
swabbing took place. Further to this, after the aims have been answered, the host DNA 
and resulting host sequences will be discarded. 

 
12. Resources required:  

 
The cooperation of the Biorepository will be required. 

 
 

13. Source of Funding:  
 
CTP iCASE Project (Unilever) 

 
 

14. Has this project been peer reviewed? If yes, please include details of who the project 
has been peer reviewed by. 
 

        As part of the grant application this project has been peer reviewed. 
 

15. Ethical issues:  
 
        There are minimal ethical issues. The collection of skin swab samples is non-invasive. 
 

16. Proposed start and finish dates: 
 

Start date: 31/05/2021  Finish date: 31/09/2021 
 

17. Where will the research be carried out?  
 
Quadram Institute of Biosciences 
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18.  Information sheets and consent forms must be appended (c.f. NRES site for models,   
http://www.hra-decisiontools.org.uk/consent/  Please ensure that participants are requested 
to initial the boxes on the consent forms. 

 
19. Checklist - please check and complete before submitting your application as 
incomplete applications will be returned by the Committee.  Many applications come in 
ver  close to the deadline and if we have to return it  ou ma  miss that month’s meeting: 
 

 Yes / No / N/A 

Have you completed all sections of the application in language which will 
be understood by lay people?      

Yes 

If student, has your supervisor signed the form?    Yes 

If student, please provide name and email address for your supervisor Yes 

Have you included your academic address (not your home address)? Yes 

Have you included a header and footer on each page with your name, date 
of submission, version number and page number?       

Yes 

Have you included the following documents, if applicable? 

• Protocol. It is recommended that a protocol is always submitted as 
it facilitates a comprehensive review of the project 

Yes 

• Gatekeeper consent  Yes 

• Participant information sheets (using NRES format)   N/A 

• Consent forms N/A 

• Letters to participants N/A 

• Copies of questionnaires N/A 

• Copies of correspondence from other ethics committees N/A 

• Copies of all recruitment letters, emails, posters and adverts  N/A 

• Research Safety Checklist (please complete even if no risks are 
identified)      

Yes 

Have you proof-read your application to check for typographical and 
grammatical errors?      

Yes 

Have you included 5 hard copies of your application and all supporting 
documents (collated and attached together) and e-mailed a copy of all 
documents to fmh.ethics@uea.ac.uk? 

N/A 

If this is a Service Evaluation/Audit have you emailed ONE signed copy 
of your application and all supporting documents to 
fmh.ethics@uea.ac.uk?   

N/A 

If this is a Service Evaluation have you included the evidence of 
acceptance by the relevant host NHS Trust with your submission? 

N/A 

If this is a Human Tissue application have you emailed ONE signed 
copy of your application and all supporting documents to 
fmh.ethics@uea.ac.uk?  

Yes 

 

Academic Supervisor Declaration – for STUDENT PROJECTS ONLY: 
 
I have read this application and can confirm that I am taking supervisory responsibility for this 
project. 
 
In the case of a student research outside the normal course requirements I confirm that I am 
happy to take responsibility for the quality of protocol design, the provision of necessary 
resources, statistical support and usual supervision and governance of the student. 
 
Project Supervisor’s signature:    Date: 
 

   8.12.20 
 
Post Held: Group Leader   
 

http://www.hra-decisiontools.org.uk/consent/
mailto:fmh.ethics@uea.ac.uk
mailto:fmh.ethics@uea.ac.uk
mailto:fmh.ethics@uea.ac.uk
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Appendix 3. Human Tissue study Protocol  

  

 

 

Method Development for Bacterial DNA 
Extraction from Skin Swabs 

 

Short title: Method Development for Bacterial DNA Extraction 

from Skin Swabs 

PROTOCOL: 

Version 1 

 

QIB Investigator (s): 

[Iliana Rosa Serghiou] 
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NHS Investigator(s): 

[N/A] 

 

Other Investigator(s): 

[Dr. Mark Webber & Dr. Linsay Hall] 
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Executive Summary 

1. Introduction 

My PhD project will study how bacteria on the skin change through early life. This will 

use samples from the ‘PEARL’ project which has already been established and has full 

ethical approval (Lindsay Hall, the PEARL PI is my second supervisor). However, before 

working with any PEARL samples I want to optimise a method for extracting bacterial 

DNA from swabs taken from human skin. This application is to ask for ethical permission 

for this work which will then allow the PEARL samples to be processed in an optimal 

manner. 

Currently, there is a lack of research on the human skin microbiome and an optimised 

bacterial DNA extraction method specific to skin swabs has not been established. 

Therefore, there is a need to develop a method for this.  

Due to the scale of the PEARL study, the development of a method compatible with 

downstream use of a high-throughput automated DNA extraction method using the 

Promega Maxwell® RSC Blood DNA Kit and Maxwell® RSC 48 Instrument (purchased 

for the study), is required. 

Therefore, the purpose of this project is to develop a high-throughput automated 

method, using the Promega Maxwell® RSC Blood DNA Kit with the Maxwell® RSC 48 

Instrument, for bacterial DNA extraction from skin swabs that results in DNA with high 

yield, quality, purity, and high molecular weight suitable for metagenomics sequencing. 

1.1. Purpose 

The purpose of this project is to develop a high-throughput automated method, using 

the Promega Maxwell® RSC Blood DNA Kit with the Maxwell® RSC 48 Instrument, 

for bacterial DNA extraction from skin swabs that results in DNA with high yield, 

quality, purity, and high molecular weight suitable for metagenomics sequencing. 

1.2. Aims and Objectives 

Aims 
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• To determine which established diluent, PBS or water, is more 

effective for collecting live skin bacteria from skin swabs for use in 

DNA extraction. 

• To develop a high-throughput automated method for bacterial DNA 

extraction from skin swabs that results in DNA with high yield, quality, 

purity, and high molecular weight, suitable for metagenomics 

sequencing. 

Objectives 

• Compare bacterial growth from skin swabs processed and grown in 

PBS and water to determine which diluent is more effective for 

collecting live skin bacteria. 

• Compare five bacterial DNA extraction methods from skin swabs, 

using the automated Maxwell® RSC 48 Instrument and the Maxwell® 

RSC Blood DNA Kit, to identify which method results in the highest 

DNA yield, quality, purity, and the highest molecular weight DNA. 

• Analyse resulting DNA extracts for quantity, quality, purity and 

fragment length (molecular weight) using a QuBit and Tapestation 

instruments.  

• DNA will be sequenced using an Illumina platform (NextSeq) to verify 

successful harvesting of bacterial DNA from the volunteers.  

• Microbiota profiles will be resolved to identify the bacterial 

composition of samples using Whole Genome Sequencing (WGS) 

and established scripts in the Webber Lab. This will help determine 

which DNA extraction method provides a better representation of the 

skin bacterial composition. 

 

2. Study Design 

 

2.1. Recruitment policy 

 

Volunteer participants will be recruited by an expression of interest email 

sent out to QIB staff by the Biorepository. The recruiters will be trained in 

consenting for the Biorepository. The recruiters will then provide 

participants with the established Biorepository participant information 

sheets and consent participants with the established Biorepository consent 

forms. To adhere to Covid19 regulations, participants will be consented 

either remotely or at a socially distanced location at QIB to reduce person-

person contact. 24 participants will be recruited and each swabbed once to 

collect one skin swab per participant. If it is difficult to recruit 24 

participants, 12 participants may be swabbed at two separate body sites to 

produce the 24 biological samples in total. The recruiters will swab 

participants to collect the samples. If the participants are consented to the 

study in person, their swabs will be collected at the same time. If the 

participant has been consented remotely, the recruiters will arrange a 

suitable day/time to meet the participant to collect these samples. We hope 

that we can condense these sampling sessions into a period of two days, 

with no more than 12 participants a day. Appointments will be staggered on 

each of these days to reduce social contact. All participants and those 

swabbing will wear a face mask, and those swabbing will also wear gloves, 
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to reduce person-person contact. In the case of reduced recruiting staff due 

to covid, participants will be consented remotely, as described above, and 

will self-swab at the QIB, using the PEARL study self-swabbing 

instructions. The participants will then return the swabs to the available 

recruiters the same day. 

 

2.2. Eligibility criteria 

 

2.2.1. Basic inclusion criteria 

 

Participants must have no current skin conditions and have had no skin 

conditions or been prescribed antibiotics over the last 3 months. 

 

2.2.2. Basic exclusion criteria 

 

Participants with current skin conditions and have had skin conditions 

and been prescribed antibiotics over the last 3 months. 

 

3. Sample collection and Handling 

 

As this method development procedure is being performed for the purpose of 

optimising the DNA extraction method of the PEARL study skin swabs, swabs will 

be swabbed according to the PEARL study protocol which swabs the inner (volar) 

forearm of either the left or right arm with Charcoal Amies Transport Medium swabs. 

The protocol will be as follows: 

 

To perform swabbing, pull and twist the swab out of its tube taking care not to touch 

the tip (swab end) with anything other than the area to be swabbed. Holding the 

swab in one hand, roll the opposite end (swab end) along the inside of the forearm 

from the wrist to the elbow pit ensuring that the whole of the swab end has come in 

to contact with the volunteers skin. Replace the swab back into the tube ensuring 

the lid is on tight. The swab may leave a grey residue on the forearm. Once sampling 

is complete, wash the area with soap and water. The date of sample collection and 

Biorepository sample ID will be written on the container in pen. Samples will be 

stored in a 4°C fridge until samples are collected for testing.  

 

Samples will be collected and tested on the same day swabbing was performed. 

 

4. Experimental methods 

A review of the literature and protocols supplied by the CASE partner (Unilever) 

have been analysed to identify a potentially efficient DNA extraction method. The 

main variables to be tested are the initial diluent for swab suspension, type of ‘bead 

beating’ to disrupt bacterial cells, and different lysis protocols. The detailed protocol 

and variations to be tested are listed: 

Initial diluent testing 

The skin swab samples that were collected and stored in Charcoal Amies Transport 

Media will be processed in two diluents, PBS and water, then cultured to grow 

bacteria in order to determine which diluent is more effective for collecting skin 
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bacterial cells in the suspension (water may have additional lytic effect to PBS). 

When culturing the skin swabs, Colombia Blood Agar plates will be used as this is 

a known non-selective media suggested in literature for culturing a diversity of 

bacteria. To obtain a good representation of aerobic and anaerobic bacteria present 

on the skin, skin swabs will be cultured aerobically and anaerobically (Ogai et al. 

2018). Figure 1 below demonstrates the initial diluent testing. 

Two studies by Alan and Sallene 1998 and Bourbeau et al. 2007 have indicated that 

the agar in the Amies transport medium swabs inhibits molecular techniques such 

as PCR. Skin swabs will be washed twice to reduce the chance of the presence of 

transport media which could potentially impact metagenomics sequencing.  

The processed swabs will then go through a series of five DNA extraction 

procedures using the Promega Maxwell® RSC Blood DNA Kit and the Maxwell® 

RSC 48 Instrument. This Promega Maxwell® kit and instrument permits a high-

throughput automated genomic DNA isolation from up to 48 whole blood samples in 

40 minutes which is ideal for processing large sample sets efficiently. The Maxwell® 

RSC 48 Instrument purifies samples using a paramagnetic particle to allow sample 

capture, washing, and purification of gDNA, and provides a higher bind capacity and 

cleaner eluate than traditional silica-based DNA purification systems (Sui et al. 2020; 

Moeller et al. 2014; Dunbar et al. 2018). 

The Promega Maxwell® Kit and instrument was purchased as it allows high 

throughput and has been used to produce high molecular weight DNA (Mandrekar 

et al. 2010) which is important in metagenomic studies such as this (Bey et al. 2010).  

As the manufacturers technical manual recommends the use of up to 300µl of 

sample, this volume will be used in the five experimental methods below.  

