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Abstract 

The microbiome consists of intricate microbial communities, including bacteria, 

archaea, eukarya, viruses, bacteriophages, and their associated products. These 

dynamic entities establish symbiotic relationships with their bovine and human hosts, 

exerting direct or indirect influences on physiology throughout life, impacting both 

health and disease outcomes. The early-life microbiome exerts a profound impact on 

developmental trajectories and long-term health. The extent to which different 

maternal microbial sources and perinatal factors contribute and shape the initial 

colonisation, development, and functionality of the neonatal microbiome is a topic of 

ongoing research. Understanding these factors is crucial for comprehending the early 

establishment of the microbiome. Given the current antibiotic resistance crisis, there 

is significant importance in leveraging host-microbiome interactions to develop 

microbiome-based therapeutics. This thesis explores a number of research foci with a 

view to gain a better understanding of (1) the influence of different maternal microbial 

sources and perinatal factors on the initial establishment of the human infant gut 

microbiome, (2) harnessing the bioactive composition of bovine colostrum for bovine 

and human health applications, (3) characterising the virome of bovine colostrum and 

the influence of perinatal factors on its composition, and (4) the potential of 

microbiome-based therapeutics for disease treatment in bovines and humans. Chapter 

1 discusses the impact of perinatal factors, including maternal nutrition, antibiotic use, 

gestational age, and mode of delivery, on the initial colonisation, development, and 

function of the human neonatal gut microbiome. The elucidation of the precise extent 

to which these factors influence gut microbiome establishment and identification of 

those with the most decisive effects on colonisation are essential for improving infant 

health. In Chapter 2, the diverse array of bioactive components in bovine colostrum 

suitable for the development of functional foods, nutraceuticals, and pharmaceuticals 

with veterinary and human health applications are discussed. The processing 

techniques used to produce high-value colostrum-based products, and recent studies 

utilizing bovine colostrum for veterinary and human health are also outlined. In 

Chapter 3, using a cohort of 18 healthy mother-infant dyads, the microbial 

composition of three potential maternal sources of microbial transmission (oral, 

vaginal and placental) to the microbiota of their new-born infant (oral and meconium 

microbiota) were characterised. This allowed investigation of the contribution of 
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numerous transmission routes and the impact of various perinatal factors on the initial 

establishment of the infant gut and oral microbiome. The results of this study 

consolidate and corroborate recent findings surrounding the existence of a meconium 

microbiome and the absence of a placental microbiome. Furthermore, the study shows 

that significant vertical transfer, primarily from the maternal oral cavity to the infant 

oral cavity occurs in early life. In Chapter 4, a reproducible, low cost and high-

throughput virome extraction method was developed for bovine colostrum. Shotgun 

sequencing and viral specific metagenomics bioinformatics were performed on 

samples from 72 dairy cows, given dry cow therapy (n=48) or naturally dried off 

(n=24). The impact of farm level variables (location and parity) were also assessed. 

Phages carrying multidrug resistance genes (smeS, lfrA, kdpE and baeS) were 

identified. Antibiotic treatments significantly impacted virome composition and the 

presence of resistance genes specific to the administered antibiotic. This study 

provides novel insights into disease development and transmission in animals and 

humans, and the contribution of viruses to the spread of global antimicrobial 

resistance. In Chapter 5, two novel Staphylococcus aureus bacteriophage species from 

the genus Phietavirus were isolated. Phages were lytic against several human and 

bovine mastitis causing strains of Staphylococcus aureus (including MRSA). Phages 

displayed excellent characteristics for in vivo experiments, with no resistance genes 

present, stability to variations in pH (4 to 9), temperature (up to 60 °C), chloroform 

resistant and capable of replicating in mastitic milk. Finally, in Chapter 6, a field trial 

was undertaken to investigate the efficacy of emulsion based postbiotic and live-

biotherapeutic formulations of Lactococcus lactis DPC3147, producer of the 

bacteriocin lacticin 3147, as alternative therapeutics for bovine mastitis. Twenty eight 

cows with chronic mastitis were treated with emulsion-based formulations containing 

either viable L. lactis DPC3147 cells (n=15) or heat-killed L. lactis DPC3147 cells 

(n=13). The efficacies of the two formulations in stimulating a localised immune 

response (measuring interleukin-8 concentrations in milk) and cure rates (somatic cell 

counts reductions and pathogen absence) were evaluated. This study demonstrated that 

the presence of heat-inactivated bacteria (a postbiotic) was as effective as the live bio-

therapeutic in eliciting a localised immune response in cows with chronic mastitis. 

The results outlined in this thesis provide valuable insights into the intricate dynamics 

of early-life microbiome transfer and outline novel microbiome-based therapeutics for 

applications in bovines and humans.  



 

7 

 

Publications 

Chapter 1: Linehan, K., Dempsey, E. M., Ryan, C. A., Ross, R. P. & Stanton, C. 2022. 

First encounters of the microbial kind: perinatal factors direct infant gut microbiome 

establishment. Microbiome Research Reports, 1, 10. 

http://dx.doi.org/10.20517/mrr.2021.09 

Chapter 2: Linehan, K., Ross, R. P. & Stanton, C. 2022. Bovine Colostrum for 

Veterinary and Human Health Applications: A Critical Review. Annual review of food 

science and technology, 14, 387-410. https://doi.org/10.1146/annurev-food-060721-

014650 

Chapter 6: Mathur, H., Linehan, K., Flynn, J., Byrne, N., Dillon, P., Conneely, M., 

Grimuad, G., Hill, C., Stanton, C. & Ross, R. P. 2022. Emulsion-Based Postbiotic 

Formulation Is Comparable to Viable Cells in Eliciting a Localised Immune Response 

in Dairy Cows With Chronic Mastitis. Frontiers in Microbiology, 13, 41. 

https://doi.org/10.3389/fmicb.2022.759649 

Co-authored publications 

Kuhl, G.C., Mazzon, R.R., Simas Porto, B.L., Zamboni Madaloz, T., Razzera, G., 

Patricio, D.D.O., Linehan, K., Ahern, G., Mathur, H., Ross, P., Stanton, C. and De 

Dea Linder, J. 2021. Oleate hydratase in Lactobacillus delbrueckii subsp. bulgaricus 

LBP UFSC 2230 catalyzes the reversible conversion between linoleic acid and 

ricinoleic acid. Microbiology Spectrum, 9, e01179-21. 

https://doi.org/10.1128/Spectrum.01179-21 

 

Bauman, D.E., Lock, A.L., Conboy Stephenson, R., Linehan, K., Ross, R.P., Stanton, 

C. (2020). Conjugated Linoleic Acid: Biosynthesis and Nutritional Significance. 

Advanced Dairy Chemistry, Volume 2: Lipids, 67-106. https://doi.org/10.1007/978-

3-030-48686-0_3 

 

Patangia, D.V.; Grimaud, G.; Linehan, K.; Ross, R.P.; Stanton, C. Microbiota and 

Resistome Analysis of Colostrum and Milk from Dairy Cows Treated with and 

without Dry Cow Therapies. Antibiotics 2023, 12, 1315. 

https://doi.org/10.3390/antibiotics12081315 

 

Linehan, K.; Patangia, D.V.; Ross, R.P.; Stanton, C.  Production, Composition and 

Nutritional Properties of Organic Milk: A Critical Review. Under review in Foods. 

 

Co-authored an article discussing Chapter 6 of this thesis for the Teagasc TResearch 

Autumn 2022 magazine, targeted at non-research audiences: 

https://www.teagasc.ie/about/research--innovation/research-publications/tresearch-

autumn-2022/finding-alternative-ways-to-treat-bovine-mastitis/ 

 

http://dx.doi.org/10.20517/mrr.2021.09
https://doi.org/10.1146/annurev-food-060721-014650
https://doi.org/10.1146/annurev-food-060721-014650
https://doi.org/10.3389/fmicb.2022.759649
https://doi.org/10.1128/Spectrum.01179-21
https://doi.org/10.1007/978-3-030-48686-0_3
https://doi.org/10.1007/978-3-030-48686-0_3
https://www.teagasc.ie/about/research--innovation/research-publications/tresearch-autumn-2022/finding-alternative-ways-to-treat-bovine-mastitis/
https://www.teagasc.ie/about/research--innovation/research-publications/tresearch-autumn-2022/finding-alternative-ways-to-treat-bovine-mastitis/


 

8 

 

 

Conferences 

1. Student Award Speaker for the International Milk Genomics Consortium 2022, 

University of California, Davis, USA. “Microbiome Based Mastitis 

Therapeutics”.  

 

2. Student Award Speaker for the International Milk Genomics Consortium 2023, 

University College Cork. “Characterisation of the Bovine Colostrum Virome 

and Two Novel Staphylococcus Aureus Bacteriophages”.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 

 

 

Abbreviations 

3′SL: 3′ sialyllactose 

6′SL: 6′ sialyllactose 

6′SLN: 6′ siayllactosamine 

ACE2: angiotensin-converting enzyme 2 

AMR: Antimicrobial resistance 

ANCOM: analysis of the composition of microbiomes 

ANI: Average nucleotide identity 

ANOVA: Analysis of Variance 

APGAR: Appearance, Pulse, Grimace, Activity and Respiration 

APP: Acute-phase proteins 

ASV: Amplicon Sequencing Variant 

BH: Benjamini-Hochberg 

BIMs: Bacteriophage-insensitive mutants 

BLAST: Basic Local Alignment Search Tool 

BMI: Body Mass Index 

BCS: bovine colostrum silage 

BPA: Baird Parker agar 

bMEC: Bovine mammary epithelial cells 

β: Beta 

bp: Base Pair 

BRED: Bacteriophage recombineering of electroporated DNA 

CARD: Comprehensive Antibiotic Resistance Database 

CHAP: N-terminal cysteine, histidine-dependent amidohydrolases/peptidases 

CLA: Conjugated Linoleic Acid 

CFU/ml: Colony forming units per milliliter 

CRESS: Conserved RNA Element Search Software 

CS: C-section 

CDS: Coding sequence 



 

10 

 

CsCl: Cesium Chloride 

DCT: Dry Cow Therapy 

DNA: Deoxyribonucleic acid 

DSL: Disialyllactose 

ds: Double stranded 

EGFs: Epidermal growth factors 

ELISA: Enzyme-Linked Immunosorbent Assay 

EOP: Efficiency of Plaquing 

ESKAPE: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. 

FAO: Food and Agriculture Organisation of the United Nations 

FDR: False discovery rate 

FMT: Fecal microbiota transplantation 

Fc: fragment crystallisable 

FOS: Fructo-Oligosaccharides 

g: Gravitational force or gram 

GABA: γ-aminobutyric acid 

GDM: Gestational Diabetes Mellitus 

GI: Gastrointestinal 

GBS: Group B Streptococcus 

GBDP: Genome-BLAST Distance Phylogeny 

GRAS: Generally regarded as safe 

HBC: Hyperimmune bovine colostrum 

HGT: Horizontal gene transfer 

HMOs: Human milk oligosaccharides 

HPRA: Health Products Regulatory Authority 

HPP: High-pressure processing 

HGT: Horizontal gene transfer 

HIV: Human immunodeficiency virus 

HTST: High-temperature short-time 

IAP: Intrapartum antimicrobial prophylaxis 



 

11 

 

ICSTs: Infant community state types 

IBD: Inflammatory Bowel Disease 

IGF: Insulin-like growth factor 

Ig: Immunoglobulin 

IgA: Immunoglobulin A 

IgD: Immunoglobulin D 

IgE: Immunoglobulin E 

IgG: Immunoglobulin G 

IgM: Immunoglobulin M 

IL: Interleukin 

ITCs: isothiocyanates 

Kbp: Kilobase pair 

KEGG: Kyoto Encyclopedia of Genes and Genomes 

KO: KEGG Orthology 

LAB: Lactic acid bacteria 

LASL: Long-Read Linker-Amplified Shotgun Library 

LCA: Lithocholic acid 

LEfSe: Linear discriminant analysis Effect Size 

LGT: Lateral gene transfer 

LPS: Lipopolysaccharides 

LDA: Linear discriminant analysis 

LTLT: low-temperature long-time 

LAB: Lactic acid bacteria 

MDR: Multidrug resistant 

MIC: Minimum inhibitory concentration 

miRNAs: MicroRNAs 

MOI: Multiplicity of Infection 

MUFAs: monounsaturated fatty acids 

NACs: N-acetylcysteine 

NGS: Next-generation sequencing 
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NICU: Neonatal Intensive Care Unit 

NCBI: National Centre for Biotechnology Information 

NGS: Next-generation sequencing 

NB: Natural Birth 

NSAIDs: Nonsteroidal anti-inflammatory drugs 

ORF: Open reading frame 

PAS: Phage-antibiotic synergy 

PCR: Polymerase chain reaction 

PBS: Phosphate buffered saline 

PCoA: Principal Coordinate Analysis 

PEG: Polyethylene glycol 

PERMANOVA: Permutational multivariate ANOVA 

PICRUSt2: Phylogenetic Investigation of Communities by Reconstruction of 

Unobserved States 

PMNs: polymorphonuclear leukocytes 

PROM: premature rupture of membranes 

ProkSee 

pVOGs: prokaryotic viral orthologous groups 

PUFA: polyunsaturated fatty acid 

RID: radial immunodiffusion 

RGI: Resistance Gene Identifier 

RID: radial immunodiffusion 

SCFA: Short-chain fatty acids 

SCCs: somatic cell counts 

SCVs: Small colony variants 

SFA: saturated fatty acid 

SL: sialyllactose 

SLn: siayllactosamine 

ss: single stranded 

TGF: transforming growth factor 

TFF: tangential-flow filtration 
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TNFs: tumor necrosis factors 

TBC: total bacterial count 

UV: Ultraviolet 

VF: Virulence factor 

VFDB: Virulence Factor Database 

VEGF: Vascular endothelial growth factor 

VLPs: virus-like particles 

VRSA: vancomycin-resistant S. aureus 

WHO: World Health Organisation 

v: Version 

vs.: Versus 

Units  

˚C: Degree Celsius 

μg: Microgram  

μg/ml: Microgram per millilitre  

μl: Microliter  

bp: Base Pair  

cm: Centimetre  

Da: Dalton  

g: Gram  

h: Hour  

kDa: Kilodalton  

KU: kiloUnit 

L: Litre  

M: Molar  

mg/L: Milligram per litre  

mg ml-1: Milligram per millilitre 

min(s): Minute(s)  

mm: Millimetre  

mM: Millimolar  
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ng: Nanogram  

nm: Nanometre  

nt: Nucleotide  

v/v: Volume per volume  

V: Volt  

w/v: Weight per volume  

xg: Relative centrifugal force 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

15 

 

 

 

 

 

 

 

Chapter 1 

 

Mini Review 

 

First encounters of the microbial kind: perinatal factors 

direct infant gut microbiome establishment 

 

Kevin Linehan is first author of this invited review which is published in: 

Linehan, K., Dempsey, E. M., Ryan, C. A., Ross, R. P. & Stanton, C. 2022. First 

encounters of the microbial kind: perinatal factors direct infant gut microbiome 

establishment. Microbiome Research Reports, 1, 10. 

 

 

 

 

 

 

 

 

 

 

 



 

16 

 

 

1.1 Abstract 

The human gut microbiome harbours a diverse range of microbes that play a 

fundamental role in the health and well-being of their host. The early-life microbiome 

has a major influence on human development and long-term health. Perinatal factors 

such as maternal nutrition, antibiotic use, gestational age and mode of delivery 

influence the initial colonisation, development, and function of the neonatal gut 

microbiome. The perturbed early-life gut microbiome predisposes infants to diseases 

in early and later life. Understanding how perinatal factors guide and shape the 

composition of the early-life microbiome is essential to improving infant health. The 

following review provides a synopsis of perinatal factors with the most decisive 

influences on initial microbial colonisation of the infant gut. 
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1.2 Introduction  

The microbiome depicts the microbiota and their “theatre of activity”, encompassing 

the combined nucleic acids (including viruses and bacteriophages), structural 

components and microbial metabolites related to the microbiota (Berg et al., 2020). 

The gut microbiota describes the trillions of microbial cells (bacteria, archaea, protists, 

and fungi) occupying the intestine, with Bacteroidetes and Firmicutes accounting for 

90% of the total bacterial inhabitants and Actinobacteria, Cyanobacteria, Fusobacteria, 

Proteobacteria and Verrucomicrobia constituting the remaining 10% (Lloyd-Price et 

al., 2016). These gut microbiota engage in a plethora of host biological responses, 

including the regulation of immunity (Gensollen et al., 2016), energy homeostasis, 

protection against pathogens and bioactive metabolite production (Nguyen et al., 

2021b). Furthermore, the disparities in the intestinal microbiota have been linked to 

disease states such as metabolic disorder (Wiley et al., 2021a), cancer (Gopalakrishnan 

et al., 2018), and cardiovascular disease (Murphy et al., 2021a). The initial formation 

of the gut microbiota is essential in maintaining intestinal homeostasis and symbiosis 

in neonates, shaping and guiding the development of the immune and nervous systems 

during a critical developmental window (Clarke et al., 2014). Although the mechanism 

at present is not fully elucidated, the current consensus is that a disrupted microbiota 

in early life can leave a lasting footprint on health in early life and beyond (Fouhy et 

al., 2019). The first encounters of the neonatal gut with microbes are directed by 

intrinsic and extrinsic factors, collectively named “perinatal factors”. These consist of 

maternal nutrition, antibiotic use, gestational age, genetics and mode of delivery 

(Wang et al., 2020a). Early-life gut microbiome imbalances predispose infants to 

colonisation by opportunistic pathogens, such 

as Enterococcus, Enterobacter, Clostridium, and Klebsiella species. Furthermore, 

infant gut dysbiosis can lead to impaired growth and an increased risk of sepsis and 

necrotizing enterocolitis (NEC), especially in preterm new-borns (Fundora et al., 

2020). Longer-term consequences of perturbed microbial colonisation include 

allergies, asthma, metabolic syndrome, diabetes and inflammatory bowel disease 

(Milani et al., 2017). Therefore, it is essential to elucidate the extent to which perinatal 

factors may influence the microbial bond between mother and infant. Further 

understanding of how this intricate relationship may be influenced by perinatal factors 
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is imperative to optimise mother and infant health in the perinatal period and inform 

the adequate type and timing of therapeutic interventions. In this short review, we 

discuss the core microbes which initially colonise the infant gut and decipher the 

influence of perinatal factors on directing these first encounters. 

1.3 Core Infant Gut Microbiome  

The first encounters of microbes with the infant intestine represent the de 

novo assembly of a complex microbial community (Costello et al., 2012). In contrast 

to adults, the gut microbiome in early life is unstable, highly dynamic and low in 

diversity (Arrieta et al., 2014). At birth, the infant gut is an aerobic environment, 

inhabited by Escherichia and Enterococcus. These facultative bacteria thrive on 

residual oxygen present, resulting in a lowered redox potential and thus shifting the 

infant gut to an anaerobic environment. Obligate anaerobes, including Firmicutes such 

as Clostridia, Bacteroidetes and the bedrock of the infant gut microbiome, 

bifidobacteria, begin to flourish at this point (Collado et al., 2012). Bifidobacteria 

constitute up to 37% of the infant gut microbiota in early life (Duranti et al., 2017). 

Along with Veillonella, Streptococcus, Citrobacter, Escherichia, as well 

as Bacteroides and Clostridium, they dominate the core infant gut microbiome 

(Turroni et al., 2020). In Table 1.1, we summarize the characteristics and functions of 

these pioneering microbes in the infant gut. Despite large variance at the intra-

individual level, a recent multi-population cohort meta-analysis revealed the existence 

of specific taxonomic patterns or infant community state types (ICSTs) (Mancabelli 

et al., 2020). This study subdivided ICSTs into four macro groups, < 1 month of age, 

between 1 and 6 months of age, between 6 and 12 months of age and between 1 and 3 

years of age. Higher microbial complexity in samples from infants aged between 12 

and 36 months compared to those from children less than one-month-old was 

observed. This increase in biodiversity appeared to have caused a reduction in the 

relative abundance of the Bifidobacterium genus in favour 

of Bacteroides, Feacalibacterium, Blautia and Ruminococcus genera. ICSTs are 

further modulated by birth mode and feeding type, which will be discussed later in this 

review. 
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Table 1.1 | Characteristics, Functions and Metabolites produced by the Core Infant 

Gut Microbiome Members 

Microbes  Key Functions & 

Characteristics in 

the Infant Gut 

Microbial Metabolites 

Produced 

Refs 

Bifidobacteria  Saccharolytic 

degradation of diet-

derived glycans and 

host-provided 

carbohydrates 

(known as host 

glycans including 

mucins and HMOs).  

γ-aminobutyric acid 

(GABA), Conjugated 

Linoleic Acid (CLA), 

Short Chain Fatty Acids 

(SCFA), Group B 

Vitamins (B1, B3, B6, B9, 

B12) 

(Alessandri et 

al., 2021, 

Wiley et al., 

2021b, Yoshii 

et al., 2019) 

Genus 

Bacteroides 

Metabolise HMOs, 

mucins and 

complex plant 

polysaccharides 

(starch, cellulose, 

xylans, and 

pectins). Proteolytic 

activity via 

extracellular 

proteases. 

Deconjugation of 

bile acids.  

GABA, Vitamin K, 

SCFA, Group B Vitamins 

(B1, B2, B5, B6, B7, B9, 

B12) 

(Marcobal et 

al., 2011, 

Otaru et al., 

2021, Rios-

Covian et al., 

2017, Wiley et 

al., 2021b, 

Yoshii et al., 

2019) 

Genus 

Veillonella 

Produce propionate 

from end products 

of carbohydrate 

fermentation (e.g., 

lactate). Propionate 

displays anti-

inflammatory 

 SCFA (Vipperla and 

O'Keefe, 

2012) 
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features, influences 

glucose and energy 

homeostasis and 

increases insulin 

sensitivity. 

Genus 

Streptococcus 

Specific members 

of the genus 

Streptococcus form 

part of the core 

infant gut 

microbiota and are 

among the first 

established bacteria 

in the infant gut 

within the first 24 h 

following birth. 

Serotonin, GABA, 

Histamine,  

(Wiley et al., 

2021b) 

Genus 

Collinsella 

Present in large 

amounts when 

infant gut 

microbiota is 

dominated by 

bifidobacteria. 

Currently 

comprises six 

species isolated 

from human faeces 

and vaginal tract.   

 Group B Vitamins (B6)  (Han et al., 

2021, 

Magnúsdóttir 

et al., 2015, 

Yoshii et al., 

2019) 

Genus 

Lactobacillus 

Vertical 

transmission of 

Lactobacillus 

species presents the 

origin of infant 

Serotonin, GABA, 

Acetylcholine, Histamine, 

CLA, SCFA, Group B 

Vitamins (B1, B2, B7, B9, 

B12) 

 (Zhang et al., 

2020, Wiley et 

al., 2021b, 

Yoshii et al., 

2019) 
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1.4 Perinatal Factors and the First Microbial Encounters 

In this section, we discuss the effect of perinatal factors on the initial colonisation of 

the infant gut with microbes (see Figure 1.1). The majority of studies on this topic 

relate the relative abundance of microbes in fecal samples to the composition of the 

gut microbiota, thus any changes or differences in microbial content discussed herein 

are based upon changes/differences in the relative abundance of microbes unless 

otherwise stated. While this review will focus on the establishment of bacteria in the 

infant gut, we acknowledge that these factors may also influence the infant gut virome 

(Taboada et al., 2021), mycobiome and sporobiota (Egan et al., 2021). 

Lactobacillus 

microbiota 

component. May be 

related to the HMO 

metabolism of 

infant. 

Genus 

Akkermansia  

A. muciniphila is 

the sole intestinal 

representative in the 

human gut from 

early life. May 

ferment HMOs. 

Target for 

therapeutics aimed 

at increasing barrier 

function. 

 Serotonin, SCFA  (Yaghoubfar 

et al., 2020) 
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Figure 1.1 | Perinatal Factors Influencing Infant Gut Microbiome Establishment.  

Graphic outlining the factors that contribute to early the initial infant gut microbiome. 

Created with BioRender.com. 

1.4.1 Maternal health status during pregnancy 

Maternal health during pregnancy is a key input in fetal health and infant development. 

Numerous studies have described aberrant gut colonisation in infants born to mothers 

who suffered from elevated stress and cortisol levels throughout gestation (Naudé et 

al., 2020). Specifically, increased abundances of pathogenic bacteria Proteobacteria 

(Escherichia, Enterobacter, Serratia, Citrobacter, Campylobacter) and Firmicutes 

(Veillonella and Finegoldia) in addition to decreased abundances of beneficial 

bacteria such as lactic acid bacteria (Lactobacillus, Lactococcus, Aerococcus), 

Actinobacteria (bifidobacteria, Collinsella, Eggerthella) and Akkermansia have been 

noted (Naudé et al., 2020). While weight gain during pregnancy is a natural 

physiological response, excessive gestational weight gain (defined as 16 kg or above 

for women with BMI 19.8-25 or above 11.5 kg for women with BMI > 25 (Naudé et 

al., 2020) has been reported to lead to the increased relative abundance 

of Escherichia and Dorea in vaginally born infants (Singh et al., 2020). Metagenomic 

https://biorender.com/
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analysis has also shown that gestational weight gain impacts the function of the initial 

infant gut microbiome (Baumann-Dudenhoeffer et al., 2018). Excessive maternal 

weight gain during pregnancy has been associated with enrichment of phenylalanine, 

cysteine/serine, folate, thiamine, biotin, and pyridoxine synthesis pathways and 

bacterial glucose pathways in infants (Baumann-Dudenhoeffer et al., 2018). These 

effects are seen up to eight months post-partum, highlighting a longer-term impact on 

microbiota function. Affecting one in every seven live births worldwide (Cho et al., 

2018), gestational diabetes mellitus (GDM) presents the most frequent metabolic 

disorder that women encounter throughout gestation. The establishment of key 

pioneering taxa, important for establishing neonatal development, such 

as Lactobacillus, Flavonifractor, Erysipelotrichaceae and Bacteroides have shown to 

be decreased in infants born to mothers with GDM (Soderborg et al., 2020). 

Interestingly, the level of dysbiosis is postulated to occur differentially depending on 

the severity of the GDM condition (Sililas et al., 2021). Both extremes of the 

reproductive age (typically < 17 years and > 35 years) are considered as the highest 

risks for infant mortality and detrimental health outcomes for mother and infant. Fetal 

and maternal complications of GDM include fetal growth restriction, preterm birth, 

chromosomal and congenital abnormalities, pre-eclampsia and C-section (CS) birth 

(Kim et al., 2021, Frick, 2021, Attali and Yogev, 2021). 

1.1.1 Maternal diet 

Mounting evidence demonstrates the influence of a healthy maternal diet throughout 

the gestational period to optimize the acquisition of rich and diverse gut microbiota in 

neonates and improve long-term health outcomes (Maher et al., 2020). While the 

quintessential prenatal diet is not known, it is recommended that pregnant women 

consume “a balanced diet with the appropriate distribution of the basic food pyramid 

groups” (American College of Obstetricians and Gynecologists, 2019). Regarding 

studies of the influence of maternal diet on infant gut microbiome establishment, it 

must be noted that notable heterogeneity pervades multiple areas of the studies 

presented to date. For instance, most studies utilize cohorts of overweight or obese 

women, which are not representative of a normal population. At present, there is no 

clear consensus on the periods of assessment and time points during pregnancy at 

which assessments are carried out. A systematic review by Maher et al. (Maher et al., 

2020) recently reported that inspection of detailed dietary data in pregnancy and its 
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impact on the microbiome must be carried out in detail in a cohort that is indicative of 

a normal obstetric population. Bereft of this information, current findings from 

subgroups are challenging to decipher and highly variable. Finally, the authors noted 

that the methods of reporting dietary intake are subject to bias, suggesting that 

combining both Food Frequency Questionnaires and food diaries may be a method to 

circumvent this problem. With these limitations in mind, high-fat maternal diet has 

been repeatedly associated with detrimental effects on the infant gut microbiome 

(Maher et al., 2020). High-fat maternal diet has been reported to be associated with 

the enrichment of Enterococcus and depletion in Bacteroides (Chu et al., 2016). A 

recent study reported that diet in a healthy cohort of pregnant women was correlated 

to both maternal and neonatal microbiota at the time of birth, in a delivery mode-

dependent manner (Selma-Royo et al., 2021). Furthermore, the study indicated that fat 

intake in the form of saturated fatty acids and mono- and poly-unsaturated fatty acids 

(MUFA and PUFA) showed significant enrichment in Firmicutes phylum genera and 

depletion in Proteobacteria phylum genera in the offspring’s microbiota. A high-fat 

diet has been related to a higher abundance of Firmicutes and a concurrent increase in 

BMI (Koliada et al., 2017, Serino et al., 2012). Maternal intestinal permeability is 

higher throughout pregnancy (Reyes et al., 2006) and excess dietary intake is known 

to enhance intestinal permeability (Rohr et al., 2020), which may have implications 

on the vertical transmission of specific genera influencing early neonatal colonisation. 

Prenatal diet has also been shown to modify the breast milk microbiome. High dietary 

intake of plant protein, fiber, and carbohydrates was associated with 

elevated Staphylococcus, Bifidobacterium, and Lactobacillus abundance   (Cortes-

Macías et al., 2021). The intake of food with high animal protein content and fats (n-

3 PUFAs and MUFAs), exhibited a negative association with the abundance 

of Enterococcus and Bifidobacterium and a positive correlation with Gemella   

(Cortes-Macías et al., 2021) in the breast milk microbiome. Maternal diet may also 

modulate the human milk oligosaccharide (HMO) composition of breast milk 

(Seferovic et al., 2020). Modulation of the HMO profile of breast milk by dietary 

manipulation may represent a method to manipulate the establishment of microbial 

species in the infant gut (Seferovic et al., 2020). Further studies are required to 

elucidate this relationship fully. 
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1.1.2 In utero microbiome transfer 

Microbiome studies of the in utero environment highlight numerous limitations of 

current next-generation sequencing (NGS) methodologies. Contamination (de Goffau 

et al., 2018)  or the “kitome” (Olomu et al., 2020) represents a major issue when NGS 

and PCR-based approaches are applied to low-biomass samples, such as those 

encountered in the in utero environment (Bushman, 2019). Without stringent controls 

and method standardisation, these methodologies will amplify any DNA present in the 

sampled environment, regardless of bacterial viability (Amos et al., 2020), thus, 

inaccurately reflecting the microbiota present in the sample (Fricke and Ravel, 2021). 

Studies to date which have applied NGS methods informed by the potential for false-

positive results have failed to detect a placental microbiome (Olomu et al., 2020). 

However, a well-controlled study by Edmond et al. (Edmond et al., 2012) indicated 

that the placenta represents a potential site of perinatal acquisition of Streptococcus 

agalactiae [group B Streptococcus (GBS)], a major cause of neonatal sepsis. Robust 

studies of amniotic fluid have failed to find a resident microbiome (Lim et al., 2018, 

Rehbinder et al., 2018, De Goffau et al., 2019). Indeed, Enterobacter and Escherichia, 

commonly identified contaminants in laboratory and extraction kit reagents (Salter et 

al., 2014, Tanner et al., 1998) have been reported as the most abundant genera detected 

in amniotic fluid (Liu et al., 2019, Collado et al., 2016). Similarly, controlled studies 

have reported that the microbial content of meconium does not differ from negative 

controls (Kennedy et al., 2021, Dos Santos et al., 2021). A recent study claimed to 

have detected bacterial DNA and viable bacteria in the fetal intestine using 16S rRNA 

gene sequencing, qPCR, electron microscopy, and bacterial culture of Micrococcus 

luteus-related bacteria, which appeared to show adaptations to the fetal environment, 

re-igniting the controversy surrounding the existence of in utero microbiomes 

(Rackaityte et al., 2021, de Goffau et al., 2021) . The studies presented thus far support 

the consensus that microbial colonisation of the infant occurs at birth and the 

establishment of replicating microbial cells does not commonly occur in healthy 

pregnancies, devoid of clinical infections (Blaser et al., 2021). This is in agreement 

with Walter and Horneff (Walter and Hornef, 2021), who highlighted that there is no 

overlap between the bacterial taxa detected in utero in the sequencing studies of the in 

utero environment, with evident conformity between the bacterial taxa identified in 

utero and the controls. 
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1.1.3 Birth mode  

Throughout vaginal birth, the infant is primarily exposed to the maternal intestinal and 

vaginal microbiota (Li et al., 2021a). Microbes of the birth canal such 

as Lactobacillus, Prevotella and Sneathia are typically detected in the infant gut of 

vaginally born infants. Bacteroides, Escherichia, Bifidobacterium, 

and Parabacteroides are also usually found (Wampach et al., 2018). These genera 

dominate the infant microbiota and comprise up to 68% of all microbes present four 

days after birth (Shao et al., 2019). CS removes the infant’s exposure to maternal 

intestinal and vaginal microbes, thus blocking vertical transmission and is the perinatal 

factor with the most uniform effects on the infant gut microbiota across individuals 

and studies (Korpela, 2021).A ubiquitous feature of the CS-born infant’s gut 

microbiota is the low relative abundance of bifidobacteria and almost total lack 

of Bacteroides (Korpela and de Vos, 2018). The relative abundance 

of Enterococcus, Staphylococcus, Streptococcus, Klebsiella, Enterobacter, Propioni

bacterium, and Clostridium is also higher in the CS born infant gut (Shaterian et al., 

2021). Many of these taxa are common representatives of endemic opportunistic 

pathogens responsible for nosocomial infections (O'Neill et al., 2020) and are common 

to the maternal skin and hospital environment (Lax et al., 2017).The type of CS 

undertaken may further modulate its effects on the infant gut microbiome. For 

instance, the skin and vagina are thought to be the source of the gut microbiota in 

emergency CS, whereas the skin is considered to be the predominant microbial origin 

of the gut microbiota in infants born by elective CS (Chu et al., 2017). Recent studies 

have attempted to utilise orally delivered fecal microbiota transplantation (FMT) and 

oral administration of maternal vaginal microbiota to restore disturbed intestinal 

microbial colonisation in CS born infants  (Korpela et al., 2020, Wilson et al., 2021). 

Despite its recent inception, FMT has yielded encouraging results (Korpela et al., 

2020), while vaginal transplantation has delivered less comprehensive findings 

(Wilson et al., 2021).  

1.1.4 Mother-infant vertical transmission 

Following birth, infants appear to share 50% of microbial species in their gut with 

those found in the maternal gut, oral, vaginal, or skin microbiota indicating vertical 

transmission of microbes from mother to infant (Ferretti et al., 2018). A study by 

Ferretti et al. (Ferretti et al., 2018) reported that a significant proportion (50.7%) of 

the microbes present in the infant gut immediately post-partum, were transferred from 
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the mother’s gut, vagina, oral cavity, or skin. The presence of these microbes was 

largely stable up to four months of age (Ferretti et al., 2018). The mother’s gut 

accounted for the most significant proportion of microbes (22.1%), followed by the 

vagina (16.3%), the oral cavity (7.2%), and the skin (5%) (Ferretti et al., 2018). The 

maternal gut microbiota represents the greatest maternal source of infant-acquired 

strains immediately post-partum, with most strains from Actinobacteria and 

Bacteroidetes (Duranti et al., 2017). Furthermore, a recent large scale meta-analysis 

of whole metagenomic shotgun sequencing data of maternal and infant fecal samples 

identified a set of 26 mother-infant shared species (species of B. uniformis, B. 

vulgatus, B. longum, P. distasonis, P. merdae confirmed at strain level) with high 

prevalence and relative abundance across cohorts studied (Wang et al., 2021). The 

vaginal microbiome during gestation is dominated by Lactobacillus species, 

displaying decreased diversity and increased stability compared to non-pregnant 

women (Mortensen et al., 2021). The vaginally delivered infant gut microbiome is 

dominated by Lactobacillus, Prevotella, Atopobium or Sneathia species, which are 

typical of the mother’s vaginal microbiome (Chen et al., 2021). The vaginal 

microbiomes impact on the infant before birth remains largely unknown, however 

gestational changes that happen during pregnancy could be part of an adaptive 

response to promote the correct development and health of the fetus (Mueller et al., 

2015). While the vaginal microbiome does contribute bacteria to the infant gut 

microbiome it may be that this contribution is minimal, in terms of overall abundance 

due to the low diversity of the vaginal microbiome during pregnancy (O'Neill et al., 

2020). The mother’s oral cavity and skin represent the other possible maternal sources 

of microbes. The contributions of microbes from these areas to the initial infant gut 

microbiome are significantly less than the mothers gut, vaginal and breast milk 

microbiomes. Furthermore, bacteria transferred from these sites colonise the infant gut 

in a transient manner (Dominguez-Bello et al., 2010, Hurley et al., 2019). However, 

significant microbial transfer from the mother’s skin and oral cavity to infants in later 

life is feasible, although additional studies are needed. 

1.1.5 Gestational age 

Gestational age is one of the most significant influencers of gut microbiota formation 

(Henderickx et al., 2019), defined as full-term (37-42 weeks), preterm (< 37 weeks) 

or post-term (> 42 weeks). The intestinal microbiota of the preterm infant is 
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distinguished by delayed colonisation, diminished species diversity and abundance. 

There is also a predilection to being colonised by pathogenic facultative anaerobes 

(e.g., Enterobacter, Escherichia, and Klebsiella) and decreased levels of commensal 

strictly anaerobic organisms (e.g., Bifidobacterium, Bacteroides, and Clostridium) 

(Pammi et al., 2017). Numerous studies have indicated a shared patterned progression 

of colonisation by bacilli, Gammaproteobacteria and Clostridia in preterm infants (La 

Rosa et al., 2014). In particular, Enterococcus faecalis, Enterobacter 

cloacae, Staphylococcus epidermidis, E. coli, Klebsiella pneumoniae, and Klebsiella 

oxytoca species are frequently found in the gut microbiota of preterm infants (Nguyen 

et al., 2021a). Preterm infants also encounter numerous distinctive environmental and 

host conditions, which can have deleterious effects on the establishment and 

subsequent formation of their gut microbiome. For instance, even before birth, 

between 25%-30% of preterm infants are exposed to microbes in the context of 

preterm premature rupture of membranes and intra-amniotic infection (Goldenberg et 

al., 2008). CS birth is also common in preterm birth cases; thus, colonisation by the 

skin and environmental conditions rather than vaginal and rectal microbiota 

commonly occur (Korpela, 2021). Furthermore, exposure to the Neonatal Intensive 

Care Unit (NICU) has been related with a NICU-associated core microbiota composed 

of bacterial families Enterobacteriaceae (genera Klebsiella and Escherichia in 

particular) and Enterococcaceae (Zwittink et al., 2017). A common NICU practice, 

respiratory support, has recently been shown to drive differences in microbiota 

development between extremely and very preterm infants (Zwittink et al., 2017). 

Specifically, preterm infants exhibited higher colonisation by facultative anaerobes 

and delayed colonisation by obligate anaerobes (Zwittink et al., 2017). As a result, 

with the shift in the ratio of facultative to obligate anaerobic bacteria, defense against 

pathogenic bacteria can often be impaired (Henderickx et al., 2019). Finally, antibiotic 

administration in NICUs is commonplace for treating and preventing infections and 

sepsis (Henderickx et al., 2019) and will be discussed in detail below. 

1.1.1 Antibiotics 

In light of the ever-evolving antimicrobial resistance (AMR) crisis (Ventola, 2015), 

deciphering the implications of perinatal antibiotic usage on the establishment of the 

infant gut microbiome is paramount. Oral antibiotic use in pregnancy or intravenous 

antibiotic prophylaxis during delivery is common practice - especially for maternal 
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GBS positivity, preterm premature rupture of the membranes, and/or as prophylaxis 

against wound infection in CS (Grech et al., 2021). Vertical transmission of antibiotics 

and antibiotic-resistant microorganisms from mother to infant has been proposed to 

negatively impact the development and succession of the infant gut microbiota 

(Patangia et al., 2022). Antibiotic usage presents two potential problems in the 

perinatal period, through the transfer of antibiotics and/or AMR strains from mother 

to infant via in utero transfer or breastfeeding. The majority of broad-spectrum 

antibiotics (e.g., amoxicillin, gentamicin, vancomycin) used in the perinatal period can 

be readily transmitted to the fetus in utero via the placenta and umbilical vein due to 

simple diffusion and blood flow (Nahum et al., 2006). Because of the restricted 

activity of fetal hepatic drug-metabolizing enzymes compared with adults, the non-

metabolised drug thus accumulates in the fetal tissues (Morgan, 1997). There is strong 

evidence that maternal antibiotic treatment throughout gestation reaches the infant in 

adequate amounts to potentially impact their resistome profiles (Imoto et al., 2018). 