Bead beating 

Previous bacterial DNA extraction methods using the Promega Maxwell® 

instrument have incorporated a bead beating step using e.g. the Lysing Matrix E 

tubes and the MP Bio FastPrep instrument which is a high velocity bead beater. This 

protocol has been incorporated as it is an established protocol at the QIB for 

extracting bacterial DNA from human samples. The bead beating step has been 

suggested to be important for the lysis of bacteria, and certain microorganisms, such 

as Staphylococcus and Streptococcus which are vital skin probiotics, require a 

stronger homogenization using a high velocity bead beater. The Lysing Matrix E 

tubes contain 1.4mm ceramic spheres, 0.1 mm silica spheres and one 4 mm glass 

bead, and this range of bead sizes allows efficient lysis of diverse human and 

environmental sample types (Sui et al. 2020).   

Lysing matrix E tubes are a suitable choice for the bead beating step in this protocol 

as they can be used on any bead-beating device according to the manufacturer’s 

instructions. Two different high velocity bead beating instruments will be compared, 

the MP Bio FastPrep and the QIAGEN Tissue Lyser, to see if there is a difference 

in DNA yield, quality, molecular weight, and bacterial composition recovered after 

each. The QIAGEN Tissue Lyser is an established instrument used for a bead 

beating step in Unilever’s skin bacterial DNA extraction protocol which uses the 

QIAGEN QIAsymphony instrument with the QIAGEN QIAsymphony Virus/Bacteria 

Midi Kit (931055). As the CASE partner of this PhD study, Unilever have provided 

access to their established skin bacteria DNA extraction procedure. However, this 
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Unilever protocol is specific for 16s sequencing which allows for more fragmented 

DNA, thus there is a worry that using a high velocity bead beating instrument might 

cause very fragmented DNA not suitable for metagenomics. If the resulting DNA is 

too fragmented, the bead beating instrument could be replaced with a series of 

vortexing steps that other high molecular weight kits perform.    

Lysis 

The Unilever protocol also includes, an overnight heated lysis with the Epicentre 

Ready-Lyse lysozyme, and the QIAGEN QIASymphony off-board lysis procedure, 

which will be compared to the Maxwell lysis method to see if there is a difference in 

DNA concentration, quality, molecular weight and bacterial composition. The 

overnight heated lysis with a Lysozyme is vital for the lysis of certain bacteria such 

as Staphylococcus and Streptococcus. The Ready-Lyse lysozyme will also be 

compared to the cheaper Thermofisher lysozyme to see if this affects bacteria 

extracted. If there is no difference the Thermofisher lysozyme will be more cost-

effective to use. 

For each run a negative control containing PBS will be used to ensure no 

contamination has occurred, and a positive control containing a spiked suspension 

with an established mock community will be used to demonstrate that any negative 

results are a lack of material rather than an extraction problem. A recent study 

evaluated the composition of the mock microbial communities across four DNA 

extraction procedures, one being the Promega Maxwell gDNA which provided the 

best representation of the composition of the mock community (Sui et al. 2020).  

Figure 1 below summarises the protocol and variations to be tested. 
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Figure 1 – Protocol and Variations to be Tested 

Analysis of DNA 

Resulting DNA extracts will then be analysed for quantity, quality and fragment 

length using a QuBit and Tapestation instruments (both available in QIB). DNA will 

then be sequenced using an Illumina platform (NextSeq) to verify successfully 

harvesting of bacterial DNA from the volunteers. WGS sequencing allows the 

microbiota to be resolved down to a species level. Scripts already established in the 

Webber lab will be utilised to resolve a microbiota profile to identify the bacterial 

composition of the samples. This will help determine which DNA extraction method 

provides a better representation of the skin bacterial composition. 

Step by Step Procedure for Processing Skin Swabs and Performing a DNA 

Extraction 

 

This procedure should be performed aseptically i.e. all samples, sterile reagents and 

equipment should be handled and processed in the Class II Microbiological Safety 

Cabinet, new pipette tips, spreaders, loops, scalpels & forceps should be used for 

each sample, good personal hygiene should be carried out such as washing hands 

before and after working in the lab, appropriate PPE worn such as orange shield 

gloves and lab coat, and work surfaces cleaned with Bio shield and then 70% 

ethanol before use, between samples, and after use, and sterile equipment used. 

Processing Skin Swabs for DNA Extraction and Preparing Glycerol Stocks 

1. For the 24 swabs taken, 12 will be processed in 1X PBS and 12 in Milli-Q 

water. 

2. Appropriately label two Colombia Blood Agar plates for each swab (one plate 

for anaerobic culturing and one plate for aerobic culturing).  

3. Appropriately label one 1.5ml Eppendorf tube for each swab.  

4. Prepare the appropriate volume of 1X PBS from the 10X PBS stock solution 

using Milli-Q water. Add either 1ml of 1X PBS or Milli-Q water into the 1.5ml 

Eppendorf tubes. 

5. Process the swabs by cutting each swab head into a 1.5ml Eppendorf tube 

containing either 1ml of 1X PBS or Milli-Q water. 
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6. Vortex the tubes @ full speed for 2 minutes. 

7. Centrifuge tubes at 14,000 x g for 15 minutes to pellet the cells and remove 

the suspension. 

8. For each pelleted sample, resuspend the cells in 500µl of 1X PBS or Milli-Q 

water.  

9. Pipette 50µl onto the labelled aerobic agar plate, and 50µl onto the paired 

anaerobic plate. 

10. Incubate the Aerobic plate in the 37° incubator and the Anaerobic plate in 

the 37° anaerobic cabinet for 3 days.  

11. From the remaining 400µl of suspension, pipette 100µl into 1ml of 30% 

glycerol TSB prefilled in a 2ml cryovial to form a glycerol stock of the original 

processed skin cells. Freeze the glycerol stock in the -80°C freezer to 

cryopreserve the skin cells. 

12. Centrifuge the remaining 300µl of suspension at 14,000 x g for 15 minutes 

to pellet the cells. This pellet will be used for DNA extraction. Proceed to the 

Skin Swab DNA Extraction Procedure below to begin the DNA extraction. 

13. After incubation, perform a plate count by counting all bacterial colonies 

observed on each plate. Work out the CFU/ml by multiplying the number of 

colonies by the dilution factor (Neat in this case), then multiply by 10. 

14. Once plate count has been performed, combine all colonies from the paired 

aerobic and anaerobic agar plates into a glycerol stock to cryopreserve the 

cultured skin microbiome. This can be performed by aseptically picking all 

colonies from both agar plates using a 10µl loop and inoculating them into 

1ml of 30% glycerol TSB prefilled in a 2ml cryovial. Freeze the glycerol stock 

in the -80°C freezer. 

Skin Swab DNA Extraction Procedure Using the Maxwell Blood DNA Kit and 

Instrument 

NB: The total volume of reagents (330µl) + sample (300µl) used in the Maxwell 

manufacturers manual to process the samples before loading onto the instrument 

equals to 630µl. As DNA extraction methods 2, 3, 4 & 5 below use a total volume of 

reagents (643µl) + sample (400µl) totalling to 1043µl, which is much higher than the 

recommended Maxwell input volume, 630µl of the 1043µl  centrifuged sample 

suspension will be added to well 1 of each cartridge. This leaves 413µl of sample 

leftover. Rather than discarding this, another extraction will be performed.  

Method 1: 

1. Resuspend the swab pellet in 300µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or Milli-Q water and transfer the 300µl of 

sample with the original swab head into a 2ml Lysing Matrix E tube. 

2. Add 30µl of Proteinase K and 300µl of Lysis Buffer to each sample and 

incubate in a heating block (set to 56°C) for 20 minutes. 

3. Then perform a bead beating step using the FastPrep instrument programme 

1 and run three times (3mins @ 6.0 FastPrep).  

4. Proceed to step 5. 

Method 2: 

1. Resuspend the swab pellet in 300µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or Milli-Q water and transfer the 300µl of 

sample with the original swab head into a 2ml Lysing Matrix E tube. 
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2. Add 30µl of Proteinase K and 300µl of Lysis Buffer to each sample and 

incubate in a heating block (set to 56°C) for 20 minutes. 

3. Then perform a bead beating step using the Tissue Lyser instrument 

programme 1 and run three times (3mins @ 6.0 FastPrep).  

4. Proceed to step 5. 

Method 3: 

1. Resuspend the swab pellet in 400µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or water and transfer the 400µl of sample 

with the original swab head into a 2ml Lysing Matrix E tube, then add 3µl of 

Ready-Lyse lysozyme (Epicentre, 250U/µl; dilute to 250U/µl with TES buffer) 

and incubate with agitation at 300rpm, 37oC for 18 hours.  

2. Following incubation, perform a bead beating step using the FastPrep 

instrument programme 1 and run three times (3mins @ 6.0 FastPrep) 

followed by an off-board lysis. 

3. Off-board lysis is performed by adding 40 µl proteinase K, 165 µl Buffer ATL, 

120 µl Carrier RNA, and 315 µl Buffer ACL into the 2 ml Lysing Matrix E 

tubes containing 400ul of sample and incubate the samples at 68 °C for 15 

minutes.  

4. Proceed to step 5; 630µl of the sample suspension will be added to well 1 of 

each cartridge. The remaining 413µl will be added to well 1 of a second 

cartridge. 

Method 4: 

1. Resuspend the swab pellet in 400µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or Milli-Q water and transfer the 400µl of 

sample with the original swab head into a 2ml Lysing Matrix E tube, then add 

3µl of Ready-Lyse lysozyme (Epicentre, 250U/µl; Manufacturer’s 

instructions dilute to 250U/µl with TES buffer) and incubate with agitation at 

300rpm, 37oC for 18 hours.  

2. Following incubation, perform a bead beating step using a Tissue Lyser 

instrument for 3 minutes at 20 Hz followed by an off-board lysis. 

3. Off-board lysis is performed by adding 40 µl proteinase K, 165 µl Buffer ATL, 

120 µl Carrier RNA, and 315 µl Buffer ACL into the 2 ml Lysing Matrix E 

tubes containing 400ul of sample and incubate the samples at 68 °C for 15 

minutes.  

4. Proceed to step 5; 630µl of the sample suspension will be added to well 1 of 

each cartridge. The remaining 413µl will be added to well 1 of a second 

cartridge.  

Method 5: 

1. Resuspend the swab pellet in 400µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or Milli-Q and transfer the 400µl of sample 

with the original swab head into a 2ml Lysing Matrix E tube, then add 3µl of 

Thermofisher Lysozyme and incubate with agitation at 300rpm, 37oC for 18 

hours.  

2. Following incubation, perform a bead beating step using the FastPrep 

instrument programme 1 and run three times (3mins @ 6.0 FastPrep) 

followed by an off-board lysis. 

3. Off-board lysis is performed by adding 40 µl proteinase K, 165 µl Buffer ATL, 

120 µl Carrier RNA, and 315 µl Buffer ACL into the 2 ml Lysing Matrix E 
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tubes containing 400ul of sample and incubate the samples at 68 °C for 15 

minutes.  

4. Proceed to step 5; 630µl of the sample suspension will be added to well 1 of 

each cartridge. The remaining 413µl will be added to well 1 of a second 

cartridge.  

Method 6: 

1. Resuspend the swab pellet in 400µl of PBS (using MilliQ H20 prepare the 

readymade 10x PBS to 1x PBS) or Milli-Q water and transfer the 400µl of 

sample with the original swab head into a 2ml Lysing Matrix E tube, then add 

3µl of the Thermofisher Lysozyme and incubate with agitation at 300rpm, 

37oC for 18 hours.  

2. Following incubation, perform a bead beating step using a Tissue Lyser 

instrument for 3 minutes at 20 Hz followed by an off-board lysis. 

3. Off-board lysis is performed by adding 40 µl proteinase K, 165 µl Buffer ATL, 

120 µl Carrier RNA, and 315 µl Buffer ACL into the 2 ml Lysing Matrix E 

tubes containing 400ul of sample and incubate the samples at 68 °C for 15 

minutes. 

4. Proceed to step 5; 630µl of the sample suspension will be added to well 1 of 

each cartridge. The remaining 413µl will be added to well 1 of a second 

cartridge. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

-   

5. Turn on the Maxwell® RSC 48 Instrument and proceed through a self-check and 

home all moving parts. 

6. Select the RSC Blood DNA method, then select the cartridge positions to be used 

for this extraction run. 

7. Open the door when prompted to do so on the screen. Press the Run/Stop button 

to extend the platform. 

8. Transfer the Maxwell® RSC Cartridge Rack containing the prepared cartridges on 

the Maxwell® RSC 48 Instrument platform; Place each cartridge in the rack with the 

label identifier side facing away from the 0.5ml Elution Tubes. Press down on the 

cartridge to snap it into position. The rack will only fit in the instrument in this 

orientation. Ensure that the cartridge rack is level on the instrument platform. 

Carefully peel back the seal so that all plastic comes off the top of the cartridge and 

ensure that all sealing tape and any residual adhesive are removed before placing 

cartridges in the instrument.   

9. Add the centrifuged sample suspension to well 1 of each cartridge and place one 

plunger into well 8 of each cartridge. 

10. For each run use a negative control containing PBS to ensure no contamination has 

occurred, and use a positive control containing a spiked suspension with an 

established mock community to demonstrate that any negative results are a lack of 

material rather than an extraction problem. 

11. Place an empty 0.5ml Elution Tube into the Elution Tube position for each cartridge, 

then add 50µl of Elution Buffer to the bottom of each Elution Tube.  

12. Press the Run/Stop button. The platform will retract. Close the door. 

13. The Maxwell® RSC 48 Instrument will immediately begin the purification run. The 

screen will display the steps performed and the approximate time remaining in the 

run. 
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14. When the automated purification run is complete, the LCD screen will display a 

message that the method has ended. 

15. Follow on-screen instructions at the end of the method to open door.  

16. Verify that plungers are located in well 8 of the cartridges at the end of the run. If 

plungers are not removed from the magnetic plunger bar, push them down gently 

by hand to remove them.  

17. Press the Run/Stop button to extend the platform out of the instrument.  

18. Remove the Maxwell® RSC Cartridge Rack from the instrument, remove Elution 

Tubes containing DNA, cap tubes, and store in -80°C freezer. 

 

5. Statistical Analysis 

 

As this protocol is for the purpose of method development and determining optimum 

conditions for DNA extraction data no statistical power ‘effect’ is being examined. 

 

6. Storage of Processed Samples 

 

There is no need to store any of these samples in the long term – DNA preparations 

will be kept for 12 months in case any further methodological verification in terms of 

sequence library preparation is needed but will then be destroyed according to 

established waste disposal procedures within QIB. 

Bacterial DNA sequences will be kept on secure servers within QIB (and 

anonymised from donor as described below). 

 

7. Data protection and Donor confidentiality 

 

There will be no contact between researcher and participant. The Biorepository 

members of staff will remain the link between the researcher and participant. The 

Biorepository will also label all swabs with a Biorepository sample ID completely 

unlinked to the participants personal information to eliminate the chance of 

identifiable information being given to the researcher. Samples will be collected by 

the Biorepository staff members who will ensure its anonymity prior to being given 

to the researcher. The Biorepository contact information will be provided to 

participants for them to express any questions or concerns regarding the study. The 

Biorepository can then contact the researcher for further clarification. 

Any DNA reads mapping to the human genome will be identified and destroyed 

(deleted) bioinformatically in the initial analysis following an established procedure 

within QIB. 

 

8. Ethical and regulatory considerations 

 

As this method development will go through the Biorepository, swabbing must be 

anonymised, and no samples can be stored therefore swabs must be discarded after 

use. To adhere to this, the Biorepository will recruit, consent, and swab volunteers, 

and samples will be collected from the Biorepository and tested on the same day 

the swabbing took place. Further to this, after the aims have been answered, the 

host DNA and resulting host sequences will be discarded. 
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https://www.promega.com/-/media/files/resources/protocols/technical-manuals/101/maxwell-rsc-blood-dna-kit-protocol.pdf?la=en
https://www.qiagen.com/us/resources/resourcedetail?id=9176b1ba-60ac-4399-834f-015dca2091a2&lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=9176b1ba-60ac-4399-834f-015dca2091a2&lang=en
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Appendix 4. HRGC Human Tissue Registration Form   
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Appendix 5. PIS and CF   
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Appendix 6. Stool Positive Controls   

 

Figure Appendix 6. Stool Positive Control Taxonomic Krona Plot. Taxonomic profiles of the PEARL study stool positive controls. A: Taxonomic profile for 

the M004Base positive control. B: Taxonomic profile for the M008Base positive control. For the interactive version view links: M004Base - Krona - Root 

and M008Base - Krona - Root (the interactive version is also available in the supplementary files). 
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Root
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file:///D:/QIB/PhD%20-%20Development%20and%20Evolution%20Of%20The%20Infant%20Skin%20Microbiome/Data%20Collection/PEARL%20Study%20Samples/Genewiz%20SMS%20Longitudinal/MultiQC%20Reports/Stool/BSUP-1650-Motion-Pos-Con/kraken2-report/krona-plot/M004Base.html
file:///D:/QIB/PhD%20-%20Development%20and%20Evolution%20Of%20The%20Infant%20Skin%20Microbiome/Data%20Collection/PEARL%20Study%20Samples/Genewiz%20SMS%20Longitudinal/MultiQC%20Reports/Stool/BSUP-1650-Motion-Pos-Con/kraken2-report/krona-plot/M008Base.html
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Appendix 7. Processing, Culturing and Extracting Bacterial DNA from PEARL 

Study Skin Swab Samples   
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Appendix 8. 241617-SC-024 MOTION study Stool Sample DNA Extraction Using 

the Promega Maxwell V3  

 

 



280 
 

 

 

 

 

 

 

 



281 
 

 

 

 

 

 

 

 



282 
 

 

 

 

 

 

 

 



283 
 

 

 

 

 

 

 

 



284 
 

 

 

 

 

 

 

 



285 
 

 

 

 

 

 

 

 

 



286 
 

 

 

 

 

 

 

 



287 
 

 

 

 

 

 

 

 



288 
 

Appendix 9. QIB SOP for General Bacteria Growth   
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Appendix 10. QIB SOP Preparation and Storage of Bacterial Master and Working 

Stocks   
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Appendix 11. PEARL Sample Sequencing MultiQC Summary 

Sample Raw Sequences Host (%) Non-Host Reads Cleaned Reads 

BSC-1-M12 38834238 0.00% 38832623 38806262 

BSC-10-M12 16985274 0.00% 16984943 16972802 

BSC-10-M4 17634086 0.00% 17633859 17626085 

BSC-10-M8 15733365 0.04% 15726813 15714750 

BSC-11-M12 32639104 0.00% 32637533 32612726 

BSC-11-M8 21608669 0.00% 21608261 21595635 

BSC-12-M8 20209729 0.00% 20209500 20168275 

BSC-13-M4 31825118 0.00% 31823985 31793781 

BSC-13-M8 20226896 0.00% 20226639 20217935 

BSC-13-W1 32586258 0.00% 32585665 32560019 

BSC-13-W3 27459421 0.00% 27458581 27434777 

BSC-14-M12 19576496 0.00% 19576073 19568914 

BSC-14-W3 23547017 0.00% 23546547 23538925 

BSC-2-1-B 37943035 0.01% 37938255 37899793 

BSC-2-1-M4 7732278 0.23% 7714565 7707980 

BSC-2-1-W3 35624172 0.01% 35620250 35594524 

BSC-2-2-B 24914868 0.00% 24914678 24877444 

BSC-2-2-M12 30688685 0.00% 30688127 30670241 

BSC-2-2-M8 249771 6.28% 234087 233842 

BSC-2-2-W3 25640735 0.01% 25637708 25623466 

BSC-3-B 29347722 0.01% 29345460 29323602 

BSC-3-M12 37048295 0.02% 37040263 37016746 

BSC-3-M8 25561966 0.00% 25561480 25544653 

BSC-3-W3 31876683 0.01% 31874955 31850911 

BSC-4-M12 20989562 0.00% 20989148 20977551 

BSC-4-M8 20241396 0.01% 20240343 20220670 

BSC-5-B 21580835 0.00% 21580481 21561023 

BSC-5-M12 22500412 0.12% 22473974 22461333 

BSC-5-M4 7279067 0.04% 7276121 7270471 

BSC-5-M8 31464729 0.01% 31462976 31445014 

BSC-6-M12 19717170 0.00% 19716968 19690180 

BSC-6-M8 32426227 0.00% 32425494 32396904 

BSC-6-W1 32521470 0.00% 32520359 32489680 

BSC-6-W3 36094405 0.01% 36091467 36061530 

BSC-7-B 30979441 0.01% 30977219 30963487 

BSC-7-M8 21271547 0.00% 21271319 21260552 

BSC-7-W1 26457319 0.00% 26456749 26437951 

BSC-8-B 20848794 0.01% 20847052 20832285 

BSC-8-M12 25928609 0.00% 25928280 25918160 

BSC-8-M8 29148050 0.00% 29146864 29120127 

BSC-8-W1 24743048 0.08% 24723914 24700359 

BSC-8-W3 31095519 0.01% 31092616 31070542 

BSC-9-B 34427392 0.00% 34426679 34391319 

BSC-9-M12 27680043 0.00% 27679601 27668671 

BSC-9-M4 18704937 0.00% 18704492 18676671 

BSC-9-M8 31784781 0.01% 31782238 31751648 

BSC-9-W1 30474619 0.00% 30474060 30438558 

BSC-9-W3 32745867 0.00% 32745055 32709909 

BST-1-B 1611798 85.76% 229469 219098 

BST-1-M12 41311386 0.02% 41302019 40975555 

BST-1-M4 36744407 0.06% 36721229 36590389 

BST-1-M8 12116156 0.00% 12115860 11613250 

BST-1-W1 7475801 1.83% 7338705 7316966 

BST-1-W3 52161004 1.30% 51482290 51275352 

BST-10-B 1214670 89.18% 131468 125976 

BST-10-W1 30721109 0.01% 30719121 30497019 

BST-10-W3 47408464 0.80% 47028284 46826570 

BST-11-B 45273350 0.89% 44870022 44801265 

BST-11-W1 97798477 0.03% 97772661 97496299 

BST-11-W3 44366555 0.45% 44166996 44084774 

BST-12-B 22372 0.17% 22335 20205 

BST-12-M12 31138757 0.12% 31102802 31007547 

BST-12-M4 42006062 0.00% 42004294 41795711 

BST-12-M8 26338641 0.02% 26334469 26222003 

BST-12-W1 35522938 0.13% 35477216 35400207 

BST-12-W3 37183667 0.01% 37181682 36909618 

BST-13-M12 29156777 0.47% 29018561 28946133 

BST-13-M4 40894385 1.58% 40246640 40052247 

BST-13-W1 39468276 8.09% 36274012 36173944 
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BST-13-W3 25429085 0.40% 25328155 25169848 