Numerous studies have explored the effect of antibiotic use in pregnancy on infants’ 

intestinal microbiome composition and/or diversity. Reduced relative abundances of 

Actinobacteria, specifically Bifidobacterium (Imoto et al., 2018) and Bacteroides 

(Stearns et al., 2017a) are commonly observed in infants whose mothers were treated 

with antibiotics prenatally or during delivery compared to those without. Increased 

relative abundances of Firmicutes and Proteobacteria are also consistently reported 

(Mazzola et al., 2016). To date, most studies concentrate on the detrimental effects of 

antibiotics on the mother or fetus but lack exploration of the AMR aspects. There is 

also a pressing need for characterisation of the species and strains harbouring these 

resistance genes (Li et al., 2021b).  

1.1.7 Infant diet 

Human breast milk is the “gold standard” nutrition for infant health and development 

and is considered the second integral source of microbes to the infant after the birth 

canal (Pannaraj et al., 2017). Harbouring > 700 bacterial species, breast milk ensures 

the consumption of up to ~800,000 bacteria daily (Le Doare et al., 2018). HMOs 

modulate the immune system, prevent adhesion of pathogenic bacteria and act as 

metabolic substrates for gut bifidobacteria. In turn, bifidobacteria utilize their arsenal 

of membrane transporters and saccharolytic enzymes to cleave HMOs into their 

constituent monomers and internalize these or intact HMOs into the central catabolic 
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pathways, leading to the main end products, lactate, acetate, formate, and 1, 2-

propandiol (Sakanaka et al., 2019). This process aids in suppressing the growth of 

opportunistic pathogenic species within Clostridiaceae, Enterobacteriaceae, 

and Staphylococcaceae (Matsuki et al., 2016). Multiple studies have isolated and 

identified bacterial strains, mostly Bifidobacterium, Lactobacillus, 

and Staphylococcus, which are common to both breast milk and infant faeces (Murphy 

et al., 2017). However, breastfeeding is not chosen/not possible in many 

circumstances. Exclusively formula-fed infants harbor a more diverse microbiota with 

lower abundances of HMO-utilizing Bifidobacterium species, often with increased 

abundances of Clostridium species (C. difficile and C. perfringens) 

and Enterobacteriaceae species (e.g., E. coli) (Bäckhed et al., 2015). While the gap 

between the composition of commercial formulas and breast milk is narrowing (Ahern 

et al., 2019), the gut microbiota of formula and breast-fed infants remain distinct 

(Baumann-Dudenhoeffer et al., 2018). 

1.1.8 Probiotics 

Probiotics are defined by the FAO/WHO as “live microorganisms which when 

administered in adequate amounts confer a health benefit on the host” (Gibson et al., 

2017). Probiotic supplementation in infants to ameliorate aberrant colonisation, 

typically with Bifidobacterium and Lactobacillus strains, has yielded mixed results 

(Wang et al., 2020b). Probiotic usage for the prevention of NEC in preterm infants has 

yielded encouraging findings (Murphy et al., 2021b). A recent meta-analysis 

concluded that L. acidophilus LB was the best supplementation option for reducing 

NEC risk in preterm infants (Beghetti et al., 2021). A synbiotic is defined as “a mixture 

comprising live microorganisms and substrate(s) selectively utilised by host 

microorganisms that confers a health benefit on the host” (Swanson et al., 2020). A 

synbiotic consisting of short-chain galacto-oligosaccharides and long-chain fructo-

oligosaccharides and the bifidobacterial strain B. breve M-16V, with a similar dosage 

to bacterial numbers of human milk, was reported to substantially increase levels of 

bifidobacteria in exclusively formula-fed infants (Phavichitr et al., 2021). Further 

studies of probiotic, prebiotic and synbiotic supplementation in the infant diet to 

ensure optimal microbial colonisation of the infant gut are warranted. 
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1.1.9 Genetics 

Individuals with different genetic backgrounds harbour distinct microbes, as have 

been indicated by host and microbiome genome-wide association studies. These 

studies show similarities in the gut microbiome composition among phylogenetically-

related individuals (Ley et al., 2008). For instance, twin studies indicate that the 

microbiome of monozygotic twins is significantly closer than that of dizygotic twins 

(Xie et al., 2016). Kurilshikov et al. (Kurilshikov et al., 2021) reported an age-

dependent association between the lactase (LCT) gene locus and 

the Bifidobacterium genus in the MiBioGen consortium. Indeed, the functional SNP 

in the LCT locus, rs4988235, has been shown to determine the abundance of 

the Bifidobacterium genus (Bonder et al., 2016). The DR4-DQ8 allele, the highest risk 

associated allele for type 1 diabetes, has also been hypothesised to serve as a 

gatekeeper for the presence or absence of gut bacteria in early life (Patricia et al., 

2021). A study of dichorionic triplets suggested that host genetics initially play a major 

role in determining microbial community composition; however, by year one, 

environmental factors are the major determinant in healthy infants (Murphy et al., 

2015), suggesting that nurture has the potential to overcome the genetic nature of an 

individual. Collectively, the findings of these studies demonstrated the influence of 

host genetics in the formation and development of the human microbiota. Further 

studies are needed to fully elucidate how genetic differences may shape the mother-

to-infant microbiota transmission and the formation of the gut microbiome in the 

initial stages of life. 

1.1.10 Environment 

Environmental factors such as place of birth and geographical location have also been 

reported to influence initial patterns of infant gut microbiota colonisation. For 

instance, while the hospital setting contributes an antiseptic environment for labor and 

delivery, it also presents a possible exposure route of antibiotic-resistant bacteria, 

especially in the case of CS birth (Lax et al., 2017). Lower beta diversity 

of Bacteroides, Bifidobacterium, Streptococcus and Lactobacillus and 

higher Clostridium and Enterobacteriaceae in hospital-born infants than babies 

delivered at home has been demonstrated (Combellick et al., 2018). Similarly, a study 

indicated that the microbiota of hospital-delivered infants was enriched with gram-

positive anaerobic cocci, including the Peptoniphilus and Finegoldia genera, while 

those of home-delivered infants exhibited higher relative abundances of species from 
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the Enterococcus and Bifidobacterium genera (Selma-Royo et al., 2020). 

Geographical location and ethnicity are also proposed to impact the establishment of 

the infant gut microbiome; however, these microbiota differences seem to be 

associated with dietary and lifestyle patterns in a specific area or region (Rodríguez et 

al., 2015). For instance, children living in a rural village in Africa harbour a distinct 

microbiota to children residing in an urban region in Italy (De Filippo et al., 2010). 

African infants show an increased relative abundance of bacilli, while North American 

infants have more Bacteroidetes and less Actinobacteria than infants in other 

continents (Korpela and de Vos, 2018). Numerous additional studies have explored 

the geographical effect, as linked to ethnicity and/or diet, on microbial diversity and 

composition (Stearns et al., 2017b). 

1.5 Conclusion  

Evidence to date indicates that perinatal factors have a significant effect on the 

formation of the gut microbiota in the initial stages of life. Our understanding of 

exactly how such factors affect microbial colonisation and, in turn, influence infant 

health is mostly limited to correlation rather than causation studies due to a previously 

underpowered toolkit. Furthermore, direct comparisons of studies of infant gut 

microbiota and perinatal factors have been limited due to the cultivation techniques 

used and the use of 16S rRNA amplicon sequencing, which have informed most of 

our understanding of the human microbiome to date. Yet, these approaches are 

hampered by the limited number of cultivable species (Makino et al., 2011), primer 

design (Claesson et al., 2010), sample processing (Hill et al., 2016), small sample sizes 

(Bäckhed et al., 2015) and the low taxonomic resolution provided by 16S rRNA gene 

profiling (Bokulich et al., 2016). Most importantly, as 16S rRNA amplicon sequencing 

is only reliable to genus level, it does not provide information about the functional 

capacity of the microbiome. Fortunately, the advent of metagenomics sequencing (i.e., 

whole-genome shotgun sequencing) has illuminated much of the “dark matter” of our 

microbiome (de Vos, 2017) and will hopefully circumvent many of the limitations of 

previous studies. These methods allow characterisation of microbial activity, helping 

us to elucidate not only which microbes are present, but also what metabolic 

functionalities these microbes possess. Such knowledge could uncover associations 

between the presence of particular microbes and particular neonatal diseases. 
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A deeper understanding of how perinatal factors may stimulate or hinder the 

inheritance and/or choice of microbes by infants in early life constitutes a viable 

strategy in the investigation of next-generation probiotics for therapeutic interventions 

that maintain/improve the health of infants. Large scale longitudinal human studies, 

with greater, equally balanced cohorts given the same strains and prescription of either 

prebiotics, probiotics or synbiotics at comparable times and by related delivery routes 

are needed to target the vertical transmission of maternal microbes to infants with 

regards to specific bacteria at higher taxonomic resolution (e.g., strains) and the gross 

changes of the infant’s microbiota. Studies investigating how multiple perinatal 

factors may interact with each other in the formation of the infant gut microbiome are 

also warranted. For instance, breastfeeding has been shown to beneficially alter the 

patterns of aberrant colonisation in CS born infants (Coker et al., 2021). Finally, 

detailed transcriptomics, metabolomics, lipidomics and proteomic investigations in 

combination with DNA and RNA sequencing will enable us to fully uncover the 

effects of perinatal factors on initial microbiome establishment and long-term 

functioning. 
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2.1 Abstract 

Bovine colostrum harbours a diverse array of bioactive components suitable for the 

development of functional foods, nutraceuticals, and pharmaceuticals with veterinary 

and human health applications. Bovine colostrum has a strong safety profile with 

applications across all age groups for health promotion and the amelioration of a 

variety of disease states. Increased worldwide milk production and novel processing 

technologies have resulted in substantial growth of the market for colostrum-based 

products. This review provides a synopsis of the bioactive components in bovine 

colostrum, the processing techniques used to produce high-value colostrum-based 

products, and recent studies utilizing bovine colostrum for veterinary and human 

health. 
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2.2 Introduction 

Colostrum is the initial mammary secretion post-parturition, bestowing a complete 

nutritional profile and bioactive compounds vital for optimum nutrition and promoting 

the growth, development, and immunological defense of newborns. The composition, 

structure, and physicochemical properties of colostrum fluctuate significantly across 

different species (Roy et al., 2020). For this review, colostrum, unless otherwise 

defined, will refer to milk from dairy cows up to 3 days postpartum (McGrath et al., 

2016b). Calves are agammaglobulinemic at birth, as the syndesmochorial placenta of 

cows prevents passive immunity transfer from the mother to the neonate during 

gestation. As a result, bovine colostrum contains high concentrations of bioactive 

compounds, particularly immunoglobulin G (IgG), to provide passive immunity. In 

addition, colostrum is rich in growth factors, lactoperoxidase, lysozyme, lactoferrin, 

cytokines, vitamins, peptides, leukocytes, hormones, minerals, and oligosaccharides. 

These components engage in a plethora of biological responses, including maturation 

of the gastrointestinal (GI) tract, immune functioning, energy homeostasis, and 

protection against pathogens (Lopez and Heinrichs, 2022b). To acquire passive 

immunity, newborn calves require at least 4 L of first-milking colostrum within 1–2 

hours of birth, with an IgG concentration of more than 50 g/L (Godden et al., 2019). 

The enterocytes of the calf small intestine freely absorb IgG and other large molecules 

by pinocytosis for the first 6–12 hours postpartum, before intestinal permeability 

ceases at 24 hours (Lopez and Heinrichs, 2022a). Colostrum accounts for ∼1% of a 

healthy cow's annual milk production, far in excess of the calves’ needs (Scammell 

and Billakanti, 2022). Colostrum's bioactive components possess cross-species 

bioactivity, making it an attractive choice in the research and development of 

functional foods and pharmaceuticals with veterinary and human applications 

(Playford and Weiser, 2021). The market for colostrum products is developing rapidly 

and is projected to increase from $2.6 billion in 2019 to $4.3 billion in 2027, largely 

due to improved processing techniques and novel methods for the isolation and 

identification of previously concealed colostrum constituents (Sydney et al., 2022). A 

plethora of preclinical and clinical studies in humans have demonstrated the 

therapeutic benefits of colostrum supplementation for health promotion and the 

treatment of numerous diseases (Kaplan et al., 2021).  Colostrum products have also 

been explored for use in animal husbandry and for the health and well-being of large 



 

49 

 

animals and domestic pets (Pagnoncelli et al., 2022). This review describes the 

bioactive composition of colostrum, current methods used to produce colostrum-based 

products, and, finally, recent studies of colostrum supplementation for veterinary and 

human health applications. An overview of the applications of bovine colostrum in 

veterinary and human health is presented in Figure 2.1. 

 

Figure 2.1 | An overview of the bioactive composition and applications of bovine 

colostrum in veterinary and human health. Figure adapted from images created with 

BioRender.com. Abbreviations: CLA, conjugated linoleic acid; EGF, epidermal 

growth factor; IgA, immunoglobulin A; IgD, immunoglobulin D; IgE, 

immunoglobulin E; IGF, insulin-like growth factor; IgG, immunoglobulin G; IgM, 

immunoglobulin M; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; SL, 

sialyllactose; SLn, siayllactosamine; TGF, transforming growth factor. 
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2.3 The Bioactive Composition of Bovine Colostrum 

The composition and physical properties of colostrum are highly variable due to 

factors such as individuality, age, breed, nutrition, antibiotics and disease exposure 

(Scammell and Billakanti, 2022). Generally, colostrum contains more fat, protein, 

vitamins, minerals, hormones, growth factors, cytokines and nucleotides and less 

lactose than mature milk (McGrath et al., 2016a). With the exception of lactose, all of 

these compounds decrease rapidly during the first 3 days of lactation before 

transitioning to mature milk (Playford and Weiser, 2021). The gross chemical and 

physical composition of colostrum is shown in Table 2.1. 

Table 2.1 | Concentrations of select macronutrients, micronutrients, 

immunoglobulins, and general antimicrobial peptides present in bovine colostrum and 

mature milk 

Component  Colostrum  Milk  

Total solids (%) 24–28 12.9 

Fat (%) 6–7 3.6–4.0 

Protein (%) 14–16 3.1–3.2 

Casein (%) 4.8 2.5–2.6 

Lactose (%) 2–3 4.7–5.0 

Immunoglobulins Colostrum  Milk  

IgG1 (g/L) 34.0–87.0 0.31–0.40 

IgG2 (g/L) 1.6–6.0 0.03–0.08 

IgA (g/L) 3.2–6.2 3.2–6.2 

IgM (g/L) 3.7–6.1 0.03–0.06 

Proteins  Colostrum  Milk  

Lactoferrin (g/L) 1.5–5 0.02–0.75 

Lactoperoxidase (mg/L) 11–45 13–30 
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Lysozyme (mg/L) 0.14–0.7 0.07–0.6 

Growth Factors  Colostrum  Milk  

Epidermal growth factor (ng/ml) 4-325 1-150 

Insulin-like growth factor-I (ng/ml) 100-2000 5-100 

Insulin-like growth factor-II (ng/ml) 150-600 5-100 

Transforming growth factor- β1 (ng/ml) 1--50 <5 

Transforming growth factor- β2 (ng/ml) 150-1150 10--70  

Minerals  Colostrum  Milk  

Calcium (g/kg) 2.6–4.7 1.2–1.3 

Phosphorus (g/kg) 4.5 0.9–1.2 

Potassium (g/kg) 1.4–2.8 1.5–1.7 

Sodium (g/kg) 0.7–1.1 0.4 

Magnesium (g/kg) 0.4–0.7 0.1 

Zinc (mg/kg) 11.6–38.1 3.0–6.0 

Fat Colostrum  Milk  

SFA (g/100 g) 

66.12-

74.05 64.88-64.47 

MUFA (g/100 g) 

24.54-

30.09 31.51-31.79 

PUFA (g/100 g) 3.79-3.88 3.61-3.74 

Vitamins  Colostrum  Milk  

Thiamin (B1) (µg/ml) 0.58–0.90 0.4–0.5 

Riboflavin (B2) (µg/ml) 4.55–4.83 1.5–1.7 

Niacin (B3) (µg/ml) 0.34–0.96 0.8–0.9 
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Cobalamin (B12) (µg/ml) 0.05–0.60 0.004–0.006 

Vitamin A (µg/100 ml) 25 34 

Vitamin D (IU/g fat) 0.89–1.81 0.41 

Tocopherol (E) (µg/g) 2.92–5.63 0.06 

Carbohydrates  Colostrum  Milk  

3′-sialyllactose (g/L) 0.42-1.24 0.13  

6′-sialyllactose (g/L) 0.05-0.13 0.04 

6′-sialyl-N-acetyllactosamine (g/L) 0.07-0.42 0.01 

Ranges are shown where available. Values obtained from (Arslan, et al. 2021, 

Bunyatratchata, et al. 2021, Playford and Weiser 2021). Abbreviations: MUFAs, 

monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; SFAs, saturated 

fatty acids. 

2.3.1 Protein  

The protein concentration of colostrum is 15% (weight/weight), falling to 3% in 

mature milk (Sats et al., 2020). Immunoglobulins (IgG, IgA, IgE, IgD, and IgM) 

constitute 70–80% of the protein in colostrum, with IgG accounting for 80–85% of the 

total immunoglobulin content (Playford and Weiser, 2021). The total immunoglobulin 

content of colostrum ranges from 42 to 90 g/L and falls to 0.4–0.9 g/L in mature milk. 

Immunoglobulins (antibodies) are glycoproteins produced by B cells of the immune 

system that specifically recognize and bind antigens present on bacteria and viruses 

(Ulfman et al., 2018). These Y-shaped molecules consist of four polypeptide chains, 

with two identical heavy chains and two identical light chains connected via disulfide 

bonds. Antigen binding to the two antigen binding fragments (Fab) of the N-terminal 

region causes immune complex formation and activation (Ghosh and Iacucci, 2021). 

The C-terminal region consists of two nonantigen binding fragments, termed the 

fragment crystallisable (Fc) region. The Fc region interacts with Fc receptors present 

on immune effector cells such as phagocytes, natural killer cells, dendritic cells, and 

CD4+ T lymphocytes (Ghosh and Iacucci, 2021). This process presents pathogens to 

macrophages for destruction, activates T cells and B cells, modifies the intestinal 

microbiota, and induces local IgA production (Ulfman et al., 2018).. Specific 
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vaccination of cows against human or bovine pathogens (hyperimmunisation) results 

in the production of polyclonal, pathogen-specific antibodies in colostrum secretions, 

commonly referred to as hyperimmune bovine colostrum (HBC) (Ulfman et al., 

2018).. HBC products have been shown to effectively neutralize a range of pathogens, 

including rotavirus, Escherichia coli, Cryptosporidium, Shigella, Vibrio 

cholerae, Clostridioides difficile, Helicobacter pylori, human immunodeficiency 

virus (HIV), Candida albicans, and Streptococcus mutans (Borad and Singh, 2022). 

Lactoperoxidase is an antimicrobial glycoprotein and a member of the heme 

peroxidase family of enzymes, which are known to inhibit bacterial metabolism. 

Lactoperoxidase catalyzes the oxidation of thiocyanate ions, at the expense of 

hydrogen peroxide, to generate reactive products that are toxic to numerous gram-

positive and gram-negative bacteria, including Pseudomonas aeruginosa, Salmonella 

typhimurium, Listeria monocytogenes, and Staphylococcus aureus (Wolfson and 

Sumner, 1993). Concentrations of lactoperoxidase in colostrum (11–45 mg/L) are 

comparable to milk (13–30 mg/L), but the activity of lactoperoxidase is substantially 

higher in colostrum (McGrath et al., 2016a). Lysozyme is an antimicrobial enzyme 

that lyses the peptidoglycan layer of gram-positive and gram-negative bacterial cells 

by hydrolysis to cause cell lysis. Lysozyme concentrations in colostrum (0.14–0.7 

mg/L) are higher than in mature milk (0.07–0.6 mg/L) (McGrath et al., 2016a). 

Lactoferrin is also found in colostrum and is an iron-binding glycoprotein and member 

of the transferrin family. Lactoferrin induces multiple valuable biological effects, 

including iron absorption, immune modulation, enhancement of the antimicrobial 

activity of lysozyme, and increase in the growth of epithelial cells and fibroblasts 

(Zhao et al., 2019). Colostrum is routinely used for the isolation of lactoferrin to add 

to infant formula, cosmetics, and nutritional supplements (Sydney et al., 2022). 

2.3.2 Carbohydrates 

Lactose is the predominant carbohydrate in colostrum (2.5%) and is present at lower 

concentrations than in mature milk (5%) (McGrath et al., 2016a). Oligosaccharides 

are the third most abundant solid component found in milk after lactose and lipids 

(Fong et al., 2011). These structurally and biologically diverse molecules, although 

resistant to digestion, are associated with various beneficial functions. 

Oligosaccharide concentrations are significantly higher in colostrum (0.7–1.2 g/L) 

than in mature milk (0.1 g/L) (ten Bruggencate et al., 2014). 3′ Sialyllactose (3′SL), 6′ 
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sialyllactose (6′SL), 6′ siayllactosamine (6′SLN), and disialyllactose (DSL) are the 

major bovine colostrum oligosaccharides (BCOs), with 3′SL accounting for 70% of 

the oligosaccharide content in colostrum (Bunyatratchata et al., 2021). BCOs exert 

prebiotic effects by acting as metabolic substrates for beneficial bacteria such as 

bifidobacteria, which are important early colonisers of the calf gut (Bondue et al., 

2016). Furthermore, BCOs act as competitive inhibitors to pathogenic bacteria 

(e.g., E. coli, Cronobacter sakazakii, and H. pylori) for binding sites on gut epithelial 

cells by mimicking epithelial cell surface carbohydrates (Morrin et al., 2019, Morrin 

et al., 2020). Advancements in enzymatic glycosylation have provided opportunities 

to alter the structure of bovine milk oligosaccharides to better resemble human milk 

oligosaccharides (Weinborn et al., 2020). Colostrum is also rich in glycosylated 

proteins, especially bovine glycomacropeptide, which has different glycosylated 

forms and is created via κ-casein proteolysis during digestion (McGrath et al., 2016a). 

Bovine glycomacropeptide has bifidogenic activity, as shown by its concentration-

dependent growth promotion of Bifidobacterium 

longum subspecies infantis (O'Riordan et al., 2018). Colostrum also contains β-

lactoglobulin, a whey protein with numerous human health benefits that is absent in 

human colostrum (Le Maux et al., 2014).  

2.3.3 Fats 

The fat component of colostrum is usually removed to facilitate commercial 

processing; however, it is not biologically inert and contains multiple beneficial 

components. Colostrum contains ∼7% fat, predominantly comprising milk-fat 

globules (Sats et al., 2022). There are lower concentrations of trans-fatty acids and 

short-chain fatty acids (C4–C10) in colostrum than in mature milk (Contarini et al., 

2014). Colostrum contains approximately 65–75% saturated fatty acids (SFAs), 24–

28% monounsaturated fatty acids (MUFAs), and 4–5% polyunsaturated fatty acids 

(PUFAs) (Wilms et al., 2022, O'Callaghan et al., 2020). Ω3 and Ω6 PUFAs are up to 

25% higher in colostrum than mature milk (Wilms et al., 2022). Oleic acid (C18:1n-

9), myristic acid (C14:0), and palmitic acid (C16:0) are the predominant fatty acids in 

colostrum (Wilms et al., 2022, O'Callaghan et al., 2020). Palmitate is important in 

early life nutrition (Miles and Calder, 2017) and oleic acid has been shown to exert 

beneficial effects in immunomodulation and cardiovascular health (Sales-Campos et 

al., 2013). Colostrum from primiparous cows has a significantly higher level of 
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conjugated linoleic acid (CLA; cis-9, trans-11) than that from multiparous cows; 

however, there are no overall differences between colostrum and mature milk (Wilms 

et al., 2022, O'Callaghan et al., 2020). CLA has attracted attention for its apparent 

benefits, including reduction of carcinogenesis, atherosclerosis, inflammation, 

obesity, and diabetes demonstrated in human and animal models (Yang et al., 

2015).Further studies on the fat composition of colostrum are needed to allow the 

segregation of colostrum from mature milk. This information would minimize the 

undesirable mixing of raw milk with colostrum before processing, enable more 

efficient and targeted production of colostrum-based foods and food supplements, and 

avoid processing-related issues that have previously been reported with colostrum 

(Tsioulpas et al., 2007).  

2.3.4 Vitamins, Minerals, and Hormones 

The concentrations of fat-soluble vitamins (A, D, E) and carotenoids, as well as those 

of the water-soluble vitamins thiamine, riboflavin, vitamins B1, B2, B6, and B12, folate, 

and vitamin C, are higher in colostrum than in mature milk (Scammell and Billakanti, 

2022). Colostrum is also richer in several essential minerals, including calcium, 

sodium, copper, selenium, iron, zinc, magnesium, manganese, and phosphorus 

(McGrath et al., 2016a). The vitamins and minerals found in colostrum help in the 

metabolism of fats and proteins, have antioxidant properties, and aid in proper 

functioning of the nervous system  (Buttar et al., 2017). Colostrum also contains 

multiple hormones, including growth hormone, prolactin, somatostatin, oxytocin, 

luteinizing hormone–releasing hormone, leptin, thyroid-stimulating hormone, 

thyroxine, calcitonin, estrogen, and progesterone. Increased gut permeability in the 

neonatal period allows these factors to enter the circulatory system to influence the 

developing calf (Lopez and Heinrichs, 2022a).  

2.3.5 Cytokines and Immune Regulators 

Cytokines are a diverse group of proteins, peptides, and glycoproteins secreted by T-

helper cells and activated macrophages. Although present at minute concentrations in 

colostrum (10–1,000 pg/ml), cytokines show pro- or anti-inflammatory activity that 

supports immune activation and recruitment against pathogenic bacteria, viruses, and 

fungi (Playford and Weiser, 2021). Cytokines in colostrum include interleukins (ILs), 

tumor necrosis factors (TNFs), and interferons. Several types and subtypes of 
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cytokines and IL are present in colostrum, including IL-1, IL-3, IL-4, IL-5, IL-6, IL-

8, IL-10, IL-12, IL-13, IL-16, IL-18, IFN-γ, TNF-α, and TNF-γ receptors (McGrath et 

al., 2016a). Concentrations of IL-1β, IL-6, TNF-α, IFN-γ, and IL-1ra are higher in 

colostrum than in mature milk  (McGrath et al., 2016a). Colostrum also comprises 

maternal leukocytes, such as B and T lymphocytes, macrophages, and neutrophils 

(Playford and Weiser, 2021). Leukocytes protect against enteric pathogens by directly 

acting on the microbe, in addition to stimulating a local immune response, such as the 

production of cytokines, IgG, and antimicrobial factors (Stelwagen et al., 2009). 

Unfortunately, commercial preparation techniques typically remove leukocytes from 

the final product. Colostrinin (or proline-rich polypeptide) is a polypeptide that helps 

regulate the production of cytokines and inhibits the production of damaging reactive 

oxygen species (Zabłocka et al., 2020). The amino acid compositions of colostrinin 

from ovine, bovine, and human colostrum are similar (Kruzel et al., 2001). Although 

not entirely chemically defined, colostrinin constitutes a mixture of at least 32 peptides 

with molecular weights ranging from 0.5 to 3 kDa (Rattray, 2005). Colostrinin has 

been shown to prevent allergic inflammation due to common indoor and outdoor 

allergens in a murine allergic airway inflammation model, and immunocompromised 

rats infected with enterotoxigenic E. coli (ETEC) had reduced endotoxin levels and 

infected lymph nodes when treated with colostrinin (Boldogh et al., 2008). 

MicroRNAs (miRNAs) with immune-regulating potential are also present in 

colostrum (Sun et al., 2013). miRNAs are short, noncoding RNA molecules that can 

regulate gene expression at the post-transcriptional level, representing a possible 

method of postnatal signaling from the mother to the neonate (Van Hese et al., 2020). 

miRNAs are packaged in microvesicles, allowing stability during passage through the 

GI tract, and may influence lymphoid cell function within the intestine (Van Hese et 

al., 2020). Research in other species suggests that once absorbed by the neonate, 

miRNAs from colostrum may be important in the differentiation and functional 

development of the intestinal epithelium and the maturation of the neonate's immune 

system (Hatmal et al., 2022). 

2.3.6 Growth Factors 

Growth factors are polypeptides that stimulate cellular processes, including cell 

proliferation, migration, and differentiation (Gauthier et al., 2006). Insulin-like growth 

factor (IGF) is the most abundant growth factor in colostrum (Scammell and 
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Billakanti, 2022). IGF-I and IGF-II concentrations in colostrum range from 50 to 

2,000 μg/L and 200 to 600 μg/L, respectively, whereas their concentration in mature 

milk is less than 10 μg/L (McGrath et al., 2016a). IGF-I is an anabolic factor that 

enhances protein accumulation and mediates the growth-promoting action of growth 

hormone. Epidermal growth factors (EGFs) stimulate the proliferation of epithelial 

and epidermal cells, act as differentiation factors, and modulate hormone synthesis. 

The concentration of EGFs in colostrum varies from 4 to 320 μg/L and ranges from 2 

to 155 μg/L in milk (Scammell and Billakanti, 2022). Transforming growth factors 

(TGFs) maintain the equilibrium between cell proliferation and differentiation. TGF-

α helps in reducing gastric acid production, increasing gastric mucus production, and 

stimulating gut growth and repair (Coffey et al., 1995). TGF-β acts as a 

chemoattractant for neutrophils and increases epithelial cell migration at the edges of 

wounds (Pakyari et al., 2013). Concentrations of TGF-β in colostrum are much higher 

(20–40 mg/L) than in milk (1–2 mg/L) (Playford and Weiser, 2021).  Vascular 

endothelial growth factor (VEGF) is a heparin-binding glycoprotein that stimulates 

proliferation and new vessel formation and vascular permeability-enhancing activity 

(Keck et al., 1989). Because of its angiogenic activity, the VEGF content of colostrum 

may have value in enhancing local vascular supply in conditions such as peptic 

ulceration (Playford and Weiser, 2021). Milk-fat globule-epidermal growth factor 8 

(MFG-E8) is a secreted protein, forming an integral component of milk-fat globules. 

MFG-E8 is present in colostrum in high concentrations and may influence the immune 

and repair response of the suckling neonate (Chatterton et al., 2013). MFG-E8 

enhances the removal of damaged and apoptotic cells by phagocytosis, induction of 

VEGF-mediated new vessel formation, and enhancement of mucosal healing (Yi, 

2016). 

2.3.7 Microbiome 

The microbiome comprises the microbiota and its “theatre of activity,” encompassing 

the combined nucleic acids (including viruses and bacteriophages), structural 

components, and microbial metabolites related to the microbiota (Berg et al., 2020). 

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the most abundant 

bacterial phyla in colostrum (Vasquez et al., 2022, Yeoman et al., 2018). The 

colostrum microbiota was found to share approximately 10.6% and 9.6% of 

operational taxonomic units with luminal and mucosal microbiota of the calves, 
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respectively, suggesting colostrum contributes to the makeup of the calf GI tract 

microbiota in early life (Yeoman et al., 2018). Probiotics have been defined by the 

Food and Agriculture Organisation and World Health Organisation as “live 

microorganisms which when administered in adequate amounts confer a health benefit 

on the host” (FAO/WHO 2001, Hill et al. 2014). Colostrum contains various bacteria, 

including Lacticaseibacillus casei, Lactiplantibacillus plantarum, Bifidobacterium 

pseudolongum, and Bacillus subtilis (Vasquez et al., 2022, Yeoman et al., 2018). 

Colostrum is also a source of potentially pathogenic bacteria, including Streptococcus 

uberis, Streptococcus agalactiae, Streptococcus dysgalactiae, Staphylococcus 

aureus, and Corynebacterium spp. (Derakhshani et al., 2018, Fasse et al., 2021). 

Pathogens originate from mammary gland infections and improper colostrum harvest, 

handling, and storage (Godden et al., 2019). Colostrum quality is typically evaluated 

by the IgG content; however, total bacterial count (TBC) should also be considered 

due to negative effects on passive transfer of immunity in calves and industrial 

processing (Cummins et al., 2017, Fasse et al., 2021). TBCs of less than 100,000 

colony forming units (CFU)/ml and coliform counts of less than 10,000 CFU/ml are 

considered acceptable (Godden et al., 2019). Calves fed colostrum with low TBC have 

decreased pathogenic bacterial colonisation and a higher prevalence of beneficial 

bacteria, including Bifidobacterium spp. and Lactobacillus spp. (Malmuthuge et al., 

2015, Fischer et al., 2018). Recent human studies indicate that bacteriophages are 

transmitted from mother to infant via breastfeeding (Pannaraj et al., 2018);  however, 

we are not aware of any studies that have investigated the presence of bacteriophages 

in bovine colostrum. 

2.4 Production of Bovine Colostrum Products 

Bulk milk tank collections exclude colostrum for the first 4–5 days postpartum 

because the low clotting temperature and high protein content hamper industrial 

processes (Hesami et al., 2020). Farmers that supply colostrum manufacturers 

normally ship frozen colostrum to central processing facilities, where it is used to 

produce whole colostrum powders via conventional dairy processing methods. 

Manufacturers also use colostrum to isolate individual components, typically IgG and 

lactoferrin, through a combination of chromatography and tangential flow filtration 

steps, for addition to dietary products such as infant milk formula and calf dietary 

supplements (Scammell and Billakanti, 2022). The United States, Canada, and India 
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are the main producers of colostrum products due to their practice of year-round 

calving, which ensures a consistent supply of colostrum for processing (Scammell and 

Billakanti, 2022). PanTheryx (Colorado, USA) is the leading supplier of colostrum 

products worldwide and recently received the generally recognised as safe 

classification from the US Food and Drug Administration (Sydney et al., 2022). 

Commercial products for both veterinary and human applications are typically in the 

form of capsules, lozenges, chewing gums, powder, or whole colostrum drinks. Whole 

colostrum has also been used as an additive in dairy products such as yogurt, kefir, 

fermented milk, ice cream, cheese, and butter to enhance their bioactive composition  

(Mehra et al., 2021). Traditional colostrum foods are also produced throughout the 

world, including khess (India), kalvdans (Scandinavia), abrystir (Iceland), råmelk 

(Norway), leipäjuusto (Finland), molozyvo (Ukraine), and groosniuys (Isle of Man) 

(Mehra et al., 2021). Elimination of bacterial contamination and preservation of 

bioactive components are the primary challenges of generating colostrum products 

(Kaplan et al., 2021). Preservation and processing methods used to produce colostrum 

products for supplementation in animal and human studies are discussed in the 

following section. 

2.4.1 Refrigeration and Freezing 

Up to 90% of Irish and US dairy producers freeze colostrum for on-farm and industrial 

usage (Cummins et al., 2016a, Usuga et al., 2022). Frozen colostrum is typically used 

to create a colostrum bank for newborn calves that cannot be fed their mothers’ 

colostrum immediately after birth (Lopez and Heinrichs, 2022a).  Freezing is the 

optimal preservation method for colostrum and storage for up to 1 year leads to no 

significant alterations in the bioactive composition (Godden et al., 2019). Thawing by 

the au bain-marie method with temperatures <40°C has been shown to have no effect 

on composition (Robbers et al., 2021). However, TBC and pH are significantly altered 

when colostrum is stored at >4°C (Cummins et al., 2016b). Gross increases in TBC 

and pH occur in the first 6 hours postpartum; therefore, rapid storage at ≤4°C is 

essential (Cummins et al., 2016b). Storage at ≤4°C for 2 days also sufficiently 

minimizes bacterial growth to levels suitable for processing and ensures passive 

transfer to calves occurs (Cummins et al., 2017). 
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2.4.2 Thermal Treatment 

Pasteurisation is a heat treatment process used to reduce the total number of 

microorganisms and minimize the number of pathogens in colostrum (Robbers et al., 

2021). High-temperature short-time (HTST) pasteurisation at 72°C for 15 seconds and 

low-temperature long-time (LTLT) pasteurisation at 60°C for 30 minutes are the two 

most common pasteurisation methods employed in producing colostrum products 

(Jay, 1998). The bioactive components in colostrum are heat labile; for instance, 

immunoglobulins unfold above 65°C and denature at 89°C and other significant 

bioactives denature between 62°C and 78°C (Indyk et al., 2008). HTST is efficient at 

pathogen elimination in colostrum but results in a significant loss of bioactives and 

increases viscosity, thus affecting downstream processing (Elsohaby et al., 2018). 

LTLT at 60°C for 30 or 60 minutes is the optimal pasteurisation method for colostrum 

for the reduction of microbial contamination and maintenance of bioactive 

components (Mann et al., 2020). 

2.4.3 Drying 

Drying colostrum to a powder form reduces the water activity (aw) to an aw below 0.2 

and slows microbiological, chemical, and enzymatic activity, allowing for long 

storage periods without activity loss of bioactive components (Guiné, 2018). Spray 

drying refers to the conversion of a liquid feed to powder by spraying into a hot dryer 

to rapidly remove moisture (Kandasamy and Naveen, 2022). Freeze drying or 

lyophilisation refers to the elimination of moisture from frozen food molecules 

through sublimation (Kandasamy and Naveen, 2022). The thermo-labile nature of 

colostrum requires the omission of conventional pasteurisation of colostrum prior to 

spray drying; hence, spray-dried powder may contain pathogens and spoilage 

microorganisms (Borad et al., 2019). For instance, potentially 

harmful Bacillus species were detected in spray-dried colostrum powder sold in the 

US market (Hayes et al., 2012). Freeze drying is significantly more effective at 

preserving bioactive constituents than spray drying (Chatterton et al., 2020). However, 

high production costs, longer processing time, and problems in scaling up freeze 

drying have limited its industrial application for the manufacture of colostrum 

products. Therefore, spray drying is the most common drying method for colostrum 

(Chelack et al., 1993). Electrostatic spray drying is the newest drying technology 
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aimed at heat-sensitive materials and has the potential to reduce denaturation of heat-

labile components in colostrum (Ackerman et al., 2019).  

2.4.4 Emerging Processing Methods 

Because of the thermal instability of bioactive constituents in colostrum, numerous 

nonthermal technologies have been explored for the production of colostrum products. 

Anaerobic fermentation, termed bovine colostrum silage (BCS), is produced by 

storage at mild temperatures (17–22.5°C) for a minimum period of 35 days (Kraus et 

al., 2021). BCS can be stored for 2 years, is low cost, does not require refrigeration, 

freezing, or use of additives, and can be used for feeding calves (Halavach et al., 2022). 

Streptococcus lactis, Streptococcus thermophilus, Lactobacillus 

bulgaricus, Lactobacillus acidophilus, and L. plantarum have been used to produce 

BCS (Halavach et al., 2022). High-pressure processing (HPP) exposes foodstuffs to 

elevated pressures (100–1,000 MPa) to achieve microbial destruction without 

affecting low-molecular-weight compounds (Li et al., 2006). HPP at 300–400 MPa for 

30 minutes has been shown to effectively reduce TBC while maintaining IgG 

concentrations in colostrum (Foster et al., 2016). Irradiation utilizes ultraviolet light 

to inactivate microorganisms in food materials (Cutler and Zimmerman, 2011). A 

negative linear relationship between duration of continuous ultraviolet light treatment 

and the concentration of IgG and bacterial contaminants has been reported by (Pereira 

et al., 2014). Membrane processing, pulsed electric field, nanoencapsulation, and 

liposomal technologies are emerging food processing techniques warranting further 

investigation for the production of colostrum products (Borad and Singh, 2022, 

Kaplan et al., 2021). 

2.5 Human Health Applications of Bovine Colostrum 

Prior to the advent of antibiotics, bovine colostrum was consumed by humans for 

thousands of years for its antibacterial properties. For example, as part of Ayurveda, 

the ancient system of medical practice in India, colostrum was used in the treatment 

of eye infections (Buttar et al., 2017). At present, there are more than 120 clinical trials 

taking place worldwide investigating the use of colostrum in human health promotion 

and the amelioration of numerous disease states in adults and neonates 

(see https://trialbulletin.com/lib/trials/term=Colostrum). This section discusses 

recent preclinical and clinical studies of colostrum supplementation for human health 

https://trialbulletin.com/lib/trials/term=Colostrum
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applications. Table 2.2 outlines a more detailed description of a selection of clinical 

trials of colostrum supplementation in humans. 
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Table 2.2 | A selection of human clinical trials studying the effects of supplementation of whole bovine colostrum or isolated compounds 

in human health promotion. 

Application  Studied Sample Colostrum Form & 

Intervention  

Benefits  References  

Necrotizing enterocolitis 

(NEC) 

80 preterm 

neonates 

Immuguard® (Dulex-Lab 

Pharmaceutical Co.) 

20 ml/kg/day for first 2 

weeks of life  

Decrease of feeding intolerance, 

NEC, late-onset sepsis and 

mortality 

(Ismail, et al. 