BST-14-M12 55596570 11.71% 49083849 48948588 

BST-14-M4 45460451 0.62% 45177273 44985701 

BST-14-M8 46509604 0.06% 46480851 46310814 

BST-14-W1 23943948 1.80% 23512952 23380069 

BST-14-W3 35237457 0.04% 35223885 35057536 

BST-2-1-B 23224603 0.01% 23221557 23015761 

BST-2-1-M4 21904119 0.00% 21903982 21694611 

BST-2-1-M8 38081419 0.01% 38078430 37850573 

BST-2-1-M8 22267228 0.00% 22266318 22022642 

BST-2-1-W1 26599364 0.01% 26595726 25987625 

BST-2-1-W3 33679849 0.01% 33675165 33458751 

BST-2-2-W3 31144705 0.02% 31139548 30947638 

BST-3-B 24133728 1.54% 23760983 23612720 

BST-3-M12 29366083 0.01% 29362188 29258358 

BST-3-M4 25630277 0.04% 25620432 25301881 

BST-3-W1 59026429 1.11% 58373814 57817658 

BST-3-W3 32852063 0.14% 32805200 32661492 

BST-4-B 88365655 0.13% 88248533 87087860 

BST-4-M12 18584397 0.17% 18552765 18353516 

BST-4-M4 38969040 0.00% 38968813 38772648 

BST-4-M8 23130732 0.05% 23119650 22958923 

BST-4-W1 63016313 0.00% 63014356 62614314 

BST-4-W3 60863468 0.00% 60862537 60468599 

BST-5-B 44237206 0.26% 44124033 43970966 

BST-5-M12 40509271 0.04% 40491157 40482317 

BST-5-M4 21807473 89.72% 2242163 2146527 

BST-5-W1 22064863 0.08% 22046624 21884759 

BST-5-W3 19364692 1.41% 19092088 18933828 

BST-6-M12 34038769 0.03% 34029948 33942990 

BST-6-M4 45827697 0.01% 45825195 45723476 

BST-6-M8 34856206 0.00% 34854713 34070588 

BST-6-W1 14077012 0.13% 14058627 14048314 

BST-6-W3 19921497 0.07% 19907210 19844484 

BST-7-B 54886674 0.13% 54817319 54678843 

BST-7-M4 14866400 0.00% 14866151 14324678 

BST-7-M8 39034307 0.03% 39021015 38907758 

BST-7-W1 32577563 0.13% 32534283 32456829 

BST-7-W3 68316877 0.01% 68307919 67898794 

BST-8-W1 27291038 1.35% 26922410 26790772 

BST-8-W3 42266829 0.19% 42187408 42065651 

BST-8-W3 36491496 0.03% 36478968 36321043 

BST-9-M12 30578108 0.06% 30558364 30415759 

MSC-1-B 24801954 0.00% 24800989 24777684 

MSC-1-T2 29471061 0.10% 29442953 29413573 

MSC-11-B 28570762 0.00% 28570007 28543294 

MSC-11-M4 19371471 0.00% 19371292 19354599 

MSC-11-T3 17088653 0.01% 17087257 17074868 

MSC-11-W1 24876074 0.01% 24872800 24848682 

MSC-11-W3 23169681 0.00% 23169452 23153999 

MSC-12-B 25326000 0.01% 25323293 25301232 

MSC-12-M4 37117598 0.00% 37116178 37080500 

MSC-12-T2 8974629 0.00% 8974240 8967522 

MSC-12-W1 28371885 0.00% 28371030 28341018 

MSC-12-W3 14710002 0.00% 14709693 14689852 

MSC-13-B 25304157 0.00% 25303474 25280286 

MSC-13-M4 19296106 0.01% 19295112 19285931 

MSC-13-T2 23045265 0.00% 23044963 23024606 

MSC-13-T3 27542774 0.01% 27541118 27516249 

MSC-13-W1 20062115 0.01% 20059907 20037655 

MSC-13-W3 23361411 0.01% 23359776 23335263 

MSC-14-B 29458934 0.01% 29457166 29432131 

MSC-14-T2 17716774 0.00% 17715942 17704079 

MSC-14-W3 19836328 0.00% 19836132 19820501 

MSC-2-B 14581275 0.00% 14580740 14575071 

MSC-2-M4 19324821 0.06% 19312403 19294838 

MSC-2-T2 32189936 0.00% 32189287 32151980 

MSC-2-W1 24641840 0.00% 24641386 24621467 

MSC-2-W3 27701868 0.01% 27697986 27675681 

MSC-3-B 30578512 0.00% 30578128 30532049 

MSC-3-M4 24593278 0.01% 24590002 24567715 

MSC-3-T1 23478257 0.00% 23477815 23454474 

MSC-3-T2 37865035 0.01% 37862545 37836291 
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MSC-3-T3 22864132 0.00% 22863847 22837530 

MSC-3-W1 39016868 0.00% 39016141 38985162 

MSC-3-W3 19593215 0.00% 19592589 19572699 

MSC-4-W1 17176022 0.00% 17175532 17160974 

MSC-5-B 27235571 0.01% 27233092 27207038 

MSC-5-M4 23096699 0.00% 23096440 23072046 

MSC-5-T1 19218528 0.00% 19217936 19197271 

MSC-5-T2 20428419 0.00% 20428189 20410571 

MSC-5-T3 26067526 0.00% 26066998 26046450 

MSC-5-W1 18539192 0.00% 18539083 18469216 

MSC-5-W3 20126594 0.00% 20126507 20079255 

MSC-6-B 29523628 0.00% 29522877 29505574 

MSC-6-M4 31267627 0.01% 31264646 31239047 

MSC-6-T2 33283896 0.00% 33283677 33271304 

MSC-6-T3 33491075 0.00% 33490558 33457965 

MSC-6-W1 20384338 0.01% 20383066 20368474 

MSC-6-W3 27649342 0.01% 27647595 27623766 

MSC-7-B 24862559 0.00% 24861828 24845578 

MSC-7-T3 20188587 0.00% 20188470 20169294 

MSC-7-W3 24926177 0.00% 24925988 24909805 

MSC-8-W3 21371395 0.00% 21371270 21353297 

MSC-9-B 35814961 0.00% 35814250 35778661 

MSC-9-T2 27936723 0.00% 27936361 27916458 

MSC-9-T3 28410362 0.00% 28409313 28379288 

MSC-9-W1 33294700 0.00% 33293459 33261948 

MSC-9-W3 25863914 0.01% 25861986 25836492 

MST-1-B 14305416 0.09% 14292613 14088668 

MST-1-M4 23525936 0.02% 23522198 23169442 

MST-1-T2 8201118 0.62% 8150470 8024392 

MST-1-T3 24113579 0.02% 24108937 23886955 

MST-1-W1 25182789 0.05% 25169133 24958966 

MST-1-W3 23835678 0.09% 23813121 23575890 

MST-10-T2 4061508 1.13% 4015655 3922292 

MST-10-T3 6872022 0.05% 6868740 6785095 

MST-10-W3 11336392 0.13% 11321974 10952600 

MST-11-B 43786245 0.01% 43784011 43780036 

MST-11-W1 4093405 0.49% 4073259 4067889 

MST-11-W3 31073861 0.02% 31068547 30926635 

MST-12-B 30187819 0.23% 30118317 30003755 

MST-12-M4 4885011 0.42% 4864444 4803513 

MST-12-T3 23374562 0.38% 23285080 23038938 

MST-12-W3 33984334 0.25% 33898455 33726135 

MST-13-M8 38652210 0.74% 38366644 38266714 

MST-13-T2 843673 0.04% 843336 827843 

MST-13-T3 24172746 0.02% 24168789 24022706 

MST-14-B 39678106 0.03% 39665581 39347612 

MST-14-M4 37370082 0.17% 37305538 37191262 

MST-14-T2 60343592 0.01% 60336281 60043595 

MST-14-W1 27192807 0.08% 27170864 27107726 

MST-14-W3 18558701 0.08% 18544258 18317366 

MST-2-T2 22630694 1.87% 22207361 21886912 

MST-2-T3 16213874 0.75% 16091639 15942411 

MST-2-W1 15293041 0.05% 15286066 14936533 

MST-2-W3 19597422 0.14% 19570611 19115393 

MST-3-B 19343963 0.12% 19320104 19187916 

MST-3-M4 19848295 0.49% 19750446 19562244 

MST-3-T1 29544833 0.09% 29518168 29330911 

MST-3-T2 15373387 0.05% 15366392 15234192 

MST-3-T3 19343639 0.02% 19339315 19186978 

MST-3-W1 15612143 0.11% 15595159 15455149 

MST-3-W3 58115449 0.05% 58088948 57849423 

MST-4-B 17939925 8.50% 16415371 15937714 

MST-4-M4 26195938 0.24% 26133458 25880561 

MST-4-T2 41834833 0.04% 41819333 41021197 

MST-4-T3 66986847 0.08% 66930605 66020704 

MST-4-W1 8635760 0.10% 8626803 8530641 

MST-4-W3 52524689 0.04% 52505981 52016681 

MST-5-B 39687298 0.04% 39673361 39339950 

MST-5-T1 46554935 0.05% 46531976 46086004 

MST-5-T2 42916790 0.01% 42912727 42596898 

MST-5-T3 19087241 0.02% 19083647 18842792 

MST-5-W1 32271839 0.08% 32245992 31812094 

MST-5-W3 24930119 0.03% 24922193 24718172 
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MST-6-B 23434988 0.40% 23342302 23214705 

MST-6-M4 26945705 0.20% 26893048 26775380 

MST-6-T2 16760741 0.07% 16748611 16357134 

MST-6-T3 25133239 0.09% 25110627 24890742 

MST-6-W1 25661094 0.16% 25620751 25369072 

MST-6-W3 21851678 0.53% 21735841 21554567 

MST-7-B 42880668 0.03% 42868293 42576916 

MST-7-M4 43438266 0.15% 43375215 43241456 

MST-7-T2 17275059 3.78% 16621902 16419630 

MST-7-T3 9466864 0.07% 9459998 9446094 

MST-7-W1 23214012 0.18% 23171120 22937141 

MST-7-W3 15866911 0.11% 15849575 15755806 

MST-8-B 23406541 0.04% 23396845 23299373 

MST-8-T2 23848314 0.04% 23839242 23631487 

MST-8-T3 27681110 0.07% 27662159 27436017 

MST-8-W3 7583507 0.30% 7560841 7555071 

MST-9-B 26785135 0.13% 26749066 26595952 

MVC-1-B 24907201 0.00% 24906705 24891316 

MVC-1-W1 20402675 3.10% 19770123 19754865 

MVC-1-W3 24185647 0.01% 24184325 24166275 

MVC-10-B 24197112 0.00% 24196705 24178910 

MVC-10-T3 26510007 0.00% 26509684 26497282 

MVC-10-W1 23526424 0.00% 23526051 23513705 

MVC-10-W3 25100551 0.00% 25099983 25087712 

MVC-11-T2 1183833 0.13% 1182315 1181809 

MVC-11-T3 24215950 0.01% 24213232 24202329 

MVC-11-W1 2558098 19.33% 2063609 2060208 

MVC-11-W3 26475823 0.04% 26465298 26455455 

MVC-12-B 13968223 0.00% 13967809 13955914 

MVC-12-M4 26029020 0.01% 26027527 26015153 

MVC-12-T3 993772 3.34% 960558 959494 

MVC-12-W1 26128570 0.04% 26119224 26098418 

MVC-12-W3 34381797 0.00% 34380756 34364778 

MVC-13-B 25898005 0.02% 25893859 25880383 

MVC-13-T2 29673814 1.44% 29245653 29225824 

MVC-13-T3 22117754 0.00% 22116731 22099434 

MVC-13-W1 29977684 0.00% 29976968 29948666 

MVC-13-W3 30713774 0.03% 30703919 30686598 

MVC-14-B 28403784 0.00% 28403148 28389841 

MVC-14-M4 84397 59.22% 34417 34227 

MVC-14-T2 19601051 0.03% 19594318 19581214 

MVC-14-W1 25775811 0.00% 25775046 25760574 

MVC-14-W3 12388869 0.00% 12388720 12381956 

MVC-2- T3 11167 62.65% 4171 4090 

MVC-2-B 29494759 0.01% 29492818 29470902 

MVC-2-M4 45046 67.12% 14809 14646 

MVC-2-W1 25051808 0.03% 25044523 25029527 

MVC-2-W3 22610002 0.05% 22598978 22583681 

MVC-3-B 26706416 0.11% 26677582 26658456 

MVC-3-M4 20421654 0.01% 20420112 20406730 

MVC-3-T1 31449430 0.02% 31443297 31421351 

MVC-3-T2 23945101 0.01% 23943118 23922431 

MVC-3-T3 26074159 0.02% 26069188 26044676 

MVC-3-W1 20038361 0.00% 20037847 20022117 

MVC-3-W3 20875393 0.03% 20868215 20850963 

MVC-4-B 8030768 0.08% 8024345 8022200 

MVC-4-T2 22707843 0.01% 22705113 22702651 

MVC-4-T3 26642070 0.03% 26633349 26613817 

MVC-4-W1 20381156 0.00% 20380934 20351280 

MVC-4-W3 11992685 0.00% 11992565 11983068 

MVC-5-B 27248985 0.55% 27097991 27094697 

MVC-5-M4 30972136 6.17% 29060005 29038802 

MVC-5-T1 24432265 0.00% 24431323 24408107 

MVC-5-T2 29619124 0.17% 29568685 29534251 

MVC-5-T3 23310619 0.04% 23301033 23278394 

MVC-5-W1 24744724 0.12% 24713958 24698585 

MVC-5-W3 21332807 0.03% 21327466 21311954 

MVC-6-B 25534876 0.00% 25533916 25508016 

MVC-6-M4 25371012 8.88% 23118795 23101636 

MVC-6-T2 26527426 4.57% 25315168 25296622 

MVC-6-T3 20446131 3.10% 19811956 19795998 

MVC-6-W1 24256525 0.00% 24255928 24237659 

MVC-6-W3 12762136 0.00% 12762058 12749928 
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MVC-7-B 19650359 1.44% 19367329 19357941 