2021) 

Exercise-induced immune 

dysfunction 

31 male athletes Powdered whole colostrum. 

20 g per day for 58 days  

Prevented prolonged exercise-

induced immunodepression 

(Jones, et al. 

2019) 

Rotavirus and E. 

coli infection-related acute 

diarrhoea 

160 children, 

aged 6 months- 2 

years old  

3 g BC powder diluted in 

50 ml water, daily, orally, 

1 week 

Reduction of frequency and 

duration of vomit and diarrhoea 

episodes 

(Barakat, et al. 

2020) 

Drug-induced lesions 62 children age 

1–18 years old 

Spray-dried BC powder 

(Biofiber-Damino™), 7.5–

30 g/ day 1–3 daily doses, 

oral or nasogastric tube 

No difference for neutropenic 

fever, intravenous antibiotics, 

incidence of bacteremia, or 

intestinal mucositis 

Reduction of the peak severity of 

oral mucositis 

(Rathe, et al. 

2020) 
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Enterotoxigenic E. 

coli (ETEC) infection 

90 healthy 

volunteers 

One or two tablets with 

200 mg of HBC powder, 

three times a day for 7 days 

Protection against the 

development of diarrhoea 

Reduction of abdominal pain 

complaints 

No effect on the viability of the 

challenge strains 

(Otto, et al. 2011) 

Dietary supplement for 

preterm infants  

40 preterm 

infants  

Powered colostrum 

product, ColoDan, Biofiber 

Damino, Gesten, Denmark) 

as a supplement to own 

mother's milk  

Colostrum feeding showed no 

adverse clinical effects, increased 

enteral protein intake (when 

feeding with human milk), and/or 

a shortened time to reach full 

enteral feeding (when feeding 

with infant formula) 

(Juhl, et al. 2018)  

 

Abbreviations: BC, bovine colostrum; HBC, hyperimmune bovine colostrum; NEC, necrotizing enterocolitis.



 

65 

 

2.5.1 Infant Health 

In vitro studies have shown that fortification of human milk with bovine colostrum 

increases its antibacterial activity (Gao et al., 2021). Furthermore, in vitro studies have 

reported that colostrum-derived IgG fractions have prebiotic effects, as they are 

capable of increasing the adhesion of Bifidobacterium spp. and Lactobacillus spp., 

important early colonisers of the infant gut, to human intestinal cells (Morrin et al., 

2020, Morrin et al., 2019). Stepwise pilot-phase safety trials of colostrum 

supplementation in preterm infants (<37 weeks gestation in humans) have shown a 

shortened time to reach full enteral feeding (when feeding with infant formula), no 

adverse clinical effects, and/or increased enteral protein intake (when feeding with 

human milk) (Juhl et al., 2018, Li et al., 2017). A larger clinical trial is currently taking 

place to investigate the use of bovine colostrum as a fortifier to human milk in preterm 

infants (n = 350) (see https://clinicaltrials.gov/ct2/show/NCT03085277). 

Necrotizing enterocolitis (NEC) is the leading cause of death from GI disease in 

infants, affecting 3–10% of hospitalised preterm infants worldwide (Burrin et al., 

2020). Although encouraging results have been seen in animal models, human studies 

have so far not shown a significant benefit of colostrum products in reducing the 

incidence of or mortality from NEC in preterm infants; however, gut priming effects 

have been reported (Ismail et al., 2021, Sharma et al., 2020, Tao et al., 2020). 

2.5.2 Sport and Exercise Nutrition 

Colostrum has attracted significant interest within sports nutrition to influence body 

composition, physical performance, recovery, immune function, illness risk, and gut 

damage and permeability in athletes (Davison, 2021). The World Anti-Doping Agency 

previously advised athletes against taking colostrum for fear of causing a rise in 

circulatory levels of IGF-I, resulting in doping penalties, but this has since been proved 

false (Davison et al., 2019). Colostrum supplementation has been shown to ameliorate 

several performance decrements caused by periods of high-intensity, intermittent, and 

endurance performance (Kotsis et al., 2018).  Daily colostrum supplementation for 2–

12 weeks has been reported to have beneficial effects on clinically relevant immune 

functions and the risk of suffering upper respiratory tract infections or symptoms in 

athletes (Jones et al., 2016, Jones et al., 2019). Numerous studies have reported 

benefits of colostrum supplementation on gut permeability, especially during periods 

of intensified training (March et al., 2017, March et al., 2019). However, null effects 

https://clinicaltrials.gov/ct2/show/NCT03085277
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on GI permeability or damage markers in athletes have also been reported (Morrison 

et al., 2014, McKenna et al., 2017). The balance of available evidence for gut 

permeability and illness risk is positive, but further research is required to fully 

determine all mechanisms responsible for these effects in athletic populations 

(Davison, 2021). 

2.5.3 Skincare 

Colostrum and its components have been investigated for their usage in skincare 

products  (Sydney et al., 2022). In vitro studies have demonstrated that colostrum 

induces proliferation and differentiation of skin cells and stimulates repair and reduces 

artificially induced inflammation in animal models (Kovacs et al., 2020, Hong and 

Park, 2014). More recently, combining colostrum with honey reduced scars and 

exudates, provided pain relief, protected against infection, and stimulated the growth 

of granulation tissue in rat models of cutaneous wound injuries (Tanideh et al., 2017). 

In human volunteers, topical administration of colostrum-derived lactoferrin reduced 

inflammation after exposure to skin allergens (Griffiths et al., 2001). 

2.5.4 Respiratory Tract Infections 

Human respiratory syncytial virus (RSV) is a common, contagious virus that causes 

respiratory infections, namely bronchiolitis, the common cold, and serious illness for 

infants and elderly persons (Nederend et al., 2020).  Intranasal administration of 

colostrum-derived IgG prevented and neutralised RSV infections in mice (Nederend 

et al., 2020).  Immunisation of pregnant cows with the S1 receptor-binding domain 

protein and trimeric S protein of severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) was recently used to develop SARS-CoV-2-specific neutralizing 

antibodies, which demonstrated blocking of the interaction between the trimeric S 

protein and angiotensin-converting enzyme 2 (ACE2) (Kangro et al., 2021). This study 

led to the formulation of a nasal spray, BioBlock, which is currently being investigated 

in a clinical trial (Uusküla et al., 2022). 

2.5.5 Diarrhea 

Colostrum has proved to be an effective adjuvant therapy for both viral and bacterial 

diarrhea in children and adults. A meta-analysis of five randomised control trials in 

children (n = 324) reported that colostrum supplementation significantly reduced stool 
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frequency and occurrence of diarrhea caused by rotavirus or E. coli (Li et al., 2019). 

Colostrum supplementation in a randomised control trial in adult patients (n = 42) with 

HIV-related diarrhea resulted in reduced stool frequency and fatigue and permitted 

weight gain compared to routine care alone (Kaducu et al., 2011). In adults, a 

randomised control trial (n = 90) showed colostrum supplementation was significantly 

effective at protecting against travelers’ diarrhea caused by ETEC  (Otto et al., 

2011).The product used in the aforementioned study, TRAVELAN® (600 mg/day 

anti-E. coli/antidiarrheal HBC) is currently sold in several countries (Otto et al., 2011). 

2.5.6 Drug-Induced Gut Injuries 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most commonly used drugs 

worldwide for the treatment of pain; however, they can cause gastric and intestinal 

damage such as peptic ulceration and injury to both the small and large intestine 

(Arslan et al., 2021). Colostrum protected against indomethacin-induced mucosal 

damage and increased villus height in vivo (mice and rats) and in vitro (HT-29 cells) 

(Playford et al., 2020, Yamamoto et al., 2013). Colostrum feeding decreased intestinal 

permeability and intestinal villi harm in rats with diclofenac-induced mucosal damage 

(Kim et al., 2005). Intestinal damage caused by chemotherapy treatment in pigs 

showed that colostrum supplementation reduced inflammatory markers and increased 

intestinal enzyme activity, resulting in reduced intestinal drug toxicity (Pontoppidan 

et al., 2015). Randomised crossover trials of indomethacin-induced intestinal 

permeability in humans indicate that colostrum supplementation protects against 

NSAID injury (Playford et al., 2001). Mechanistically, the beneficial effects of 

colostrum on NSAID injuries have been attributed to the affinity of the C-terminal 

half of lactoferrin (C-lobe) for NSAIDs (Mir et al., 2009). 

2.5.7 Short Bowel Syndrome 

Short bowel syndrome (SBS) is an intestinal insufficiency resulting from intestine 

resection due to infarction of the mesenteric vessels, trauma, abnormalities, or 

complications of Crohn's disease. Promising results from animal models of SBS 

suggest that the supplementation of diets with colostrum led to weight gain and 

significant improvements in intestinal (Aunsholt et al., 2018). Clinical trials in 

children and adults have not shown that colostrum provides significant improvements 

to SBS clinical markers (Aunsholt et al., 2014). Despite encouraging results from 
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animal studies, the requirement for invasive sampling for endpoint measurements of 

SBS has limited studies on the effects of colostrum supplementation on SBS in 

humans. 

2.5.8 Inflammatory Bowel Disease (IBD) 

Colostrum and its constituents have shown promising results in the treatment of 

inflammatory bowel disease (IBD), a group of diseases that affect the intestine, 

classified by two main phenotypes: ulcerative colitis and Crohn's disease (Sienkiewicz 

et al., 2021). In mouse models of chemically induced colitis, colostrum feeding was 

shown to prevent and reduce colitis (Filipescu et al., 2018, Spalinger et al., 2019). A 

recent study reported that colostrum supplementation in mice with colitis led to a 

reduction in inflammatory markers of colitis and stimulation in the growth 

of Bifidobacterium spp. and Lactobacillus spp. (Menchetti et al., 2020). In humans, 

colostrum was shown to improve the symptoms and histological scores of patients 

with distal colitis who received colostrum enemas in addition to mesalazine, a 

medication routinely used to treat IBD, compared to controls who only received 

mesalazine (Khan et al., 2002). 

2.6 Veterinary Applications of Bovine Colostrum  

Bovine colostrum is commonly used as a nutritional supplement and alternative source 

of passive immunity in domestic animals and pets. Furthermore, colostrum has been 

investigated in production animals to improve growth performance parameters such 

as body weight gain, feed intake, and feed conversion ratio. This section discusses 

studies of colostrum supplementation for veterinary applications. 

2.6.1 Bovines 

Failed passive transfer of immunity is a common issue for bovines (Lopez and 

Heinrichs, 2022a). Colostrum replacers (>100 g IgG per dose) in the form of dried 

powders are a viable alternative when maternal colostrum is unavailable or of poor 

quality for feeding (Godden et al., 2019). The ease of storage and preparation of 

colostrum replacers is particularly advantageous over thawing maternal colostrum 

from a colostrum bank (Lago et al., 2018). However, replacement products should not 

replace high-quality colostrum, as they typically lack antigen-specific antibodies 

against farm-specific pathogens (Cabral et al., 2013). Colostrum supplements (<100 g 
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IgG per dose) are commonly used in conjunction with maternal colostrum to ensure 

passive immune transfer occurs (Godden et al., 2019). 

2.6.2 Pigs 

Pigs represent the most widespread use of colostrum in non-bovines. Modern pig 

breeds often produce more offspring than the number of functional teats on sows; thus, 

bovine colostrum has been explored as an alternate source of passive immunisation 

for newborn piglets (Kirkden et al., 2013). Studies in preterm piglets, a model for 

preterm human infants, have shown that bovine colostrum is equally as effective as 

porcine colostrum at improving digestive and absorptive functions, inducing body and 

gut growth, dampening inflammation, protecting against NEC and late-onset sepsis, 

and improving systemic immunity relative to formula feeding (Yan et al., 2021).  

Furthermore, colostrum-fed preterm piglets display an exceptional capacity to rapidly 

adapt their gut and immune development to that in term pigs (within 1 to 2 weeks) 

(Rasmussen et al., 2016). As a basis for human trials, colostrum has been explored as 

a fortifier to donor human milk in preterm pigs in the first weeks of life. Fortification 

of donor human milk with colostrum was superior to formula-based fortifiers to 

support growth, gut function, nutrient absorption, mucosal defense, and reduction in 

the density of mucosa-associated bacteria and putative pathogens (Sun et al., 2019). It 

has been suggested that the growth-stimulating effect of adding colostrum to human 

milk or formula may relate to indirect effects via the developing gut microbiota, 

potentially via immunoglobulins, which, in turn, increase or decrease plasma amino 

acid levels so that the environment is more favourable to microbial growth (Jiang et 

al., 2022).Future studies are needed to investigate the ability of colostrum to regenerate 

a gut first exposed to a period of formula feeding (Brunse et al., 2019). 

2.6.3 Poultry 

Colostrum has been used as a feed additive in poultry production to maximize protein 

quality and growth performance and decrease feed costs (Playford and Weiser, 2021, 

Mehra et al., 2022). Studies have reported that supplementing the diet of broiler 

chickens with 2–5% colostrum/kg improved feed conversion efficiency, increased 

body weight, and reduced mortality rates compared to control diet groups (Afzal et al., 

2017). In young broiler chickens (1–10 days old) under heat stress, colostrum feeding 

increased thigh and breast size (Afzal et al., 2017). 
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2.6.4 Fish 

Colostrum and its constituents have shown encouraging results as a feed supplement 

in fish. Colostrum feeding to Piaractus mesopotamicus thickened muscle layers of the 

intestinal epithelium and increased nutrient absorption concentration of goblet cells 

and superoxide dismutase activity in the gut, indicating a protective effect on enteric 

cell protection (Moretti et al., 2019). Colostrum feeding also increased goblet cell 

concentrations in the enteric mucosa of Salminus brasiliensis (Nordi et al., 2016, da 

Cruz et al., 2016) Supplementation of bovine lactoferrin was shown to suppress the 

stress responses in Siberian sturgeon (Falahatkar et al., 2014)Bovine lactoferrin 

supplementation also enhanced immune function and disease resistance in Pacu and 

Dorado species (Machado‐Neto et al., 2016). 

2.6.5 Goats 

Numerous authors have reported that colostrum products are an effective alternative 

to goat colostrum in newborn goat kids. Feeding bovine colostrum to newborn goat 

kids resulted in no difference in the enteric histology and histomorphometric features 

of the GI tract compared to feeding goat colostrum (Nordi et al., 2013). Interestingly, 

one study reported that the number of sialomucins, which have cytoprotective and 

antiadhesive effects, was higher in the jejunum epithelium of goat kids fed with 

lyophilised colostrum than in goat kids fed with goat colostrum (Machado-Neto et al., 

2013).  

2.6.6 Dogs 

Several canine nutritional supplements and colostrum-based powdered dog foods are 

available (Beynen, 2020). Recently, weaned puppies fed diets supplemented with 

bovine colostrum demonstrated improved fecal scores when placed in a new 

environment that favored stress-related diarrhea (Giffard et al., 2004). Colostrum 

supplementation to 2–7-year-old huskies for 40 weeks increased fecal IgA levels 

compared to controls, suggesting enhanced gut-associated lymph tissue function 

(Satyaraj et al., 2013). Furthermore, these subjects responded to canine distemper 

virus (CDV) vaccination with higher plasma levels of anti-CDV IgG and had increased 

fecal microbiota diversity, suggesting positive effects on immune function and gut 

microbiome (Satyaraj et al., 2013). More recently, a pilot crossover trial in which male 

beagles were supplemented with 1 g of bovine colostrum per day for three weeks, in 
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addition to a set of four probiotic strains at 2.9 × 109 CFU, was associated with 

improvements in protein digestibility (Dequenne et al. 2014).  

2.6.7 Cats 

Kittens fed a diet containing 0.1% spray-dried bovine colostrum during the weaning 

period were shown to have increased fecal IgA expression and a faster and stronger 

antibody response to a rabies vaccine booster, indicative of better localised and 

systemic immune function, respectively (Gore et al., 2021). Supplementation also 

helped to maintain intestinal microbiota stability in kittens (Gore et al., 2021). These 

results show that colostrum supplementation can help strengthen the immune system 

and enhance the gut microbiota stability of growing kittens. 

2.6.8 Horses 

Colostrum has been explored to improve the immunological health and athletic 

performance of horses. Colostrum has been shown to be a suitable alternative for the 

transfer of passive immunity in (Holmes and Lunn, 1991). A bovine colostrum-based 

supplement was shown to significantly reduce the duration of respiratory disease in 

thoroughbred yearlings (Fenger et al., 2016). In addition, in a randomised crossover 

trial of racing thoroughbreds, colostrum supplementation led to better race 

performances and quicker returns to racing compared with controls (Fenger et al., 

2014b). Colostrum supplementation in racehorses does not increase serum IGF-I 

concentrations; therefore, there are no regulatory concerns over its utilisation for 

athletic performance (Fenger et al., 2014a). 

2.7 Future Challenges 

Milk is already among the most versatile products in the food industry. World milk 

production was recorded at 823 million tons in 2017 and is expected to increase by 

22% by 2027 (Marcel et al., 2018). This growing supply chain means that there will 

be more access to bovine colostrum for product manufacture. However, there are 

several issues to address in the manufacture of colostrum products to maximize its 

benefits for use in veterinary and human health. 

2.7.1 Quality Control of Products 

To interpret results from clinical trials accurately, especially when comparing results 

from different investigators, the colostrum products being used need appropriate 
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quality control. The quality of commercial colostrum products is usually accepted as 

involving the total protein and immunoglobulin concentrations with no specification 

to either individual growth factor concentrations or, of more value, total growth factor 

bioactivity. A recent study highlighted the severity of this issue, reporting up to sixfold 

differences in the bioactivity of 20 different commercial colostrum products (Playford, 

et al. 2020).  These wide variations in bioactivity are of particular concern if colostrum 

is being used as a therapeutic agent for a medical condition, where consistency of the 

product is vital. Encouragingly, products that displayed high levels of bioactivity in 

this study had previously been shown to exert beneficial effects for numerous health 

applications (Playford, et al. 2020). If the bioactivity level of products was noted by 

researchers in their publications, it would be possible to determine dose-response 

profiles and establish the minimum efficacious dose of colostrum products. 

2.7.2 Scaling Up of Polyclonal Antibody Production 

Colostrum-derived polyclonal antibodies targeting pathogens, immune modulators, or 

cancerous cells continue to show promise, but to date this approach has been overtaken 

by the rapid development and cost reductions of monoclonal antibodies that have 

reshaped parts of the pharmaceutical industry. Bovine polyclonal antibodies have 

advantages, particularly considering direct targeting of disease in the lumen of the gut, 

but the developmental pathway, good manufacturing practices for repeatable potency, 

preclinical and clinical trials, and final regulatory approval remain challenging. 

2.7.3 Measurement of Bioactive Constituents 

At present, radial immunodiffusion (RID) is considered the gold standard for IgG 

detection but is slow and costly and cannot be performed in the field (Godden, et al. 

2019). On-farm detection methods, such as refractometry, indirectly measure IgG and 

often overestimate actual concentrations (Godden, et al. 2019). As the composition of 

bovine colostrum is widely variable between individual cows, the development of 

rapid and accurate on-farm methods for the determination of colostrum quality will 

aid in the production and standardisation of high-quality colostrum products. One such 

example includes the recently developed split trehalase IgG quantification assay, 

which is comparable to RID testing and is compatible with on-farm application 

(Drikic, et al. 2018). 
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2.8 Conclusions and Future Perspectives 

Bovine colostrum harbours a diverse array of bioactive components suitable for the 

development of functional foods, nutraceuticals, and pharmaceuticals with veterinary 

and human health applications. Increases in worldwide milk production and improving 

processing techniques indicate there is significant potential for expansion and growth 

in the colostrum-based products market. Studies in humans and animals have indicated 

benefits of colostrum-based products in the amelioration of disease states pertaining 

to all stages of life. At present, bovine colostrum is marketed as a health-food 

supplement and has better evidence across a wider range of applications than many of 

its competitors. However, colostrum products need to overcome several obstacles 

before consideration as pharmaceutical products. Stricter quality control, using 

methods such as bioassays, is imperative to accurately compare and interpret results 

from human clinical trials. Such assays would elucidate the dose-response effects in 

clinical settings, which is the norm for pharmaceutical products. Further studies are 

required to determine the effective dosages of colostrum products to elicit beneficial 

effects. Better-conducted clinical randomised control trials of colostrum 

supplementation are required, as systematic reviews of colostrum to date have been 

severely hampered by heterogeneous and poor-quality studies. Finally, more studies 

elucidating the mechanisms behind the beneficial effects of colostrum 

supplementation are needed. 
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3.1 Abstract  

The initial formation of the infant microbiota is crucial for preserving intestinal 

homeostasis and symbiosis in neonates, nurturing the development of the immune and 

nervous systems during a critical developmental stage. While the specific mechanisms 

are not yet fully understood, the current consensus is that a disturbed microbiota during 

infancy can have a lasting impact on health in early life and beyond. Extensive 

research exists on the human microbiome. However, a number of outstanding 

questions remain regarding the infant microbiome in the initial stages of life. In this 

study, using a cohort of 18 healthy mother-infant dyads, we characterised the 

microbiota composition of three potential maternal sources of microbial transmission 

(oral, vaginal and placental) to the microbiota of their new-born infant (oral and 

meconium microbiota). This allowed us to investigate the contribution of numerous 

transmission routes and the impact of various perinatal factors on the initial 

establishment of the infant gut and oral microbiome. Our results consolidate and 

corroborate recent findings surrounding the existence of a meconium microbiome and 

the absence of a placental microbiome. We show that significant vertical transfer, 

primarily from the maternal oral cavity the infant oral cavity occurs in early life. 

Moreover, we were able to provide further evidence on how perinatal factors influence 

the microbial bond between mother and infant and the establishment of the infant 

microbiome.   
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3.2 Introduction 

The human microbiome is composed of microbial communities encompassing 

multiple divisions of the tree of life, including protozoa, fungi, viruses and prokaryota, 

inhabiting any accessible area of the human body. The defined niches with stable 

communities in humans and other mammals are currently generalised to the 

respiratory system (Lloyd and Marsland, 2017), nasal (Liu et al., 2015) and 

oral  cavities (Dewhirst et al., 2010), skin (Byrd et al., 2018), vagina (Lamont et al., 

2011), urinary tract (Neugent et al., 2020), and the gastrointestinal system (Ruan et 

al., 2020).  The significance of these microscopic communities in the health and 

disease status of their macroscopic hosts has been well established (Wirbel et al., 

2019). An individual’s microbiome is a chimeric organ and a constant companion from 

birth to death (Clarke et al., 2014b, Evans et al., 2013, Possemiers et al., 2011, Eckburg 

et al., 2005). The initial formation of the infant microbiota is crucial for preserving 

intestinal homeostasis and symbiosis in neonates, nurturing the development of the 

immune and nervous systems during a critical developmental stage (Clarke et al., 

2014a, Vemuri and Herath, 2023). While the specific mechanisms are not yet fully 

understood, the current consensus is that a disturbed microbiota during infancy can 

have a lasting impact on health status in early life and beyond (Fouhy et al., 2019). 

For instance, aberrant establishment of the infant gut microbiome increases the risk of 

colonisation by opportunistic pathogens, such 

as Enterococcus, Enterobacter, Clostridium, and Klebsiella species (Lax et al., 2017, 

O’Neill et al., 2020). Furthermore, infant gut dysbiosis can lead to impaired growth 

and an increased risk of sepsis and necrotizing enterocolitis (NEC), particularly in 

preterm new-borns (Fundora et al., 2020). Imbalances in the early life microbiome 

also appear to influence the development of emotional behaviour, stress and pain 

modulation systems and brain neurotransmitter systems (Morais et al., 2020). Long-

term effects of disrupted initial microbial colonisation include allergies, asthma, 

metabolic syndrome, diabetes and inflammatory bowel disease (Milani et al., 2017).  

The infant microbiome undergoes significant and rapid shifts in microbial diversity 

and functionality in the initial stages of life (Mackie et al., 1999, Matamoros et al., 

2013). At present, it is exceptionally challenging to define a universally accepted ‘gold 

standard’ for the assembly and development of infant microbiome. However, with 

increases in cohort sample sizes, advancements in sequencing technologies and 
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evolving bioinformatic analysis tools, non-random and predictable patterns are 

emerging (Charbonneau et al., 2016, Rao et al., 2021, Derrien et al., 2019, Stewart et 

al., 2018, Yatsunenko et al., 2012, Bäckhed et al., 2015, Lim et al., 2015, Palmer et 

al., 2007, Vatanen et al., 2019). For instance, despite large variance at the intra-

individual level, a recent multi-population cohort meta-analysis, revealed the 

existence of specific taxonomic patterns or infant community state types 

(ICSTs) (Mancabelli et al., 2020). This study subdivided ICSTs into four macro 

groups, < 1 month of age, between 1 and 6 months of age, between 6 and 12 months 

of age and between 1 and 3 years of age. Higher microbial complexity in samples from 

infants aged between 12 and 36 months compared to those from children less than 

one-month-old was observed. Overall, 

Lactobacillus, Enterobacter, Escherichia, Bacteroides, Parabacteroides and Prevote

lla are believed to be the pioneering bacterial species which colonise the infants gut, 

mouth and skin (Shen et al., 2023, Li et al., 2023, Zeng et al., 2022). These microbes 

engage in a plethora of host biological responses, essential for the health and wellbeing 

of the neonate including the regulation of immunity (Gensollen et al., 2016), energy 

homeostasis, protection against pathogens and bioactive metabolite production 

(Nguyen et al., 2021). Specific functions include saccharolytic degradation of diet-

derived glycans and host-provided carbohydrates, known as host glycans, including 

mucins and human milk oligosaccharides (HMOs) (Alessandri et al., 2021). Bioactive 

metabolites produced by these microbes include short-chain fatty acids (SCFAs), γ-

aminobutyric acid (GABA), serotonin, conjugated linoleic acid (CLA) and Group B 

vitamins (B1, B2, B3, B5, B6, B7, B9, B12) (Alessandri et al., 2021, Wiley et al., 

2021, Yoshii et al., 2019).  

A crucial topic of study pertaining to the infant microbiome is the exact timing of 

microbial colonisation. At present the initial microbial colonisation of humans remains 

controversial (Kennedy et al., 2022). Numerous studies in recent years have explored 

the presence of live microorganisms within the prenatal intrauterine environment 

(placenta, amniotic fluid, fetus, and meconium), reaching irreconcilable conclusions 

(Bolte et al., 2022, Kennedy et al., 2022). Microbiome studies of the in 

utero environment highlight numerous limitations of current next-generation 

sequencing (NGS) methodologies. Contamination (de Goffau et al., 2018) or the 

“kitome” (Olomu et al., 2020) represent major issues when NGS and PCR-based 
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approaches are applied to low-biomass samples, such as those encountered in the in 

utero environment (Bushman, 2019). Without stringent controls and method 

standardisation, these methodologies will amplify any DNA present in the sampled 

environment, regardless of bacterial viability (Amos et al., 2020), thus, inaccurately 

reflecting the microbiota present in the sample (Fricke and Ravel, 

2021).  Interestingly, neonates born at term are not immunologically naive and are 

specifically adapted to cope with abrupt exposure to microbial, dietary and 

environmental stimuli (Hornef and Torow, 2020, Torow et al., 2017). However, our 

mechanistic understanding of how and when immune priming by microorganisms 

occurs, and the factors that drive it, is incomplete (Kennedy et al., 2022). Studies to 

date investigating the in utero environment have typically focussed on interrogating 

one sample at a time, without consideration of the impact of perinatal factors. In light 

of this information, understanding when microbial colonisation occurs in the infant is 

essential for our understanding of human immune development, and will allow us to 

optimise clinical therapeutic interventions and to illustrate common pitfalls in the 

microbial analyses of many other low-biomass environments (Kennedy et al., 2022).  

The first encounters of the neonate with microbes represents the de novo assembly of 

a complex microbial community (Linehan et al., 2022). Strain levels analyses have 

indicated that the majority of these microbes are acquired through vertical transfer 

from mother to infant via multiple different pathways (Yassour et al., 2018, Wampach 

et al., 2018, Ferretti et al., 2018). Studies to date indicate that the maternal gut is the 

primary source of infant microbial seeding, followed by skin, the tongue dorsum, 

vagina and breast milk (Browne et al., 2022, Wang et al., 2020b).  The formation of 

the infant microbiome is further directed by intrinsic and extrinsic factors, collectively 

named “perinatal factors” (Wang et al., 2020a). These include mode of delivery (Hill 

et al., 2017), gestational age at birth (Fouhy et al., 2019), feeding type (Bezirtzoglou 

et al., 2011), maternal health status (Collado et al., 2010) and exposure to intrapartum 

and postnatal antibiotics (Tapiainen et al., 2019). For instance, vaginally delivered 

infants are primarily exposed to microbes of the mother’s birth canal 

(Lactobacillus, Prevotella and Sneathia) and intestinal microbiota 

(Bacteroides, Escherichia, Bifidobacterium, and Parabacteroides) (Li et al., 2020, 

Wampach et al., 2018), whereas, C-section (CS) delivery removes the infant’s 

exposure to maternal intestinal and vaginal microbes, thus blocking vertical 
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transmission, disrupting community establishment in all body sites and is the perinatal 

factor with the most uniform effects on the infant gut microbiota across individuals 

and studies (Korpela, 2021).  CS born infants typically have lowered relative 

abundance of highly beneficial microbes such as Bifidobacterium and Bacteroides 

(Korpela, 2021). CS born infants also display higher relative abundances of endemic 

opportunistic pathogens common to maternal skin and hospital environment such as 

Enterococcus, Staphylococcus, Streptococcus, Klebsiella, Enterobacter, 

Propionibacterium, and Clostridium (Shaterian et al., 2021). The microbiome of 

vaginally born, exclusively breastfed infants at term, with no previous exposure to 

antibiotics either directly or indirectly from the mother, could be considered the ‘gold 

standard’ (Warda et al., 2022). By contrast, antibiotic exposure, C-section (CS) birth 

or formula feeding are known to be associated with altered gut microbiome compared 

with ‘gold standard’ babies, and this may be associated with poorer health status in 

early and later life (Kuperman and Koren, 2016).  

While extensive research exists on the human microbiome, a number of outstanding 

questions remain regarding the infant microbiome in the initial stages of life (Wang et 

al., 2020b). In this study we aimed to investigate three research questions highlighted 

in the review article by (Wang et al., 2020b). Firstly, is the intrauterine environment 

sterile, and what is the exact timing of the first microorganisms colonizing the human, 

that is, during pregnancy or after birth? Secondly, what is the contribution of each 

main maternal microbial source (gut, breast milk, vagina, skin, and oral cavity) to their 

offspring? Thirdly, what are the potential drivers that control species inheritance 

and/or selection by infants in early life? To answer these questions, we focussed on 

three potential maternal sources of microbial transmission (oral, vaginal and placental) 

to the microbiota of their new-born infant (oral and meconium microbiota) and sought 

to investigate the contribution of numerous transmission routes and the impact of 

numerous perinatal factors on the initial establishment of the infant gut and oral 

microbiome.  
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3.3 Materials and Methods  

3.3.1 Study Design, Ethics and Recruitment 

Subjects were recruited and clinically investigated at Cork University Maternity 

Hospital (CUMH). The study design was to recruit healthy mothers and their full term 

infants naturally born (NB) or via CS, for sampling in the first few days post-partum. 

A total of 63 mother-infant dyads were recruited between November 2015 and 

February 2019 at CUMH as part of the Oral Placenta Infant Microbiota Study (OPIuM 

Study). Ethical approval was obtained from the Cork Teaching Hospitals Clinical 

Research Ethics Committee (ethical approval reference: ECM 4 (v) 12/08/14). 

Information about the infants was collected at delivery using medical records. 

Exclusion criteria included infants born <35 weeks gestation, infants admitted to the 

neonatal intensive care unit (NICU) and ill mothers. For the purposes of this analysis, 

we included a subset of 18 mother-infant dyads for whom all five types of samples 

were collected, i.e. vaginal, mother saliva, placenta, infant saliva and infant meconium 

that were available. The clinical characteristics of these 18 mother-infant dyads are 

shown in Table 3.1. None of the infants included in this subset were treated with 

antibiotics. 

3.3.2 Sample Collection  

A CatchAll™ collection swab (Cambio, UK) with a hard pack for storage after 

collection was used to collect all vaginal and oral cavity (saliva) samples (Hurley et 

al., 2019). For vaginal samples, the midwife or gynaecologist collected mid-vaginal 

samples from the mother within one hour before delivery, samples were immediately 

placed on dry ice and stored at −80°C. Placenta samples were collected within one 

hour of delivery by obstetricians. Four cross-sectional samples were randomly excised 

using sterile gloves and surgical instruments from each placenta to incorporate both 

the maternal and fetal sides. Placental samples were immediately placed on dry ice 

and stored at −80°C. Saliva samples from the mother were collected using a 

CatchAll™ collection swab, from pooled saliva within the floor of the oral cavity 

within 24 h of the infant being delivered, placed on dry ice and stored −80°C. Saliva 

samples from the infant were collected from the oral cavity using a CatchAll™ 

collection swab within 4 days of delivery. Meconium samples were collected from 

infants within 4 days of delivery. Meconium samples were analysed for colour and 
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texture and only samples that had typical meconium characteristics (dark colour, 

sticky and tar-like) were considered for this study.  Meconium and infant saliva 

samples collected at the hospital were immediately placed on dry ice, and stored at 

−80°C. Meconium and infant saliva samples collected at home by the mother were 

placed at 4°C, before collection in a temperature-controlled transport collection case 

by the research nurse for transport to the laboratory for long term storage at −80°C.  

3.3.3 DNA Extractions 

Extraction of DNA from samples collected via swabbing (vagina and saliva/oral 

cavity) was carried out using the MO BIO PowerSoil DNA Isolation kit (Qiagen), 

using a CatchAll™ collection swab rather than a soil sample as previously described 

(Hurley et al., 2019, Dominguez-Bello et al., 2010a). The sample (vagina and 

saliva/oral cavity) was contained in a CatchAll™ collection swab on the end of a 

collection tube, which was thawed before processing. The tube was cut 1 cm above 

this swab, and this was inserted into the PowerBead Pro tubes containing 600 μl of 

solution C1. Samples were then homogenised for 3 mins at maximum speed using the 

Mini Beadbeater (BioSpec). Samples were incubated at 65°C for 10 mins to lyse the 

cells. The remainder of the protocol was followed as per manufacturer’s instructions. 

DNA was eluted in 50 μl solution C6. DNA was extracted from meconium samples 

using the repeated bead-beating plus column protocol as described by (Yu and 

Morrison, 2004) in combination with the QIAamp Fast DNA Stool Mini kit (Qiagen, 

UK) described by Fouhy et al. (Fouhy et al., 2015). Briefly, 1 ml of lysis buffer 

(500mM NaCl, 50mM Tris-HCl pH 8.0, 50mM EDTA and 4% (w/v) sodium dodecyl 

sulphate) was added to the bead beating tubes containing 0.25g of meconium sample. 

Samples were homogenised for 3 mins at maximum speed using the Mini Beadbeater 

(BioSpec). Samples were incubated at 70°C for 15 mins to lyse the cells and then 

centrifuged at 4°C for five min at 16,000 x g. Following centrifugation the supernatant 

was removed and the bead beating steps were repeated. Following pooling of the 

supernatant, samples were treated with ammonium acetate (Sigma Aldrich, Ireland) 

and then the DNA was pelleted and washed with 70% ethanol. The DNA was then 

treated with RNAse and proteinase K. Finally the DNA was washed using buffers 

AW1 and AW2 (QIAmp Fast DNA Stool Mini kit; Qiagen, UK) and eluted in 50 μl 

of buffer AE. DNA extractions for placenta samples was performed using the DNeasy 

Blood and Tissue Kit (QIAGEN) (Parnell et al., 2017). Briefly, 0.25g of frozen tissue 
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samples were cut into small pieces using sterile scalpels and were suspended in 2 ml 

screw cap microcentrifuge tubes containing 180 μl tissue lysis butter (ALT) and 1 

sterile, 5 mm stainless steel bead (QIAGEN, Cat No: 69989). Tissues were 

homogenised at a frequency (1/s) of 30 for 20 sec using the Tissuelyser II (QIAGEN). 

20 μl of proteinase K (20 mg/ml) was added to each sample and incubated at 56°C in 

a shaking incubator. Samples were vortex mixed every 30 mins to ensure complete 

lysis of the tissue. The remainder of the protocol was followed as per manufacturer’s 

instructions. DNA was eluted in 50 μl of buffer AE. An extraction control consisting 

of 250 μl sterile molecular biology grade water (CORNING) was used for each sample 

studied. The quantity of DNA from every sample was measured by the Qubit™ 4 

Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) using dsDNA HS assay 

Kit (Thermo Fisher Scientific). The limit of detection was 10 pg/μl. All extracted DNA 

was stored at −30°C. 

3.3.4 16S rRNA gene amplification and MiSeq sequencing 

Using the 16S metagenomic sequencing library protocol (Illumina), the V3-V4 

hypervariable region of the 16S rRNA gene was amplified from 90 DNA samples. A 

no-sample (buffer only) DNA extraction blank for every sample type studied and no-

template, negative-control sample for every sequencing library was prepared. DNA 

was amplified with primers specific to the V3-V4 region; forward primer 5’ 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCA

G; and reverse primer 5’ 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC

TAATCC. Each PCR reaction contained template DNA (5 ng/µl), 1 µl forward primer 

(5 µM), 1 µl reverse primer (5 µM), 12.5 µl 2X KAPA2G Robust HotStart ReadyMix 

(Anachem, Dublin, Ireland) and PCR grade water. PCR conditions for amplification 

consisted of heated lid 110°C, initial denaturation at 95 °C × 3 min, 30 cycles of 

95°C × 30 s, 55°C × 30 s, 72°C × 30 s, followed by 72°C × 5 min and holding at 4°C. 

PCR amplicons were visualised using gel electrophoresis (1X TAE buffer, 1.5% 

agarose, 100 V) stained with SYBR safe (Thermofisher, MA, USA). Amplicons were 

cleaned using AMPure XP magnetic bead based purification (Labplan, Dublin, 

Ireland) and subject to a second PCR reaction. Illumina sequencing adapters and dual‐

index barcodes (Illumina Nextera XT indexing primers, Illumina, Sweden) were added 

to the purified DNA (5 µl) to index each of the samples, allowing the library to be 
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pooled for sequencing as outlined in the Illumina library preparation protocol. Samples 

were quantified using the Qubit™ 3.0 Fluorometer using dsDNA HS assay Kit and 

samples were then pooled in an equimolar fashion. The pooled sample was run on the 

Agilent Bioanalyser for quality analysis prior to sequencing. The sample pool was 

prepared following Illumina guidelines. Samples were sequenced on the MiSeq 

sequencing platform in the Teagasc Sequencing facility, using a 2 × 300 cycle V3 kit, 

following standard Illumina sequencing protocols. 

3.3.5 Bioinformatics analysis 

Raw sequence quality was assessed using Multiqc (v1.9) before filtering and 

trimming. Primers were trimmed from FASTQ files using Cutadapt (v2.10) (Martin, 

2011). The DADA2 library (v1.14) in R (v4.1.2)  was used to derive amplicon 

sequence variants (ASVs) (Callahan et al., 2016a). Quality filtering, dereplication, 

error modelling, denoising, pair merging, and chimera removal were performed using 

default parameters. ASVs were taxonomically classified using the SILVA high quality 

rRNA database (v.138) (Quast et al., 2012). The assignTaxonomy and assignSpecies 

functions were used to combine exact genus- and species-level matching. Phyloseq 

(v1.24)  was used to integrate the sample metadata, ASV table, phylogenetic tree and 

taxonomic assignments for statistical analyses (McMurdie and Holmes, 2013). The 

ASVs were then decontaminated using the decontam R package (v1.16.0) (Davis et 

al., 2018). This algorithm statistically assesses if an ASV is likely to be technical 

contamination considering its presence in negative-control samples and the DNA 

concentration in the samples, assuming that contaminating sequences have a higher 

frequency in low-concentration samples. Only ASVs that had a less than 5% chance 

of being contaminants were kept for further analysis. Taxa  identified  as  

Cyanobacteria, Mitochondria, Eukaryota or Archaea  were  removed, similar to  

previous  microbiome studies investigating samples in early life (Turunen et al., 2021). 