MVC-7-T2 25665829 8.35% 23522934 23505274 

MVC-7-T3 24200056 15.11% 20543376 20525660 

MVC-7-W1 26502336 0.00% 26502091 26454708 

MVC-7-W3 26912617 0.07% 26893898 26881853 

MVC-8-W1 26415397 0.00% 26414842 26390320 

MVC-8-W3 21971563 0.00% 21971223 21943057 

MVC-9-B 27837249 0.03% 27829395 27811676 

MVC-9-M4 25179418 6.46% 23552193 23537378 

MVC-9-T2 18328840 0.02% 18325136 18311634 

MVC-9-T3 22122054 0.06% 22107885 22095230 

MVC-9-W1 13236781 0.00% 13236225 13228594 

MVC-9-W3 26311251 0.00% 26311090 26295058 

Negative Control 2 1372 20.48% 1091 1059 

Positive Control 10 22604104 0.00% 22603735 22588802 

Positive Control 11 24349240 0.00% 24348870 24336495 

Positive Control 14 32973771 0.00% 32973351 32955211 

Positive Control 15 37262905 0.00% 37262044 37243296 

Positive Control 2 21489979 0.01% 21488846 21477489 

Positive Control 6 21162369 0.00% 21161991 21150473 

Positive Control 7 19189541 0.00% 19189019 19178281 

Note: Some metrics were not provided for all samples 
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Appendix 12. Promega Maxwell RSC 48 Blood DNA Kit Protocol   
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Appendix 13. FastPrep MPBio Kit QIB Protocol 
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Appendix 14. Maternal and Infant Genus Level Taxonomic Profiles Over Time 
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Figure Appendix 14. Maternal and Infant Taxonomic Relative Abundant Illumina Profiles to Genus Level. Composition data was generated from mothers and infants at 

multiple body sites (skin, stool and vaginal) using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were 

generated from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bars displayed the relative abundance data. From each 

mother and infant, one stool (n=78 and n=74 respectively) and skin swab (from one forearm) (n=85 and n=89 respectively) were collected, and one vaginal swab was 

collected from each mother (n=85) over multiple timepoints: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - 

Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Culture metagenomes from the maternal and infant skin (n=56 and n=48 respectively) and vaginal 

(67) swabs were also generated to identify culturable microbes. Each stacked bar represents the top 5 genera in an individual infant or mother over time. The Genus key 

allocates a unique colour to the genera represented in the stacked bars. This figure has an interactive element where the mouse can be hovered over the stacked bars to 

clearly identify the genera. For the interactive version follow the link: Figure Appendix 14.html (the interactive version is also available in the supplementary files). 

file:///C:/Users/serghioi/Desktop/Work/QIB/PhD%20-%20Development%20and%20Evolution%20Of%20The%20Infant%20Skin%20Microbiome/Thesis/Viva%20Prep%20and%20Corrections/Figure%20Appendix%2014.html
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Appendix 15. Maternal and Infant Species Level Taxonomic Profiles Over Time 
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Figure Appendix 15. Maternal and Infant Taxonomic Relative Abundant Illumina Profiles to Species Level. Composition data was generated from mothers and infants at 

multiple body sites (skin, stool and vaginal) using shotgun metagenomics sequencing data, generated on the Illumina platform. Relative abundant taxonomic profiles were 

generated from the shotgun metagenomics data using a read mapping method with Kraken2 and Bracken. Stacked bars displayed the relative abundance data. From each 

mother and infant, one stool (n=78 and n=74 respectively) and skin swab (from one forearm) (n=85 and n=89 respectively) were collected, and one vaginal swab was 

collected from each mother (n=85) over multiple timepoints: Infant - Birth (B), Week 1 (W1), Week 3 (W3), Month 4 (M4), Month 8 (M8) and Month 12 (M12); Mother - 

Trimester 1 (T1), Trimester 2 (T2), Trimester 3 (T3), B, W1, W3 and M4. Culture metagenomes from the maternal and infant skin (n=56 and n=48 respectively) and vaginal 

(67) swabs were also generated to identify culturable microbes. Each stacked bar represents the top 5 species in an individual infant or mother over time. The Species key 

allocates a unique colour to the species represented in the stacked bars. This figure has an interactive element where the mouse can be hovered over the stacked bars to 

clearly identify the genera.  For the interactive version follow the link: Figure Appendix 15.html (the interactive version is also available in the supplementary files).  

file:///C:/Users/serghioi/Desktop/Work/QIB/PhD%20-%20Development%20and%20Evolution%20Of%20The%20Infant%20Skin%20Microbiome/Thesis/Viva%20Prep%20and%20Corrections/Figure%20Appendix%2015.html
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Appendix 16. Maternal and Infant Sample Details for the Strain Detection and Identification Analysis  

Name Threshold Clade ID Family ID Shared Strain Mother Sample ID Infant Sample ID Mother Source Infant Source Mother Timepoint Infant Timepoint 

Micrococcus luteus 0.03 t__SGB16676 9 Not Shared MSS-9-W3 BSS-9-W3 Maternal Skin Swab Infant Skin Swab Week 3 Week 3 

Micrococcus luteus 0.03 t__SGB16676 9 Not Shared MSS-9-T3 BSS-9-W3 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 3 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-T3 BSS-13-W1 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 1 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-T2 BSS-13-W1 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 1 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-W1 BSS-13-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Micrococcus luteus 0.03 t__SGB16676 3 Not Shared MSS-3-B BSS-3-M8 Maternal Skin Swab Infant Skin Swab Birth Month 8 

Micrococcus luteus 0.03 t__SGB16676 3 Not Shared MSS-3-W3 BSS-3-M8 Maternal Skin Swab Infant Skin Swab Week 3 Month 8 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-T3 BSS-13-W3 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 3 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-T2 BSS-13-W3 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 3 

Micrococcus luteus 0.03 t__SGB16676 13 Not Shared MSS-13-W1 BSS-13-W3 Maternal Skin Swab Infant Skin Swab Week 1 Week 3 

Bifidobacterium dentium 0.05 t__SGB17234 6 Shared MST-6-M4 BST-6-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium dentium 0.05 t__SGB17234 6 Shared MST-6-M4 BST-6-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium dentium 0.05 t__SGB17234 6 Not Shared MST-6-M4 BST-6-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium pseudocatenulatum 0.05 t__SGB17237 13 Shared MST-13-W3 BST-13-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium pseudocatenulatum 0.05 t__SGB17237 13 Shared MST-13-W1 BST-13-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium pseudocatenulatum 0.05 t__SGB17237 13 Shared MST-13-W3 BST-13-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium pseudocatenulatum 0.05 t__SGB17237 13 Shared MST-13-W1 BST-13-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W1 BST-6-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W3 BST-6-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-B BST-6-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-T3 BST-6-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W1 BST-6-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W3 BST-6-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-B BST-6-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-T3 BST-6-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W1 BST-6-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-W3 BST-6-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-B BST-6-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium catenulatum 0.03 t__SGB17241 6 Not Shared MST-6-T3 BST-6-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Not Shared MST-11-W3 BST-11-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Not Shared MST-11-B BST-11-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Not Shared MST-11-T2 BST-11-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Not Shared MST-11-T3 BST-11-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Not Shared MST-11-M4 BST-11-B Maternal Stool Infant Stool Month 4 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Not Shared MST-1-T2 BST-1-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-B BST-1-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-M4 BST-1-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-W1 BST-1-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Not Shared MST-1-T2 BST-1-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-B BST-1-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-M4 BST-1-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-W1 BST-1-W1 Maternal Stool Infant Stool Week 1 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Not Shared MST-1-T2 BST-1-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-B BST-1-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-M4 BST-1-M4 Maternal Stool Infant Stool Month 4 Month 4 
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Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-W1 BST-1-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Not Shared MST-1-T2 BST-1-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-B BST-1-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-M4 BST-1-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-W1 BST-1-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Not Shared MST-1-T2 BST-1-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-B BST-1-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-M4 BST-1-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 1 Shared MST-1-W1 BST-1-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-M4 BST-12-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T3 BST-12-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T2 BST-12-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-M4 BST-12-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T3 BST-12-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T2 BST-12-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-M4 BST-12-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T3 BST-12-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T2 BST-12-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-M4 BST-12-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T3 BST-12-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 12 Shared MST-12-T2 BST-12-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 3 Not Shared MST-3-T3 BST-3-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 3 Not Shared MST-3-T2 BST-3-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Shared MST-11-W3 BST-11-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Shared MST-11-B BST-11-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Shared MST-11-T2 BST-11-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Shared MST-11-T3 BST-11-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 11 Shared MST-11-M4 BST-11-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-T2 BST-9-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-W3 BST-9-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-T3 BST-9-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-W1 BST-9-B Maternal Stool Infant Stool Week 1 Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-B BST-9-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-T2 BST-9-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-W3 BST-9-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-T3 BST-9-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-W1 BST-9-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium adolescentis 0.00542012 t__SGB17244 9 Shared MST-9-B BST-9-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T2 BST-6-M12 Maternal Vaginal Swab Infant Stool Trimester 2 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T3 BST-6-M12 Maternal Vaginal Swab Infant Stool Trimester 3 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-M4 BST-6-M12 Maternal Vaginal Swab Infant Stool Month 4 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T2 BST-6-M4 Maternal Vaginal Swab Infant Stool Trimester 2 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T3 BST-6-M4 Maternal Vaginal Swab Infant Stool Trimester 3 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-M4 BST-6-M4 Maternal Vaginal Swab Infant Stool Month 4 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T2 BST-6-W3 Maternal Vaginal Swab Infant Stool Trimester 2 Week 3 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T3 BST-6-W3 Maternal Vaginal Swab Infant Stool Trimester 3 Week 3 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-M4 BST-6-W3 Maternal Vaginal Swab Infant Stool Month 4 Week 3 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T2 BST-6-M8 Maternal Vaginal Swab Infant Stool Trimester 2 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T3 BST-6-M8 Maternal Vaginal Swab Infant Stool Trimester 3 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-M4 BST-6-M8 Maternal Vaginal Swab Infant Stool Month 4 Month 8 
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Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T2 BST-6-W1 Maternal Vaginal Swab Infant Stool Trimester 2 Week 1 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-T3 BST-6-W1 Maternal Vaginal Swab Infant Stool Trimester 3 Week 1 

Bifidobacterium breve 0.03 t__SGB17247 6 Shared MVS-6-M4 BST-6-W1 Maternal Vaginal Swab Infant Stool Month 4 Week 1 