Furthermore, samples with <5k reads and genera that were only detected as non-zero 

in 10% or fewer total samples were removed prior to downstream analysis. These 

criteria led to ten placental samples containing zero reads which were then discarded 

from further analysis. A de novo phylogenetic tree based on ASV sequences was built 

by performing a multiple-alignment using DECIPHER R package (v.2.16.1), followed 

by the construction of a neighbour-joining tree using phangorn R package (v.2.5.5) 

(Schliep, 2011) before fitting a GTR+G+I (Generalised time-reversible with Gamma 
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rate variation) maximum likelihood tree using the neighbour-joining tree as a starting 

point as recommended by (Callahan et al., 2016b). From the raw DADA2 output, the 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt2) (v2.5.1) (Douglas et al., 2020) pipeline was used to predict putative 

microbial functions by mapping 16S rRNA marker gene sequences to known reference 

genomes, containing full 16S rRNA genes from bacterial and archaeal genomes in the 

Integrated Microbial Genomes (IMG) database (Markowitz et al., 2012). From this, k 

the most abundant Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways 

(Kanehisa et al., 2012) were identified for each sample as a result of the inferred 

analysis. Pathways were interrogated at KEGG Level 3. The add_descriptions.py 

convenience script for PICRUSt2, which adds a quick description of each functional 

category was also used.  

3.3.6 Statistical Analysis  

Further data handling was done in R (v4.1.2) with the RStudio GUI 

(v1.4.1717). Plotting was handled using ggplot2 (v3.4.1). To identify ASVs present in 

each sample type, presence in at least 50% of the 18 samples analysed and a cut off of 

>0.001 was used. These abundance-occurrence values are typically used in 

microbiome studies with similar sample sizes to this study (Neu et al., 2021).  Further 

annotation of ASVs identified as core microbiota members was performed by taking 

the top BLASTn hit against the NCBI 16S rRNA gene database (Zhang et al., 2000). 

Five perinatal factors, mother antibiotic usage, delivery mode, feed type, gender and 

premature rupture of membranes (PROM) were assessed for their impact on the 

microbiome of each sample type. PROM refers to a patient who is beyond 37 weeks' 

gestation and has presented with rupture of membranes prior to the onset of labour. 

The iNEXT library was used to compute alpha diversity for the first three hill numbers 

(Chao1, Shannon entropy and Simpson Index) (Hsieh et al., 2016). Differences in 

alpha diversity (within-sample diversity) were assessed using linear models. Principal 

component analysis was performed on centred log-ratio transformed (clr) values as a 

visual companion to the beta diversity analysis. Zeroes were imputed using the 

“const” method (Lubbe et al., 2021). Beta diversity was computed in terms of 

Aitchison distance (Euclidean distance of clr-transformed counts) (Aitchison et al., 

2000). Differences in beta diversity (between-sample diversity) were assessed using 

the adonis() PERMANOVA function  in the vegan library (v2.6.4) and the value of p 



 

98 

 

were adjusted using the Bonferroni-Holm correction method. A difference was 

considered statistically significant if the adjusted p < 0.05. The Analysis of 

Composition of Microbiomes with Brown-Correction (ANCOM-BC) method was 

used to identify differentially abundant bacterial taxa. ANCOM-BC is a statistical 

framework designed to test for differential abundance in compositional data (Lin and 

Peddada, 2020). ANCOM-BC firstly computes a weighted average presence/absence 

score for each taxon and then uses these scores to perform a statistical test for each 

taxon, adjusting for the effects of total abundance and sample size. This method 

accounts for the compositional nature of the data, avoiding the use of simple fold 

changes or ratios, which can be unreliable in this context. Statistical Analysis of 

Metagenomic Profiles (STAMP) v2.1.3 (Parks et al., 2014) software was used to 

detect differentially abundant KEGG pathways generated by PICRUSt2 between 

perinatal factors of interest. Statistical significance was set at p < 0.05 (two-sided) 

following adjusted measures.  

3.4 Results  

3.4.1 Cohort Characteristics 

Table 3.1 represents the characteristics of the 18 mother infant dyads included in this 

study at the time of sample collection. Briefly, the infant study population comprised 

of males (55.6%) and females (44.6%), with eight infants born by CS (44.4%) and 10 

(55.6%) born vaginally. The mean birth weight of infants was 3,667.2g (standard 

deviation (SD) ± 386.6), mean gestational age was 39 weeks (SD ± 0.97) and mean 

Appearance, pulse, grimace, activity and respiration (Apgar) score was 9 (SD ± 1.15). 

The Apgar score is a standard assessment tool used to evaluate the physical condition 

of a new-born infant immediately after delivery. The score is based on five criteria: 

appearance (skin colour), pulse rate, grimace response, activity level, and respiration. 

Each criterion is scored from 0-2, with a maximum total score of 10 indicating a 

healthy new-born. PROM birth occurred for seven (38.9%) of infants in the study. Ten 

(55.6%) infants were breast fed, six (33.3%) infants were formula fed and the feed 

type of two infants (11.1%) was not noted. No infants in the studied subset received 

antibiotics. Regarding clinical characteristics of mothers, ten (55.6%) received 

antibiotics and eight (44.4%) received no antibiotics. Of the ten mothers who received 

antibiotics, the type of antibiotics received by two mothers was noted, these were 

Amoxicillin (Augmentin) and Flucloxocillin. Finally, the mean gravida (number of 
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pregnancies) of mothers was three (SD ± 1.5) and mean parity (number of births) was 

two (SD ± 1.3).  

Table 3.1 | Clinical characteristics of the 18 mother infant dyads in this study. 

Variables  

Infant Characteristics Cohort (n=18) 

Gender  
 

Male  10/18 (55.6%) 

Female 8/18 (44.6%) 

Delivery Mode  
 

Caesarean 8/18 (44.4%) 

Vaginal 10/18 (55.6%) 

Birth weight (g), mean (SD) 3667.2 (386.6) 

Gestational age (in weeks), mean (SD) 39 (0.97) 

AGPAR, mean (SD) 9 (1.15) 

PROM 
 

Yes  7/18 (38.9%) 

No 11/18 (61.1%) 

Feed Type  
 

Breast Fed  10/18 (55.6%) 

Formula  6/18 (33.3%) 

Not Noted  2/18 (11.1%) 

Maternal Characteristics  Cohort (n=18) 

Intrapartum Antibiotic 
 

Yes  10/18 (55.6%) 

No 8/18 (44.4%) 

Amoxicillin (Augmentin) 1/18 (5.6%) 

Flucloxocillin 1/18 (5.6%) 

Type of antibiotic not noted  16/18 (88.8%)  

Gravida, mean (SD) 3 (1.5) 

Parity, mean (SD) 2 (1.3) 

Continuous variables are presented as mean (+SD). Categorical variables are 

presented as number of participants (percentages). Abbreviations: SD, Standard 
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deviation; APGAR, Appearance, Pulse, Grimace, Activity and Respiration; PROM, 

Premature rupture of membranes. 

3.4.2 The Placental Microbiome Does Not Differ From Negative Controls  

Sequencing of placental tissues yielded a total of 666,018 reads with mean read lengths 

of 251 bp. The average reads per sample was 79,820, (standard deviation of 111,793). 

Following quality filtering, dereplication, error modelling, denoising, pair merging, 

and chimera removal were performed using default parameters in DADA2, ten 

samples contained zero reads and were discarded from further analysis. The average 

reads per sample of the remaining eight samples at this point was 29,774 (range 8,630-

38,251). Of the 964 ASVs obtained across the 10 samples after taxonomic 

classification, 835 were flagged as contaminants by the Decontam software, 

corresponding to 43.7% to 67% of the ASVs present in each placental sample (median, 

57%). The 129 remaining ASVs could not be classified to the species level. The 

filtering step, used for all other sample types in this study to remove genera that were 

only detected as non-zero in 10% or fewer total samples led to no ASVs in placental 

samples for downstream analysis. This step was therefore removed to investigate the 

ASVs found in placenta samples. DNA extraction blanks and amplicon PCR blanks 

and were used for each sample investigated in this study and we used the ASVs 

detected in these samples as a comparison to the ASVs found in placental samples. 

Actinobacteriota, Firmicutes and Proteobacteria were the only three phyla detected 

in DNA extraction blanks, PCR blanks and placental samples (Figure 3.1A). Five 

families were detected across the three sample types, Bacillaceae, 

Corynebacteriaceae, Micrococcaceae, Streptococcaceae and Xanthbacteraceae 

(Figure 3.1B), while six genera were detected Afpia, Bacillus, Corynebacterium, 

Enhydrobacter, Micrococcus and Streptococcus (Figure 3.1C).  
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Figure 3.1 | Heat maps of average relative abundances at (A) phylum, (B) family and 

(C) genus level of DNA extraction blanks (n=5), amplicon PCR blanks (n=5) and 

placenta samples (n=8). 
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3.4.3 Phylogenetic Diversity, Core Microbiome and Metabolic Pathways in 

Infant Samples 

Sequencing of infant meconium samples yielded a total of 2,234,980 reads with mean 

read lengths of 270 bp (251-301 bp). On average, each sample contained 79,820 reads 

(standard deviation of 57,324). After quality control, each sample contained an 

average of 67,689 reads (range 24,637-154,404). The phylogenetic diversities of the 

eight phyla detected in meconium and the relative abundances of the 301 ASVs 

identified across all samples are shown in Figure 3.2A. Firmicutes (57%), 

Proteobacteria (21%) Actinobacteria (18%) were the most dominant of the eight 

phyla detected. Staphylococcaceae (23%), Enterobacteriaceae (18%) and 

Bifidobacteriaceae (18%) were the most abundant families. Staphylococcus (25%), 

Escherichia-Shigella (18%) and Bifidobacterium (17%) were the most prevalent 

genera. Finally, the most abundant species were Bifidobacterium bifidum (B. bifidum) 

(37%), Bifidobacterium longum (B. longum) (16%), and Rothia mucilaginosa (R. 

mucilaginosa) (13%) (Figure 3.2B). Figure 3.2B displays the phylogenetic diversity 

of the ten most abundant species found in meconium. 12 ASVs (present in ≥50% of 

samples, cut-off >0.001) were identified as the core meconium microbiome (Figure 

3.2C). ASV3, aligning significantly with Staphylococcus epidermis (S. epidermis) 

(BLASTn), was the only ASV present in all 18 samples. PICRUSt2 analysis identified 

418 functional pathways across all meconium samples. Figure 3.2D shows the top 25 

most abundant functional pathways across all samples. The most abundant pathways 

were the pentose phosphate pathway (non-oxidative branch), L-isoleucine 

biosynthesis, glycolysis, branched chain amino acid and aromatic amino acid 

biosynthesis pathways (Figure 3.2D).  
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Figure 3.2 | (A) Phylogenetic tree with ASV relative abundance distribution shown as 

boxplots for Phylum-level abundances. Symbolic points coloured by phylum represent 

species abundances. (B) Phylogenetic tree with ASV relative abundance distribution 

for the top ten species in meconium samples. Node size represents relative abundance. 

(C) Heatmap of the core meconium microbiome, showing relative abundance and 

prevalence (> 0.001 cut-off and 50% cut-off, respectively) for the 18 samples 

analysed. ASVs are labelled with their ID and lowest taxonomic classification. (D) 

Predictive metabolic pathways associated with the meconium microbiome, displaying 

the top 25 abundant pathways based on abundance levels.

 (C) 

(D) 
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Sequencing of infant saliva samples yielded a total of 3,414,062 reads with mean read 

lengths of 301bp. On average, each sample contained 77,592 (standard deviation of 

66,592). Following quality control, an average of 18,040 reads (range 11,438-58,257) 

per sample was obtained. Figure 3.3A depicts the phylogenetic diversities and relative 

abundances of the 341 ASVs identified across all samples. Firmicutes (63%), 

Actinobacteriota (20%) and Proteobacteria (10%) were the dominant of the nine 

phyla detected (Figure 3.3A). Streptococcaceae (41%), Staphylococcaceae (15%) and 

Micrococcaceae (14%) were the most abundant families (Figure 3.3A). Streptococcus 

(43%), Staphylococcus (18%) and Rothia (15%) were the most prevalent genera 

(Figure 3.3A). Finally, R. mucilaginosa (60%), Staphylococcus lugdunensis (S. 

lugdunensis) (8%), Haemophilus parainfluenzae (H. parainfluenzae) (7%), 

Streptococcus oralis (S. oralis) (6%) and Streptococcus salivarius (S. salivarius) (6%) 

were the most abundant species (Figure 3.3A). Figure 3.3B displays the phylogenetic 

diversity of the ten most abundant species found in infant oral samples. Of the 341 

ASVs detected, seven ASVs (present in ≥50% of samples, cut-off >0.001) were 

identified as the core infant oral microbiome (Figure 3.3C). ASV1, aligning most 

significantly with S. oralis species (BLASTn analysis), was the only ASV present in 

all 18 samples. PICRUSt2 analysis identified 402 functional pathways across all infant 

saliva samples. Figure 3.3D shows the top 25 most abundant functional pathways 

across all samples. The predominant pathways included adenosine and guanosine 

deoxyribonucleotides de novo biosynthesis, cytidine diphosphate (CDP)-

diacylglycerol biosynthesis, phospholipid biosynthesis and phosphatidylglycerol 

biosynthesis pathways (Figure 3.3D).  
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Figure 3.3 | (A) Phylogenetic tree with ASV relative abundance distribution shown as 

boxplots for Phylum-level abundances. Symbolic points coloured by phylum represent 

species abundances. (B) Phylogenetic tree with ASV relative abundance distribution 

for the top ten species in infant oral samples. Node size represents relative abundance. 

(C) Infant oral core microbiome heatmap, showing relative abundance and prevalence 

(> 0.001 cut-off and 50% cut-off, respectively) for the 18 samples analysed. ASVs are 

labelled with their ID and lowest taxonomic classification. (D) Predictive metabolic 

pathways associated with the infant oral microbiome, displaying the top 25 abundant 

pathways based on abundance level.
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3.4.4 Phylogenetic Diversity, Core Microbiome and Metabolic Pathways in 

Maternal Samples 

Sequencing of maternal saliva samples yielded a total of 5,781,180 reads with mean 

read lengths of 301bp. On average, each sample contained 123,003 reads (standard 

deviation of 165,745). Following quality control, an average of 40,254 (range 20,812-

88,827) reads per sample was obtained. The phylogenetic diversities and relative 

abundances of the 456 ASVs identified across all samples are shown in Figure 3.4A. 

Firmicutes (48%), Proteobacteria (25%) Actinobacteria (12%) were the most 

dominant of the nine phyla detected in maternal saliva samples. Streptococcaceae 

(37%), Neisseriaceae (29%) and Micrococcaceae (11%) were most abundant families. 

Streptococcus (38%), Neisseria (20%) and Rothia (11%) were the most prevalent 

genera. Finally, R. mucilaginosa (R. mucilaginosa) (43%), H. parainfluenzae (15.6%) 

and Prevotella melaninogenica (P. melaninogenica) (11%) were the most abundant 

species found in maternal salvia samples. Figure 3.4B displays the phylogenetic 

diversity of the ten most abundant species found in maternal saliva samples. Of the 

456 ASVs detected, 25 ASVs (present in ≥50% of samples, cut-off >0.001) were 

identified as core maternal oral microbiome (Figure 3.4C). ASV1, aligning 

significantly with Streptococcus oralis species (BLASTn), was the only ASV found 

to be present in all maternal saliva samples. PICRUSt2 analysis identified 418 

functional pathways across all maternal saliva samples. Figure 3.4D shows the top 25 

most abundant functional pathways across all samples. The most prevalent pathways 

included pyruvate fermentation to isobutanol, the pentose phosphate pathway, 

guanosine and adenosine deoxyribonucleotides de novo biosynthesis, L-isoleucine, 

CDP-diacylglycerol biosynthesis and L-valine biosynthesis pathways (Figure 3.4D). 
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Figure 3.4 | (A) Phylogenetic tree with ASV relative abundance distribution shown as 

boxplots for phylum-level abundances. Symbolic points coloured by phylum represent 

species abundances. (B) Phylogenetic tree with ASV relative abundance distribution 

for the top ten species in maternal saliva samples. Node size represents relative 

abundance. (C) Maternal oral core microbiome heatmap, showing relative abundance 

and prevalence (> 0.001 cut-off and 50% cut-off, respectively) for the 18 samples 

analysed. ASVs are labelled with their ID and lowest taxonomic classification. (D) 

Predictive metabolic pathways associated with the maternal oral microbiome, 

displaying the top 25 abundant pathways based on abundance levels.  
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Sequencing of maternal vaginal swabs samples yielded a total of 2,063,808 reads with 

mean read lengths of 301bp. The average reads per sample was 103,190 (standard 

deviation of 109,261). Following quality control, an average of 18,440 (24,637-

123,787) reads per sample were obtained. The phylogenetic diversities and relative 

abundances of the 89 ASVs identified across all samples are shown in Figure 3.5A. 

Firmicutes (73%) and Actinobacteriota (26%) were the most dominant of the seven 

phyla detected in vaginal swabs. Family XI (56%), Corynebacteriaceae (20%) and 

Lactobacillaceae (12%) were most abundant families. Finegoldia (22%), 

Corynebacterium (21%) and Anaerococcus (21%) were the most prevalent genera. 

Finally, Corynebacterium pyruviciproducens (C. pyruviciproducens) (30%), 

Campylobacter ureolyticus (C. ureolyticus) (16%) and 

Peptostreptococcus anaerobius (P. anaerobius) (14%) were the most abundant 

species. Figure 3.5B displays the phylogenetic diversity of the ten most abundant 

species found in the vaginal samples. Of the 89 ASVs detected, 8 ASVs (present in 

≥50% of samples, cut-off >0.001) were identified as the core vaginal microbiome 

(Figure 3.5C). No ASV was found to be present in all vaginal samples. However, 

ASV5 which aligned significantly with Finegoldia magna (F. magna) and ASV16 

which aligned significantly with Peptoniphilus faecalis (P. faecalis) were both found 

to be present in 17 out of 18 samples. PICRUSt2 analysis identified 363 functional 

pathways across all vaginal samples. Figure 3.5D shows the 25 most abundant 

functional pathways across all samples. The most abundant metabolic pathways were 

pyruvate fermentation to acetate and lactate, guanosine and adenosine and 

deoxyribonucleotides de novo biosynthesis, pentose phosphate pathway, phospholipid 

biosynthesis and CDP-diacylglycerol biosynthesis pathways (Figure 3.5D). The alpha 

diversity of the vaginal microbiome was significantly lower than meconium (Chao1, 

p= 0.0161) and the maternal oral microbiome (Chao1, p <0.0001), (Shannon p= 

0.0208) (Figure 3.6).  
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Figure 3.5 | (A) Phylogenetic tree with ASV relative abundance distribution shown as 

boxplots for phylum-level abundances. Symbolic points coloured by phylum represent 

species abundances. (B) Phylogenetic tree with ASV relative abundance distribution 

for the top ten species in vaginal samples. Node size represents relative abundance. 

(C) Vaginal core microbiome heatmap, showing relative abundance and prevalence (> 

0.001 cut-off and 50% cut-off, respectively) for the 18 samples analysed. ASVs are 

labelled with their ID and lowest taxonomic classification. (D) Predictive metabolic 

pathways associated with the vaginal microbiome, displaying the top 25 abundant 

pathways based on abundance levels.   
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Figure 3.6 | Alpha diversity analysis of mother and infant samples. Statistical 

significance assessed by Mann-Whitney test (p < 0.05).  

 

3.4.5 Site Specific Vertical transmission of Microbiota from Mother to Infant 

To explore site specific vertical transmission of maternal microbiota to the infant 

microbiota, we identified bacterial taxa shared between the communities of mothers 

and their related infants. Figure 3.7 gives an overview of the overall microbial 

composition and their relative abundances of the four sample types investigated in this 

study.  
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Figure 3.7 | Heat maps of average relative abundances at (A) phylum, (B) family and (C) genus level of meconium, oral saliva, 

maternal saliva and vaginal samples. 
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Regarding establishment of the infant’s oral microbiome, on average, a related mother 

and infant’s oral microbiota shared 45 taxa (Figure 3.8A), accounting for 65% of the 

total reads in the infant’s sample (Figure 3.8B). Perinatal factors had no effect on the 

amount of the infants’ oral microbiome that was shared with their mother. R. 

mucilaginosa was found present in all 18 mother-infant oral sample dyads. S. oralis, 

H. parainfluenzae and Fusobacterium nucleatum (F. nucleatum) were found in 15 

dyads. On average, a related mother’s vaginal microbiome and infant’s oral microbiota 

shared 15 bacterial taxa (Figure 3.8C) which accounted for 15% of the total reads in 

the infant’s sample (Figure 3.8D). When comparing NB infants versus by CS and we 

found that route of delivery had a significant effect on the amount of the infants’ oral 

microbiome that was shared with their mother’s vaginal microbiome (Mann Whitney 

Test, p = 0.045) (Figure S1). C. pyruvicproducens was present in all 18 mother-infant 

dyads when comparing vaginal and oral samples and was the only species common to 

oral and vaginal samples. F. nucleatum was present in 15 dyads. On average, a related 

mother’s oral microbiota and infant’s meconium microbiota shared eight bacterial taxa 

(Figure 3.8E) which accounted for 6% of the total reads in the infant’s sample (Figure 

3.8F). We next examined if the amount of the infants’ meconium microbiome that was 

shared with their mother’s oral microbiota differed according to the various perinatal 

factors investigated in previous sections, however there was no significant 

correlations. Regarding species sharing, R. mucilaginosa was the only shared species 

and was present in all 18 mother-infant dyads. On average, a related mother’s vaginal 

microbiota and infant’s meconium microbiota shared 38 bacterial taxa (Figure 3.8G) 

which accounted for 21% of the total reads in the infant’s sample (Figure 3.8H). We 

next examined if the amount of the infants’ meconium microbiome that was shared 

with their mother’s oral microbiome differed according to the various perinatal factors 

investigated in previous sections, however there was no significant correlations. 

Regarding species sharing, B. longum was the only shared species.  
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Figure 3.8 | (A) Number of ASVs shared between mother oral and infant oral dyad 

samples. (B) Relative abundance of infant oral microbiome shared with their mother’s 

oral microbiome. (C) Number of ASVs shared between mother vaginal and infant oral 

dyad samples. (D) Relative abundance of infant oral microbiome shared with their 

mother’s vaginal microbiome. (E)  Number of ASVs shared between mother oral and 

infant meconium dyad samples. (F) Relative abundance of infant meconium 

microbiome shared with their mother’s oral microbiome. (G) Number of ASVs shared 

between mother vaginal and infant meconium dyad samples. (H) Relative abundance 

of infant meconium microbiome shared with their mother’s vaginal microbiome.  
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3.4.6 Impact of Perinatal Factors on the Meconium Microbiome  

Maternal antibiotic usage had a significant effect on the beta diversity of meconium 

(R2 = 0.0764, p = 0.069). 16 ASVs were differentially abundant in the “no” group at 

the genus level, most significantly Eubacterium hallii group, Dialister and CAG-56. 

At the species level, eight ASVs were differentially abundant, most significantly 

Blautia obeum (B. obeum), Dorea formicigenerans (D. formicigenerans) and 

Bacteroides fragilis (B. fragilis) (Figure 3.9A). 15 ASVs were differentially abundant 

in the “yes” group at the genus level, most significantly, Pantoea, Enterobacter and 

Neisseria. At the species level, eight ASVs were differentially abundant, most 

significantly was Ruminococcus bromii (R. bromii), Fusobacterium periodonticum (F. 

periodonticum) and Gemella sanguinis (G. sanguinis) (Figure 3.9A). 14 functional 

pathways primarily involving L-aspartate and L-asparagine biosynthesis and starch 

and glycogen degradation were associated with the “no” group (Figure 3.10A). 47 

functional pathways, most significant included heme biosynthesis from glycine, and 

degradation pathways of phenylethylamine, salicylate, catechol and toluene were 

associated with the “yes” group (Figure 3.10A). Regarding delivery mode, CS delivery 

resulted in a significant increase in species richness in meconium (Chao1, p = 0.07). 

Ten ASVs were differentially abundant in NB infants at the genus level, most 

significantly, Cloacibacterium, Bifidobacterium and Brevundimonas. At the species 

level, eight ASVs were differentially abundant, most significantly, B. longum, Bacillus 

niacin (B. niacin) and R. bromii (Figure 3.9B). 21 ASVs were differentially abundant 

in CS-born infants at the genus level, most significantly Fusicantentibacter, 

Eubacterium eligens group and Intestinibacter. At the species level, seven ASVs were 

differentially abundant in CS-born infants, most significantly Fusicatenibacter 

saccharivorans (F. saccharivorans), Veillonella tobersuensis (V. tobersuensis) and 

Intestinibacter bartlettii (I. bartlettii) (Figure 3.9B). Seven functional pathways were 

significantly associated with NB infants (Figure 3.10B), including heterolactic 

fermentation and the Bifidobacterium shunt pathway (Figure 3.10B). Four functional 

pathways were significantly associated with CS infants, involving L-tryptophan, L-

phenyalanine and tetrapyrrole biosynthesis (Figure 3.10B). Regarding feed type, 21 

ASVs were differentially abundant in breast fed infants at the genus level, most 

significantly Delftia, Afipia, and Escherichia-Shigella. At the species level, 11 ASVs 

were differentially abundant, most significantly Bacillus niacin, R.  bromii, 
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Bacteroides vulgatus (B. vulgatus) and Bacteroides uniformis (B. uniformis) (Figure 

3.9C). 14 ASVs were differentially abundant in formula fed infants at the genus level, 

most significantly Eubacterium eligens group, CAG-56 and Eubacterium hallii group. 

At the species level, seven ASVs were differentially abundant in formula fed infants, 

most significantly Blautia obeum (B. obeum), Dorea formicigenerans (D. 

formicigenerans) and Coproccus comes (C. comes) (Figure 3.9C). 24 functional 

pathways were significantly associated with the meconium microbiome of breast fed 

infants, including fatty acid oxidation, the glycoxylate cycle, demethylmenaquinol 

biosynthesis and the pyridoxal 5’-phopshate biosynthesis pathway (Figure 3.10C). 

Formula feeding showed most significant associations with phosphatidyglycerol 

biosynthesis, L-threonine, L-isoleucine and coenzyme A biosynthesis (Figure 3.10C). 

Regarding gender, ten ASVs were differentially abundant in males at the genus level, 

most significantly Gemella, and Neochlamydia (Figure 3.9D). 11 ASVs were 

differentially abundant in males at the species level, most significantly Anaerostipes 

hadrus (A. hadrus), Turicibacter sanguinis (T. sanguinis) and Acinetobacter 

radioresistens (A. radioresistens) (Figure 3.9D). 15 ASVs were differentially 

abundant in females at the genus level, most significantly Massilia, Eubacterium 

ventriosum group and UCG-002. Seven species were differentially abundant in 

females, most significantly, G. morbillorum, Rothia dentocariosa (R. dentocariosa) 

and Fusobacterium periodonticum (F. periodonticum) (Figure 3.9D). Regarding 

PROM birth, 29 ASVs were differentially abundant in the “no” group at genus level, 

most significantly Eubacterium eligens group, Eubacterium ventriosum group and 

CAG-56. 12 ASVs were differentially abundant in the “no” group at species level, 

most significantly B. obeum, D. formicigenerans and Veillonella rogosae (V. rogosae) 

(Figure 3.9E). Eight ASVs were differentially abundant in the “yes” group at genus 

level, most significantly Delftia, Afipia and Cutibacterium. Eight species were 

differentially abundant in the “yes” group, most significantly R. bromii, G. 

morbillorum and Cloacibacterium normanense (Cloacibacterium normanense) 

(Figure 3.9E).  
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Figure 3.9| Bar-plots of differentially abundant ASVs within meconium samples at 

the species level. Perinatal factors are shown as green and red, respectively. (A) 

Mother antibiotic usage. (B) Delivery Mode. (C) Feed Type. (D) Gender. (E) PROM.  

Differential abundant ASVs were identified using analysis of the composition of 

microbiomes (ANCOM) method. Only statistically significant ASVs that fall within a 

distribution based on W values are shown.  
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Figure 3.10 | Impact of perinatal factors on meconium microbiome functionality. 

Extended error bar plots comparing predicted KEGG functions using PICRUSt2. Bar 

plots show mean proportions of functional pathways, with error bars representing 

group differences. Error bars are color-coded based on the group with higher 

proportions. (A) Mother antibiotic usage. (B) Delivery Mode. (C) Feed Type. Welch's 

t-test was used with p < 0.05 (two-sided) as the significance threshold. Abbreviations: 

CS, C-section; NB, Natural Birth.
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3.4.7 Impact of Perinatal Factors on the Infant Oral Microbiome 

In this study, maternal antibiotic usage, PROM and gender had no significant effects 

on the infant oral microbiome. Regarding delivery mode, six ASVs were differentially 

abundant in NB infants at the genus level, most significantly Parvimonas, 

Anaeroglobus and Oribacterium. At the species level, 12 ASVs were differentially 

abundant in NB infants, most significantly Bifidobacterium longum, Veillonella 

atypica (V. atypica) and Veillonella parvula (V. parvula) (Figure 3.11A). 18 ASVs 

were differentially abundant at the genus level in CS-born infants, most significantly 

Lautropia, Enhydrobacter, Kocuria. 16 ASVs were differentially abundant at the 

species level in CS-born infants, most significantly Lautropia mirabilis (L. mirabilis), 

Corynebacterium durum (C. durum) and Veillonella rogosae (V. rogosae) (Figure 

3.11A). 15 functional pathways, most significantly peptidoglycan biosynthesis, L-

arginine biosynthesis and starch degradation pathways were associated with NB 

infants (Figure 3.12A). 25 functional pathways were significantly associated with CS-

born infants, primarily involving L-arginine biosynthesis, fatty acid salvage and L-

tryptophan biosynthesis (Figure 3.12A). Feed type had a significant effect on beta 

diversity (R2 = 0.1148, p = 0.049) (Table 3.3). 27 ASVs were differentially abundant 

in breast fed infants at the genus level, most significantly Eubacterium brachy group, 

Parvimonas and Anaeroglobus. 27 ASVs were differentially abundant in breast fed 

infants at the species level, most significantly Prevotella saccharolytica (P. 

saccharolytica), Treponema maltophilum (T. maltophilum) and Johnsonella ignava 

(J. ignava) (Figure 3.11B). 14 ASVs were differentially abundant in formula fed 

infants at the genus level, most significantly Lautropua, Acinetobacter and 

Escherichia-Shigella. At the species level, 15 ASVs were differentially abundant in 

formula fed infants, most significantly S. oralis, G. morbillorum and V. atypica 

(Figure 3.11B). Hexitol degradation, taxadiene biosynthesis and the Cob(II)yrinate 

a,c-diamide biosynthesis I pathway were associated with the oral microbiome of breast 

fed infants (Figure 3.12B) Fatty acid salvage was the only pathway associated with 

formula fed infants (Figure 3.12B). 
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Figure 3.11 | Bar-plots of differentially abundant ASVs within infant oral samples at 

the species level. Perinatal factors are shown as green and red, respectively. (A) 

Delivery Mode. (B) Feed Type.  Differential abundant ASVs were identified using 

analysis of the composition of microbiomes (ANCOM) method. Only statistically 

significant ASVs that fall within a distribution based on W values are shown 

(Supplementary Table for W values). Abbreviations; CS= C-section, NB= Natural 

Birth. 
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Figure 3.12 | Impact of perinatal factors on meconium microbiome functionality. 

Extended error bar plots for two-group analysis module comparison of PICRUSt2 

predicted KEGG functions. Bar plots on the left represent the mean proportion of each 

functional pathway and error bars represents the difference between the two groups. 

Colouring of the error bar is according with the group with the higher proportion of 

the respective function. (A) Delivery Mode. (B) Feed Type. Welch’s t-test for unequal 

variances. Statistical significance was set at p < 0.05 (two-sided) following adjusted 

measures. Abbreviations; CS= C-section, NB= Natural Birth. 
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3.4.8 Impact of Perinatal Factors on the Maternal Oral Microbiome 

Maternal antibiotic usage had significant effects on the beta diversity of maternal oral 

microbiome (R2 = 0.0877, p = 0.013). Seven ASVs were differentially abundant in the 

“no” group at the genus level, most significantly Mycoplasma, Filifactor and 

Anaeroglobus. 20 ASVs were differentially abundant in the “no” group at the species 

level, most significantly Streptococcus mutans (S. mutans), Leptotrichia 

hongkongensis (L. hongkongensis) and Granulicatella elegans (G. elegans) (Figure 

3.13A). Four ASVs were differentially abundant in the “yes” group at genus level, 

most significantly, Oribacterium, Mogibacterium and Anaerococcus. At the species 

level, 16 ASVs were differentially abundant in the “yes” group, most significantly 

Oribacterium sinus (O. sinus), Prevotella_7 veroralis (P. veroralis) and Prevotella_7 

denticola (P. denticola) (Figure 3.13A). Antibiotic usage was significantly associated 

with 18 pathways including mixed acid fermentation, guanosine pentaphosphate 

(ppGpp) biosynthesis and tRNA processing (Figure 3.14A). Five pathways, including 

pyruvate fermentation to acetate and lactate, myo-inositol degradation and D-

galacturonate degradation were associated with mothers that did not receive antibiotics 

(Figure 3.14A). Regarding delivery mode, four ASVs were differentially abundant in 

the NB group at genus level, most significantly Anaerococcus, Enyhdrobacter and 

Candidatus Saccharimonas. At the species level, seven ASVs were differentially 

abundant in the NB group, most significantly Haemophilus haemolyticus, Veillonella 

massiliensis and A. naeslundii (Figure 3.13B). Nine ASVs were differentially 

abundant after CS birth at genus level, most significantly, Filifactor, Mycoplasma and 

Eubacterium yurri group. 18 ASVs were differentially abundant after CS birth at 

species level, most significantly, Prevotella oris (P. oris), Filifactor alocis (F. alocis) 

and V. parvula (Figure 3.13B). CS birth was associated with three functional 

pathways, most significantly anhydromuropeptides recycling (cell wall recycling), L-

arginine biosynthesis III (via N-acetyl-L-citrulline) and norspermidine biosynthesis 

(Figure 3.14B). Infant gender had no significant effects on the maternal oral 

microbiome. PROM birth had a significant effect on beta diversity (R2 = 0.0874, p = 

0.022). 15 ASVs were differentially abundant in the “no” group at the genus level, 

predominantly Staphylococcus, Mycoplasma and Filifactor. At the species level, 36 

ASVs were differentially abundant in the “no” group, predominantly L. 

hongkongensis, V. parvula and G. morbillorum (Figure 3.13C). Six ASVs were 
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differentially abundant in the “yes” group at genus level, most significantly Scardovia, 

Anaerococcus and Lactobacillus. Ten ASVs were differentially abundant in the “yes” 

group, most significantly O. sinus, A. naeslundii and Capnocytophaga leadbetteri 

(C. leadbetteri) (Figure 3.13C). Eight functional pathways also associated with the 

“no” group, primarily thiazole biosynthesis II, thiamine diphosphate biosynthesis and 

D-galacturonate degradation (Figure 3.14C). Eight different functional pathways were 

associated with the “yes” group, including mixed acid fermentation, nitrate reduction 

and 2-methylcitrate cycle (Figure 3.14C). 
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Figure 3.13 | Bar-plots of differentially abundant ASVs within maternal saliva 

samples at the species level. Perinatal factors are shown as green and red, respectively. 

(A) Mother antibiotic usage. (B) Delivery Mode. (C) PROM.  Differential abundant 

ASVs were identified using analysis of the composition of microbiomes (ANCOM) 

method. Only statistically significant ASVs that fall within a distribution based 

on W values are shown. 
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Figure 3.14| Impact of perinatal factors on maternal oral microbiome functionality. 

Extended error bar plots for two-group analysis module comparison of PICRUSt2 

predicted KEGG functions. Bar plots on the left represent the mean proportion of each 

functional pathway and error bars represents the difference between the two groups. 

Colouring of the error bar is according with the group with the higher proportion of 

the respective function. (A) Mother antibiotic usage. (B) Delivery Mode. (C) PROM. 

Type. Welch’s t-test for unequal variances. Statistical significance was set at p < 0.05 

(two-sided) following adjusted measures. Abbreviations; CS= C-section, NB= Natural 

Birth. 
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3.4.9 Impact of Perinatal Factors on the Maternal Vaginal Microbiome 

Regarding maternal antibiotic usage and the vaginal microbiome, two ASVs were 

differentially abundant in the “no” group at the genus level, most significantly 

Clostridium sensu stricto 1 and Staphylococcus. Two ASVs were differentially 

abundant in the “no” group at the species level, most significantly B. longum and 

Lactobacillus iners (L. iners) (Figure 3.15A). Nine ASVs were differentially in the 

“yes” group at genus level, most significantly Fenollaria, Fastidiosipila and 

Alloscardovia. At species level, five ASVs were differentially in the “yes” group, most 

significantly Alloscardovia omnicolens (A. omnicolens), Corynebacterium coyleae 

(C.coyleae) and F. nucleatum (Figure 3.15A). 11 functional pathways, primarily 

involving hexitol fermentation were associated with the “no” group (Figure 3.16A). 

42 functional pathways were associated with the “yes” group, most significantly the 

reductive TCA cycle, L-methionine and L-tryptophan biosynthesis and glucose and 

xylose degradation pathways (Figure 3.16A). Regarding delivery mode and the 

vaginal microbiome CS delivery resulted in a significant increase in species richness 

in vaginal samples (Chao1, p = 0.091). At species level five ASVs were differentially 

abundant after NB delivery, Corynebacterium pyruviciproducens (C. 

pyruviciproducens), L. iners, Cutibacterium granulosum (C. granulosum), B. longum 

and Propionimicrobium lymphophilum (P. lymphophilum) (Figure 3.15B). Nine 

functional pathways were significantly associated with NB delivery, primarily 

involving menaquinol biosynthesis and hexuronide and hexuronate degradation 

(Figure 3.16B). CS birth was associated with 13 functional pathways, most 

significantly Calvin-Benson-Bassham cycle, tRNA charging, pentose phosphate 

pathways, and 5-aminoimidazole ribonucleotide biosynthesis (Figure 3.16B). PROM 

birth significantly increased alpha diversity (Chao1, p= 0.085), (Shannon, p= 0.015). 

Two genera, Clostridium sensu stricto 1and Staphylococcus were found to be 

differentially abundant in the “no” group. Six genera were found to be differentially 

abundant in the “yes” group, most significantly Alloscardovia, Fusobacterium and 

Propionimicrobium (Figure 3.15C). Four species, A., F. nucleatum, P. lymphophilum 

and B. longum were found to be differentially abundant in the “yes” group (Figure 

3.15C). The “no” group was significantly associated with 5 pathways, these primarily 

involved adenosine and guanosine biosynthesis pathways and pyruvate fermentation 

to acetate and lactate (Figure 3.16C). The “yes” group was significantly associated 
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with 27 pathways primarily involving the TCA cycle, glucose and xylose degradation, 

L-methionine and L-tryptophan biosynthesis, and photorespiration (Figure 3.16C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 | Bar-plots of differentially abundant ASVs within maternal vaginal 

samples at the species level. Perinatal factors are shown as green and red, respectively. 

(A) Mother antibiotic usage. (B) Delivery Mode. (C) PROM.  Differential abundant 

ASVs were identified using analysis of the composition of microbiomes (ANCOM) 

method. Only statistically significant ASVs that fall within a distribution based 

on W values are shown (Supplementary Table for W values). 
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Figure 3.16 | Impact of perinatal factors on maternal vaginal microbiome 

functionality. Extended error bar plots for two-group analysis module comparison of 

PICRUSt predicted KEGG functions. Bar plots on the left represent the mean 

proportion of each   functional pathway and error bars represents the difference 

between the two groups. Colouring of the error bar is according with the group with 

the higher proportion of the respective function. (A) Mother antibiotic usage. (B) 

Delivery Mode. (C) PROM. Type. Welch’s t-test for unequal variances. Statistical 

significance was set at p < 0.05 (two-sided) following adjusted measures. 

Abbreviations; CS= C-section, NB= Natural Birth.  
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3.5 Discussion 

In this study, using a cohort of 18 healthy mother-infant dyads, we characterised the 

microbiota composition of three potential maternal sources of microbial transmission 

(oral, vaginal and placental) to the microbiota of their new-born infant (oral and 

meconium microbiota). This allowed us to investigate the contribution of numerous 

transmission routes and the impact of various perinatal factors on the initial 

establishment of the infant gut and oral microbiome. Our results consolidate and 

corroborate recent findings surrounding the existence of a meconium microbiome and 

the absence of a placental microbiome. We show that significant vertical transfer, 

primarily from the maternal oral cavity to the infant oral cavity occurs in early life. 

Moreover, we were able to provide further evidence on how perinatal factors influence 

the microbial bond between mother and infant and the establishment of the infant 

microbiome.   

One major outstanding question regarding infant microbiome development is the 

sterility of the intrauterine environment and what is the exact timing of the first 

microorganisms colonizing the human, that is, during pregnancy or after birth? Fetal 

meconium has been shown to not have a detectable microbiota before birth (Kennedy 

et al., 2021). While the presence of a microbiome in neonatal (first-pass) meconium, 

which is formed before birth, has been debated (Kennedy et al., 2023). Similarly, the 

existence of a placental microbiome has been disputed (Briana et al., 2021, Blaser et 

al., 2021). As the existence of microorganisms is not established in these samples, they 

have been categorised as ‘potential no (zero) biomass samples’ (Kennedy et al., 2023). 

In this study, to ensure accurate microbial detection and to identify and remove 

contaminants, we included ‘blank’ negative DNA extraction and amplicon sequencing 

controls and followed post-sequencing analyses steps recommend for low biomass 

samples by de Goffau et al. (de Goffau et al., 2018) and Heida et al. (Heida et al., 

2021). Staphylococcus, Bifidobacterium, Streptococcus, Enterococcus, Escherichia-

shigella, Delftia, Afipia, Cutibacterium and Rothia genera represented the core 

meconium microbiome in our samples. Furthermore, S. epidermis, the predominant 

bacteria in colostrum and milk from healthy women, was the only species present in 

all meconium sample. S. epidermis has repeatedly identified in breastfed neonates 

meconium (Altuntas, 2015, Moles et al., 2013, Jiménez et al., 2008). In agreement 

with our findings, several studies have shown that neonatal meconium contains 
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microbial profiles reflecting populations acquired during and after birth (Klopp et al., 

2022, Kang et al., 2022, Rocha-Viggiano et al., 2022, Vemuri and Herath, 2023). 

Regarding the metabolic pathways present in meconium we used PICRUSt2. Contrary 

to most feature engineering methods, PICRUSt2 utilises new information from an 

outside source, such as the MetaCy (Caspi et al., 2014) database to transform each 

feature to many new informative ones. The pentose phosphate pathway was the most 

abundant metabolic pathway in meconium. This a metabolic pathway that generates 

NADPH (Nicotinamide adenine dinucleotide phosphate) and ribose-5-phosphate. 

NADPH is an essential molecule required for a range of biosynthetic reactions, 

including the production of fatty acids, steroids, and amino acids. Additionally, 

NADPH is necessary for the regeneration of the antioxidant, glutathione, which 

protects cells from oxidative stress. Ribose-5-phosphate, on the other hand, is required 

for the synthesis of nucleotides, which form the building blocks of DNA and RNA, as 

well as coenzymes such as ATP (adenosine triphosphate) and NADH (Nicotinamide 

adenine dinucleotide). Other highly prevalent pathways included the L-isoleucine 

biosynthesis pathway, branched chain and aromatic amino acid biosynthesis 

pathways, and glycolysis pathways. These pathways all contribute to the production 

of energy and/or biosynthesis of amino acids and other essential molecules. Regarding 

the existence of a placental microbiome, we did not detect any non-contaminant ASVs 

in placental samples, consistent with a plethora of other studies (Panzer et al., 2022, 

Sterpu et al., 2021, Leiby et al., 2018). As an exploratory analysis, we removed 

decontamination steps and prevalence filtering steps used for other samples in study 

to compare the ASVs found in placental samples with our DNA extraction and 

amplicon PCR blanks. The phyla (Actinobacteriota, Firmicutes and Proteobacteria), 

families (Bacillaceae, Corynebacteriaceae, Micrococcaceae, Streptococcaceae and 

Xanthbacteraceae) and genera (Afpia, Bacillus, Corynebacterium, Enhydrobacter, 

Micrococcus and Streptococcus) we detected in placental and control samples were 

nearly identical, both in terms of presence and relative abundances. All of these 

microbial taxa are commonly identified as contaminants in laboratory and extraction 

kit reagents (Salter et al., 2014, Tanner et al., 1998). Overall, our findings are in 

agreement with studies presented thus far which support the consensus that microbial 

colonisation of the infant occurs at birth and the establishment of replicating microbial 

cells does not commonly occur in healthy pregnancies, devoid of clinical infections 

(Blaser et al., 2021). 
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The second aim of this study was to elucidate the contribution of each main maternal 

microbial source (vagina, oral cavity and placenta) to their offspring (gut and oral 

cavity). To explore this question we investigated overall microbial composition of 

each sample type and deciphered vertical microbiota transfer in the 18 mother-infant 

dyads. As we have discussed the meconium microbiome in the previous section, we 

begin with the infant oral microbiome. The overall composition of the oral microbiome 

of infants in this study was consistent with other studies, predominantly consisting of 

Streptoccous, Rothia, Prevotella, Neisseria, Escherichia-Shigella, Gemella, 

Haemophilus genera (Belda-Ferre et al., 2012). S. salivarius, S. oralis, R. 

mucilaginosa, S. epidermidis, F. nucleatum were highly abundant and are some of the 

most frequently detected early colonisers in the oral cavity (Mason et al., 2018, Dzidic 

et al., 2018, Xiao et al., 2020). Prevotella, Streptoccous, Veillonella, Rothia, Neisseria, 

Haemophilus and Fusobacterium were the predominant genera present in our maternal 

oral samples, consistent with other studies (La et al., 2022, Jang et al., 2021, DiGiulio 

et al., 2015). At the species level, R. mucilaginosa, H. parainfluenzae, P. 

melaninogenica F. nucleatum represented some of the most abundant strains in 

maternal oral microbiome, which is commonly reported (Jo et al., 2021, Dashper et 

al., 2019, Lif Holgerson et al., 2020). We found that the vaginal microbiome 

demonstrated the most unique microbial composition in comparison to meconium, 

infant and maternal oral microbial communities. Indeed, the diversity of the vaginal 

microbiota was significantly lower than meconium and maternal oral microbiome, 

consistent with previous findings (Hurley et al., 2019).  To date, in non- pregnant and 

pregnant women, no single core vaginal microbiota has been identified, but rather 

there are multiple core microbiota which can be classified into six 'community state 

types' (CSTs) based on differences in species composition and their relative 

abundances (Gajer et al., 2012, DiGiulio et al., 2015). Our samples were dominated 

by Peptoniphilus, Lactobacillus, Finegoldia, Corynebacterium, Clostridium sensu 

stricto 1 and Anaeroccus genera. Lactobacillus dominance is a key feature of a healthy 

vaginal microbiome. These species are essential for restoring the vaginal ecosystem 

and maintaining a low pH, which functions as a barrier against invading and 

colonizing pathogens (Petrova et al., 2015). Overall our samples are indicative of 

CSTs 4-A and 4-B, which are characterised by decreased levels of lactic acid bacteria 

and increased proportions of strictly anaerobic bacteria (Ravel et al., 2011, Gajer et 

al., 2012). F. magna and P. faecalis were both found to be present in 17 out of 18 
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samples which have both been associated with bacterial vaginosis (Shipitsyna et al., 

2013, Ceccarani et al., 2019). The most abundant metabolic pathways present in the 

vaginal microbiome of our samples have been shown to be conserved across vaginal 

samples previously (Liu et al., 2021).  

Regarding vertical transmission, it has been well established that the gut, which 

harbours the most heavily populated microbiota in the human body, dominates the 

transmission of mother-to-infant microbiota (Bäckhed et al., 2015). Therefore, in this 

study we focussed on the contribution of the maternal oral cavity and vaginal 

microbiomes to the infant oral and gut microbiomes. The overall compositions of the 

infant and maternal oral microbiomes of our samples were highly similar both in terms 

of taxa and abundance, with the exception of the presence of Escherichia-shigella, 

Cutibacterium and Corynebacterium genera in infants. Investigation of mother-infant 

pairs revealed that on average, the infants’ oral microbiota shared 45 ASVs which 

accounted for 65% of the total reads in the infant’s sample. Although perinatal factors 

did not significantly influence the levels of sharing in this study, Kageyama et al. 

recently reported greater acquisition of maternal oral bacteria in formula-fed infants 

compared to breast-fed and mixed-fed infants (Kageyama et al., 2022). In our study, 

commensal bacteria such as Streptococcus, Veillonella, Neisseria, Haemophilus, 

Fusobacterium and Rothia were highly shared by infants and their parents, also 

reported by (Jo et al., 2021). S. oralis, H. parainfluenzae, F. nucleatum and R. 

Mucilaginosa exhibited high levels of sharing, similar to previous studies (Jo et al., 

2021). S. oralis was the only species to be found in all infant oral samples and all 

maternal oral samples. S. oralis is one of a number commensal oral streptococci which 

are regarded as a primary colonisers and the major species colonizing infants and 

mucosal sites in adults (Marsh et al., 2009, Cephas et al., 2011). H. parainfluenzae and 

R. Mucilaginosa  also form part of the flora of the mouth (Verma et al., 2018). By 

contrast, F. nucleatum is involved in periodontal disease (Moore and Moore, 1994, 

Yang et al., 2014) and also shared at a high rate. Overall the compositional and 

bacterial sharing similarities observed in this study are in agreement with previous 

studies which have indicated that about 70% of the initial neonatal oral microbiota are 

maternal in origin with 65% derived from maternal oral microbiota through vertical 

transmission (Yu et al., 2023, Gomez-Arango et al., 2017). Regarding vaginal 

microbiome transfer to the oral cavity of the infant, on average, a related mother’s 
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vaginal microbiome and infant’s oral microbiota shared 15 bacterial taxa which 

accounted for 15% of the total reads in the infant’s sample (Figure 3.). When 

comparing NB infants versus by CS and we found that route of delivery had a 

significant effect on the amount of the infants’ oral microbiome that was shared with 

their mother’s vaginal microbiome (Mann Whitney Test, p = 0.045) (Figure 3.), also 

reported by (Dominguez-Bello et al., 2010b, Li et al., 2018). C. pyruvicproducens was 

present in all in all 18 mother-infant dyads and was the only species common to oral 

and vaginal samples. C. pyruvicproducens is a pyruvic acid producer which has 

recently been described as a putative human pathogen (Bartlett et al., 2022). The 

potential aforementioned pathogen, F. nucleatum was also highly prevalent and was 

present in 15 dyads. Regarding maternal oral microbiota transfer to the infant’s 

meconium microbiome, on average, a related mother’s oral microbiota and infant’s 

meconium microbiota shared 8 bacterial taxa which accounted for 6% of the total 

reads in the infant’s sample (Figure 3.). Perinatal factors had no effect on the levels of 

sharing. Regarding species sharing, R. mucilaginosa was the only shared species and 

was present in all 18 mother-infant dyads. R. mucilaginosa is a common commensal 

of the oral cavity and upper respiratory tract which has anti-inflammatory activity by 

NF-κB pathway inactivation (Rigauts et al., 2022). Regarding maternal vaginal 

microbiota transfer to the infant’s meconium microbiome, on average, a related 

mother’s vaginal microbiota and infant’s meconium microbiota shared 38 bacterial 

taxa which accounted for 21% of the total reads in the infant’s sample (Figure 3.). 

Perinatal factors had no effect on the levels of species sharing. Regarding species 

sharing, B. longum was the only shared species between vaginal and meconium 

samples and was present in all 18 dyads.  B. longum is a commensal gastrointestinal 

tract (GIT) inhabitant that is recognised as a significant member of the human gut 

microbiota and is the most abundant species in the infant gut (Turroni et al., 2012), 

exerting numerous beneficial effects (Arboleya et al., 2016) ranging from production 

of bioactive substances to bifidobacterial surface-associated molecules that interact 

with the host (Zhang et al., 2019). Research to date indicates that B. longum has a 

range of applications  to treat or prevent a range of diseases beginning in neonatal life 

and beyond (Mills et al., 2023).  

The third and final aim of this study was to investigate the potential drivers that control 

strain inheritance and/or selection by infants in early life. Understanding how those 
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factors exert their influences on the microbiota communities in early life will facilitate 

our understanding of various medical conditions occurring in early life and beyond 

and thereby inform development of new preventive and therapeutic treatments.  

Regarding maternal antibiotic usage, we observed a number of significant and 

interesting results. Firstly, in meconium samples we found significant differences in 

beta diversity. While the timing of antibiotic intervention was not noted in our study, 

a recent study noted that the beta diversity of meconium was significantly different 

between prenatal and intrapartum antibiotic administration, suggesting that timing of 

antibiotic prophylaxis is critical for the microbial community of infants during their 

first days of life (Bossung et al., 2022). In our study, Gemella and Fusobacterium spp., 

considered opportunistic pathogens which can contribute to biofilm formation (García 

López and Martín-Galiano, 2020, Okuda et al., 2012), were both differentially 

abundant in the meconium of infants born to mothers who received antibiotics. 

Antibiotic exposure significantly increased heme biosynthesis, an iron-containing 

cofactor that is required by bacterial pathogens for essential functions and virulence 

(Choby and Skaar, 2016, Palmer and Skaar, 2016). Similar findings regarding the 

effect of prenatal maternal antibiotic treatment on the  establishment of thee gut 

microbiome and immune functioning in offspring have recently been reported in 

C57BL/6J mouse models (Madany et al., 2022). In maternal saliva samples, beta 

diversity was also significantly affected by maternal antibiotic usage. Antibiotic use 

was associated with increased Prevotella spp., Fusobacterium spp., linked to 

periodontitis (Costalonga and Herzberg, 2014). Non-antibiotic use was strongly 

associated with Streptococcus, Actinomyces, and Granulicatella spp. associated with 

periodontal health (Liu et al., 2012). In this study, mother antibiotic usage had the 

most profound effects on the vaginal microbiome. Significant increases in Chao1, 

Shannon and Simpson alpha diversity indexes and differences in beta diversity were 

also observed. Intrapartum antibiotic prophylaxis has previously been shown to 

modify the vaginal microbiota composition, decreasing abundances of Lactobacillus 

spp. causing higher microbial diversity (Shabayek et al., 2022). L. iners, a vaginal 

symbiont, recognised as the most prevalent Lactobacillus species in the vaginal 

econiche (Zheng et al., 2021, Campisciano et al., 2020) was differentially abundant in 

the no antibiotic group. A significant number of metabolic pathways were associated 

with maternal antibiotic usage. Most significantly the reductive TCA cycle and L-
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methionine biosynthesis pathways, which can produce succinate. A high ratio of 

succinate to lactic acid was the original marker of bacterial vaginosis (Piot et al., 1982, 

Ison et al., 1983), and high succinate concentrations distinguish bacterial vaginosis 

from the similar but distinct condition of aerobic vaginitis (Donders et al., 2002). 

Increasing succinate at the expense of lactate results in a self-perpetuating condition 

whereby an elevated pH and a more reduced environment  supports the growth of the 

anaerobic bacteria noted in bacterial vaginosis (Holmes et al., 1985). Encouragingly, 

this group also saw significant increases in tryptophan biosynthesis associated with 

vaginal health (Ceccarani et al., 2019). The non-antibiotic group was significantly 

associated with pathways involving the production of lactate, the primary marker of 

vaginal health (Ceccarani et al., 2019, Srinivasan et al., 2015). 

Regarding delivery mode, we observed increased species richness in meconium 

samples of CS-born infants, which may be indicative of aberrant microbial 

colonisation. Maternal skin related Streptococcus spp. and potentially harmful 

Intestinibacter and Veillonella spp., typically overrepresented in the gut microbiome 

of CS delivered infancolots (Liu et al., 2019), were differentially abundant in the 

meconium of CS infants. Delivery mode also significantly impacted the meconium 

microbiome of NB and CS delivered infants. NB was associated with heterolactic 

fermentation which produces lactic acid as a by-product, indicative of high levels of 

commensal bacteria such as lactobacilli and bifidobacteria, which utilise lactic acid as 

an energy source (Louis et al., 2022). Lactate production is also essential to maintain 

a low pH for digestive enzyme activation and serve as energy sources for colonocytes 

(Fukuda et al., 2011). The Bifidobacterium shunt pathway, also referred to as the 

fructose-6-phosphate (F6P) phosphoketolase (bifid shunt) pathway, was associated 

with NB infants. Bifidobacteria degrade the hexose sugars glucose and fructose 

through this unique ATP-generating pathway (Pokusaeva et al., 2011). The 

metabolites from this pathway primarily produce acetate and lactate (Yu et al., 2013), 

which antagonise pathogenic bacteria, form a barrier against infection (Sanchez et al., 

2010) and serve as nutrients for cross-feeding between gut bacteria (Chia et al., 2021). 

Tetrapyrrole biosynthesis, important for the synthesis of heme, was associated with 

CS birth, which may indicate high levels of pathogenic bacteria (Choby and Skaar, 

2016). Mode of delivery has been shown to affect oral microbiota establishment in 

infants (Lif Holgerson et al., 2011, Dzidic et al., 2018, Li et al., 2018). In our study, 
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important early colonisers of the infant oral microbiome Bifidobacterium longum, 

V. atypica, V. parvula, S. oralis and S. mutans were differentially abundant in NB 

infants. Streptococcus is perhaps the most ubiquitous bacteria detected in the infant 

oral microbiome in early life, primarily because of its ability to adhere to and colonise 

the mucosal surface lining (Sampaio-Maia and Monteiro-Silva, 2014). The metabolic 

products (such as lactic acid) derived from Streptococcus species from the dietary 

oligosaccharides in breast milk have been note to pave the way for the establishment 

of other microorganisms in the oral cavity, including bacterial genera like Veillonella 

(Gomez and Nelson, 2017, Wernersson et al., 2006). L. mirabilis, a known oral 

commensal which is a Gram-negative, motile, coccus bacteria which has been 

associated with periodontal health (Papapanou et al., 2020, Colombo et al., 2009), was 

differentially abundant in CS delivered infants. C. durum associated with Celiac 

diseases (Francavilla et al., 2014, Xiao et al., 2020) was also differentially abundant 

after CS delivery. By contrast, V. rogosae, reportedly enriched in caries-free 

individuals (Zhou et al., 2021) was also differentially abundant after CS delivery. In 

maternal oral samples, organisms associated with periodontitis, specifically 

Fusobacterium spp. and Prevotella spp. (Costalonga and Herzberg, 2014) and F. 

alocis (Griffen et al., 2012) were differentially abundant in the oral microbiome of 

mothers that underwent CS. By contrast the NB group was differentially abundant in 

S. oralis, A. naeslundii, A. massiliensis and A. pacaensis, which are typically 

associated with periodontal health (Liu et al., 2012). L-arginine biosynthesis was 

associated with the CS group. L-arginine has been reported to decrease the risk of 

dental caries by destabilizing and removing established oral biofilms (Zheng et al., 

2017, Acevedo et al., 2005). Biosynthesis of the polyamine molecule norspermidine, 

was also associated with the CS group. Upregulation of norspermidine biosynthesis 

has been reported in the oral cavity of squamous cell carcinoma (Yang et al., 2021, 

Ganly et al., 2019) and has been reported to be involved in biofilm disassembly (He 

et al., 2020). Similar to maternal antibiotic use, CS delivery resulted in significantly 

increased species richness in the vaginal microbiome. Furthermore, akin to mothers 

that weren’t given antibiotics, L. iners, was differentially abundant after NB. This 

finding was also reported by (Zhang et al., 2022). NB was associated with functional 

pathways beneficial to the infant, most significantly menaquinol (Vitamin K2) 

biosynthesis, essential for blood clotting and bone health (Institute of et al., 2002). 
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Regarding feed type, breast feeding was associated with increased Bacteroides spp., 

which have been shown to shown to be able to metabolize HMOs (Pace et al., 2021, 

Marcobal et al., 2010). By contrast, formula feeding was associated with a more 

diverse bacterial community and differentially abundant taxa including Blautia spp. 

and Dorea spp. which are indicative of a more mature infant gut microbiome, among 

the most age-discriminatory species from six to 24 months of age in healthy 

infants (Robertson et al., 2019). Breast feeding was associated with a number of health 

promoting metabolic pathways, including, the demethylmenaquinol biosynthesis 

pathway important for the synthesis of Vitamin K2. Furthermore, pyridoxal 5’-

phopshate biosynthesis pathways which synthesise vitamin B6, important for amino 

acid metabolism, neurotransmitter synthesis and immune function (Mach and Clark, 

2017), was also associated with breast feeding. Three important metabolic functional 

pathways were associated with the oral microbiome of breast fed infants. Hexitol 

degradation, which enables the metabolism of sugars like sorbitol and mannitol, which 

are present in breast milk. Taxadiene biosynthesis, which is a pathway involved in the 

biosynthesis of terpenoids, shown to have antimicrobial properties (Masyita et al., 

2022). Finally, the Cob(II)yrinate a,c-diamide biosynthesis I pathway, involved in the 

biosynthesis of vitamin B12. Vitamin B12 is a water-soluble vitamin primarily 

obtained from meat, poultry, and dairy products and is essential for normal functioning 

of the central nervous system, red blood cell production, and DNA synthesis (Hunt et 

al., 2014). Fatty acid salvage was the only pathway associated with formula fed 

infants. This pathway allows bacteria to convert fatty acids, which are not directly 

usable, into a form that can be used as an energy source, which may be particularly 

important for the oral microbiome of formula-fed infants who are not receiving the 

same complex sugars and other nutrients present in breast milk. 

Regarding gender, the only significant effects were observed in meconium samples. 

While there was no significant impact on the diversity metrics tested or functionality 

of the meconium microbiome, which has been reported (Cong et al., 2016), we did 

observe differentially abundant taxa which could correlate with different clinical 

outcomes. B. animalis, B. uniformis and P.merdae were differentially abundant in 

females. One other study has made a similar observation in female infants at three 

months old (Kozyrskyj et al., 2016). To date the mechanism of the gender specific 

differences on gut microbiome community remains poorly understood and requires 
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further study. It has been speculated that the variation of gut microbiome communities 

influenced by gender are related to hormone-immune-microbe interactions and genetic 

traits (Gomez et al., 2015).  

Finally, regarding PROM birth, significant effects were observed in meconium, 

maternal oral and vaginal samples. In meconium samples there was no clear 

deleterious effects in terms of differential abundance with commensal 

Eubacterium spp. (Mukherjee et al., 2020) higher in the PROM birth infants. Beta 

diversity in maternal oral samples was significantly affected by PROM birth and the 

pathogenic species C. leadbetteri (Frandsen et al., 2008) was differentially abundant 

after PROM birth. Encouragingly, a number of metabolic pathways involved in 

pathogen clearance in the oral microbiome, primarily involving nitrate reduction 

(Hezel and Weitzberg, 2015) were associated with PROM birth. In vaginal samples 

we observed increased alpha diversity and decreased Lactobacillus spp. These finding 

have been reported by numerous studies, supporting the general consensus that lacking 

the protection of Lactobacillus is one of the major causes of PROM occurrence  (Liu 

et al., 2022). While we did not observe other differentially abundant taxa, recent 

clinical trials have explored the use of vaginal probiotics (L. rhamnosus and L. 

gasseri) on the outcomes of PROM in pregnant women (Moraes et al., 2023). 

There were a number of limitations in this study. Firstly, regarding the study design, 

utilizing a subset of samples led to a small sample size for analyses which may have 

restricted our ability to draw precise conclusions about the influence of perinatal 

factors on the development of the infant microbiome. A larger sample size would have 

provided more statistical power and allowed for a more robust analysis. Additionally, 

the lack of longitudinal design prevented the tracking of changes in the microbiome 

over time, which is important for understanding how it develops and responds to 

various environmental factors. Future studies should consider using larger sample 

sizes and longitudinal designs to build upon our findings and expand our 

understanding of this complex process. Limitations of the 16S rRNA gene sequencing 

limit the ability to draw definitive conclusions from this study. For instance, the low 

taxonomic resolution provided by 16S rRNA gene profiling (Bokulich et al., 2016), to 

identify bacteria reliably below the genus level does not allow the discrimination of 

pathogenic and non-pathogenic strains in the aforementioned genera, or indeed 

accurate evaluation of the functional capacity of the microbiome. It is also possible 
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that the apparent abundance of bacterial species was artificially inflated through PCR 

kinetics early in the amplicon methodology. To validate these findings in future 

studies, other methods, such as targeted qPCR or amplification-free metagenomics, 

would be required. Other possible methodologies to investigate low biomass samples 

include quantitative PCR (qPCR), fluorescent in situ hybridisation (FISH), scanning 

electron microscopy (SEM), microbial culturing and spiking with control DNA to 

allow calculation of absolute microbial abundance would have also improved this 

study. Furthermore, we used PICRUSt2 to estimate metabolic functional differences 

between the groups which has a number of limitations. Firstly, PICRUSt2 predictions 

exhibit bias toward established reference genomes, diminishing the likelihood of 

identifying rare, environment-specific functions. However, this constraint is gradually 

easing with the ongoing expansion of high-quality genomes. PICRUSt2 offers 

flexibility by enabling users to employ custom genomes for predictions, facilitating 

the study of specific environments. The second critique involves the inability of 

amplicon-based predictions to discern strain-specific functionality. This represents a 

notable constraint inherent in PICRUSt2 and any amplicon-based analysis, as 

differentiation is limited to variations in the amplified marker gene sequence. This 

limitation can be overcome by using a shotgun metagenomic approach which allows 

accuarate measurement of the relatavie abundance of functional genes and provides 

strain level accuracy. Finally, studies investigating how multiple perinatal factors may 

interact with each other in the formation of the infant gut microbiome are also 

warranted. For instance, breastfeeding has been shown to beneficially alter the patterns 

of aberrant colonisation in infants born by C-section (Coker et al., 2021). While 

complex, it is essential to understand the transmission routes and elucidate the extent 

to which perinatal factors may influence the microbial bond between mother and 

infant. A deeper understanding of how perinatal factors may stimulate or hinder the 

inheritance and/or choice of microbes by infants in early life constitutes a viable 

strategy in the investigation of next-generation probiotics for therapeutic interventions 

that maintain/improve the health of infants.  
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4 Characterising the Virome of Bovine Colostrum: 

Diversity, Community Structure and Implications for 

Veterinary and Human Applications  
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4.1 Abstract  

The virome, representing the viral component of the microbiome, plays a crucial yet 

understudied role in microbial ecosystems. Bovine colostrum harbours diverse 

bioactive components essential to calf health and has attracted significant interest for 

health applications in humans. Investigating the virome of colostrum could have 

important implications for calf health, the spread of antimicrobial resistance in the 

environment and the transmission of diseases through colostrum-based products. In 

this study, using a cohort of 72 cows, given dry cow therapy (n=48) or naturally dried 

off (n=24), we characterised the virome composition of first milking bovine 

colostrum. A dedicated extraction protocol was developed to extract the virome from 

colostrum samples. Viral metagenomics was employed to explore the diversity, 

community structure, and ecological roles of viruses within bovine colostrum. The 

impact of farm-level variables, including location, parity, and dry cow antibiotic 

treatment, on the colostrum virome were assessed. Single stranded DNA (ssDNA) 

viruses, including Circoviridae, Papillomaviridae and Microviridae dominated the 

virome. Double stranded DNA (dsDNA) bacteriophages (phages) carrying multidrug 

resistance genes (smeS, lfrA, kdpE and baeS) were identified. Antibiotic treatments 

significantly impacted virome composition and the presence of resistance genes 

specific to the administered antibiotic. This study contributes to the growing field of 

virome research and emphasizes the significance of characterizing viral communities 

in livestock animals. These findings will enhance our understanding of the role of the 

virome in microbial ecosystems, animal health, and the broader implications for 

human health and the environment. 
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4.2 Introduction  

The microbiome refers to complex microbial communities consisting of bacteria, 

archaea, eukarya, viruses, bacteriophages (phages), and their products. The intricate 

relationship between the bacterial microbiome (bacteriome) and their mammalian 

hosts in health and disease has been extensively studied (Zheng et al., 2020). However, 

the virome, which represents the viral component of the microbiome, remains one of 

the least documented and poorly understood aspects of global biodiversity (Carlson 

Colin et al., 2022). It is estimated that just 1% of mammalian viruses have been 

described to date (Carlson et al., 2019). The virome comprises various nucleic acids 

(ssDNA, dsDNA, ssRNA, and dsRNA), including eukaryotic viruses, viruses infecting 

archaea, prokaryotes (phages), and viral elements integrated into host chromosomes, 

all associated with the virus-like particles (VLPs) within a specific ecosystem (Carlson 

Colin et al., 2022). Viruses, primarily phages, are the most abundant biological entities 

on Earth, outnumbering their prokaryotic counterparts by a factor of 10, with an 

estimated 1031 VLPs in the biosphere (Mushegian, 2020). The field of virology has 

been revolutionised by the advent of high-throughput culture-independent next-

generation sequencing (NGS) technologies, which have dramatically expanded our 

understanding of the ‘virosphere’ (Smith et al., 2022). Viral-focused shotgun 

metagenomic studies have significantly contributed to our understanding of virus 

diversity, taxonomy, and evolution across diverse ecological niches. Investigations in 

key environments such as the ocean (Elbehery and Deng, 2022), soil (Bi et al., 2022), 

and the human gut (Pargin et al., 2023) have deepened our knowledge of viral 

communities. These studies have significantly increased our understanding of 

zoonotic disease development and transmission (Kawasaki et al., 2023). Virome 

studies have also revealed the multifaceted environmental roles of phages. Phages can 

manipulate bacterial populations and communities through mechanisms such as lytic 

infection (Barr, 2019).  Phage can also integrate into the host genome as prophages 

(lysogeny), altering host metabolism and fitness (Campbell et al., 2020). Furthermore, 

phages contribute to gene transfer (phage transduction), potentially conferring 

advantages to the host, such as antibiotic resistance (Schneider, 2021).  

While viral metagenomic data continues to accumulate rapidly, the quantification of 

viral diversity and the characterisation of their functional attributes face numerous 

technical and methodological limitations. ‘Viral dark matter’ represents 60-95% of the 
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newly identified viral sequences in viromic datasets as they cannot be taxonomically 

classified (Santiago-Rodriguez and Hollister, 2022). This problem is compounded by 

the inability to culture the vast majority of the global virome due to host recalcitrance, 

rendering them inaccessible to standard laboratory approaches (Suh et al., 2022). 

Additionally, unlike bacteria with widely used phylogenetic markers like the 16S 

rRNA or the chaperonin-60 (cpn60) gene, virology lacks a single equivalent marker, 

further complicating the assignment of taxonomic ranks to this 'viral dark matter' 

(Shkoporov and Hill, 2019). The lack of reliable and robust, “capture-all” protocols 

for extracting genetic material from all the VLPs present in environmental samples 

has also hampered virome studies (Thurber et al., 2009). Sample specific protocols are 

often required, therefore, viral concentration and extraction methods contrast greatly 

amidst studies, limiting the reproducibility of research findings and making it difficult 

to compare results between studies of the same sample type (Mahony and van 

Sinderen, 2022). Encouragingly, advanced tools for detecting putative viral genomes 

are now available, enabling a more thorough exploration of previously untraceable 

"viral dark matter" in metagenomic data. For instance, these tools have led to the 

discovery of numerous novel viral clades, including crAss-like phages, thought to be 

the most abundant phages in the human gut (Fitzgerald et al., 2021).  

In recent years, the importance of characterizing species-specific metagenomes as a 

surveillance baseline for early detection and monitoring of pathogen movements 

across diverse hosts has been highlighted by initiatives like the Global Virome Project 

(Albery et al., 2021).  In this regard, virome research of livestock animals and their 

produce has grown significantly (Mahony and van Sinderen, 2022, Kwok et al., 2020). 

This interest has been further fuelled by the COVID-19 pandemic, which has 

emphasised the significance of understanding viruses with zoonotic potential (Harvey 

and Holmes, 2022). The global health crisis has underscored the urgent need to 

identify and study animal viromes to proactively prevent future cross-species 

transmission outbreaks (Harvey and Holmes, 2022). 

Virome studies in livestock animals have primarily focussed on pigs, given the 

emergence and global spread of swine viruses, such as porcine epidemic diarrhoea 

virus and African swine fever virus (Goede and Morrison, 2016, Gallardo et al., 2015). 

Virome research of cows, sheep and goats are much more limited (Park and Kim, 

2020, Kwok et al., 2020). Viral metagenomics studies in bovine samples have 
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predominantly detected viruses associated with enteric and respiratory diseases, 

including families such as Astroviridae, Picornaviridae, Retroviridae, as well as DNA 

viruses like Papillomaviridae and Polyomaviridae (Kaszab et al., 2020). Bovine body 

sites which have been investigated thus far include the rumen, nasal tract, slurry, 

plasma, and vaginal swabs (Kwok et al., 2020). Notably, a recent study reported a 

highly diverse virome dominated by lytic phages in dairy cattle slurry, with a 

significant proportion representing novel genera (Cook et al., 2021). Furthermore, this 

study also reported phages encoding a wide range of AMGs including virulence 

determinants and putative antibiotic-resistance genes (ARGs), suggesting that the 

agricultural slurry used for land application may contribute to bacterial virulence and 

antimicrobial resistance in the environment (Cook et al., 2021). Virome analysis of 

bovine produce, such as milk is especially challenging, due to their highly variable 

macromolecular content, texture and solubility (Muhammed et al., 2017, Mahony and 

van Sinderen, 2022). Moreover, investigating the bovine milk microbiome poses 

challenges due to its low biomass nature, susceptibility to contamination during 

collection, and the potential presence of extraction kit contaminants (Ruegg, 2022). 

Additionally, inter-individual variations in microbiota (Porcellato et al., 2020), diverse 

farming practices (Metzger et al., 2018), and the absence of standardised protocols 

further complicate the study of this microbiome. Consequently, viral nucleic acid 

extractions within the dairy matrix require optimised and sample-specific protocols to 

achieve sufficient yields for sequencing, while maintaining minimal bacterial DNA 

contamination (Muhammed et al., 2017, Mahony and van Sinderen, 2022). However, 

in recent years, optimised virome extraction protocols have been reported for dairy 

samples, primarily cheese (Dugat-Bony et al., 2020, Muhammed et al., 2017). Bovine 

colostrum, the initial mammary secretion after parturition, is renowned for its 

comprehensive nutritional profile and bioactive compounds which play a critical role 

in providing optimal nutrition, supporting immunological development and shaping 

the calf gut microbiota (Abdelsattar et al., 2022). The bioactive components present in 

colostrum have garnered significant interest as potential sources for developing health 

products in both veterinary and human medicine (Linehan et al., 2023). With a view 

to ensuring optimal calf health and safe colostrum product development, numerous 

studies have explored the microbial content of colostrum (Lima et al., 2017, Chen et 

al., 2021, Van Hese et al., 2022). In addition to potential probiotic species 

(Bifidobacterium spp. and Lactobacillus spp.), colostrum can also contain pathogenic 
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bacteria, including Listeria monocytogenes, Streptococcus spp., and Staphylococcus 

spp. (Linehan et al., 2023). Colostrum is suggested as a potential source of ARGs for 

calf gut microbiota in the absence of antibiotic use in calves (Liu et al., 2019, Thames 

et al., 2012). This has been partly attributed to antibiotic dry cow treatment (DCT) in 

the pre-partum period (Hazards et al., 2017). Therefore, colostrum based products 

have also been reported as a potential exposure route of antibiotic-resistant pathogens 

and ARGs to other animals which consume colostrum-based products (Miranda et al., 

2023). To the best of our knowledge, no studies have investigated the virome of 

colostrum. Investigating the virome of bovine colostrum holds paramount importance 

for calf health, consumer health, understanding zoonotic diseases and potential spread 

of antimicrobial resistance in the environment. Based on the aforementioned 

information, this study aimed to accomplish three main objectives: (1) Establish a 

specialised virome extraction protocol specifically designed for the analysis of bovine 

colostrum. (2) Employ viral metagenomics to explore the diversity, community 

structure, and ecological functions of viral populations present in Irish bovine 

colostrum. (3) Evaluate the influence of farm-level variables, including location, 

parity, and dry cow antibiotic treatment, on the composition and characteristics of the 

colostrum virome. 

4.3 Materials and Methods  

4.3.1 Enrolment Criteria and Treatment for Cows 

First milking colostrum samples were collected from Holstein-Friesian cows (n= 72) 

from five different commercial Irish dairy farms located in County Cork, Ireland 

between February and April 2020. Cows on all farms were treated with a teat sealant, 

Boviseal, a sterile, non-antibiotic intramammary paste used to protect from infections 

and seal the teat canal in cows during the dry period. The cows included in this study 

were categorised into three groups based on DCT treatment: NOAB (n=23), CEF 

(n=24), and UBRO (n=25). NOAB did not use any antibiotics during the drying-off 

period (natural drying off using teat sealant). UBRO group was treated with Ubro Red 

Dry Cow intramammary suspension at drying off; of which the active ingredients are 

Framycetin Sulfate (100 mg), Penethamate Hydriodide (100 mg) and Procaine 

Penicillin (300 mg). CEF group was treated with Cephaguard DC intramammary 

ointment at drying off, the active ingredient is Cefquinome (150 mg) (a fourth 

generation cephalosporin). Cows showing signs of mastitis or any other infections 
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were excluded from the study and milk samples were collected only from healthy 

cows. Cows were not subjected to additional antibiotic treatments during the dry 

period or during the time interval of sample collection. 

4.3.2 Sample and Data Collection 

All farms and personnel who collected samples included in this study are Bord Bia 

quality assurance certified members. Standard recommendations from the National 

Mastitis Council's Laboratory Handbook on bovine mastitis were followed for sample 

collection (Adkins and Middleton, 2017). Farmers were provided with instructions for 

sterile sample collection. All samples were collected within the first hour post-partum. 

Briefly, teats were disinfected with iodine tincture, dried and thoroughly disinfected 

with wipes soaked in 70% alcohol. Initial colostrum streams were discarded and then 

25 ml of colostrum from the front right quarter of each cow's udder was collected into 

sterile 50 ml falcon tubes (Sarstedt). The tubes were labelled with the cow's 

identification number and the collection date, and immediately frozen in a chest 

freezer (-20°C) on the farm. Subsequently, the samples were transported (-20°C) to 

Teagasc, Moorepark, Co. Cork, and stored at -80°C. Metadata regarding the parity of 

cows, any previous infections, the treatment used for DCT and any other medications 

were collected from the farms (Table 4.1). 

4.3.3 Virome Extraction Protocol Optimisation  

The strategy for optimisation of protocols is described in Figure 4.2. The primary goal 

of this strategy was to minimize the loss (>50%) of spiked phage at each extraction 

step and effectively remove bulk protein, as evidenced by improved sample 

transparency (Muhammed et al., 2017, Dugat-Bony et al., 2020). For each method 

trialled, frozen colostrum samples were thawed overnight at 4°C and centrifuged at 

300 x g for 5 min in order to pellet large aggregates. The samples were then spiked 

with ∼106 plaque forming units (PFU)/ml of Escherichia coli phage T4 (DSM: 4505) 

(phage T4). Recovery of infective, spiked phages was enumerated after each protocol 

step by double agar overlay plaque assay (Kropinski et al., 2009). Protocol 1, adapted 

from a cheese whey virome extraction method (Muhammed et al., 2017), involved the 

following steps. First, samples were incubated with 1 M NaCl (wt/vol) (Sigma-

Aldrich, USA) for 1 h at 4°C. Casein precipitation was achieved by adjusting the 

sample to pH ~4.6 using 1 M HCl and/or 1 M NaOH, followed by centrifugation at 
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28,000 x g for 15 min at 4°C. The resulting supernatant was incubated with 10% 

polyethylene glycol (PEG) 6000 (wt/vol) (Sigma-Aldrich) for 1 h at 4°C. Viruses were 

subsequently pelleted by centrifugation at 15,000 x g for 15 min at 4°C. The resulting 

pellet was re-suspended in 1 ml of SM buffer (100 mM NaCl, 8 mM MgSO4·7H2O, 

50 mM Tris-Cl, pH = 7.5) supplemented with 1.3 g ml-1 of Caesium Chloride (CsCl) 

(Sigma-Aldrich) and incubated for 1 h at 4°C. 

Protocol 2 was based on a virome extraction method used for cheese rinds (Dugat-

Bony et al., 2020). Samples were diluted (1:1) with ice cold trisodium citrate (2% w/v) 

and centrifuged at 5,000 x g for 45 min at 4°C. The resulting supernatant was diluted 

1:5 with SM buffer, pre-filtered using glass vacuum filter holders (Millipore) before 

filtration with 0.45-μm pore PES membrane filters. The filtrate was incubated with 

10% PEG 6000 overnight at 4°C. The next day, samples were centrifuged at 6,000 x 

g for 1 h at 4°C. Pellets were re-suspended in 2 ml of ice-cold (0°C) SM buffer.  

Protocol 3 was based on a PEG virome extraction method used for human faecal 

samples (Shkoporov et al., 2018). Samples were diluted 1:1 with SM buffer and 

homogenised by vigorous vortexing for 5 min. Sample tubes were then chilled on ice 

for 5 min prior to centrifugation at 5,000 x g for 10 min at 4°C. Supernatants were 

transferred to new tubes, and centrifugation was repeated.  Supernatants were 

subsequently filtered twice through 0.45-μm pore PES membrane filters. NaCl and 

PEG-8000 were added to filtrates at a final concentration of 0.5 M and 10% w/v 

respectively. Once completely dissolved, samples were incubated overnight at 4°C. 