Bifidobacterium breve 0.03 t__SGB17247 2 Shared MVS-2-M4 BST-2-1-M4 Maternal Vaginal Swab Infant Stool Month 4 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 2 Shared MVS-2-M4 BST-2-1-M8 Maternal Vaginal Swab Infant Stool Month 4 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 2 Shared MVS-2-M4 BST-2-2-M4 Maternal Vaginal Swab Infant Stool Month 4 NA 

Bifidobacterium breve 0.03 t__SGB17247 2 Shared MVS-2-M4 BST-2-2-M8 Maternal Vaginal Swab Infant Stool Month 4 NA 

Bifidobacterium breve 0.03 t__SGB17247 2 Not Shared MVS-2-M4 BST-2-1-M12 Maternal Vaginal Swab Infant Stool Month 4 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 2 Not Shared MVS-2-M4 BST-2-2-M12 Maternal Vaginal Swab Infant Stool Month 4 NA 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-W1 BST-7-M8 Maternal Vaginal Swab Infant Stool Week 1 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-B BST-7-M8 Maternal Vaginal Swab Infant Stool Birth Month 8 

Bifidobacterium breve 0.03 t__SGB17247 13 Shared MVS-13-T2 BST-13-M4 Maternal Vaginal Swab Infant Stool Trimester 2 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 13 Shared MVS-13-T2 BST-13-M8 Maternal Vaginal Swab Infant Stool Trimester 2 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-W1 BST-7-W1 Maternal Vaginal Swab Infant Stool Week 1 Week 1 

Bifidobacterium breve 0.03 t__SGB17247 7 Shared MVS-7-B BST-7-W1 Maternal Vaginal Swab Infant Stool Birth Week 1 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-W1 BST-7-W3 Maternal Vaginal Swab Infant Stool Week 1 Week 3 

Bifidobacterium breve 0.03 t__SGB17247 7 Shared MVS-7-B BST-7-W3 Maternal Vaginal Swab Infant Stool Birth Week 3 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-W1 BST-7-M4 Maternal Vaginal Swab Infant Stool Week 1 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 7 Not Shared MVS-7-B BST-7-M4 Maternal Vaginal Swab Infant Stool Birth Month 4 

Bifidobacterium breve 0.03 t__SGB17247 13 Not Shared MVS-13-T2 BST-13-M12 Maternal Vaginal Swab Infant Stool Trimester 2 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 14 Not Shared MVS-14-W1 BST-14-M12 Maternal Vaginal Swab Infant Stool Week 1 Month 12 

Bifidobacterium breve 0.03 t__SGB17247 14 Not Shared MVS-14-W1 BST-14-M8 Maternal Vaginal Swab Infant Stool Week 1 Month 8 

Bifidobacterium breve 0.03 t__SGB17247 14 Not Shared MVS-14-W1 BST-14-M4 Maternal Vaginal Swab Infant Stool Week 1 Month 4 

Bifidobacterium breve 0.03 t__SGB17247 14 Shared MVS-14-W1 BST-14-W3 Maternal Vaginal Swab Infant Stool Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-W3 BST-1-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-T2 BST-1-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Shared MSS-1-W3 BST-1-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-T3 BST-3-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-T2 BST-3-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-W3 BST-3-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Not Shared MST-3-T1 BST-3-M12 Maternal Stool Infant Stool Trimester 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-T3 BST-3-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-T2 BST-3-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Shared MST-3-W3 BST-3-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 3 Not Shared MST-3-T1 BST-3-M4 Maternal Stool Infant Stool Trimester 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-T3 BST-2-1-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W1 BST-2-1-B Maternal Stool Infant Stool Week 1 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W3 BST-2-1-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W3 BST-9-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-B BST-9-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T2 BST-9-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T3 BST-9-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W1 BST-9-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W3 BST-9-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-B BST-9-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T2 BST-9-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T3 BST-9-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W1 BST-9-W1 Maternal Stool Infant Stool Week 1 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W3 BSS-9-W3 Maternal Stool Infant Skin Swab Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-B BSS-9-W3 Maternal Stool Infant Skin Swab Birth Week 3 
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Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T2 BSS-9-W3 Maternal Stool Infant Skin Swab Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T3 BSS-9-W3 Maternal Stool Infant Skin Swab Trimester 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W1 BSS-9-W3 Maternal Stool Infant Skin Swab Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W3 BST-9-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-B BST-9-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T2 BST-9-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-T3 BST-9-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 9 Shared MST-9-W1 BST-9-B Maternal Stool Infant Stool Week 1 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T2 BST-4-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T3 BST-4-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-T3 BST-13-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-B BST-13-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-W3 BST-13-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-W1 BST-13-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-T3 BST-13-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-B BST-13-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-W3 BST-13-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Shared MST-13-W1 BST-13-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T2 BST-4-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T3 BST-4-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T2 BST-4-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T3 BST-4-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-T3 BST-2-2-M4 Maternal Stool Infant Stool Trimester 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W1 BST-2-2-M4 Maternal Stool Infant Stool Week 1 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W3 BST-2-2-M4 Maternal Stool Infant Stool Week 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-T3 BST-2-1-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W1 BST-2-1-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W3 BST-2-1-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-T3 BST-2-1-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W1 BST-2-1-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W3 BST-2-1-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-T3 BST-2-2-M8 Maternal Stool Infant Stool Trimester 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W1 BST-2-2-M8 Maternal Stool Infant Stool Week 1 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Not Shared MST-2-W3 BST-2-2-M8 Maternal Stool Infant Stool Week 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Not Shared MST-13-T3 BST-13-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Not Shared MST-13-B BST-13-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Not Shared MST-13-W3 BST-13-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 13 Not Shared MST-13-W1 BST-13-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-B BST-11-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T2 BST-11-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-M4 BST-11-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-W3 BST-11-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T3 BST-11-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-B BSS-11-M8 Maternal Stool Infant Skin Swab Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T2 BSS-11-M8 Maternal Stool Infant Skin Swab Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-M4 BSS-11-M8 Maternal Stool Infant Skin Swab Month 4 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-W3 BSS-11-M8 Maternal Stool Infant Skin Swab Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T3 BSS-11-M8 Maternal Stool Infant Skin Swab Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BSS-14-W3 Maternal Stool Infant Skin Swab Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BSS-14-W3 Maternal Stool Infant Skin Swab Month 4 Week 3 
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Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BSS-14-W3 Maternal Stool Infant Skin Swab Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BSS-14-W3 Maternal Stool Infant Skin Swab Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BSS-14-W3 Maternal Stool Infant Skin Swab Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BST-14-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BST-14-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BST-14-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BST-14-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BST-14-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BST-14-W1 Maternal Stool Infant Stool Week 1 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BST-14-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BST-14-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BST-14-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BST-14-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BST-14-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BST-14-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BST-14-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BST-14-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BST-14-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BSS-14-M4 Maternal Stool Infant Skin Swab Week 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BSS-14-M4 Maternal Stool Infant Skin Swab Month 4 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BSS-14-M4 Maternal Stool Infant Skin Swab Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BSS-14-M4 Maternal Stool Infant Skin Swab Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BSS-14-M4 Maternal Stool Infant Skin Swab Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BST-14-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BST-14-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BST-14-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BST-14-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BST-14-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W1 BST-14-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-M4 BST-14-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-B BST-14-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-T2 BST-14-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 14 Not Shared MST-14-W3 BST-14-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-T3 BST-2-2-M12 Maternal Stool Infant Stool Trimester 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-W1 BST-2-2-M12 Maternal Stool Infant Stool Week 1 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-W3 BST-2-2-M12 Maternal Stool Infant Stool Week 3 NA 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-T3 BST-2-1-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-W1 BST-2-1-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 2 Shared MST-2-W3 BST-2-1-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-W3 BST-12-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T3 BST-12-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T2 BST-12-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-B BST-12-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-M4 BST-12-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-W3 BST-12-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T3 BST-12-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T2 BST-12-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-B BST-12-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-M4 BST-12-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-W3 BST-12-M4 Maternal Stool Infant Stool Week 3 Month 4 
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Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T3 BST-12-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T2 BST-12-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-B BST-12-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-M4 BST-12-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-W3 BST-12-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T3 BST-12-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T2 BST-12-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-B BST-12-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-M4 BST-12-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-W3 BST-12-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T3 BST-12-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-T2 BST-12-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-B BST-12-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 12 Shared MST-12-M4 BST-12-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Not Shared MST-7-B BST-7-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T2 BST-7-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-M4 BST-7-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W3 BST-7-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W1 BST-7-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T3 BST-7-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Not Shared MST-7-B BST-7-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T2 BST-7-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-M4 BST-7-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W3 BST-7-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W1 BST-7-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T3 BST-7-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Not Shared MST-7-B BST-7-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T2 BST-7-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-M4 BST-7-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W3 BST-7-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W1 BST-7-W1 Maternal Stool Infant Stool Week 1 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T3 BST-7-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Not Shared MST-7-B BST-7-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T2 BST-7-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-M4 BST-7-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W3 BST-7-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-W1 BST-7-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 7 Shared MST-7-T3 BST-7-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-B BST-11-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-T2 BST-11-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-M4 BST-11-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-W3 BST-11-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-T3 BST-11-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-B BST-11-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-T2 BST-11-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-M4 BST-11-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-W3 BST-11-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Shared MST-11-T3 BST-11-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-B BST-5-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-T2 BST-5-M12 Maternal Stool Infant Stool Trimester 2 Month 12 
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Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-M4 BST-5-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-T3 BST-5-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-W1 BST-5-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-T1 BST-5-M12 Maternal Stool Infant Stool Trimester 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 5 Shared MST-5-W3 BST-5-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-B BST-6-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-T2 BST-6-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-T3 BST-6-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-W3 BST-6-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-W1 BST-6-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-M4 BST-6-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-B BST-6-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-T2 BST-6-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-T3 BST-6-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-W3 BST-6-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-W1 BST-6-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 6 Shared MST-6-M4 BST-6-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 8 Shared MST-8-T3 BST-8-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 8 Shared MST-8-B BST-8-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 8 Shared MST-8-T2 BST-8-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-B BST-11-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T2 BST-11-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-M4 BST-11-B Maternal Stool Infant Stool Month 4 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-W3 BST-11-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 11 Not Shared MST-11-T3 BST-11-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Not Shared MST-4-T2 BST-4-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 4 Shared MST-4-T3 BST-4-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-W3 BST-1-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-T2 BST-1-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Shared MSS-1-W3 BST-1-M12 Maternal Skin Swab Infant Stool Week 3 Month 12 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-W3 BST-1-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-T2 BST-1-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Shared MSS-1-W3 BST-1-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-W3 BST-1-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-T2 BST-1-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Shared MSS-1-W3 BST-1-M4 Maternal Skin Swab Infant Stool Week 3 Month 4 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-W3 BST-1-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Not Shared MST-1-T2 BST-1-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium longum 0.03413473 t__SGB17248 1 Shared MSS-1-W3 BST-1-M8 Maternal Skin Swab Infant Stool Week 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-M4 BST-7-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-T2 BST-7-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Not Shared MST-7-B BST-7-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-W3 BST-7-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-T3 BST-7-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W3 BST-13-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W1 BST-13-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-T3 BST-13-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W3 BST-13-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W1 BST-13-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-T3 BST-13-M8 Maternal Stool Infant Stool Trimester 3 Month 8 
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Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W3 BST-13-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-W1 BST-13-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 13 Shared MST-13-T3 BST-13-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W3 BST-14-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W1 BST-14-M4 Maternal Stool Infant Stool Week 1 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-M4 BST-14-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-T2 BST-14-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-B BST-14-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W3 BST-14-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W1 BST-14-M8 Maternal Stool Infant Stool Week 1 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-M4 BST-14-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-T2 BST-14-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-B BST-14-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W3 BST-14-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W1 BST-14-M12 Maternal Stool Infant Stool Week 1 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-M4 BST-14-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-T2 BST-14-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-B BST-14-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W3 BST-14-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-W1 BST-14-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-M4 BST-14-W3 Maternal Stool Infant Stool Month 4 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-T2 BST-14-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 14 Shared MST-14-B BST-14-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-M4 BSS-11-M8 Maternal Stool Infant Skin Swab Month 4 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T3 BSS-11-M8 Maternal Stool Infant Skin Swab Trimester 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-B BSS-11-M8 Maternal Stool Infant Skin Swab Birth Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T2 BSS-11-M8 Maternal Stool Infant Skin Swab Trimester 2 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-W3 BSS-11-M8 Maternal Stool Infant Skin Swab Week 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-M4 BST-11-M12 Maternal Stool Infant Stool Month 4 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T3 BST-11-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-B BST-11-M12 Maternal Stool Infant Stool Birth Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T2 BST-11-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-W3 BST-11-M12 Maternal Stool Infant Stool Week 3 Month 12 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-M4 BST-11-M4 Maternal Stool Infant Stool Month 4 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T3 BST-11-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-B BST-11-M4 Maternal Stool Infant Stool Birth Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T2 BST-11-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-W3 BST-11-M4 Maternal Stool Infant Stool Week 3 Month 4 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-M4 BST-11-W1 Maternal Stool Infant Stool Month 4 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T3 BST-11-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-B BST-11-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-T2 BST-11-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Shared MST-11-W3 BST-11-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W3 BST-9-W1 Maternal Stool Infant Stool Week 3 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T3 BST-9-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W1 BST-9-W1 Maternal Stool Infant Stool Week 1 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T2 BST-9-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-B BST-9-W1 Maternal Stool Infant Stool Birth Week 1 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W3 BST-9-W3 Maternal Stool Infant Stool Week 3 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T3 BST-9-W3 Maternal Stool Infant Stool Trimester 3 Week 3 
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Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W1 BST-9-W3 Maternal Stool Infant Stool Week 1 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T2 BST-9-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-B BST-9-W3 Maternal Stool Infant Stool Birth Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W3 BST-9-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T3 BST-9-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W1 BST-9-B Maternal Stool Infant Stool Week 1 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T2 BST-9-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-B BST-9-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W3 BSS-9-W3 Maternal Stool Infant Skin Swab Week 3 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T3 BSS-9-W3 Maternal Stool Infant Skin Swab Trimester 3 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-W1 BSS-9-W3 Maternal Stool Infant Skin Swab Week 1 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-T2 BSS-9-W3 Maternal Stool Infant Skin Swab Trimester 2 Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 9 Shared MST-9-B BSS-9-W3 Maternal Stool Infant Skin Swab Birth Week 3 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Not Shared MST-11-M4 BST-11-B Maternal Stool Infant Stool Month 4 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Not Shared MST-11-T3 BST-11-B Maternal Stool Infant Stool Trimester 3 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Not Shared MST-11-B BST-11-B Maternal Stool Infant Stool Birth Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Not Shared MST-11-T2 BST-11-B Maternal Stool Infant Stool Trimester 2 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 11 Not Shared MST-11-W3 BST-11-B Maternal Stool Infant Stool Week 3 Birth 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-M4 BST-7-M8 Maternal Stool Infant Stool Month 4 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-T2 BST-7-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Not Shared MST-7-B BST-7-M8 Maternal Stool Infant Stool Birth Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-W3 BST-7-M8 Maternal Stool Infant Stool Week 3 Month 8 