Samples were then centrifuged at 5,000 x g for 20 min at 4°C to collect precipitate. 

Supernatant was removed, and tubes were left in an inverted position on paper towels 

for 5 min to remove last traces of supernatant. Pellets were then re-suspended in 400 

μl of SM buffer. 

Protocol 4 was based on a tangential-flow filtration (TFF) virome extraction method 

used for human faecal samples (Castro-Mejía et al., 2015). Samples were diluted 1:1 

with SM buffer, homogenised by vigorous vortexing for 5 min and centrifuged at 

5,000 x g for 45 min at 4°C. The supernatants were recovered and pre-filtrated (dead-

end filtration) using glass fiber filters and passed through a 100-kDa MWCO 

membrane centriprep device (Millipore, PXC100C50) according to manufacturer’s 

instructions, to concentrate phage particles and remove low molecular weight 
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residuals. Resulting supernatants were then placed in the outer tube of the centriprep 

device. Samples were then centrifuged at 5,000 x g for 30 min, 10 min and finally 3 

min. The liquid filtered into the inner tube was poured off after each centrifugation 

step. 200 μl SM buffer was added to the inner tube at the end and centrifuged at 1,000 

x g for 3 min. After the final centrifugation step, the concentrated virome solution 

(~500 μl) was collected from the outer tube.  

4.3.4 Virome Nucleic Acid Extraction 

The extraction of viral DNA and RNA was performed using the method described in 

Shkoporov et al. (2018), with some modifications. Briefly, 400 μl of reconstituted 

PEG pellets were aspirated into clean Eppendorf tubes and mixed with 40 μl of a 

solution of 10 mM CaCl2 and 50 mM MgCl2.  After addition of 8 U of TURBO DNase 

(Ambion/ThermoFisher Scientific) and 20 U of RNase I (ThermoFisher Scientific) 

free DNA/ RNA digestion was carried out at 37°C for 1 h. Enzymes were then 

inactivated by incubation at 70°C for 10 min. Proteinase K (40 μg) and 20 μl of 10% 

SDS (both from Sigma-Aldrich) were then added to the tubes which were then 

incubated for 20 min at 56°C. Finally, viral particles were lysed by addition of 100 μl 

of phage lysis buffer (4.5 M guanidinium isothiocyanate, 44 mM sodium citrate pH 

7.0, 0.88% sarkosyl, 0.72% 2- mercaptoethanol) and incubated at 65°C for 10 min. 

Lysates were then extracted twice by gentle vortexing with equal volumes of 

Phenol/Chloroform/Isoamyl Alcohol 25: 24:1 (Fisher Scientific) followed by 

centrifugation at 8,000 x g for 5 min at room temperature. The resulting aqueous phase 

was subjected to a final round of purification using DNeasy Blood & Tissue Kit 

(Qiagen) according to manufacturer’s instruction with a final elution volume of 50 μl. 

Purified DNA was quantified using the Qubit dsDNA High Sensitivity kit 

(ThermoFisher Scientific).  

4.3.5 Virome Library Processing  

Reverse transcription (RT) of extracted VLPs, regardless of concentration, was 

performed using Superscript IV first strand system (Thermo Scientific), in a 2x 

reaction (40 μl final), according to the manufacturer’s random hexamer primer 

protocol. RT reaction products were immediately frozen at -20oC. For DNA 

fragmentation, 20 μl of RT product was taken for sonication after adjusting the volume 

to 52.5 μl with low-EDTA TE buffer in a microTUBE-50 (Covaris). Shearing of 
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unamplified DNA/cDNA mixture (variable amounts of DNA) was performed on 

M220 Focused-Ultrasonicator (Covaris) with the following settings: peak power of 50 

W, duty factor of 20%, 200 cycles per burst, total duration of 35s. Samples were then 

concentrated using a DNA Clean & Concentrator kit (Zymo research) according to the 

manufacturer’s instructions. Samples were immediately stored at -20oC. Library 

preparation was carried out using Accel-NGS 1S plus kit (Swift Biosciences), in 

accordance with the manufacturer’s protocol, using a 0.8 DNA/AMPure beads v/v 

ratio across all purification steps. Libraries were quantified on an Agilent 2100 

Bioanalyzer (Agilent) using an Agilent High Sensitivity DNA Kit (Agilent) following 

the manufacturer’s guidelines and electropherograms were visualised and fragment 

size determined using the Agilent Bioanalyzer 2100 expert software. Samples were 

once again quantified by Qubit, and converted to nM using the following formula:  

(ng/μl from Qubit) x (106) / (Avg frag size) x (660) 

Samples were subsequently pooled in an equimolar (10nM) fashion and sequenced 

using 2x150 nt paired-end sequencing run on an Illumina HiSeq 4000 platform at 

Genewiz, Germany. 

4.3.6 Bioinformatic Analysis 

The bioinformatics pipeline utilised in this study is summarised in Figure 4.1. 

 

 

 

 

 

 

 

 

Figure 4.1 | Bioinformatics pipeline used for analysis of shotgun sequencing data. 

Abbreviations: nt - nucleotides; QC - quality control; bp - base pairs; DB - database.  
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Raw sequence (4,606,499 ± 242,973 per sample) quality was assessed using MultiQC 

(v1.9). Levels of bacterial contamination were estimated by classifying reads with 

SortMeRNA (v2.0) against the SILVA (v129) database. Filtering and trimming was 

performed with TrimGalore! (v0.6.1). Host sequences aligning to the Bos taurus 

(NCBI: ARS-UCD1.3) and Homo sapiens (NCBI: GRCh38.p14) reference genomes 

from NCBI were removed with Bowtie2 (v 2.4.4), resulting in 3,794,343 ± 232,625 

sequences per sample.  Reads were assembled on a per sample basis using 

metaSPAdes assembler (v3.10). Assembled contigs larger than 1kb were subsequently 

pooled and retained. Redundancy between samples was removed by aligning all 

contigs against each other with CD-HIT (v4.7) with the following parameters: “-g 1, -

c 0.9, -s 0.9 -aS 0.9 –sc1”. For each resulting family, the longest representative contig 

was taken to create a non-redundant contig catalogue consisting of 9,201 contigs. To 

identify a set of confident viral contigs, the viral sequence identification standard 

operating procedure (SOP) with from protocols.io 

(dx.doi.org/10.17504/protocols.io.bwm5pc86), which combines VirSorter2 (v2.2.3), 

CheckV (v1.0.1) , and DRAMv (v1.4.6), was employed. Contigs with no BLASTn 

alignments to the Genbank nucleotide database or the viral Refseq database (v.89), 

using an e-value of ≤ 10−10, covering > 90% of contig length at > 50% identity, were 

removed. Contigs aligning to the phage T4 spike were also removed at this point. This 

resulted in a set of 673 confident viral contigs. Quality filtered reads were 

subsequently aligned to the reference set of 673 confident viral contigs on a per sample 

basis, using Bowtie2 (v2.4.4) in the ‘end-to-end’ alignment mode.  A count table was 

then generated using SAMTools (v1.10). Sequence coverage was calculated per 

nucleotide position, per contig and per sample using SAMTools ‘mpileup’ command.  

To remove spurious Bowtie2 alignments, read counts which featured a breadth of 

contig coverage of less than 1X for 75% of a contig length, were set to zero.  Virus-

like sequences that were classified as exogenous phage T4 were excluded at this point. 

Finally, the decontam R package (v1.16.0) was used to remove contaminating contigs 

using the prevalence mode based on the assumption that contaminating sequences are 

prevalent in the negative-control samples. These criteria yielded a final catalogue of 

586 virus-like sequences for downstream analysis. Open reading frames (ORF) were 

predicted using Prodigal (v2.6.3) in metagenomic mode. A Hidden Markov Model 

(HMM) algorithm (hmmscan from HMMER v3.1b1 package) was used to search 

amino acid sequences of predicted protein products against an HMM database 

https://dx.doi.org/10.17504/protocols.io.bwm5pc86
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prokaryotic viral orthologous groups (pVOGs) (Grazziotin et al., 2016). Significant 

hits were considered at e-value threshold of 10−5. Contigs aligning to the phage T4 

spike were assessed using the QUAST V 5.1.9 assembly quality test, against the T4 

reference genome (NCBI:txid2681598). Estimated viral loads were calculated based 

on the initial spiked concentration of phage T4 using an in house script (Shkoporov et 

al., 2018). Family-level taxonomic annotations were assigned to viral contigs using 

the Demovir script (https://github.com/feargalr/Demovir) with default parameters and 

database. This script performs a search for amino acid sequence homologies between 

proteins encoded by a contigs query and a viral subset of the TrEMBL database, then 

uses a voting approach incorporated in the software to decide on taxonomic 

assignment. For contigs which could be taxonomically assigned at family level, genus-

level taxonomic classification was assigned using VirusTaxo (Raju et al., 2022).  To 

identify VLPs present in each sample type, presence in at least 50% of the 18 samples 

analysed and a cut off of >0.001 was used. The 69 VLPs which passed this threshold 

were visualised as proteomic trees using the ViPTree server (Nishimura et al., 2017). 

Circular genome maps of VLPs were drawn using ProkSee (Grant et al., 2023). 

Antibiotic resistance analysis of viral contigs was performed using RGI (v6.0.0) 

(Resistance Gene Identifier) main and the CARD (v3.2.5) (Comprehensive Antibiotic 

Resistance Database) (McArthur et al., 2013). The “--low_quality”, was specified to 

allow prediction of partial open reading frames by Prodigal, recommended for low 

quality/coverage assemblies, metagenomic merged reads, small plasmids or assembly 

contigs (<20,000 bp). The “--include_nudge” and “Perfect, Strict and Loose Hits” 

options were chosen. Prediction of likely bacterial hosts for the curated set of contigs 

was done by searching for CRISPR spacer matches. Three genomic databases were 

used as sources for CRISPR spacer prediction: (1) Bacterial section of NCBI RefSeq 

(release 89, 50,971 draft and complete genome assemblies, 1,547,225 CRISPR 

spacers) (O'Leary et al., 2016). (2) 3,055 draft and complete bacterial 

genome assemblies in the Human Microbiome Project (HMP) database (35,544 

spacers) (Human Microbiome Jumpstart Reference Strains et al., 2010). MinCED 

v0.4.2 (Bland et al., 2007) (using default settings) was used to identify CRISPR 

spacers in bacterial genomic sequences. BLASTn (Altschul et al., 1990) of spacer 

matches was performed against putative viral contigs using the following parameters: 

“blastn-short, e-value < 10−2, bitscore ≥ 45”. Assignment of bacterial host to phage 

https://github.com/feargalr/Demovir
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contigs was done at genus level. In cases of ambiguity, genus producing highest 

number of individual CRISPR hits was considered as primary host.  

4.3.7 Statistical Analysis  

Further data handling was performed in R (v4.1.2) with the RStudio GUI 

(v1.4.1717). Plotting was handled using ggplot2 (v3.4.1). The iNEXT library was used 

to compute alpha diversity for the first three hill numbers (Chao1, Shannon entropy 

and Simpson Index) (Hsieh et al., 2016). Differences in alpha diversity (within-sample 

diversity) were assessed using linear models. Principal component analysis was 

performed on centred log-ratio transformed (clr) values as a visual companion to the 

beta diversity analysis. Zeroes were imputed using the “const” method (Lubbe et al., 

2021). Beta diversity was computed in terms of Aitchison distance (Euclidean distance 

of clr-transformed counts) (Aitchison et al., 2000). Network analysis was performed 

using a Bray-Curtis distance similarity matrix in the igraph (v 1.5.0) R package. 

Differences in beta diversity (between-sample diversity) were assessed using the 

adonis() PERMANOVA function  in the vegan library (v2.6.4) and the value of p were 

adjusted using the Bonferroni-Holm correction method. A difference was considered 

statistically significant if the adjusted p < 0.05. Differential abundance analysis was 

carried out with R package MaAsLin2 v1.13.0 (Mallick et al., 2021). The general 

linear model, no transformation and CLR-normalisation were selected as the 

parameters. CEF and UBRO were chosen as fixed effects and NOAB as the reference 

effect. 

4.4 Results 

4.4.1 Cohort characteristics  

Table 4.1 presents the characteristics of the 72 cows included in this study. The study 

population was categorised into three groups based on antibiotic dry cow treatment: 

NOAB (n=23), CEF (n=24), and UBRO (n=25). The mean parity of the cohort was 

2.85 (standard deviation [SD] ± 2.3) and the mean age was 4.85 (SD ± 2.3) years. 

Samples were collected from five different farms, including farm 1 (n=16), farm 2 

(n=14), farm 3 (n=13), farm 4 (n=15), and farm 5 (n=14). Farm 1 did not practice 

antibiotic DCT. 
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Table 4.1 | Metadata for cows included in this study.  

ID Farm Parity Age (years) Parous  Antibiotic 

C10 Farm 1 2 4 Multiparous None 

C11 Farm 1 4 6 Multiparous None 

C13 Farm 1 1 3 Primiparous None 

C16 Farm 1 0 2 Nulliparous None 

C17 Farm 1 6 8 Multiparous None 

C18 Farm 1 4 6 Multiparous None 

C19 Farm 1 0 2 Nulliparous None 

C1 Farm 1 1 3 Primiparous None 

C20 Farm 1 4 6 Multiparous None 

C2 Farm 1 0 2 Nulliparous None 

C3 Farm 1 1 3 Primiparous None 

C5 Farm 1 0 2 Nulliparous None 

C6 Farm 1 3 5 Multiparous None 

C7 Farm 1 1 3 Primiparous None 

C8 Farm 1 4 6 Multiparous None 

C9 Farm 1 4 6 Multiparous None 

D10 Farm 2 8 10 Multiparous Cefquinome  

D11 Farm 2 2 4 Multiparous Cefquinome  

D12 Farm 2 4 6 Multiparous Cefquinome  

D13 Farm 2 1 3 Primiparous Cefquinome  

D14 Farm 2 1 3 Primiparous Cefquinome  

D15 Farm 2 3 5 Multiparous Cefquinome  

D17 Farm 2 2 4 Multiparous Cefquinome  

D18 Farm 2 7 9 Multiparous Cefquinome  

D19 Farm 2 4 6 Multiparous Cefquinome  

D1 Farm 2 8 10 Multiparous Cefquinome  

D20 Farm 2 0 2 Nulliparous None 

D5 Farm 2 7 9 Multiparous Cefquinome  

D7 Farm 2 3 5 Multiparous Cefquinome  

D9 Farm 2 1 3 Primiparous Cefquinome  
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L10 Farm 3 3 5 Multiparous Ubro Red 

L12 Farm 3 5 7 Multiparous Ubro Red 

P14 Farm 4 1 3 Primiparous Ubro Red 

L14 Farm 3 6 8 Multiparous Ubro Red 

L15 Farm 3 0 2 Nulliparous None 

L18 Farm 3 7 9 Multiparous Ubro Red 

L19 Farm 3 2 4 Multiparous Ubro Red 

L2 Farm 3 3 5 Multiparous Ubro Red 

L3 Farm 3 1 3 Primiparous Ubro Red 

L5 Farm 3 1 3 Primiparous Ubro Red 

L7 Farm 3 2 4 Multiparous Ubro Red 

L8 Farm 3 5 7 Multiparous Ubro Red 

L9 Farm 3 7 9 Multiparous Ubro Red 

P10 Farm 4 1 3 Primiparous Cefquinome  

P11 Farm 4 6 8 Multiparous Cefquinome  

P12 Farm 4 2 4 Multiparous Cefquinome  

P13 Farm 4 5 7 Multiparous Cefquinome  

L13 Farm 3 0 2 Nulliparous None 

P15 Farm 4 7 9 Multiparous Ubro Red 

P16 Farm 4 0 2 Nulliparous None 

P18 Farm 4 0 2 Nulliparous None 

P19 Farm 4 1 3 Primiparous Cefquinome  

P1 Farm 4 4 6 Multiparous Cefquinome  

P5 Farm 4 5 7 Multiparous Cefquinome  

P6 Farm 4 5 7 Multiparous Cefquinome  

P7 Farm 4 4 6 Multiparous Cefquinome  

P8 Farm 4 2 4 Multiparous Cefquinome  

P9 Farm 4 1 3 Primiparous Cefquinome  

T10 Farm 5 3 5 Multiparous Ubro Red 

T11 Farm 5 0 2 Nulliparous None 

T12 Farm 5 2 4 Multiparous Ubro Red 

T16 Farm 5 3 5 Multiparous Ubro Red 
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T17 Farm 5 1 3 Primiparous Ubro Red 

T18 Farm 5 2 4 Multiparous Ubro Red 

T19 Farm 5 2 4 Multiparous Ubro Red 

T1 Farm 5 5 7 Multiparous Ubro Red 

T20 Farm 5 2 4 Multiparous Ubro Red 

T4 Farm 5 1 3 Primiparous Ubro Red 

T5 Farm 5 2 4 Multiparous Ubro Red 

T6 Farm 5 0 2 Nulliparous None 

T7 Farm 5 7 9 Multiparous Ubro Red 

T8 Farm 5 3 5 Multiparous Ubro Red 

 

4.4.2 Virome Extraction Protocol Optimisation  

The optimised protocol used for crude processing and extraction of viral nucleic acids 

from colostrum samples was ultimately based on protocol 3. This protocol was 

originally developed for virome extraction from human faeces (Shkoporov et al., 

2018). Several key modifications were made to adapt the protocol for colostrum 

samples. The strategy for identifying suitable crude processing steps for viral particle 

separation is illustrated in Figure 4.2. The suitability of processing steps employed by 

various published protocols were assessed by two performance parameters: (i) 

removal of bulk protein, assessed visually, and (ii) recovery of spiked phages. Several 

approaches were investigated, including different NaCl concentrations, 

centrifugation/ultracentrifugation speeds, solution dilution buffers, filtration methods 

(dead-end and tangential-flow), and two phage particle concentration techniques (PEG 

and TFF). For PEG-based protocols, PEG 6000 was used as it dissolved more readily 

in colostrum samples compared to PEG 8000, with no significant differences in spike 

recovery. Isoelectric precipitation of casein by adjusting sample pH to 4.6, a common 

practice in the dairy industry, was found to be effective in sample clarification and 

recovery of spiked phages. Centrifugation at modest speeds (5,000 x g) yielded 

significantly higher recovery of spiked phage T4 compared to ultracentrifugation 

(28,000 x g). The inclusion of glass fiber filters had no significant impact on spike 

retrieval but greatly facilitated fat removal and filtration. The recovery rate of spiked-

in phage T4 is shown in Figure 4.3. 
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Figure 4.2 | Strategy for colostrum virome extraction protocol optimisation. 

Techniques assessed for protein separation and recovery of spiked Escherichia coli 

phage T4 from colostrum samples. Non-continuous line boxes: unsuitable for 

bacteriophage extraction (high loss of spiked phages). Green-line boxes: impure 

samples (low molecular weight impurities). Blue-line boxes: ≥50% loss of spiked 

bacteriophages. Continuous boldface line boxes: significant protein removal and/or 

high recovery of spiked phages. Final optimised protocol (protocol 5) developed based 

on steps with highest recovery. PEG: polyethylene glycol; SM: sodium-magnesium 

(buffer). 
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Figure 4.3 | Phage T4 spike-in recovery for optimised protocol. The percentages of 

phages recovered (y axis) were determined by plaque assay at each different sampling 

point (x axis). Error bars represent the standard deviation of biological repeats (n=3). 

4.4.3 Sequencing Results and Recovery of Spike-In Phages 

The amount of reads per sample retained at each step of DNA processing are shown 

in Table S4.1.  Shotgun sequencing of colostrum samples yielded an average of 

4,606,499 ± 242,973 reads per sample. Following read trimming, filtering, and host 

removal, an average of 3,794,343 ± 232,625 (median = 2,278,080, min = 19,626, max 

= 15,988,450), reads per sample remained. An average of 2.7% of reads in the pre-

filtration dataset aligned to 16S rRNA, which is an accepted standard for virome 

studies (Jurasz et al., 2021). The final dataset for viral analysis consisted of 586 non-

redundant complete and partial viral genomes. Contigs of various sizes were 

recovered, mainly representing genomic fragments (1 × 103 to 2× 104 bp) with low-

to-moderate levels of sequence coverage (1–100 ×) (Figure 4.4). The phage T4 spike 

genome was successfully assembled into a single contig (~168 kb) in all samples. This 

contig represented 99.5% of the NCBI reference T4 genome, exhibiting no miss-

assemblies, 138 mismatches, and 57 indels, as confirmed by the QUAST assembly 

quality test. The phage T4 reference genome (168,903 bp) was aligned against the 
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contig recovered as the spike genome (168,052 bp), which showed that 851 base pairs 

were missing from the 5' and 3' ends of the genome. 

 

 

 

 

 

Figure 4.4 | (A) Colostrum virome contigs coverage and size (bp). (B) Pairwise 

comparison of phage T4 reference and spike-in genomes using ViPTree. Genomes 

shown linearly with CDS transcription direction indicated by arrows. tBLASTx 

alignments represented by coloured lines, with colour scale indicating percent identity. 

4.4.4 Taxonomic Classification 

Taxonomic classification of viral contigs revealed the following distribution: 47% 

were identified as ssDNA viruses, 48% were dsDNA viruses, 0.1% were ssRNA 

viruses and 28% were classified as dsDNA phages. A total of 20% of contigs contained 

genes for integrases or site-specific recombinases, indicating a possible temperate 

lifestyle. The estimated total viral load ranged from approximately 1.1 x 104 to 1.1 x 

109 PFU/ml genome copies per gram of colostrum. On average, the viral load was 

approximately 1.1 x 106 PFU/ml. At the family level, a total of ten viral families were 

(A) 

(B) 
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identified, with the majority of contigs remaining unassigned. The identified viral 

genomes encompassed diverse types, including circular ssDNA viruses such as 

Circoviridae and Genomoviridae, linear double-stranded DNA viruses including 

Myoviridae, Microviridae, Papillomaviridae, Podoviridae, Polyomaviridae, 

Poxviridae, and Siphoviridae, as well as ssRNA viruses classified as Retroviridae. At 

the genus level, taxonomic classification using VirusTaxo identified a total of 48 

distinct genera (Figure S4.1). The three most prominent genera which could be 

identified were Circovirus, Lederbergvirus, and Liefievirus. 
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Figure 4.5 | (A) Family level relative abundance. (B) Family level absolute 

abundance. (C) Relative abundance of top ten genera. (D) Absolute abundance of top 

ten genera. 
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Core Virome Analysis  

Out of the 586 VLPs detected, 69 VLPs (present in ≥50% of samples, cut-off >0.001) 

were identified as the core colostrum virome (Figure 4.6A). These VLPs were all 

ssDNA and dsDNA in nature. The core virome VLPs exhibited relative abundances 

ranging from 17% to 99.7% of the total viral abundance in each of the samples, with 

an average relative abundance of 89.2% (Figure 4.6B). The median relative abundance 

was 96%, and the standard deviation was 24.5%, indicating large variability in their 

abundance across the samples.  

 

 

Figure 4.6 | (A) Colostrum core virome heatmap. Abundance of core VLPs in 72 

samples (>0.001 cut-off) and prevalence (50% cut-off) with VLP ID and taxonomic 

(A) 

(B) 
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classification. (B) Percentage of which core contigs contributed to the total abundance 

in each sample. 

In the absence of a robust phylogeny-based taxonomic classification and due to the 

fact that the vast majority of viral sequences cannot be assigned to any known taxon 

below the family level, we grouped viral contigs identified as the core virome using 

proteomic trees analysis. The 69 VLPs identified as the core virome were further 

clustered against all ssDNA virus genomes (1,796) (Figure 4.7A) and all dsDNA virus 

genomes (6,428) (Figure 4.7B) available from the VipTree server (Accessed 1st July 

2023). Regarding VLPs which could not be classified, distinct clustering was observed 

towards 

Parvoviridae, Circoviridae and Geminiviridae. Overall, this analysis further 

supported the taxonomic classifications made by Demovir and VirusTaxo. A total of 

16 VLPs were shown to be shared among all samples (Table S4.2). Among these 

shared VLPs, two novel CRESS DNA viruses, namely VLP048 and VLP155, were 

identified, annotated and visualised using Proksee (Figure S4.2). 
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Figure 4.7 | (A) Circular proteomic tree based on genome-wide similarities of core 

virome VLPs (marked with a red star), top matches on BLASTn, and 1,796 ssDNA 

viral genomes. (B) Circular proteomic tree based on genome-wide similarities of core 

virome VLPs (marked with a red star), top matches on BLASTn, and 6,428 dsDNA 

viral genomes. Viptree server accessed 1st July 2023. 
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4.4.5 Detection of Putative Antimicrobial Resistance Genes and Bacterial 

Hosts 

RGI main and the CARD database were used to predict ARGs present in the 586 viral 

contigs identified in this study. In total, 16 ARGs belonging to 10 AMR gene families 

conferring resistance to 15 different classes of antibiotics were found (Table 4.2). Of 

these, 17 ARGs conferred resistance to more than one class of antibiotic. Three ARGs 

were classified as multi-drug resistance (MDR) genes as they conferred resistance to 

three or more classes of antibiotics. ARGs were found to be present in 23 VLPs, which 

were all classified as DNA fragments of dsDNA phage genomes. Three ARGs (kdpE, 

baeS, smeS) were identified which are resistant to the antibiotic used in the UBRO 

group. The smeS gen also confers resistance to the antibiotic used in the CEF group. 

Overall, 28% (164) of VLPs identified in this study were identified as phage. 

Investigation of the bacterial hosts of these VLPs resulted in 23 VLPs identified to 

infect 39 different bacterial strains (Table 4.3). The most commonly identified host 

genera were Actinoalloteichus, Mycobacterium, Staphylococcus and Bifidobacterium.  

Table 4.2 | The 16 antibiotic resistance genes identified in 23 VLPs identified in this 

study.     

No. Gene Name Drug Class 

Resistance 

Mechanism 

1 DfrA38 diaminopyrimidine antibiotic 

antibiotic target 

replacement 

2 baeS 

aminoglycoside antibiotic; 

aminocoumarin antibiotic antibiotic efflux 

3 vmlR 

lincosamide antibiotic; 

streptogramin antibiotic; 

streptogramin B antibiotic 

antibiotic target 

protection 

4 macB macrolide antibiotic antibiotic efflux 

5 vanR_in_vanO_cl glycopeptide antibiotic 

antibiotic target 

alteration 

6 basS peptide antibiotic 

antibiotic target 

alteration; antibiotic 

efflux 

7 oleC macrolide antibiotic antibiotic efflux 

8 lfrA fluoroquinolone antibiotic antibiotic efflux 

9 kdpE aminoglycoside antibiotic antibiotic efflux 

10 smeS 

aminoglycoside antibiotic; 

cephalosporin; cephamycin; 

penam antibiotic efflux 
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Gene name, drug class and resistance mechanism were identified by RGI (v6.0.0) 

(Resistance Gene Identifier) main and the CARD (v3.2.5) (Comprehensive Antibiotic 

Resistance Database).     

Table 4.3 | Table outlining 23 VLPs phage and their corresponding host genera.  

No. VLP Name Host Genus  

1 VLP006-Liefievirus Mycobacterium  

2 VLP004-Unassigned Streptococcus 

3 VLP013-Unassigned Bifidobacterium 

4 VLP066-Unassigned Clostridioides 

5 VLP124-Unassigned Actinoalloteichus 

6 VLP170-Unassigned Staphylococcus 

7 VLP209-Unassigned Prevotella 

8 VLP226-Unassigned Pseudomonas 

9 VLP247-Unassigned Chryseobacterium  

10 VLP305-Unassigned Curvibacter 

11 VLP330-Unassigned Acinetobacter 

12 VLP350-Unassigned Anoxybacillus 

13 VLP366-Unassigned Ruminococcaceae 

14 VLP382-Unassigned Bacillus 

15 VLP403-Unassigned Paracoccus 

16 VLP428-Unassigned Xanthomonas 

17 VLP444-Unassigned Enterobacter  

18 VLP457-Unassigned Butyrivibrio 

19 VLP129-Fromanvirus Mycobacterium  

20 VLP482-Unassigned Actinoalloteichus 

21 VLP500-Unassigned Actinoalloteichus 

22 VLP519-Unassigned Actinoalloteichus 

23 VLP540-Unassigned Staphylococcus 

 

11 TxR tetracycline antibiotic antibiotic efflux 

12 dfrA20 diaminopyrimidine antibiotic 

antibiotic target 

replacement 

13 bcrA peptide antibiotic antibiotic efflux 

14 Erm(50) 

macrolide antibiotic; 

lincosamide antibiotic; 

streptogramin antibiotic 

antibiotic target 

alteration 

15 lmrC lincosamide antibiotic 

antibiotic target 

protection 

16 Mtub_thyA_PAS salicylic acid antibiotic 

antibiotic target 

alteration 
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4.4.6 Impact of Farm Level Variables on the Colostrum Virome 

Chao1, Shannon and Simpson diversity indices were used to calculate the alpha 

diversity of the virome within groups. The Chao1 index estimates the total number of 

viral species in a community based on the abundance of observed species. The 

Shannon index calculates the overall diversity of a community by considering both the 

abundance and evenness of species present. The Simpson index measures the 

dominance or concentration of species in a community. Alpha diversity was 

significantly different between the UBRO and the NOAB group (Chao1, p= 2.7 x 10-

5) and (Simpson, p= 0.0028) (Figure 4.8A). Beta diversity of the virome was calculated 

using Bray-Curtis distance similarity matrix and observed using PCoA. Beta diversity 

between the NOAB and antibiotic groups (UBRO and CEF) demonstrated distinct 

clustering overall. Indeed, beta diversity was significantly different between the 

UBRO and the NOAB group (p= 0.003) and the CEF and the NOAB group (p= 0.006) 

(Figure 4.8B). Network analysis was also performed using Bray-Curtis distance 

similarity matrix and also showed distinct clustering of the NOAB group away from 

antibiotic groups (Figure 4.8C). 16 VLPs were differentially abundant in the NOAB 

group at the genus level, most significantly VLP459 (Alphanudivirus), VLP090 

(Gervaisevirus) and VLP011 (Deltapapillomavirus) (Figure 4.8D). 16 VLPs were 

differentially abundant in the antibiotic groups (Figure 4.8D). Most significantly in 

the UBRO group were VLP132 (Marseillevirus), VLP180 (Gemycircularvirus) and 

VLP232 (Betatorquevirus). Most significantly in the CEF group were VLP132 

(Marseillevirus), VLP046 (Alphatrevirus) and VLP072 (Gequatrovirus) (Figure 

4.8D). Overall 16 VLPs were shared across treatment types, 18 were only found in the 

NOAB group, one was only found in the CEF group and no VLPs were specific to the 

UBRO group. 
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Figure 4.8 | Analysis of colostrum virome diversity and dry cow treatment. (A) Alpha 

diversity assessed using Chao1, Simpson and Shannon diversity metrics. (B) PCoA 

plot using Bray-Curtis distance matrix between the three groups. (C) Differentially 

abundant VLPs identified by MaAsLin2. Blue (reference) associated with no 

antibiotic. Red is associated with stated antibiotic. (D) Network analysis where node 

colours represent different dry cow treatment type.   
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Similar to distinct clustering of the NOAB group from antibiotic treated groups 

overall, we also observed clustering based on farms, where farm 1 (i.e., the farm using 

DCT without antibiotics) clusters separately from the other antibiotic treated farms 

(farm 2 and farm 4 are CEF, while farm 3 and farm 5 are UBRO) (Figure 4.9). Alpha 

diversity was significantly different between farm 1 and farm 3 (Chao1, p= 0.023), 

farm 4 (Chao1, p= 0.017) and farm 5 (Simpson, p= 0.028) (Figure 4.9A). Similarly, 

beta diversity was significantly different between farm 1 and farm 3 (p= 0.01), farm 4 

(p= 0.01) and farm 5 (p= 0.01) (Figure 4.9B). These results were in agreement with 

the aforementioned results for the effect of DCT on virome composition as every cow 

on Farm 1 did not receive any antibiotic treatment. No distinct clustering based on 

farm was observed in network analysis (Figure 4.9C). 25 VLPs were differentially 

abundant in Farm 1 at the genus level, most significantly VLP180 

(Gemycircularvirus), VLP132 (Marseillevirus) and VLP046 (Alphatrevirus) (Figure 

4.9D). 20 VLPs were differentially abundant in farms which gave antibiotics 

compared to the non-antibiotic farm (Figure 4.9D). Most significantly were VLP011 

(Deltapapillomavirus), VLP056 (Unclassified) and VLP115 (Deltapapillomavirus) 

(Figure 4.9D). Overall, 13 VLPs were shared across farms, six VLPs were specific to 

Farm 1, two VLPs were specific to Farm 4 and no VLPs were specific to Farm 2, Farm 

3 and Farm 5.  
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Figure 4.9 | Analysis of colostrum virome diversity based on farms from which 

samples were collected. (A) Alpha diversity assessed using Chao1, Simpson and 

Shannon diversity metrics. (B) PCoA plot using Bray-Curtis distance matrix between 

the five farms. (C) Differentially abundant VLPs identified by MaAsLin2. Blue 

(reference) associated with farm 1. Red is associated with stated farm. (D) Network 

analysis where node colours represent different farms.   
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Regarding the impact of parity on the virome, alpha diversity was significantly 

different between cows of parity zero and cows of parity two (Chao1, p= 0.041) 

(Figure 4.10A). There was no significant differences in the beta diversity between 

different parity values (Figure 4.10B). Network analysis showed distinct clustering of 

cows of parity zero (Figure 4.10C).). Eight VLPs were differentially abundant in cows 

of parity zero (Figure 4.10D). Most significantly, VLP104 (Lessievirus), VLP127 

(Abidjanvirus) and VLP132 (Marseillevirus) (Figure 4.10D). VLP459 

(Alphanudivirus) and VLP090 (Gervaisevirus) were differentially abundant in cows 

of parity one and two (Figure 4.10D). Overall, 13 VLPs were shared regardless of 

parity. There was only VLP specifically found in cows with a parity of four or more 

and no VLPs were specific to the other parities.  
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Figure 4.10 | Analysis of colostrum virome diversity based on parity. (A) Alpha 

diversity assessed using Chao1, Simpson and Shannon diversity metrics. (B) PCoA 

plot using Bray-Curtis distance matrix based on parity (C) Differentially abundant 

VLPs identified by MaAsLin2. Blue (reference) associated with parity 0. Red is 

associated with stated parity. (D) Network analysis where node colours represent 

different parity levels.   
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4.5 Discussion  

In this study the virome of bovine colostrum was investigated. We developed a 

colostrum-specific virome extraction protocol and employed viral metagenomics to 

explore the diversity, community structure, and ecological roles of viruses in Irish 

bovine colostrum. Additionally, we evaluated the influence of farm-level variables, 

including location, parity, and dry cow antibiotic treatment, on the composition of the 

colostrum virome. Our findings reveal that the colostrum virome is predominantly 

comprised of ssDNA viruses and dsDNA phages which have the potential to carry 

antibiotic resistance genes. Notably, we identified a significant impact of farm-level 

variables, particularly antibiotic dry cow treatment, on the composition of the virome. 

The first objective of this study was to establish a specialised virome extraction 

protocol specifically designed for the analysis of bovine colostrum. Virome extraction 

protocols encompass several crucial steps to facilitate the characterisation and 

quantification of nucleic acids from uncultured viruses, irrespective of their 

environmental origin. These steps involve (i) acquiring and storing the samples, (ii) 

separating viral particles, (iii) extracting pure nucleic acids while eliminating free 

nucleic acids and contaminating cells and (iv) successfully sequencing and 

bioinformatic analysis of the nucleic acids (Callanan et al., 2021). Recent studies have 

reported optimised methods for virome extraction from dairy-based foods and 

agricultural samples, with sample solubilisation, enzymatic treatment and filtration 

being the most frequently adjusted steps (Mahony and van Sinderen, 2022). 

Nevertheless, extracting the virome from bovine milk samples presents specific 

challenges, particularly in effectively separating various residues (e.g., proteins, 

bacterial cells, and cell debris) before concentrating the viruses (Muhammed et al., 

2017). These challenges are further amplified in the case of colostrum due to its unique 

composition and higher concentration of proteins and fat (McGrath et al., 2016). In 

this study, we employed a pH adjustment of approximately 4.6 to facilitate sample 

clarification, a method previously utilised in the investigation of cheese whey viromes 

(Muhammed et al., 2017). This pH adjustment proved effective in removing a 

significant portion of residues through low-speed centrifugation. To enhance sample 

filtration and eliminate fat, we incorporated glass fiber filters, which yielded notable 

improvements. Instead of using 0.2 μm filters, which may lead to a reduction in virus 

detection and potentially overlook giant viruses (Conceição-Neto et al., 2015, Hoyles 
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et al., 2014), we opted for a 0.45 μm filtration step. Furthermore, we refrained from 

utilising CsCl gradients for viral particle purification, as this labour-intensive 

technique is not well-suited for high-throughput studies and shows poor 

reproducibility (d’Humières et al., 2019). However, it has been reported that including 

a CsCl step can improve the size of viral contigs recovered in virome studies 

(d’Humières et al., 2019). Instead, our approach involved a combination of 

microfiltration, PEG-precipitation of viral particles, and DNase/RNase treatment to 

remove free nucleic acids. Library preparation techniques in virome studies exhibit 

significant variation and can influence the results. Initially, viromes were sequenced 

after undergoing multiple displacement amplification (MDA) to achieve the amount 

of DNA required for library preparation. Nevertheless, it became evident that MDA 

introduced a bias favouring small circular single-stranded DNA (ssDNA) viral 

genomes, typically ranging from approximately 2,000 to 7,000 nucleotides in length 

(Kim and Bae, 2011). Newer technologies, such as the adaptase technology (Swift 

Biosciences) which attaches special adaptors to each DNA fragment thereby 

minimising potential amplification biases, are available to overcome this problem and 

was selected for our study. However, this kit includes a sonication step, which has 

been reported by some groups to shear ssDNA more efficiently than dsDNA, therefore 

introducing another bias in virome sequencing (Petit et al., 2022). To overcome this 

problem, approaches such as the short MDA method consisting of reducing the 

incubation time of the standard MDA treatment and the use of the T7 DNA polymerase 

have been proposed recently (Petit et al., 2022).  

The second primary objective of this study was to explore the diversity, community 

structure, and ecological functions of viral populations in Irish bovine colostrum using 

viral metagenomics. The virome extraction protocol employed in this study yielded an 

average of 3,794,343 (± 232,625) quality filtered reads, indicating successful recovery 

of high-quality data with minimal bacterial contamination. Furthermore, the ability of 

the protocol used in this study to recover almost all of the phage T4 spike-in genome 

suggests it would be suitable for metagenomic characterisation of large viruses. 

However, the relatively small final catalogue of 586 viral contigs and their short 

lengths, raises some concerns and suggests the need for exploring alternative 

bioinformatics pipelines for analysis of the dataset. While the tools used in this study 

are commonly employed in virome studies (Chitcharoen et al., 2022), the constantly 
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evolving field of bioinformatics offers a range of emerging tools and pipelines aimed 

at improving the analysis of viral sequences (Smith et al., 2022). For example, SPAdes 

meta has recently been identified as a top performer for accurate virome assembly 

(Sutton et al., 2019). It is important to consider these advancements and explore tailor-

made pipelines for the analysis of viral sequences (Zhou et al., 2023, Ma, 2023). 

However, it must be noted that in similar studies to ours, similar amounts of contigs 

and contigs sizes were recovered (Dugat-Bony et al., 2020, Muhammed et al., 2017, 

Colombo et al., 2018).  

Regarding the taxonomic composition of the samples in this study, we observed the 

presence of ten viral families and identified 48 genera. These findings align with the 

33 viral families identified in bovine virome studies to date (Kwok et al., 2020). While 

studies in farm animals have not yet reported the total viral load in their samples, 

research on the human gut, known for its high viral density, has estimated viral loads 

to be around 1010 per gram of faeces (Shkoporov and Hill, 2019). However, these 

estimates are typically based on the initial spiked concentration of phages, such as 

Lactococcus lactis phage Q33, assuming the VLPs in the study have an average 

genome length of 31,100 bp. In our study, we had to assume the overall genome sizes 

of the viruses were equal to that of phage T4 (~168,000 bp). Notably, Circovius, 

Prunevirus and Liefievirus were the most abundant genera in our samples, with 

average genome sizes of 2,000 bp, 8,700 bp, and 42,000 bp, respectively. Considering 

these genome sizes, a spike-in phage with a smaller genome might have been better 

suited for accurate quantification of the total viral load. 

Regarding core virome analysis, 69 VLPs dominated the total viral abundance present 

across all samples. These VLPs were primarily members of the families Circoviridae, 

Papillomaviridae and Microviridae. Circovirus are a genus of small, non-enveloped 

viruses belonging to the family Circoviridae (Rosario et al., 2017). They possess a 

circular, single-stranded DNA genome and have been shown to infect all types of farm 

animals (e.g., goats, cattle, pigs, and chickens) and farm workers (Li et al., 2010). 

Epidemiological studies have shown that porcine Circovirus type 3, which porcine 

dermatitis, nephropathy syndrome, multi systemic inflammation and reproductive 

failure to be highly prevalent in bovines (Wang et al., 2019). Papillomaviruses, 

including Deltapapillomavirus, Xipapillomavirus and Xipapillomavirus were highly 

abundant in the samples in this study. Papillomaviruses are a heterogeneous group of 
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small, non-enveloped, double-stranded DNA viruses containing approximately 8,000 

bp distributed worldwide, are known to infect mesenchymal tissues and are considered 

to be highly pathogenic to bovines (Daudt et al., 2018). Indeed Papillomavirus lesions 

on the teats and nipples of dairy cows cause mastitis, low milk yield and teat 

deformities ultimately leading to  significant economic losses (Kale et al., 2023). 

Furthermore, Papillomavirus infections typically serve as a foundation for secondary 

infections, which significantly raises the prevalence of the illnesses and their cost of 

care (Kale et al., 2023).  

Interestingly, our analysis revealed that approximately 28% (164) of the VLPs 

identified in this study were classified as dsDNA phages. Further analysis revealed 

that these phages carried ARGs. Notably three specific ARGs (kdpE, baeS, smeS) were 

identified, which are known to confer resistance to antibiotics used in the UBRO and 

CEF groups in this study. KdpE is a transcriptional activator involved in the regulation 

of potassium transport and known for its role in pathogenic bacteria's virulence and 

intracellular survival (Freeman et al., 2013). BaeS is a sensor kinase in the BaeSR 

regulatory system which confer resistance to aminoglycoside and aminocoumarin 

antibiotics (Nishino et al., 2005). smeS is the protein kinase sensor component of a 

two component signal transduction system that includes smeR which confer resistance 

to antibiotics such as aminoglycoside, cephalosporin, cephamycin and penams (Li et 

al., 2002). We were also able to identify a number of host bacterial genera of these 

dsDNA phage VLPs including Streptococcus, Bifidobacterium, Staphylococcus, 

Acinetobacter and Pseudomonas which have all been identified as core bacterial 

genera in colostrum previously (Chen et al., 2021).  

The third and final objective of this study was to evaluate the influence of farm-level 

variables, including location, parity, and dry cow antibiotic treatment, on the 

composition and characteristics of the colostrum virome. In our study, antibiotic 

treatments significantly impacted virome composition. The antibiotics used in this 

study were cephaguard (cefquinome – 4th generation cephalosporin) and Ubro red 

(Framycetin sulfate, Penethamate hydroiodide, and Procaine Penicillin). Cephaguard 

targets mastitis-causing organisms such as Streptococcus spp. and Staphylococcus 

aureus, while UBRO red targets a broader range of bacteria including Staphylococcus 

spp., Streptococcus spp., Corynebacterium spp., Escherichia spp., Klebsiella, and 

Pseudomonas spp. Cefquinome is classified as a category B (restricted use) antibiotic 
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by the European Medicine Agency, while caution is advised for the use of Framycetin 

(source: https://www.gov.ie/en/collection/45f45-antimicrobial-resistance 

amr/?referrer=http://www.agriculture.gov.ie/amr/). Numerous studies have 

investigated the impact of DCT on the microbial composition of colostrum, with 

conflicting results (Derakhshani et al., 2018, Vasquez et al., 2022). Therefore, 

investigating the composition of the virome and microbiome of colostrum 

concurrently would be an interesting future study with our sample set.  

While there were a number of limitations to this study, the findings reported herein 

inform a number of potential future studies. Firstly, we used short-read sequencing as 

it is commonly used in virome studies (Paez-Espino et al., 2016). However, this 

method is not without limitations. For instance, viruses which contain genomic islands 

and/or have high micro-diversity can cause genome fragmentation during assembly 

(Roux et al., 2017). Long-read sequencing technologies, such as Pacific Biosciences 

(PacBio) and Oxford Nanopore Technologies (ONT) offer solutions to such issues. 

The longer reads are potentially able to span the length of entire viral genomes, 

overcoming assembly issues resulting from repeat regions and low coverage (Olson et 

al., 2019). More recently, a Long-Read Linker-Amplified Shotgun Library (LASL) 

approach was developed that combines LASL library preparation with ONT MinION 

sequencing and has been found to recover more high-quality viral genomes than long 

or short-reads alone (Warwick-Dugdale et al., 2019, Cook et al., 2021). Such 

approaches could be applied to our extracted DNA to increase the number of VLPs 

for downstream analysis. The presence of viruses in our samples, particularly those 

capable of infecting both bovines and humans, has significant implications for calf 

health, farm hygiene, and the potential development of food products using colostrum. 

It is crucial to determine the environmental sources of these viruses by sampling the 

calving environment. For example, the frequent detection of Liefievirus, a plant 

pathogen, raises questions about its origin. Could it be originating from the bedding 

environment or even food sources like silage? Therefore, applying our approach to 

optimising virome extraction from other farm samples would be valuable in 

identifying the locations where viruses reside in the farm environment. This is 

particularly intriguing considering that we also identified phages carrying antibiotic 

resistance genes in the environment. Investigating the prevalence and distribution of 

these phages can provide further insights into the potential dissemination of antibiotic 

https://www.gov.ie/en/collection/45f45-antimicrobial-resistance%20amr/?referrer=http://www.agriculture.gov.ie/amr/
https://www.gov.ie/en/collection/45f45-antimicrobial-resistance%20amr/?referrer=http://www.agriculture.gov.ie/amr/
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resistance in the farm setting. Additionally, the lack of longitudinal design prevented 

the tracking of changes in the virome over time, which is important for understanding 

how it develops and responds to various environmental factors. 
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4.11 Supplementary material  

Supplementary Figures:  

Figure S4.1 | (A) Relative abundance of the 48 genera identified using VirusTaxo (B) 

Absolute abundance of the 48 genera identified.  
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Figure S4.2 | (A) Genus level abundance of the 48 genera identified.  (B) Absolute 

abundance of the 48 genera identified.  

 

 

 

 

 

 

 

 

 

Figure S4.3 | (A) Circular genome map of VLP048 (B) Circular genome map of 

VLP155.  

 

Supplementary Tables:  

Table S4.1 | Table showing amount of reads in raw samples, post quality control 

(QC) and levels of bacterial contamination per sample. 

 

  Total no. of reads Bacterial 

contamination 

Sample 

ID 

Raw  Post QC % of reads mapped to 

16S rRNA 

C10 4119866 2227625 0.28 

C11 4489885 2149889 0.29 

C13 12363 6260 0.1 

C16 3523930 1946177 0.12 

C17 5711014 2241080 0.19 

C18 5839289 4709015 0.21 

C19 4648707 1793375 0.34 

C1 4003032 1614294 0.21 

C20 2647144 938963 0.28 

C2 2942847 989948 0.23 

C3 6361550 2582551 0.4 

C5 1501963 1291332 9.78 

C6 4372807 3900751 6.66 

C7 3059437 2780600 11.17 

C8 3102275 2795797 2.77 

C9 12576786 8811517 0.2 

D10 5521233 5002932 2.21 

(B) (A) 
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D11 4339849 3952583 0.93 

D12 67691 39414 0.88 

D13 8225154 7685813 0.15 

D14 3612068 2177971 7.06 

D15 3737450 3406352 0.63 

D17 3876787 3618611 0.74 

D18 2261029 1624717 0.18 

D19 32034 19626 1.05 

D1 6066931 5612399 0.37 

D20 223386 190813 5.19 

D5 17169283 15988450 0.34 

D7 8652296 8048881 1.19 

D9 3280656 3074010 0.3 

L10 6877166 6363628 0.53 

L12 1539219 1396891 0.73 

P14 5371381 4802340 1.19 

L14 5821355 5401378 1.19 

L15 4195209 3762070 0.41 

L18 3597515 3349594 0.61 

L19 6004657 5646837 0.8 

L2 3206991 2338948 3.98 

L3 4084783 3403068 4.6 

L5 3956566 3571583 4.34 

L7 2899934 2087919 5.3 

L8 3921445 3021673 4.81 

L9 4454975 3933829 4.47 

P10 4197667 3689624 4.35 

P11 3585062 3271000 2.66 

P12 3208898 2785448 3.2 

P13 13532718 12766778 0.36 

L13 9329583 8727178 0.82 

P15 3028804 2167390 8.61 

P16 5934255 4547460 0.23 

P18 5308581 4919510 0.53 

P19 3842762 3154056 2.82 

P1 3437375 2958163 2.11 

P5 9444322 8396490 0.69 

P6 8414148 7898433 0.47 

P7 7247326 1686274 0.34 

P8 3174489 2430889 6.98 

P9 2153307 1650316 5.33 

T10 2586027 2179305 7.66 

T11 3901974 3596183 4.27 

T12 8806708 8241602 0.56 

T16 8238101 7681489 0.26 
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T17 3289502 2997059 0.97 

T18 2569239 1952842 11.11 

T19 3360921 2829222 2.02 

T1 729017 597943 9.17 

T20 4350889 3992299 0.38 

T4 6724960 6288722 0.45 

T5 2415240 2131280 3.08 

T6 3455304 2832191 6.94 

T7 4621486 4209880 2.16 

T8 5571318 3689738 5.32 

 

Table S4.2 | Table showing the 16 VLPs which were shared across all samples in 

this study and the characteristics of the hosts they infect.  

   

VLP Name & Viral Genus 

Host 

Characteristics 

VLP005-Prunevirus Plants 

VLP006-Liefievirus Mycobacteria  

VLP011-Deltapapillomavirus Ruminants  

VLP036-Xipapillomavirus Bovines 

VLP048-Circovirus Birds and mammals 

VLP056-Unassigned  N/A 

VLP074-Lederbergvirus Bacteria 

VLP115-Deltapapillomavirus Ruminants 

VLP133-Unassigned N/A 

VLP149-Dyokappapapillomavirus Ruminants 

VLP155-Circovirus Birds and mammals 

VLP161-Rhadinovirus Humans, mammals 

VLP180-Gemycircularvirus 

Humans, mammals, 

birds 

VLP196-Alphabaculovirus Winged insects 

VLP200-Begomovirus Plants 

VLP207-Circovirus Birds and mammals 
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Chapter 5 

5 Isolation, characterisation and efficacy of two novel 

temperate bacteriophages against bovine and human 

pathogenic Staphylococcus aureus isolates 
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5.1 Abstract 

Staphylococcus aureus, known to coexist harmlessly as a commensal bacterium, can 

transform into a formidable pathogen capable of causing severe and life-threatening 

infections. The challenge of treating S. aureus infections has been exacerbated by the 

global antimicrobial resistance (AMR) crisis. Therefore, interest in exploring 

alternative therapeutic approaches has grown significantly. Among these approaches, 

bacteriophage (phage) therapy has emerged as one of the most promising avenues. The 

isolation of phages from bovine colostrum and human breast milk has not been 

explored previously. Therefore, the objective of this study was to isolate and evaluate 

the therapeutic applicability of S. aureus phages from bovine colostrum and human 

breast milk. In this study, vB_SauS_HM1 and vB_SauS_BC1 were isolated. In vitro 

analysis revealed that these phages have a number of favourable therapeutic 

characteristics, including broad host ranges, species specificity and lytic activity in 

milk enabling their potential use for future therapeutic applications against S. aureus 

infections. Furthermore, either individually or applied as a cocktail, they displayed the 

ability to reduce the bacterial growth of S. aureus in pasteurised, raw and mastitic milk 

samples. Bioinformatics analysis showed that these phages belong to subfamily 

Azeredovirinae and genus Phietavirus. As temperate phages are not recommended for 

phage therapy, future studies will explore genetic engineering techniques to make 

these phages applicable for clinical use.  
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5.2 Introduction  

Staphylococcus aureus (S. aureus) is a gram-positive, commensal bacterium 

commonly inhabiting the skin and mucous membranes of animals and humans (Parlet 

et al., 2019). S. aureus can also cause illnesses ranging from minor skin infections to 

life-threatening diseases such as mastitis, sepsis, pneumonia and toxic shock syndrome 

(Cheung et al., 2021). This versatility in virulence is facilitated by the remarkable 

genomic plasticity of S. aureus, which allows for rearrangements driven by mobile 

genetic elements such as plasmids, pathogenicity islands, insertion sequences, 

transposons, and temperate phages (Atshan et al., 2023). The current global 

antimicrobial resistance (AMR) crisis has led to the emergence of multidrug resistant 

(MDR) S. aureus strains, exponentially increasing the difficulty of preventing and 

controlling S. aureus infections (Guo et al., 2020). The public health threat of MDR 

S. aureus strains has been underlined by the World Health Organisation (WHO), 

which placed methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. 

aureus (VRSA) on their global high-priority list of pathogens for which new 

antimicrobial development is urgently needed (Shrivastava et al., 2018). The 

escalating AMR crisis has spurred research into alternative therapeutics, with one of 

the most promising avenues being bacteriophage therapy (Hill et al., 2018, Hitchcock 

et al., 2023). Bacteriophages, or phages, are viruses which exclusively infect and 

replicate within bacterial cells. Phages offer several advantages over antibiotic 

prophylaxis, including lower discovery and production costs, a narrow spectrum of 

activity which preserves the host's normal microbiota and the ability to multiply at the 

site of infection (Ling et al., 2022). Furthermore, combining phages and antibiotics, 

referred to as phage-antibiotic synergy (PAS), has gained significant traction as an 

effective treatment against antibiotic resistant bacterial infections, including MRSA 

(Kebriaei et al., 2023, Simon et al., 2021). 

 

Based on their lifecycle, phages are differentiated into lytic phages and temperate 

phages. Lytic phage reproduction invariably results in host cell death through cell 

lysis, facilitated by their endolysin enzyme. Temperate phage reproduction involves 

integration into the host genome and replication along with the host. This integration 

renders a bacterium and temperate phage as a lysogen and a prophage, respectively. 

Prophages can exit lysogeny, typically when the bacterium is in a condition of stress, 



 

218 

 

to begin their replication, lysis and release similar to lytic phages. Lytic phages were 

previously advised for phage therapy, primarily due to the potential of temperate 

phages to facilitate the horizontal transfer of antibiotic resistance and virulence genes 

(Borodovich et al., 2022, Strathdee et al., 2023). However, recent advancements in 

genetic engineering have rendered temperate phages as viable candidates for 

therapeutic applications (Hussain et al., 2023, Zhou et al., 2023, Oromí-Bosch et al., 

2023). Techniques including CRISPR-Cas genome editing (Balcha and Neja, 2023), 

bacteriophage recombineering of electroporated DNA (BRED) (Payaslian et al., 

2021), yeast-based platforms (Pires et al., 2021) and homologous recombination 

(Kilcher and Loessner, 2019) have been explored. Furthermore, temperate phages can 

be engineered to exhibit obligatorily lytic behaviour. This is especially encouraging 

for infections caused by bacterial species where lytic phages are scarce, such as 

Clostridioides difficile (Raeisi et al., 2023) and Mycobacterium abscessus (Dedrick et 

al., 2023). Utilising the CRISPR-Cas system, temperate phages can be manipulated to 

reduce the potential for horizontal transfer of antibiotic genes and re-sensitize bacteria 

to antibiotics (Khambhati et al., 2023, Gordillo Altamirano et al., 2021). In addition, 

temperate phages can be utilised as carriers for therapeutic RNAs, targeted drug 

delivery, gene therapy, and vaccines (Monteiro et al., 2019). Finally, endolysins 

derived from temperate phages can be produced recombinantly and utilised as 

effective antimicrobial and anti-biofilm agents (Lee et al., 2022).   

 

S. aureus is one of the primary etiological agents of bovine mastitis. Bovine mastitis, 

defined as an infection and inflammation of the udder, represents the dairy production 

disease with the greatest economic impact on farmers worldwide (Hogeveen et al., 

2019). Several potential candidates have been identified for phage therapy against 

mastitis-associated S. aureus (Titze et al., 2020, Iwano et al., 2018, Breyne et al., 2017, 

Li and Zhang, 2014, Kwak et al., 2023). However, the results of field trials to date are 

highly variable (Tomanić et al., 2023, Angelopoulou et al., 2019). To maximise the 

utility of phages against bovine mastitis, several factors affecting phage efficacy must 

be optimised. These include the dose and timing of administration, the presence of 

neutralizing antibodies, and the relative spectrum or specificity of the phage (Venturini 

et al., 2022). Furthermore, the ability of phages to replicate in the complex medium of 

milk, composed of lipids, milk proteins (caseins, whey proteins), enzymes, lactose, 

minerals, trace elements, vitamins and microbes must also be considered (Titze et al., 
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2020). Indeed, the adsorption of Phage K to the cell surface in raw bovine milk, an 

exclusively lytic S. aureus phage belonging to the Myoviridae family, was inhibited 

by immunoglobulin activity and the clumping of S. aureus cells to fat globules and 

whey proteins in field trials (O'Flaherty et al., 2005a). Recent attempts to circumvent 

these issues have been explored with encouraging results. Phage cocktails, which 

combine multiple different phages have been shown to improve the efficacy of phage 

therapy against S. aureus-induced intramammary infection in murine models 

(Brouillette et al., 2023). Furthermore, phage endolysin preparations have shown 

significant efficacy against S. aureus associated with bovine mastitis (Park et al., 

2023).  

 

Numerous successful human clinical trials of phage therapy have been performed in 

recent years in the U.S. and Europe. Encouraging results have primarily been observed 

for the treatment of chronic non-healing wounds (Gupta et al., 2019), chronic 

rhinosinusitis (Ooi et al., 2019) and severe S. aureus infections (Petrovic Fabijan et 

al., 2020). Multiple clinical trials are ongoing for patients with acute diseases, such as 

prosthetic joint infections, bone and joint infections, urinary tract infections, implant 

infections, wound infections, diabetic foot infections, and acute tonsillitis (Hitchcock 

et al., 2023).  However, there are a number of challenges to circumvent before phage 

therapy becomes commonplace in human clinical practice. Regarding safety, phage-

mediated bacterial lysis may result in the release of bacteria-encoded endotoxins 

which can have deleterious effects on eukaryotic cells (Liang et al., 2023). Phages are 

susceptible to heat and chemical denaturation, with numerous phage preparations 

showing poor stability in gastric acid conditions and insufficient retention time in the 

intestine for therapeutic efficiency (Durr and Leipzig, 2023). The frequent and almost 

inevitable emergence of bacteriophage-insensitive mutants (BIMs) is another cause 

for concern (Mangalea and Duerkop, 2020). Despite these issues, a number of 

innovative approaches have been developed to improve the efficacy of phage therapy 

in the clinical setting. Various protocols, such as affinity chromatography have been 

developed to successfully remove endotoxins from phage preparations (Van 

Belleghem et al., 2017). Numerous methods have been explored to enhance the 

stability and delivery of phage products to the site of infection including liposome 

encapsulation, polymer encapsulation, electrospun fibre-encapsulation and 

microneedling (Ling et al., 2022). In addition, the aforementioned phage cocktails 
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have shown promising results in the reduction of BIMs (Abedon et al., 2021, Liu et 

al., 2022).  

 

Regarding isolation sources, S. aureus phages for therapeutic usage in bovines have 

primarily been derived from milk and the farm environment (e.g. wastewater, sewage, 

silage effluent) (Angelopoulou et al., 2019, Tomanić et al., 2023). Bovine colostrum 

is the initial mammary secretion post-parturition, bestowing a complete nutritional 

profile and bioactive compounds vital for optimum nutrition and promoting the 

growth, development, and immunological defence of newborns (Roy et al., 2020). 

Calves are born immunoglobulin deficient at birth, as the syndesmochorial placenta 

of cows prevents passive immunity transfer from the mother to the neonate during 

gestation (Weaver et al., 2000). As a result, bovine colostrum contains high 

concentrations of bioactive compounds, particularly immunoglobulin G (IgG), to 

provide passive immunity (Linehan et al., 2023). In addition, colostrum is rich in 

growth factors, lactoperoxidase, lysozyme, lactoferrin, cytokines, vitamins, peptides, 

leukocytes, hormones, minerals, oligosaccharides, and probiotic bacteria (Linehan et 

al., 2023). However, no studies have been conducted to investigate the presence of 

phages in bovine colostrum. S. aureus phages for therapeutic use in humans have 

typically been isolated from clinical samples (blood, wound swabs), sewage and 

wastewater, faecal samples or induced from pathogenic strains (Atshan et al., 2023). 

Human breast milk is the gold standard feeding regime for newborn infants, contains 

the optimal amount of macro and micronutrients, and provides complete nutrition for 

the infant (Lyons et al., 2020). In addition to these nutrients, breast milk contains an 

array of bioactive and immune factors such as antibodies, lysozyme, growth factors, 

antimicrobial peptides, microRNAs, stem cells, human milk oligosaccharides 

(HMOs), and probiotic bacteria which all most likely influence the developing infant 

immune system and provide defence against pathogens (Yi and Kim, 2021). Recent 

human studies indicate that bacteriophages are transmitted from mother to infant via 

breastfeeding (Dinleyici et al., 2021, Pannaraj et al., 2018). However, we are not aware 

of any studies attempting to isolate phages from human milk samples for therapeutic 

applications. Therefore, in this study we aimed to isolate and characterise S. aureus 

phages from bovine colostrum and human breast milk. We report the isolation, 

characterisation and therapeutic application of two novel S. aureus phages 

vB_SauS_HM1 (phage HM1) and vB_SauS_BC1 (phage BC1). Using in vitro 
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approaches the therapeutic application of these phages was tested against pathogenic 

S. aureus strains of bovine and human origin. The application of these phages to 

mastitic milk was also explored. Finally, bioinformatic analysis was performed to 

describe the nature of the phages.  

 

5.3 Materials and Methods  

5.3.1 Sample collection  

Bovine colostrum samples were collected from Holstein-Friesian dairy cows on a 

commercial dairy farm in north Cork, Ireland, during the spring calving season 

between February and April 2020. The cows included in the study had not received 

antibiotic treatment within 12 weeks prior to sampling. All samples were collected 

from the front right quarter immediately before first milking post-partum. Standard 

recommendations from the National Mastitis Council's Laboratory Handbook on 

bovine mastitis were followed for sample collection (Adkins and Middleton, 2017). 

Briefly, teats were disinfected with iodine tincture, dried and thoroughly disinfected 

with wipes soaked in 70% alcohol. Initial milk streams were discarded and then 25 ml 

of colostrum from the front right quarter of each cow's udder was collected into sterile 

50 ml falcon tubes (Sarstedt). The tubes were labelled with the cow's identification 

number and the collection date, and immediately frozen at -20°C on the farm. 

Subsequently, the samples were transported to Teagasc, Moorepark, Co. Cork, and 

stored at -80°C. Human breast milk samples were collected as part of the INFAMILK 

study, which was approved by the Clinical Research Ethics Committee of the Cork 

Teaching Hospitals. For food application assays, pasteurised whole milk was 

purchased at a local supermarket (Cork, Ireland). Raw milk was obtained from the 

same farm colostrum samples were collected. Mastitic milk samples used in this study 

were collected as part of the study described in Chapter 6 of this thesis, before the 

administration of prophylactic treatments. The absence of S. aureus in pasteurised, 

raw and mastitic milk samples was confirmed by plating samples on Baird Parker agar 

(Oxoid) BPA supplemented with Egg Yolk Tellurite Emulsion (Oxoid) and on Blood 

agar (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) and incubated at 37°C 

for 48 h aerobically. The absence of antibiotic residues in pasteurised, raw and mastitic 

milk samples was confirmed by using the Delvotest® Strarter Kit (DSM; Co-Op 

Superstores).  
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5.3.2 Bacterial Strains and Cultivation Conditions  

Strains with the prefix ‘DPC’ were acquired from the Dairy Products Research Centre 

culture collection (n=12). MRSA strains (n=21) were acquired from the Irish National 

MRSA Reference Laboratory, St. James’ Hospital, Dublin, Ireland (Shore et al., 

2008). All strains were routinely cultured in Brain Heart Infusion broth (BHI; Merck, 

Darmstadt, Germany) or on BHI agar (Merck, Darmstadt, Germany) aerobically at 

37°C. For long-term preservation, strains were stocked in BHI broth containing 40% 

glycerol and stored at −80°C. Table S5.1 and S5.2 provide additional information on 

the strains included in this study. 

5.3.3 Phage Isolation  

Phages were isolated using a standard enrichment method for bovine milk samples 

adapted from Kutter and Sulakvelidze (2004) and Kwiatek et al., (2012b). Briefly, 1 

ml of bovine colostrum or human breast milk samples were suspended in 10 ml Tryptic 

soy broth (TSB; Difco™, Becton-Dickinson, Ltd., Ireland) supplemented with 10mM 

MgS04 and mixed with 1 ml of 18 h bacterial cultures (Table S5.3). The mixture was 

incubated for 24 h at 37°C, followed by shaking with 2 ml chloroform and 

centrifugation at 5,000 x g for 10 mins to pellet bacterial matter. The supernatant was 

then filter sterilised twice using 0.45 µm pore-size filters (Sarstedt, Nümbrecht, 

Germany) to obtain phage sample lysates, which were stored at 4°C prior to spot 

assays. Spot and plaque assays were conducted using the overlay method. Tryptic soy 

agar (TSA; Difco™, Becton-Dickinson, Ltd., Ireland) containing 1.5% (w/v) agar was 

used as the base agar in a 100 mm × 15 mm petri dish. For spot assays, 100 μl of 18 h 

bacterial cultures and 40 μl of 1M MgSO4 (final concentration 10 mM) were added to 

4 ml of soft TSA (0.75% agar w/v) kept at 55°C. This mixture was poured on top of 

the TSA base agar and allowed to solidify. Next, 10 μl of phage sample lysates were 

pipetted onto the agar and allowed to dry. Plates were then incubated for 24 h at 37°C. 

Cleared zones on the bacterial lawn indicated the presence of lytic phages. For plaque 

assays, 40 μl of 1 M CaCl2 (final concentration 10 mM), 100 μl of phage lysate and 

100 μl of 18 h bacterial cultures were added to 4 ml of soft TSA agar kept at 55°C. 

The mixture was poured on top of the TSA base agar and allowed to solidify. Plates 

were incubated for 24 h at 37°C.  Isolated single plaques were picked into SM buffer 

(50 mM Tris.HCl pH 7.5, 100 mM NaCl, 8 mM MgSO4). Isolated plaques from human 

breast milk and bovine colostrum were designated “HM” and “BC”, respectively. 
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Single plaque purification was performed by propagating a single plaque and 

conducting a plaque assay three times. 

5.3.4 Phage Characteristic Testing 

5.3.4.1 Host range and Efficiency of Plaquing (EOP) 

The host range of phages was determined by spotting a 1 μl volume of a serially diluted 

phage suspension (10−1 to 10−10) onto TSA overlays seeded with the bacterial strain of 

interest. Bacterial sensitivity to the phage was determined by observing bacterial lysis 

at the spot where the phage was deposited. According to the degrees of clarity, the 

spots were differentiated into two categories: clear (+) and no reaction (-) (Jensen et 

al., 2015). This assay was performed in triplicate for three independent experiments. 

The Efficiency of Plaquing (EOP) was determined by dividing the ratio of the phage 

titre on each test strain by the phage titre of the reference host strain (S. 

aureus DPC5245). The experiment was performed in triplicate. Based on the mean ± 

SD score of EOP, each phage/bacterial strain combination was classified into one of 

four production levels, high (EOP ≥ 0.5), medium (0.1 ≤ EOP < 0.5), low (0.001 ≤ 

EOP < 0.1), or no production (EOP ≤ 0.001) (Shahin et al., 2019). 

5.3.4.2 Optimal Multiplicity of Infection (MOI)  

To determine the optimal Multiplicity of Infection (MOI), S. aureus DPC5245 

cultures were grown to early logarithmic phase, corresponding to an OD600 of 0.18–

0.2 (~ 1 x 108 colony forming unit (CFU)/ ml). Bacterial cultures (1 ml) were then 

inoculated with 108, 107, 106 and 105 plaque forming units (PFU)/ml at the MOIs 1, 

0.1, 0.01 and 0.001 respectively. Bacterial growth was monitored at 37°C by 

measuring the OD600 at 30 min intervals up to 240 min. The mixture was centrifuged 

at 5,000 × g for 20 min at 4°C to pellet solid matter. The supernatant was then passed 

through 0.45 μm filters, diluted in SM buffer and the phage titre was immediately 

determined using plaque assays. This assay was performed in triplicate for three 

independent experiments.  

5.3.4.3 One Step Growth Curve 

To determine the latent period and phage burst size, one‐step growth curve analysis 

was performed as described previously for S. aureus phages with some modifications 

(Chang et al., 2015, Kwiatek et al., 2012a, Wang et al., 2016). S. aureus DPC5245 

was grown to early logarithmic phase, followed by centrifugation at 10,000 × g for 1 
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min to pellet bacteria. The pellet was re-suspended in 1 ml of TSB phage suspension 

to yield an approximate MOI of 0.001, and incubated at 37°C for 10 min with shaking 

(100 rpm). Subsequently, the mixture was centrifuged at 10,000 × g   for 1 min, to 

pellet bacteria and the supernatant was removed to separate bound from unbound 

phages. The bacterial pellet containing bound phages was re-suspended in 10 ml of 

pre-warmed TSB 37°C and incubated in a water bath at 37°C with gentle shaking (100 

rpm). At 5 min intervals, aliquots were taken, filtered through 0.45 µm filters, diluted 

and the phage titre was immediately determined using plaque assays. The latent-

period, representing the interval between phage adsorption by the host and the 

beginning of lysis, was estimated from the one-step growth curve. The burst size, 

defined as the ratio of the final average number of phage particles liberated, was 

calculated by dividing number of phages present at the end of lysis by the initial 

number of bacterial cells at the time of infection (Xu et al., 2021).  

5.3.4.4 Adsorption assay 

An adsorption assay was performed as described previously for S. aureus phages with 

some modifications (Ajuebor et al., 2018, Zhang et al., 2015). 100 µL of early 

logarithmic phase cultures of host strains were mixed with 100 µl of phage, titered at 

approximately 1 x 105 PFU/ml, to achieve a MOI of 0.001. The mixtures were then 

incubated at 37°C with gentle shaking (100 rpm). At 5, 10, 15, 20, 30, and 40 min, 

100 µL aliquots were collected. To separate bound phages from free phages, the 

samples were centrifuged at 10,000 × g for 5 min. The adsorption of phages to each 

strain was determined by calculating the difference between the total input PFU/ml 

and the number of unbound phages (per ml). The adsorption efficiency was expressed 

as a percentage relative to the propagating strain, S. aureus DPC5245. 

5.3.4.5 Biophysical stability 

Biophysical stability refers to the ability of phages, used in therapeutic studies, to 

maintain their physical integrity and functionality under various conditions, such as 

temperature, pH, and exposure to environmental stresses. To assess phage biophysical 

stability, the following tests were conducted. Phage thermostability was evaluated by 

incubating a phage suspension (1010 PFU/ml) in SM buffer at 24°C 37°C, 50°C, 60°C 

and 70 °C. Aliquots were taken at 5-minute intervals for up to 60 min. Phage pH 

stability was tested by incubating the phage suspension in pH buffers ranging from 3 

to 12 (adjusted with NaOH or HCl) at 37°C for 1 h. Phage chloroform stability was 
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examined by mixing phage suspensions with different concentrations of chloroform 

(5%, 25%, 50%, and 75%), shaking vigorously, and incubating at 37°C for 30 min 

(Guo et al., 2021). After centrifugation at 1,000 × g for 15 min, the hydrophilic layer 

was collected and titered by plaque assay. Phage UV stability was assessed by 

exposing sterile Petri dishes containing phage suspensions to UV light (20W) at a 

distance of 40cm, with a dose of 50 J/m2. Aliquots were taken at 5-min intervals for 

up to 60 mins (Rodriguez et al., 2014). All assays were performed in triplicate for three 

independent experiments.  

5.3.5 Therapeutic Suitability Assays 

5.3.5.1 Bacteriophage-Insensitive Mutants (BIMs) Induction and 

Complementary Tests 

BIMs were isolated as described previously (O'Flynn et al., 2004, Liu et al., 2022). 

Briefly, early logarithmic phase cultures of host strains were mixed with 100 µL of 

phage, tittered at approximately 1 x 105 PFU/ml, to achieve a MOI of 0.001. After 

incubation at 37 °C for 10 min, 4mlof 0.4% TSA was added. This mixture was poured 

on top of 1.5% TSA and incubated at 37 °C for 24 h up to 48 h until BIMs appeared. 

Single bacteriophage-insensitive mutant colonies were picked and the procedure was 

repeated at least 5 times. Spot assays were used to test phage sensitivity to BIM. 

Confluent lysis zones observed on plates were defined as phage-sensitive (S), semi-

confluent lysis zones were defined as phage-intermediate-resistant (I), and no plaques 

were defined as phage-resistant (R). 

5.3.5.2 Determining the Frequency and Emergence of BIMs  

The frequency of BIMs was determined as previously described (O'Flynn et al., 2004, 

Liu et al., 2022). Briefly, early logarithmic phase cultures of host strains were mixed 

with 100 µL of individual phages, or in a cocktail (ratio 1:1), tittered at approximately 

1 x 105 PFU/ml, to achieve a MOI of 0.001. After incubation at 37 °C for 10 min, 

mixtures were serially diluted and plated on a TSA-containing agar plate. Following 

overnight incubation at 37 °C, the number of remaining cells were counted, and the 

BIMs frequency was determined by dividing the number of remaining cells by the 

initial viable cell number. All assays were performed in triplicate for three independent 

experiments. 
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5.3.5.3 Bacterial challenge assay 

The bacterial challenge assay was performed using 96-well plates as previously 

described, with slight modifications (Chang et al., 2019, Dalmasso et al., 2016). S. 

aureus DPC5245 (1%) was sub-inoculated into 50 ml of fresh TSB and the culture 

was aerobically incubated with shaking at 220 rpm at 37 °C until it reached the early 

exponential growth phase (OD600 = 0.18–0.2, ~108 CFU/ml). 100 μl of bacterial 

culture was mixed with 100 μl of diluted phage lysate to give an MOI of 0.001. This 

mixture was incubated at 37 °C for up to 32 h, with OD600 readings taken every 1 h 

using a plate reader (Synergy HT, BioTek). All assays were performed in triplicate for 

three independent experiments. 

5.3.5.4 Potential Lysogens Test 

The potential lysogen of isolated phages was tested as previously described with some 

modifications (Chang et al., 2019). Briefly, S. aureus DPC5245 was infected with 

phage suspensions (MOI of 0.001). Following 32 h of incubation, the surviving 

colonies were isolated, and induced with mitomycin C (0.5 μg/ml, final concentration) 

at 37 °C for 2 h. The culture was centrifuged at 10,000 × g for 5 min and filtered by a 

0.22 µm syringe filter. Spot assays were performed with the filtered supernatant. The 

number of resistant colonies that were able to reproduce plaques by mitomycin C 

induction were regarded as lysogenised colonies and counted (Goffart-Roskam, 1965). 

The rate of lysogen formation was calculated by dividing the number of lysogenised 

colonies with the initial number of randomly selected colonies (fifty colonies) (Chang 

et al., 2019). These experiments were performed in triplicate, and the rate of lysogen 

formation is indicated as a % value with standard deviations. 

5.3.5.5 Phage Bactericidal Activity in Pasteurised, Raw and Mastitic Milk  

Food application assays were performed as described previously (Titze et al., 2020, 

Chang et al., 2019), with some modifications. Pasteurised, raw and mastitic bovine 

milk samples were inoculated with S. aureus DPC5245 at a concentration of ~ 1 × 

105 CFU/ml. 1 ml of phage mixture was added to 5 ml inoculated milk, to give a final 

phage concentration of ~ 1× 109 PFU/ml. Samples were mixed by vortexing before 

incubating at 37 °C aerobically without shaking. Samples were taken at two-hour 

intervals up to eight hours. Bacterial counts were determined by spread plating on 

BPA. In parallel, control experiments were performed, which C included cultures 
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without phages (S. aureus inoculated milk) and negative control (non-inoculated 

milk). All assays were performed in triplicate for three independent experiments. 

5.3.6 Assessment of Phage Morphological Characteristics  

5.3.6.1 Caesium Chloride Gradient Purification   

Isopycnic centrifugation through caesium chloride (CsCl) gradients was performed, as 

previously described (Sambrook and Russell, 2006), with some modifications. A high-

titre phage lysate (>1 x 109 PFU/ml) was concentrated by centrifugation at 50,000 x g 

using the Sorvall wx ultra series with a FS5L-6 rotor for 2 hours at 5°C. The 180 ml 

phage lysate was concentrated to 6 ml. Where necessary, a chloroform phase 

separation step (1:1) was conducted to remove debris. The resulting phage preparation 

was placed on to a CsCl step gradient consisting of layers with densities of 1.3, 1.5, 

and 1.7 g/ml. Ultracentrifugation was carried out at 50,000 x g for 2 h at 5°C. The 

phage bands obtained were collected and subjected to dialysis for 18 h with two 

changes of SM buffer at 4°C. 

5.3.6.2 Transmission Electron Microscopy (TEM) 

CsCl purified phages were adsorbed onto freshly prepared ultra-thin carbon films. 

Phages were negatively stained with 1% (w/v) uranyl acetate for 20 min. A Tecnai 10 

transmission electron microscope (FEI Thermo Fisher, Eindhoven, The Netherlands) 

at an acceleration voltage of 80 kV was used for analysis. Digital micrographs were 

acquired with a MegaView G2 CCD camera (EMSIS, Muenster, Germany) and 

examined at the Max Rubner-Institut, Department of Microbiology and 

Biotechnology, Hermann-Weigmann-Straße 1, 24103 Kiel, Germany. 

5.3.7 Viral DNA Extraction, Amplification, Library Preparation, and 

Sequencing   

Viral DNA Extraction was performed as described previously (Lewis et al., 2020), 

with some modifications. To 1 ml of high titre phage lysate (>1 x 109 PFU/ml), 100 

µL of 10 × Nuclease Buffer (50 mM CaCl2; 10 mM MgCl2), was added. The mixture 

was treated with 20 U of DNase I and 10 U of RNase I (final concentrations; Ambion) 

for 1 h at 37°C. Nucleases were then inactivated at 70°C for 10 min. Phage capsids 

were degraded for 20 min at 56°C using 2 μl of freshly prepared Proteinase K (20 

mg/μl). Phage DNA extractions were performed using Norgen BioTek Corp Phage 

DNA Isolation Kit, starting from the addition of Lysis Buffer B. DNA was eluted in 
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50 μl of Elution Buffer B. DNA quantification was conducted using the Invitrogen 

Qubit 4 fluorometer (Thermo Fisher Scientific, Renfrew, UK) following the 

manufacturer's protocol. The resulting DNA samples were sent to MicrobesNG 

(Birmingham, UK) for whole genome sequencing (WGS). Genomic DNA libraries 

were prepared using a Nextera XT Library Prep Kit (Illumina, San Diego, USA) and 

sequenced on an Illumina HiSeq, generating paired-end reads of 2 x 250 base pair (bp) 

reads.   

5.3.8 Bioinformatic Analysis 

5.3.8.1 Genome Overview 

Raw Illumina paired-end reads were first quality-checked using FastQC v0.11.8 

(Bioinformatics, 2019). The reads were then filtered and trimmed using trimgalore 

v0.6.1 (Krueger, 2015). Subsampling of reads was performed using Seqtk v1.4 (Shen 

et al., 2016). Genome assembly was conducted using metaSPAdes (Nurk et al., 2017) 

with standard parameters. The assembled contigs were visually inspected using 

Bandage v0.8.1  (Wick et al., 2015). Circularised contigs with the highest coverage 

and a length of >10,000 bp were selected as the phage genome. Assembly validation, 

coverage per contig extraction and error detection and correction were carried out 

using BBMap v38.22 (Bushnell, 2014), Pilon v1.24 (Walker et al., 2014) and 

SAMtools (Li et al., 2009). PHASTER (Arndt et al., 2016), PhageClouds (Rangel-

Pineros et al., 2021) and BLAST were utilised to identify the closest phage sequences. 

Genome termini were identified using PhageTerm v1.0.12 (Garneau et al., 2017).  To 

assess synteny and genome conservation, all complete sequences of the Phietavirus 

genus were downloaded from Genbank and aligned with the novel phage genomes. 