Bifidobacterium bifidum 0.0204073 t__SGB17256 7 Shared MST-7-T3 BST-7-M8 Maternal Stool Infant Stool Trimester 3 Month 8 
  t__SGB17278 6 Not Shared MST-6-T2 BST-6-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-W1 BST-9-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-B BST-9-W1 Maternal Skin Swab Infant Stool Birth Week 1 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-W1 BST-9-W3 Maternal Skin Swab Infant Stool Week 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-B BST-9-W3 Maternal Skin Swab Infant Stool Birth Week 3 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-W1 BST-9-B Maternal Skin Swab Infant Stool Week 1 Birth 

Staphylococcus hominis 0.03 t__SGB7858 9 Shared MSS-9-B BST-9-B Maternal Skin Swab Infant Stool Birth Birth 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-M4 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T1 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Trimester 1 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W1 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Week 1 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T2 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Trimester 2 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W3 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Week 3 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T3 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Trimester 3 Month 4 

Staphylococcus hominis 0.03 t__SGB7858 5 Shared MSS-5-M4 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Month 4 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Shared MSS-5-T1 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Trimester 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Shared MSS-5-W1 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Week 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Shared MSS-5-T2 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Shared MSS-5-W3 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T3 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-T2 BSS-6-W1 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-B BSS-6-W1 Maternal Skin Swab Infant Skin Swab Birth Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-W3 BSS-6-W1 Maternal Skin Swab Infant Skin Swab Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-T2 BST-6-W1 Maternal Skin Swab Infant Stool Trimester 2 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Shared MSS-6-B BST-6-W1 Maternal Skin Swab Infant Stool Birth Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Shared MSS-6-W3 BST-6-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-M4 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Month 4 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T1 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Trimester 1 Week 1 
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Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W1 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T2 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W3 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T3 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-M4 BST-5-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T1 BST-5-W1 Maternal Skin Swab Infant Stool Trimester 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W1 BST-5-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T2 BST-5-W1 Maternal Skin Swab Infant Stool Trimester 2 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W3 BST-5-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T3 BST-5-W1 Maternal Skin Swab Infant Stool Trimester 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-T2 BST-6-W3 Maternal Skin Swab Infant Stool Trimester 2 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 6 Not Shared MSS-6-B BST-6-W3 Maternal Skin Swab Infant Stool Birth Week 3 

Staphylococcus hominis 0.03 t__SGB7858 6 Shared MSS-6-W3 BST-6-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-M4 BST-5-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T1 BST-5-W3 Maternal Skin Swab Infant Stool Trimester 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W1 BST-5-W3 Maternal Skin Swab Infant Stool Week 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T2 BST-5-W3 Maternal Skin Swab Infant Stool Trimester 2 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-W3 BST-5-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 5 Not Shared MSS-5-T3 BST-5-W3 Maternal Skin Swab Infant Stool Trimester 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 13 Shared MSS-13-W1 BSS-13-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 7 Not Shared MSS-7-W3 BSS-7-W1 Maternal Skin Swab Infant Skin Swab Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 7 Not Shared MSS-7-W3 BST-7-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 7 Not Shared MSS-7-W3 BST-7-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 14 Not Shared MSS-14-W3 BST-14-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Not Shared MSS-1-M4 BST-1-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W3 BST-1-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W1 BST-1-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Not Shared MSS-1-M4 BST-1-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W3 BST-1-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W1 BST-1-W3 Maternal Skin Swab Infant Stool Week 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Not Shared MSS-1-M4 BSS-1-W3 Maternal Skin Swab Infant Skin Swab Month 4 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W3 BSS-1-W3 Maternal Skin Swab Infant Skin Swab Week 3 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W1 BSS-1-W3 Maternal Skin Swab Infant Skin Swab Week 1 Week 3 

Staphylococcus hominis 0.03 t__SGB7858 1 Not Shared MSS-1-M4 BSS-1-W1 Maternal Skin Swab Infant Skin Swab Month 4 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W3 BSS-1-W1 Maternal Skin Swab Infant Skin Swab Week 3 Week 1 

Staphylococcus hominis 0.03 t__SGB7858 1 Shared MSS-1-W1 BSS-1-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Staphylococcus haemolyticus 0.03 t__SGB7861 6 Shared MSS-6-B BST-6-W1 Maternal Skin Swab Infant Stool Birth Week 1 

Staphylococcus haemolyticus 0.03 t__SGB7861 6 Not Shared MVS-6-B BST-6-W1 Maternal Vaginal Swab Infant Stool Birth Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MVS-6-B BSS-6-W3 Maternal Vaginal Swab Infant Skin Swab Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MSS-6-T2 BSS-6-W3 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-B BST-1-W1 Maternal Skin Swab Infant Stool Birth Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-T2 BST-1-W1 Maternal Skin Swab Infant Stool Trimester 2 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-M4 BST-1-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W1 BST-1-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W3 BST-1-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BST-5-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BST-5-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BST-5-W1 Maternal Skin Swab Infant Stool Trimester 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 14 Not Shared MVS-14-W1 BST-14-W1 Maternal Vaginal Swab Infant Stool Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MST-4-B BSS-4-M4 Maternal Stool Infant Skin Swab Birth Month 4 
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Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MSS-4-M4 BSS-4-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MST-4-B BSS-4-W3 Maternal Stool Infant Skin Swab Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MSS-4-M4 BSS-4-W3 Maternal Skin Swab Infant Skin Swab Month 4 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MST-4-B BSS-4-W1 Maternal Stool Infant Skin Swab Birth Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MSS-4-M4 BSS-4-W1 Maternal Skin Swab Infant Skin Swab Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MVS-6-B BST-6-W1 Maternal Vaginal Swab Infant Stool Birth Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MSS-6-T2 BST-6-W1 Maternal Skin Swab Infant Stool Trimester 2 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MST-4-B BST-4-W3 Maternal Stool Infant Stool Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MSS-4-M4 BST-4-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MST-4-B BST-4-W1 Maternal Stool Infant Stool Birth Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 4 Not Shared MSS-4-M4 BST-4-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-B BSS-1-M8 Maternal Skin Swab Infant Skin Swab Birth Month 8 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-T2 BSS-1-M8 Maternal Skin Swab Infant Skin Swab Trimester 2 Month 8 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-M4 BSS-1-M8 Maternal Skin Swab Infant Skin Swab Month 4 Month 8 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W1 BSS-1-M8 Maternal Skin Swab Infant Skin Swab Week 1 Month 8 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W3 BSS-1-M8 Maternal Skin Swab Infant Skin Swab Week 3 Month 8 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-B BSS-1-M4 Maternal Skin Swab Infant Skin Swab Birth Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-T2 BSS-1-M4 Maternal Skin Swab Infant Skin Swab Trimester 2 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-M4 BSS-1-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W1 BSS-1-M4 Maternal Skin Swab Infant Skin Swab Week 1 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W3 BSS-1-M4 Maternal Skin Swab Infant Skin Swab Week 3 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MVS-6-B BST-6-W3 Maternal Vaginal Swab Infant Stool Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 6 Not Shared MSS-6-T2 BST-6-W3 Maternal Skin Swab Infant Stool Trimester 2 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T3 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-M4 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T2 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T1 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Trimester 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W1 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W3 BSS-3-W1 Maternal Skin Swab Infant Skin Swab Week 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T3 BST-3-W1 Maternal Skin Swab Infant Stool Trimester 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-M4 BST-3-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T2 BST-3-W1 Maternal Skin Swab Infant Stool Trimester 2 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T1 BST-3-W1 Maternal Skin Swab Infant Stool Trimester 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W1 BST-3-W1 Maternal Skin Swab Infant Stool Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W3 BST-3-W1 Maternal Skin Swab Infant Stool Week 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T3 BST-3-B Maternal Skin Swab Infant Stool Trimester 3 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-M4 BST-3-B Maternal Skin Swab Infant Stool Month 4 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T2 BST-3-B Maternal Skin Swab Infant Stool Trimester 2 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T1 BST-3-B Maternal Skin Swab Infant Stool Trimester 1 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W1 BST-3-B Maternal Skin Swab Infant Stool Week 1 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W3 BST-3-B Maternal Skin Swab Infant Stool Week 3 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 13 Not Shared MSS-13-W3 BSS-13-W3 Maternal Skin Swab Infant Skin Swab Week 3 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 13 Not Shared MSS-13-B BSS-13-W3 Maternal Skin Swab Infant Skin Swab Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 13 Not Shared MSS-13-W1 BSS-13-W3 Maternal Skin Swab Infant Skin Swab Week 1 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BST-5-B Maternal Skin Swab Infant Stool Week 1 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BST-5-B Maternal Skin Swab Infant Stool Month 4 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BST-5-B Maternal Skin Swab Infant Stool Trimester 3 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T3 BSS-11-W1 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T2 BSS-11-W1 Maternal Skin Swab Infant Skin Swab Trimester 2 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Shared MST-11-W1 BSS-11-W1 Maternal Stool Infant Skin Swab Week 1 Week 1 
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Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T3 BST-11-W3 Maternal Skin Swab Infant Stool Trimester 3 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T2 BST-11-W3 Maternal Skin Swab Infant Stool Trimester 2 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Shared MST-11-W1 BST-11-W3 Maternal Stool Infant Stool Week 1 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T3 BST-11-B Maternal Skin Swab Infant Stool Trimester 3 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MSS-11-T2 BST-11-B Maternal Skin Swab Infant Stool Trimester 2 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 11 Not Shared MST-11-W1 BST-11-B Maternal Stool Infant Stool Week 1 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Week 1 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Month 4 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BSS-5-W1 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 1 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Week 1 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BSS-5-M4 Maternal Skin Swab Infant Skin Swab Trimester 3 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-B BST-1-W3 Maternal Skin Swab Infant Stool Birth Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-T2 BST-1-W3 Maternal Skin Swab Infant Stool Trimester 2 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-M4 BST-1-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W1 BST-1-W3 Maternal Skin Swab Infant Stool Week 1 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 1 Not Shared MSS-1-W3 BST-1-W3 Maternal Skin Swab Infant Stool Week 3 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T3 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Trimester 3 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-M4 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T2 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Trimester 2 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-T1 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Trimester 1 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W1 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Week 1 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 3 Not Shared MSS-3-W3 BSS-3-M4 Maternal Skin Swab Infant Skin Swab Week 3 Month 4 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Week 1 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Month 4 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BSS-5-W3 Maternal Skin Swab Infant Skin Swab Trimester 3 Week 3 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-W1 BSS-5-B Maternal Skin Swab Infant Skin Swab Week 1 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-M4 BSS-5-B Maternal Skin Swab Infant Skin Swab Month 4 Birth 

Staphylococcus epidermidis 0.03 t__SGB7865 5 Not Shared MSS-5-T3 BSS-5-B Maternal Skin Swab Infant Skin Swab Trimester 3 Birth 

Streptococcus thermophilus 0.05 t__SGB8002 9 Not Shared MST-9-W1 BST-9-M12 Maternal Stool Infant Stool Week 1 Month 12 

Streptococcus thermophilus 0.05 t__SGB8002 9 Not Shared MST-9-T3 BST-9-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Streptococcus thermophilus 0.05 t__SGB8002 13 Not Shared MST-13-W1 BST-13-M12 Maternal Stool Infant Stool Week 1 Month 12 

Streptococcus thermophilus 0.05 t__SGB8002 13 Not Shared MST-13-W3 BST-13-M12 Maternal Stool Infant Stool Week 3 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-W1 BST-6-M4 Maternal Stool Infant Stool Week 1 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-B BST-6-M4 Maternal Stool Infant Stool Birth Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-W3 BST-6-M4 Maternal Stool Infant Stool Week 3 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-M4 BST-6-M4 Maternal Stool Infant Stool Month 4 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T3 BST-6-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T2 BST-6-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 1 Not Shared MST-1-T3 BST-1-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 1 Not Shared MST-1-W3 BST-1-W3 Maternal Stool Infant Stool Week 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 1 Not Shared MST-1-T2 BST-1-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 14 Not Shared MST-14-T2 BST-14-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 14 Not Shared MST-14-T2 BST-14-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 14 Not Shared MST-14-T2 BST-14-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 14 Not Shared MST-14-T2 BST-14-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Streptococcus salivarius 0.05 t__SGB8007_group 8 Not Shared MST-8-T2 BST-8-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 8 Not Shared MST-8-T3 BST-8-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 8 Not Shared MST-8-W1 BST-8-W3 Maternal Stool Infant Stool Week 1 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-B BST-5-M12 Maternal Stool Infant Stool Birth Month 12 
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Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-W1 BST-5-M12 Maternal Stool Infant Stool Week 1 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T3 BST-5-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T2 BST-5-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-B BST-5-W1 Maternal Stool Infant Stool Birth Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-W1 BST-5-W1 Maternal Stool Infant Stool Week 1 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T3 BST-5-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T2 BST-5-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-B BST-5-W3 Maternal Stool Infant Stool Birth Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-W1 BST-5-W3 Maternal Stool Infant Stool Week 1 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T3 BST-5-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T2 BST-5-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-B BST-5-M8 Maternal Stool Infant Stool Birth Month 8 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-W1 BST-5-M8 Maternal Stool Infant Stool Week 1 Month 8 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T3 BST-5-M8 Maternal Stool Infant Stool Trimester 3 Month 8 

Streptococcus salivarius 0.05 t__SGB8007_group 5 Shared MST-5-T2 BST-5-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Shared MST-12-W1 BST-12-M4 Maternal Stool Infant Stool Week 1 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Not Shared MST-12-B BST-12-M4 Maternal Stool Infant Stool Birth Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Shared MST-12-T2 BST-12-M4 Maternal Stool Infant Stool Trimester 2 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Shared MST-12-T3 BST-12-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MSS-11-M4 BST-11-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-W3 BST-11-W3 Maternal Stool Infant Stool Week 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-M4 BST-11-W3 Maternal Stool Infant Stool Month 4 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-T3 BST-11-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-B BST-11-W3 Maternal Stool Infant Stool Birth Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MSS-11-M4 BST-11-M4 Maternal Skin Swab Infant Stool Month 4 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-W3 BST-11-M4 Maternal Stool Infant Stool Week 3 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-M4 BST-11-M4 Maternal Stool Infant Stool Month 4 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-T3 BST-11-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MST-11-B BST-11-M4 Maternal Stool Infant Stool Birth Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-B BST-4-W1 Maternal Stool Infant Stool Birth Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-W3 BST-4-W1 Maternal Stool Infant Stool Week 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-T2 BST-4-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-B BST-4-W3 Maternal Stool Infant Stool Birth Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-W3 BST-4-W3 Maternal Stool Infant Stool Week 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 4 Not Shared MST-4-T2 BST-4-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 9 Shared MSS-9-M4 BST-9-W3 Maternal Skin Swab Infant Stool Month 4 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 9 Shared MSS-9-M4 BSS-9-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Streptococcus salivarius 0.05 t__SGB8007_group 9 Shared MSS-9-M4 BST-9-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Not Shared MST-12-W1 BST-12-M12 Maternal Stool Infant Stool Week 1 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Not Shared MST-12-B BST-12-M12 Maternal Stool Infant Stool Birth Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Not Shared MST-12-T2 BST-12-M12 Maternal Stool Infant Stool Trimester 2 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 12 Not Shared MST-12-T3 BST-12-M12 Maternal Stool Infant Stool Trimester 3 Month 12 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-W1 BST-6-W1 Maternal Stool Infant Stool Week 1 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-B BST-6-W1 Maternal Stool Infant Stool Birth Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-W3 BST-6-W1 Maternal Stool Infant Stool Week 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-M4 BST-6-W1 Maternal Stool Infant Stool Month 4 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T3 BST-6-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T2 BST-6-W1 Maternal Stool Infant Stool Trimester 2 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-W1 BST-6-W3 Maternal Stool Infant Stool Week 1 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-B BST-6-W3 Maternal Stool Infant Stool Birth Week 3 
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Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-W3 BST-6-W3 Maternal Stool Infant Stool Week 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Shared MST-6-M4 BST-6-W3 Maternal Stool Infant Stool Month 4 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T3 BST-6-W3 Maternal Stool Infant Stool Trimester 3 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 6 Not Shared MST-6-T2 BST-6-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Not Shared MSS-11-M4 BST-11-W1 Maternal Skin Swab Infant Stool Month 4 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MST-11-W3 BST-11-W1 Maternal Stool Infant Stool Week 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MST-11-M4 BST-11-W1 Maternal Stool Infant Stool Month 4 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MST-11-T3 BST-11-W1 Maternal Stool Infant Stool Trimester 3 Week 1 

Streptococcus salivarius 0.05 t__SGB8007_group 11 Shared MST-11-B BST-11-W1 Maternal Stool Infant Stool Birth Week 1 

Streptococcus australis 0.03 t__SGB8059_group 4 Not Shared MST-4-B BST-4-M4 Maternal Stool Infant Stool Birth Month 4 

Streptococcus lactarius 0.03 t__SGB8065 1 Shared MSS-1-M4 BST-1-M12 Maternal Skin Swab Infant Stool Month 4 Month 12 

Streptococcus lactarius 0.03 t__SGB8065 1 Shared MSS-1-M4 BST-1-M4 Maternal Skin Swab Infant Stool Month 4 Month 4 

Streptococcus lactarius 0.03 t__SGB8065 1 Shared MSS-1-M4 BSS-1-M4 Maternal Skin Swab Infant Skin Swab Month 4 Month 4 

Streptococcus lactarius 0.03 t__SGB8065 1 Shared MSS-1-M4 BSS-1-M8 Maternal Skin Swab Infant Skin Swab Month 4 Month 8 

Streptococcus parasanguinis 0.03607692 t__SGB8071 5 Shared MST-5-T2 BST-5-W3 Maternal Stool Infant Stool Trimester 2 Week 3 

Streptococcus parasanguinis 0.03607692 t__SGB8071 5 Shared MST-5-B BST-5-W3 Maternal Stool Infant Stool Birth Week 3 

Streptococcus parasanguinis 0.03607692 t__SGB8071 5 Shared MST-5-T2 BST-5-M8 Maternal Stool Infant Stool Trimester 2 Month 8 

Streptococcus parasanguinis 0.03607692 t__SGB8071 5 Shared MST-5-B BST-5-M8 Maternal Stool Infant Stool Birth Month 8 

Streptococcus parasanguinis 0.03607692 t__SGB8071 4 Shared MST-4-W3 BST-4-W3 Maternal Stool Infant Stool Week 3 Week 3 

Streptococcus parasanguinis 0.03607692 t__SGB8071 4 Shared MST-4-B BST-4-W3 Maternal Stool Infant Stool Birth Week 3 

Streptococcus parasanguinis 0.03607692 t__SGB8071 4 Shared MST-4-W3 BST-4-W1 Maternal Stool Infant Stool Week 3 Week 1 

Streptococcus parasanguinis 0.03607692 t__SGB8071 4 Shared MST-4-B BST-4-W1 Maternal Stool Infant Stool Birth Week 1 

Streptococcus parasanguinis 0.03607692 t__SGB8071 9 Shared MSS-9-M4 BST-9-B Maternal Skin Swab Infant Stool Month 4 Birth 

Streptococcus parasanguinis 0.03607692 t__SGB8071 13 Shared MST-13-B BST-13-M4 Maternal Stool Infant Stool Birth Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 13 Not Shared MST-13-T3 BST-13-M4 Maternal Stool Infant Stool Trimester 3 Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 13 Shared MST-13-B BSS-13-M4 Maternal Stool Infant Skin Swab Birth Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 13 Not Shared MST-13-T3 BSS-13-M4 Maternal Stool Infant Skin Swab Trimester 3 Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 11 Shared MST-11-W1 BST-11-W1 Maternal Stool Infant Stool Week 1 Week 1 

Streptococcus parasanguinis 0.03607692 t__SGB8071 11 Shared MST-11-W1 BST-11-M4 Maternal Stool Infant Stool Week 1 Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 6 Not Shared MST-6-W1 BST-6-M8 Maternal Stool Infant Stool Week 1 Month 8 

Streptococcus parasanguinis 0.03607692 t__SGB8071 6 Not Shared MST-6-M4 BST-6-M8 Maternal Stool Infant Stool Month 4 Month 8 

Streptococcus parasanguinis 0.03607692 t__SGB8071 6 Not Shared MST-6-W1 BST-6-M4 Maternal Stool Infant Stool Week 1 Month 4 

Streptococcus parasanguinis 0.03607692 t__SGB8071 6 Not Shared MST-6-M4 BST-6-M4 Maternal Stool Infant Stool Month 4 Month 4 
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