Multiple sequence alignment was performed using Clinker (Gilchrist and Chooi, 

2021). The start and end positions of the new phage genomes were determined based 

on the most closely related species, Staphylococcus phage DW2, using manual 

genome reordering perl scripts provided by Shen and Millard (2021). Phage genomes 

were initially annotated with RASTtk (Aziz et al., 2008). Open reading frames (ORFs) 

were further investigated with BLASTp using the nr database, PFAM (HMMSCAN) 

(Finn et al., 2010) and HHpred (Söding et al., 2005). ARAGORN (Laslett and 

Canback, 2004) and tRNAscan-SE v. 2.0 (Chan et al., 2021) were employed for tRNA 

gene identification. The molecular weights of the predicted ORFs were estimated 

using the batch protein molecular weight determination of the sequence manipulation 
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suite (Stothard, 2000). Antibiotic resistance analysis of phage genomes was performed 

using RGI (Resistance Gene Identifier) main v6.0.0 and the Comprehensive Antibiotic 

Resistance Database (CARD) v3.2.5 (McArthur et al., 2013). Phage lifestyle 

prediction was carried out with PhageLeads (Yukgehnaish et al., 2022), PHACTS 

(McNair et al., 2012) and PhageAI (Tynecki et al., 2020). Potential Rho-independent 

terminators were identified using ARNold (Naville et al., 2011) with Mfold QuikFold 

(Zuker, 2003) using RNA energy rules 3.0 to verify predictions, with putative single-

stranded hairpin promoters identification being assisted with Mfold QuikFold using 

DNA energy rules. Putative promotors of phages were determined by submitting 

100bp of DNA sequence upstream of each gene to MEME (Multiple Em for Motif 

Elicitation) (Bailey et al., 2009). Circular genome maps of phages were drawn using 

ProkSee (Grant et al., 2023).  

5.3.8.2 Comparative genomics  

A total proteome comparison between phages was conducted using CoreGenes5 

(Davis et al., 2022) with the BLASTP threshold set at 75% (Davis et al., 2022). Linear 

genomic comparison maps were generated using TBLASTX and visualised with 

Easyfig (Sullivan et al., 2011). Genome-based taxonomy was conducted according to 

the guidelines by Turner et al., (2021). For family-level classification, a proteome-

based clustering strategy was applied using the ViPTree server (Nishimura et al., 

2017), considering closely related phages and other dsDNA prokaryotic viruses. 

Phages with highest VipTree tBLASTx scores (SG) were selected to construct a more 

detailed rectangular proteomic tree. To classify the phage at taxonomic levels below 

the family level (genus and species), a phylogenetic analysis of genome-genome 

distance was performed. This analysis involved comparing the isolated phage with 

BLASTn top hits, phages of highest (SG) on ViPTree and an outgroup consisting of 

other morphotypes and families. The genome-genome distance was computed by 

Virus Classification and Tree Building Online Resource (VICTOR) (Meier-Kolthoff 

and Göker, 2017). Pairwise comparisons of amino acid sequences were conducted 

using the Genome-BLAST Distance Phylogeny (GBDP) method (Meier-Kolthoff et 

al., 2013) with recommended settings for prokaryotic viruses (Meier-Kolthoff and 

Göker, 2017). The resulting intergenomic distances were used to infer a balanced 

minimum evolution tree with branch support via FASTME including SPR post-

processing (Lefort et al., 2015) for each of the formulas D0, D4 and D6, respectively. 
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Branch support was inferred from 100 pseudo-bootstrap replicates each. Trees were 

rooted at the midpoint (Farris, 1972) and visualised with ggtree (Yu, 2020). Taxon 

boundaries at the species, genus and family level were estimated with the OPTSIL 

program (Göker et al., 2009), the recommended clustering thresholds (Meier-Kolthoff 

and Göker, 2017) and an F value (fraction of links required for cluster fusion) of 0.5 

(Meier-Kolthoff et al., 2014). In addition, VIRIDIC (Virus Intergenomic Distance 

Calculator) (Moraru et al., 2020) was used to identify intergenomic similarities of the 

isolated phage genomes to the closest phage homologs in BLASTn and other closely 

related phages from the genus Phietavirus. Phages from the NCBI database were 

selected according to the following criteria, they belonged to the Caudoviricetes order, 

possessed a complete RefSeq genome and had a genome length ranging from 40Kb - 

60Kb and were associated with Gammaproteobacteria hosts. The FASTA sequence 

of the filtered phages were downloaded and used for VIRIDIC analysis. VIRIDIC 

utilizes the traditional algorithm recommended by the ICTV to calculate pairwise 

intergenomic distances/similarities. Additionally, the genomic relationships between 

the phage and reference phage sequences from NCBI-GenBank were analysed using 

PhageClouds (Rangel-Pineros et al., 2021), an alignment-free method which 

calculates intergenomic distances, with the threshold set to 0.1. To identify shared 

signature genes among the phage and its close relatives, pan-genomic analysis was 

conducted using CoreGenes5 (Davis et al., 2022). The amino acid sequence 

alignments of the highly conserved signature genes, encoding the terminase large 

subunit, the major capsid protein, and the portal protein, were used for further 

confirmation of genus- and family-level phylogeny using the phylogeny.fr web-based 

tool (Dereeper et al., 2008). The amino acid sequences of the selected conserved genes 

of the selected phages were aligned by MUSCLE and the evolutionary history was 

inferred by the maximum likelihood method with Le_Gascuel model (Le and Gascuel, 

2008). The robustness of the trees was assessed with 1000 bootstrap replicates. The 

evolutionary rate differences among sites were modelled by a discrete gamma 

distribution. Tree branch lengths were measured in number of substitutions per site, 

while all gaps and missing data were entirely removed. The trees of the phylogenetic 

analyses were constructed in MEGA (v11) (Tamura et al., 2021).  
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5.4 Results  

The standard enrichment method for phage isolation was used to isolate phages from 

bovine colostrum and breast milk. This resulted in the isolation of phage HM1 and 

phage BC1, which were both isolated with S. aureus DPC5245. 

5.4.1 Characteristic Testing  

5.4.1.1 Host range  

Phage HM1 and phage BC1 demonstrated a broad host range, capable of lysing the 

majority of S. aureus strains included in this study (Table S5.2 and Table S5.3). Phage 

HM1 exhibited lytic activity against 25 out of 33 strains (75.8%), while phage BC1 

showed lytic activity against 17 out of 33 strains (51.5%) (Table 5.1). The host range 

was extended to 25 out of 33 strains (75.8%) when phages were combined as a cocktail 

(Supplementary TableTable 5.1). The susceptible strains identified through spot 

testing were subjected to EOP analysis. A wide range of EOP values were obtained, 

with phage HM1 ranging from 0.05 ± 0.07 to 0.85 ± 0.06 and phage BC1 ranging from 

0.04 ± 0.01 to 0.88 ± 0.11. For phage HM1, 20% of the tested strains exhibited high 

EOP (EOP ≥ 0.05), another 20% showed medium EOP (0.1 ≤ EOP < 0.5) and 20% 

displayed low EOP (0.001 ≤ EOP < 0.1). Similarly, for phage BC1, 18% of the tested 

strains exhibited high EOP, 18% showed medium EOP, and 20% displayed low EOP. 

Both phages were found to be specific to S. aureus strains, as no plaque formation or 

inhibition was observed for any other bacterial species tested (Tables S5.2 and S5.3). 

 

Table 5.1 | Host ranges of phage HM1 and phage BC1 on S. aureus strains (n=33) 

determined by spot testing with serial dilutions of phage suspensions. 

      

Spot 

Test 

Efficacy of Plaquing 

(EOP) (mean ± SD) 

No

.  Strain Sourcea HM1 BC1 HM1 BC1 

1 0.0066(IIv)ST239 I + - 0.5 ± 0.1 no plaques 

2 0.1206(IV)ST250 I + + 0.34 ± 0.12 0.44 ± 0.11 

3 0.1239(III)ST239 I - - no plaques no plaques 

4 0.1345(II)ST5 I - - no plaques no plaques 

5 0073(III)ST239 I + - 0.55 ± 0.32 no plaques 
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6 0104(III)ST239 I + - 0.37 ± 0.04 no plaques 

7 0220(II)ST5 I + - 0.46 ± 0.02 no plaques 

8 0242(IV)ST30 I + + 0.16 ± 0.06 0.24 ± 0.01 

9 0308(IA)ST247 I + + 0.05 ± 0.07 0.11 ± 0.04 

10 3045(IIv)ST8 I + + 0.25 ± 0.01 0.31 ± 0.02 

11 3144(IIv)ST8 I + - 0.12 ± 0.1 0.12 ± 0.04 

12 3488(vv)ST8 I - - no plaques no plaques 

13 3581(IA)ST247 I - - no plaques no plaques 

14 3594(II)ST36 I + - 0.62 ± 0.1 no plaques 

15 3596(IIv)ST8 I + - 0.36 ± 0.09 no plaques 

16 E1038(IIv)ST8 I + + 0.06 ± 0.03 0.04 ± 0.01 

17 E1139(IV)ST45 I - - no plaques no plaques 

18 E1174(IV)ST22 I + + 0.54 ± 0.01 0.46 ± 0.03 

19 E1185(IV)ST12 I + + 0.14 ± 0.02 0.11 ± 0.04 

20 E1202(II)ST496 I + + 0.44 ± 0.07 0.51 ± 0.02 

21 

M03/0073(III)ST23

9 I + - 0.38 ± 0.12 no plaques 

22 DPC5646 II + + 0.76 ± 0.04 0.74 ± 0.14 

23 DPC5645 II + + 0.85 ± 0.06 0.88 ± 0.12 

24 DPC5647 II - - no plaques no plaques 

25 DPC5245* II + + 1.0 ± 0 1.0 ± 0 

26 DPC5246 II - - no plaques no plaques 

27 DPC5247  II + + 0.56 ± 0.02 0.49 ± 0.03 

28 DPC5644 II - - no plaques no plaques 

29 DPC5970 II + + 0.23 ± 0.05 0.26 ± 0.01 

30 DPC5971 II + + 0.55 ± 0.1 0.61 ± 0.07 

31 DPC6868 II + + 0.58 ± 0.02 0.67 ± 0.06 

32 DPC6869 II + + 0.51 ± 0.04 0.56 ± 0.03 

33 DPC7016 II + + 0.13 ± 0.01 0.09 ± 0.06 

 

The efficiency of plaquing (EOP) values were determined for sensitive strains. Results 

recorded as +, sensitive; −, no infection; * host strain of phages. aI, 21 MRSAs of 
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differing sequence types obtained from the Irish National MRSA collection. aII, 12 S. 

aureus strains obtained from the DPC culture collection.  

 

5.1.1.1 Growth Characteristics  

The growth characteristics of the phages were examined in order to understand their 

behaviour and stability. All following tests were performed using S. aureus DPC5245. 

The optimal MOI was determined to be 0.001, resulting in titres of 6.7 × 1010 PFU/ml 

for phage HM1 and 8.9 × 1010 PFU/ml 23for phage BC1 (Figure 5.1A). The adsorption 

rate of the phages was evaluated, showing that approximately 98.1% of phage HM1 

and 73% of phage BC1 were adsorbed to host cells at 5 min post-infection, which 

increased to 99% and 98.1%, respectively, after 40 minutes (Figure 5.1B). Phage 

stability under different environmental conditions was also investigated. Chloroform 

stability tests indicated that phage activity remained stable at chloroform 

concentrations up to 75% (v/v), with a 61% and 64% loss of activity for phage HM1 

and phage BC1, respectively, when the concentration reached 100% (Figure 5.1C). 

Thermal stability experiments demonstrated that both phages were stable at 

temperatures up to 50°C, but became completely inactivated at 70°C (Figure 5.1D). 

pH sensitivity tests revealed that the phages survived within a pH range of 5 to 9, with 

optimal growth conditions observed at pH 6 to 8. However, they became inactivated 

below pH 5 or above pH 9, indicating sensitivity to strong acid or alkali conditions 

(Figure 5.1E). Additionally, under 20W ultraviolet light, both phages remained 

relatively stable for the first 35 min, but their titres decreased sharply after this 

timepoint, with complete loss of activity occurring after 50 minutes (Figure 5.1F). 

Finally, one-step growth curves were determined for both phages based on the optimal 

MOI of 0.001. Phage HM1 showed a latent period of 20 min with an approximate 

burst size of 93 ± 8 PFU/ml (Figure 5.2B). Phage BC1 exhibited a latent period of 20 

min and an approximate burst size of 58 ± 3 PFU/ml (Figure 5.2A).  
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Figure 5.1 | Stability of phage HM1 and phage BC1 under various conditions 

performed with S. aureus DPC5245 (A) MOI, (B) Adsorption, (C) Chloroform, 

(D) Temperature, (E) pH, (F) UV. Error bars represent the standard deviation of 

biological repeats (n=3). 
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Figure 5.2 | One-step growth curve analysis of phage HM1 and phage BC1. (A) Phage HM1 infection of S. aureus strain DPC5245. (B) 

Phage BC1 infection of S. aureus strain DPC5245. The phage growth parameters, latent period (L) and burst size (B) are indicated. Data 

points represent the mean of three independent experiments while the error bars represent the standard deviation of biological repeats 

(n=3). 
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5.4.2 Therapeutic Suitability Assays 

To determine the therapeutic suitability of phage HM1 and phage BC1, a number of 

assays were performed. Firstly, BIMs were generated with S. aureus DPC5245 and 

the activity of phages against them was determined. Table 5.2A shows that BIMs 

resistant to one phage demonstrated either sensitivity or intermediate sensitivity to the 

other phage. Furthermore, the frequency of BIM generation of the individual phages 

and of the phage cocktail formulation was determined. Phages showed good 

complementarity as a cocktail, with a reduced frequency of BIM generation compared 

to any of the single phages from the cocktail (Table 5.2B). The rate of lysogeny 

formation for phage HM1 and phage BC1 was 65.02 ± 4.23% and 69.45 ± 3.13%, 

respectively. To investigate growth inhibition patterns, a challenge assay of phage 

HM1, phage BC1 and the cocktail formulation against S. aureus DPC5245 was 

conducted (Figure 5.3). Following infection with phage HM1 and phage BC1, S. 

aureus DPC5245 initially exhibited growth similar to the non-phage treated control 

for 5 h.  Subsequently, host cell lysis was initiated and the inhibition of host growth 

persisted for 28 h until BIMs emerged. Following infection with the cocktail 

formulation, S. aureus DPC5245 exhibited growth similar to the non-phage treated 

control for 3 h. Subsequently, host cell lysis was initiated, leading to inhibition of host 

growth, which was sustained for 32 h. Investigation of phage bactericidal activity 

against S. aureus DPC5245 in pasteurised milk revealed that phage HM1, phage BC1 

and the cocktail formulation reduced bacterial titres by 1.67, 1.4 and 2.46 log, 

respectively, 8 h after treatment (Figure 5.4A). The non-phage treated control grew by 

1.94 log (Figure 5.4A). In raw milk, phage HM1, phage BC1 and the cocktail 

formulation reduced DPC5245 bacterial titres by 0.88, 0.7 and 1.55 log, respectively, 

8 h after treatment (Figure 5.4B). The non-phage treated control grew by 2.78 log 

(Figure 5.4B). Finally, in bovine mastitic milk, phage HM1, phage BC1 and the 

cocktail formulation reduced S. aureus DPC5245 bacterial titres by 0.32, 0.32 and 0.9 

log, respectively, 8 h after treatment (Figure 5.4C). The non-phage treated control 

grew by 3.12 log (Figure 5.4C). The negative controls (non-inoculated milk) showed 

no S. aureus growth as revealed by agar plating. 
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Table 5.2 | Sensitivity/Resistance of Bacteriophage-Insensitive Mutants (BIMs) to 

Phage HM1 and Phage BC1, and Frequency of BIM Emergence.  

(A) 

Strain Name HM1 BC1 

DPC5245 Original S S 

DPC5245/HM1 R1 R I 

DPC5245/HM1 R2 R S 

DPC5245/HM1 R3 I S 

DPC5245/HM1 R4 I S 

DPC5245/HM1 R5 R S 

DPC5245/BC1 R6 I I 

DPC5245/BC1 R7 S R 

DPC5245/BC1 R8 S R 

DPC5245/BC1 R9 S I 

DPC5245/BC1 R10 S R 

(B) 

Phage 

Bacteriophage-insensitive 

mutants Frequency ± 

(Mean SD) 

HM1 0.45 × 10−6 

BC1 0.19 × 10−6 

Cocktail 0.21 × 10−7 

 

(A) Sensitivity/resistance of bacteriophage-insensitive mutants (BIMs) to phage HM1 

and phage BC1. (B) The frequency of the emergence of BIMs. DPC5245: Parent 

strain; R1–10: DPC5245 BIMs for phage HM1 and BC1. S: susceptible to the phage 

(clear plaque), I: intermediate sensitivity to the phage (turbid plaque), R: Resistant to 

the phage. The average of three independent experiments is shown. 
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Figure 5.3 | Bacterial challenge test of Staphylococcus phages HM1, BC1 and cocktail 

formulation (108 PFU/ml each) with S. aureus DPC5245 (MOI of 0.001, 105 CFU/ml). 

Purple line depicts control containing non-phage treated S. aureus DPC5245. Blue line 

depicts phage HM1 treated S. aureus DPC5245. Green line depicts phage BC1 

treated S. aureus DPC5245. Orange line depicts Cocktail treated S. aureus DPC5245. 

Error bars represent the standard deviation of biological repeats (n=3). 
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Figure 5.4 | Bactericidal activity test of Staphylococcus phages HM1 and BC1 and 

cocktail formulation (~109 PFU/ml each) against S. aureus DPC5245 (~ 1 × 

105 CFU/ml) in (A) pasteurised, (B) raw and (C) mastitic milk. Purple line depicts 

control containing non-phage treated S. aureus DPC5245.  Blue line depicts phage 

HM1 treated S. aureus DPC5245.  Green line depicts phage BC1 treated S. 

aureus DPC5245. Orange line depicts cocktail treated S. aureus DPC5245.  Error bars 

represent the standard deviation of biological repeats (n=3). 
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5.4.3 Morphological Characteristics  

Morphological examination by TEM revealed that phage HM1 possesses an 

icosahedral head with a diameter of approximately 50nm and a non-contractile tail, 

which is around 165nm in length and 5nm in diameter (Figure 5.5A). Similarly, phage 

BC1 exhibits an icosahedral head with a diameter of approximately 50nm, along with 

a non-contractile tail measuring approximately 140nm in length and 5nm in diameter 

(Figure 5.5B). These morphological features align with the siphoviral morphotype, 

specifically the legacy family Siphoviridae of the order Caudovirales, as defined by 

the ninth report of the International Committee on Taxonomy of Viruses (ICTV) (King 

et al., 2011). Moreover, both phages possess a B1 morphotype (Ackermann, 2001). 

The phages were named in accordance with the bacterial virus nomenclature set out 

by Kropinski et al., (2009).  

 

 

 

 

 

 

 

Figure 5.5 | Transmission electron micrographs of negatively stained Staphylococcus 

phages (A) HM1 and (B) BC1 using 2% (w/v) uranyl acetate. Scale bar represents 100 

nm.  

5.4.4 Bioinformatic Analysis  

5.4.4.1 Genome Overview 

Both phages were found to possess linear, double-stranded DNA (dsDNA) genomes. 

Phage HM1 had a genome size of 40,674 bp, with a coverage of 85.9, an average G+C 

content of 35.88% and 65 ORFs. Phage BC1 exhibited a genome size of 42,161 bp, 

with a coverage of 56.1, an average G+C content of 36% and 66 ORFs. Based on the 

classification scheme (Kwan et al., 2005), the genome sizes of both phages designate 

(A) (B) 
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them as class II staphylococcal phages (~40 kb). Of the total ORFs identified, 29 ORFs 

(44.62%) in phage HM1 and 33 ORFs (50%) in phage BC1 could be assigned a 

specific function, while the remaining ORFs were designated as hypothetical proteins. 

The first five ORFs and the final ORF of both phages were found to be in the reverse 

orientation, while all other ORFs were in the forward orientation. The average gene 

product sizes for phage HM1 and phage BC1 were 238 and 251 amino acids, 

respectively. Both phage genomes were found to exhibit a modular structure typical 

of temperate staphylococcal Siphoviridae phages. These modules consist of gene 

clusters representing each of the following functions: lysogeny, DNA replication, gene 

expression, DNA packaging, head morphogenesis, tail morphogenesis, and lysis 

(Ingmer et al., 2019). The presence of ORF1, encoding DNA integrase, confirmed the 

lysogenic nature of both phages. Additional typical lysogen-related proteins, such as 

repressor (ORF05), HTH cro/C1 type (ORF06) and antirepressor (ORF07), were also 

identified. The classification of both phages as temperate was further supported by 

lifestyle prediction software (PhageLeads, PHACTS, and PhageAI). Both genomes 

exhibited several annotated ORFs related to DNA replication and gene expression, 

including host-nuclease inhibitor protein Gam, essential recombination function 

protein, single-stranded DNA-binding protein, putative HNHc nuclease, replication 

initiation protein, putative acetyltransferase, dUTPase, transcriptional activators RinB 

and RinA, terminase small and large subunits, and portal protein. The head and tail 

morphogenesis modules in phage HM1 and phage BC1 start at ORF 39 and ORF 40, 

respectively, which encode the prohead protein. Other identified ORFs related to 

phage morphology include scaffold protein, major capsid protein, head-tail adapter, 

putative tail-component, major tail protein, tail assembly chaperone protein, tape 

measure protein, distal tail protein, tail protein, putative major teichoic acid 

biosynthesis protein C and baseplate upper protein. Lysis-related ORFs begin at 

ORF59 in HM1 and ORF60 in BC1, encoding a mannosyl-glycoprotein endo-beta-N-

acetylglucosaminidase, followed by ORFs encoding a tail fiber protein, holin, and 

endolysin. The final annotated ORF in both genomes was acetyltransferase. Notably, 

no ORFs were found to encode tRNAs, virulence factors, or antibiotic-resistance 

genes. The complete annotated genome sequences of phage BC1 and phage HM1 are 

shown as circular genome maps in Figure 5.6 and Table S5.4 and Table S5.5.  
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Figure 5.6 | Summary of the genomic organisation of the genomes of Staphylococcus 

phages HM1 and BC1. On the outer ring, putative open reading frames (ORFs) are 

represented by purple arrowheads labelled with predicted function where possible. On 

the middle ring is shown GC content relative to the mean GC content of the genome. 

On the inner ring, GC shew is illustrated where green represents a positive skew and 

purple a negative skew. Created using ProKsee.  

 

(A) 

(B) 



 

243 

 

5.4.4.2 Comparative genomics 

Based on genome-wide nucleotide identity using the BLASTN algorithm (coverage 

multiplied by identity), phage HM1 and phage BC1 exhibited a nucleotide homology 

of 86.97%. According to the guidelines of the International Committee on Taxonomy 

of Viruses (ICTV) (Turner et al., 2021), a shared nucleotide similarity of <95%, but 

≥70% sequence similarity indicates that both phages represent novel species. 

CoreGenes analysis indicated that phage HM1 and phage BC1 share 56 proteins 

(Table S5.6). Feature variations were primarily located in the DNA replication and 

packaging regions (Figure 5.7). Specifically, ORFs encoding hypothetical proteins, 

dUTPase, transcriptional activator rinA, single-stranded DNA-binding protein, 

essential recombination function protein and host-nuclease inhibitor protein Gam were 

identified as non-homologous (Table S5.6). To explore the phylogenetic 

neighbourhood of phage HM1, the whole genome was aligned against the NCBI 

nucleotide database using the megablast algorithm. The analysis revealed that 

Staphylococcus phage DW2 (NC_024391.1) had the highest level of similarity, 

exhibiting 95.29% identity over 85% of the phage HM1 genome. Other closely related 

nucleotide sequences included Staphylococcus phage Vb_SauS_I73, sharing 92.14% 

identity over 65% of the genome, and Staphylococcus phage B166 (NC_028859.1), 

with 94.52% identity over 63% of the phage HM1 genome. The top 25 phages 

identified with high similarity to phage HM1 (> 80% sequence identity over 49% - 

85% coverage) are outlined in Table S5.7. Similarly, aligning the BC1 genome against 

the NCBI nucleotide database showed that phage DW2 had the highest level of 

similarity, exhibiting 95.29% identity over 94% of the BC1 genome. Other closely 

related nucleotide sequences included Staphylococcus phage vB_SauS_I73 

(OM439672.1), sharing 92.14% identity over 66% of the genome, and Staphylococcus 

phage B122 (NC_054979.1), with 94.5% identity over 55% of the BC1 genome. Table 

S5.7 outlines the top 25 phages identified with high similarity to BC1 (>80% sequence 

identity over 51%-94% coverage). Pairwise comparisons of phage HM1 and phage 

BC1 with the aforementioned most closely related phages are shown in Figure 5.8. 

The major variations among these phages are primarily located in their lysogeny, DNA 

replication, and packaging regions. High levels of homology were observed in ORFs 

encoding genes for head morphogenesis, tail morphogenesis, and lysis. Additional 

analysis with CoreGenes indicated that phage HM1, phage BC1 and phage DW2 share 

47 proteins.  
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Figure 5.7 | Linear genome map and genome comparisons of Staphylococcus phages 

BC1 (A) and HM1 (B) employing BLASTn and visualisation with Easyfig. The 

genome maps display arrows indicating the locations and orientation of ORFs among 

different phage genomes. Arrows have been colour-coded describing their predicted 

roles (see key). Regions of grey between the two genomes depict sequence similarity, 

shaded according to % tBLASTx identity as shown in the key (bottom right). The 

genome annotations are color-coded according to function, as shown in the key. The 

graph above phage BC1 shows variation above (red) and below (blue) the average GC 

content (49.97%; black line). 
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Figure 5.8 | Pairwise comparison of the genomes of Staphylococcus phages HM1 and BC1 with the genomes of Staphylococcus phages 

DW2, vB_SauS_I73, B122 and B166 using ViPTree. Genomes are represented linearly and the direction of the arrows is in line with 

transcription direction of each coding sequence (CDS). All tBLASTx alignments are represented by coloured lines between two genomes. 

Colour scale represents the tBLASTx percent identity. 
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Proteome-based phylogeny was employed to compare phage HM1 and phage BC1 with 803 

and 862 closely related phages, respectively, using VipTree. Phage HM1, phage BC1 and 

phage DW2 were clustered together with other Siphoviruses whose bacterial hosts belong to 

the class Bacillota (Figure 5.9A). For the construction of a rectangular proteomic tree, phage 

BC1, HM1, and the top 50 phages with the highest VipTree SG were selected (Figure 5.9B). 

The rectangular proteomic tree grouped BC1 and HM1 with other Siphoviruses in a clade that 

is distinct from Siphoviruses of subfamily Azerdovirinae with SG ≤ 0.05. 

Amino acid sequence-based whole-genome comparison was conducted using VICTOR, and 

the resulting phylogram (formula, D4, yielding an average support of 34%), supported the 

placement of both phages into subfamily Azeredovirinae and genus Phietavirus (Figure 

5.10A). To complement the VICTOR results, VIRIDIC was employed to calculate 

intergenomic similarities among phage HM1, phage BC1 and closely related phages (Figure 

5.10B). Unlike VICTOR, VIRIDIC can analyse more than 100 genomes; however, it cannot 

determine relationships between phages with similarity below 65%. Therefore, phages 

exhibiting intergenomic similarity above 60% with phage HM1 and phage BC1 were 

shortlisted, and their analysis results were visually represented as a heat map (Figure 5.10B). 

The calculated intergenomic similarity analysis using VIRIDIC for phage HM1, BC1 and 42 

RefSeq genomes of the genus Phietavirus are provided in the supplementary material (Table 

S5.9). VIRIDIC clustered phage HM1, phage BC1 and the selected 13 phages into 15 species 

clusters, with each phage occupying a distinct species. At the genus level, VIRIDIC clustered 

the phages into nine different genera, and notably, phage HM1, phage BC1 and phage DW2 

were placed in the same genus cluster (Figure 5.10A). The intergenomic similarity between 

phage HM1 and phage BC1 was determined to be 92.7%, while the similarity between phage 

HM1 and phage DW2 was 81.1% (Figure 5.10B). Likewise, the intergenomic similarity 

between phage BC1 and DW2 was 88.6% (Figure 5.10B). These results establish that these 

three phages belong to the same genus, but different species (default VIRIDIC similarity 

thresholds: 95% for species and 70% for genus). Another protein-protein network-based 

approach, PhageCloud was employed to investigate the genomic relationship of phage HM1 

and phage BC1 with phage genomes on NCBI-GenBank. Of 5,240 analysed complete 

genomes, using the most stringent parameters (0.1 distance), 15 phages were top matched to 

HM1 and BC1 and with a distance range of 0.02 to 0.1 (Figure S5.1). Several of the top matched 

phages were also identified as closely related phages in the VICTOR and VIRIDIC analyses, 

further supporting their genomic similarity (Table S5.10 and Table S5.11). Accordingly, 
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phylogenetic analysis based on conserved signature proteins (i.e., major capsid protein, 

terminase large subunit and portal protein) was performed (Figure 5.11). In this analysis, phage 

HM1 and phage BC1 were monophyletic to each other (Figure 5.11). 
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Figure 5.9 | Proteomic trees of Staphylococcus phages HM1 and BC1. (A) Circular proteomic tree based on genome-wide similarities 

of phage HM1 and phage BC1 (marked with a red star), top matches on BLASTn, and 1013 closely related reference phage genomes. 

(B) Rectangular proteomic trees of phage HM1 and phage BC1 50 phages with highest ViPTree SG scores.
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Figure 5.10 | (A)  VICTOR generated phylogenomic GBDP trees of Staphylococcus phage HM1 and phage BC1 and 56 members of the 

Azeredovirinae subfamily inferred using formula D4 and yielding average support of 34 %. The numbers above branches are GBDP 

pseudobootstrap support values from 100 replications. Members of the Phietavirus and Dubowvirus genus are illustrated.  (B) VIRIDIC heatmap 

for the intergenomic similarity between phage HM1, phage BC1 and closely related phages according to genome BLASTn top hits. Three factors 

of the alignment capacity were considered to calculate the relatedness between the phages: intergenomic similarities (hue of green to blue), the 

percentage of aligned genome sequence in a pair (shade of pink) and their length ratio (shade of black).
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Figure 5.11 | Viral conserved signature protein-based phylogenetic tree. Phylogenetic trees for the evolutionary relatedness of the (A) major capsid 

protein, (B) large terminase and (C) portal proteins of phage HM1, phage BC1 and their orthologs in closely related phages. Phages included in 

the evolutionary analysis were chosen based on the closest relatives according to the proteomic tree, intergenomic similarity analysis and whether 

they had a gene annotated for the aforementioned genes in their Genbank file. The phylogenetic distance was inferred by the Maximum likelihood 

method and supported with a bootstrap of 1000 replicates, and the trees were constructed by MEGA11. Phage HM1 and phage BC1 clusters are 

outlined in red based on the protein homology in both trees of the highest log likelihood (-12536.16, -5522.81 and -1839.71, respectively). 
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5.5 Discussion  

S. aureus, known to coexist harmlessly as a commensal bacterium, can transform into 

a formidable pathogen capable of causing severe and life-threatening infections. The 

current global AMR crisis has further complicated the treatment of S. aureus 

infections, necessitating the exploration of alternative therapeutic strategies. Phage 

therapy has emerged as one of the most promising avenues for combating S. aureus 

infections. S. aureus phages have been isolated from a vast range of ecological niches. 

While the bioactive compositions of bovine colostrum and human breast milk have 

been extensively studied, the investigation and isolation of phages from these sources 

remain largely unexplored. Therefore, in this study we isolated and assessed the 

therapeutic potential of lytic or temperate S. aureus phages derived from bovine 

colostrum and human breast milk. 

 

The difficulty in direct isolation of phages from milk has been previously noted (Titze 

et al., 2020). In our study, attempts to isolate phages directly from colostrum and 

human milk samples proved unsuccessful, therefore an enrichment step was required. 

Subsequently, clear zones of lysis were observed against the S. aureus strain 

DPC5245, which was selected as the host strain for further analysis. S. aureus 

DPC5245 is a bovine mastitis clinical isolate, used in numerous previous studies for 

the study of anti-staphylococcal phages (Fitzgerald et al., 1997, O'Flaherty et al., 

2005b, O'Flaherty et al., 2005c). Following similar studies on lytic and temperate 

phages effective against pathogenic S. aureus strains, laboratory tests were conducted 

to assess the therapeutic applicability of the phages isolated in this study (Ding et al., 

2018, Zhang et al., 2022, Wang et al., 2016, Ajuebor et al., 2018, Liu et al., 2022). A 

thorough evaluation of phage characteristics is crucial to maximize their potential as 

effective alternatives for combating antimicrobial-resistant bacterial infections 

(Fernández et al., 2019, Philipson et al., 2018). One of the most significant obstacles 

to developing generalised phage therapy is the narrow host range of phages. Therefore, 

phages with broad host ranges are preferred for therapeutic applications (Ross et al., 

2016). Enrichment using multiple host bacteria is an efficient approach to enable 

isolation of phages with broad host ranges (Ross et al., 2016). Furthermore, due to the 

homogenous structures of S. aureus bacteria, phages against S. aureus are typically 

reported to have a relatively broad host range (Göller et al., 2021). Phage HM1 and 
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phage BC1 exhibited a wide host range and high EOP values against the screened S. 

aureus strains. Phage HM1 was able to infect more strains than phage BC1. When 

combined as a cocktail, the host range was equal to that of phage HM1. Importantly, 

both phages demonstrated specificity to S. aureus strains, which is advantageous for 

therapeutic applications as it reduces the risk of disrupting the natural microbial 

balance in the host (Fernández et al., 2019). Both phages exhibited rapid adsorption 

rates and potent antibacterial activity across a range of MOI values (1 - 0.0001). 

Phages typically exhibit limited stability in solution and substantial decreases in 

concentration during processing and storage (Durr and Leipzig, 2023). This poses a 

challenge for their development as regulated pharmaceuticals, where maintaining 

stable dosage and precisely defined pharmacokinetics and pharmacodynamics are 

essential requirements (Malik et al., 2017). Phage HM1 and phage BC1 demonstrated 

good stability under different temperatures (24–50 °C), pH (5−9), chloroform and UV 

exposure conditions. One-step growth curve experiments demonstrated that both 

phages exhibit latent periods and burst sizes comparable to S. aureus phages with 

favourable characteristics for therapeutic applications (Zhang et al., 2022, Feng et al., 

2021, Abdurahman et al., 2021). Finally, whole genome sequencing demonstrated that 

these two phages did not encode virulence factors, or antibiotic-resistance genes, 

which are essential prerequisite for therapeutic phages.  

 

To evaluate the efficacy of host growth inhibition, a number of assays were performed 

as previously explored with S. aureus phages (Chang et al., 2019). A major limitation 

of phage therapy is the emergence of phage-resistant bacteria (Oromí-Bosch et al., 

2023). Like antibiotics, phages impose strong selective pressures on their hosts to 

evolve resistance and prevent attack. These cellular mechanisms typically involve 

modifying or blocking phage host receptors, as well as the CRISPR-Cas system 

described as adaptive immunity for prokaryotes (Gummalla et al., 2023). BIMs were 

readily formed against phage HM1 and phage BC1 and high rates of lysogeny were 

observed. Phage cocktails have frequently been reported to offer a lower frequency of 

BIM emergence (Kebriaei et al., 2023). Encouragingly, in our study, the utilisation of 

phage HM1 and phage BC1 as a cocktail resulted in a one-log decrease in the rate of 

BIM development compared to their individual application. Regarding bacterial 

challenge assays, our study revealed that the application of phage HM1 or phage BC1 

individually initiated host cell lysis after 5 h, which continued for 28 h. However, 
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beyond this time frame, the growth inhibition was no longer sustained, possibly 

suggesting the emergence of BIMs. Promisingly, the utilisation of HM1 and BC1 as a 

cocktail initiated host cell lysis after 3 hours, which was sustained for the 32 h duration 

of the experiment, further supporting the consensus that phage cocktails are effective 

at lowering the frequency of BIM emergence.  

 

The difficulty of phage replication in the complex medium of milk has been reported 

previously (O'Flaherty et al., 2005a, Titze et al., 2020). This represents a major 

obstacle to the utilisation of phages for controlling S. aureus infections causing 

conditions such as mastitis. Temperate, lytic and virulent mutant phages have been 

explored to reduce S. aureus in milk (Kwak et al., 2023, Chang et al., 2019, García et 

al., 2009). In this study, the utility of phage HM1 and phage BC1 individually or as a 

cocktail to reduce S. aureus in pasteurised, raw, and mastitic milk was assessed. 

Control samples containing S. aureus strain DPC5245 displayed a steady increase in 

the bacterial count in all milk sample types. Addition of phages, either alone or in 

combination as a cocktail to each of the milk sample types prevented the growth of S. 

aureus strain DPC5245. The phage cocktail displayed superior decreases in S. aureus 

strain DPC5245 bacterial counts in all milk sample types compared to the application 

of individual phages. The magnitude of bacterial growth reduction gradually 

decreased from pasteurised milk samples to raw and mastitic milk samples. Mastitic 

milk typically displays higher levels of somatic cells, bacterial load and alterations in 

the concentration of various components such as fat, protein, lactose, and minerals 

compared to pasteurised milk (Gonçalves et al., 2020). Such compositional changes 

may have affected the reduction in S. aureus bacterial counts observed in this study. 

Previous studies using similar experimental designs have achieved significantly higher 

reduction in S. aureus-contaminated milk samples using lytic phage cocktails (Titze 

et al., 2020, García et al., 2009).  

 

Morphological and bioinformatics analysis confirmed that phage HM1 and phage BC1 

are novel species belonging to the subfamily Azeredovirinae in the family 

Siphoviridae. Whole genome sequencing demonstrated that phage HM1 and phage 

BC1 contained genes typically reported in the functional modules of temperate 

staphylococcal Siphoviridae phages (Ingmer et al., 2019). Phylogenetic analysis 

indicated that phage HM1 and BC1 shared a number of characteristics with members 
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of the Phietavirus genus. In particular, they established a distinct clade with phage 

DW2, which was previously isolated from farmyard effluent, using S. aureus 

DPC5246 (O'Flaherty et al., 2005b). The high level of homology between 

Staphylococcus phages HM1, BC1 and DW2 raises questions regarding the origins of 

the novel phages described in this study. S. aureus isolates are typically known to carry 

multiple prophages in their genomes (Ingmer et al., 2019). Therefore, it is highly likely 

that phage HM1 and phage BC1 originated as prophages present in the screening 

strains belonging to the DPC culture collection used in the enrichment step, rather than 

from the bovine colostrum and human milk samples. CoreGenes analysis indicated 

that lysis-related genes were homologous between Staphylococcus phages HM1, BC1 

and DW2. The endolysin of these phages consists of a C-terminal SH3b cell wall 

binding domain (398–466aa) and two peptidoglycan hydrolysing domains (Keary et 

al., 2014). The peptidoglycan hydrolysing domains consist of a centrally located N-

acetylmuramoyl-l-alanine amidase domain (188–338aa), which cleaves the 

peptidoglycan bond between the N-acetylmuramoyl residues and L-amino acid 

residues and an N-terminal cysteine, histidine-dependent amidohydrolases/peptidases 

(CHAP) domain (13–148aa). CHAP domains are exclusive to phages that target 

Gram-positive bacteria and exhibit functional diversity, as CHAP domains from 

various phages are known to specifically cleave different bonds within the 

peptidoglycan structure (Broendum et al., 2018). This functional domain pattern is 

prevalent among the endolysins of staphylococcal phages, including those with 

diverse morphology and genome sizes (Ingmer et al., 2019). These phages also contain 

a phage tail hydrolase, consisting of a C-terminal lysozyme 2 (Lyz_2) subfamily 

domain (413–559aa) and a truncated N-terminal CHAP (2–86aa). In previous studies 

of phage DW2, recombinant proteins based on the endolysin and tail hydrolase were 

produced and shown to be lytic against the bovine mastitis-associated isolate, S. 

aureus DPC5246 (Keary et al., 2014). Despite the high level of homology between 

phages HM1, BC1 and DW2, a number of interesting differences were observed. For 

instance, phage HM1 and phage BC1 showed no lytic activity towards S. aureus 

DPC5246, the strain on which phage DW2 is routinely propagated(O'Flaherty et al., 

2005b). Furthermore, ORF15 and ORF24 of phage DW2 were shown to encode two 

major virulence-related genes (Keary et al., 2014). However, ORF15 and ORF24 of 

phage DW2 showed no homology to ORFs present in phage HM1 and phage BC1.  
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While the phages described in this study show good antibacterial activity and 

therapeutic characteristics, their temperate nature is a limitation of using them in their 

current form. For instance, a recent study demonstrated that the temperate 

Staphylococcus phage PHB21, which did not contain antimicrobial resistance or 

virulence genes, enhanced the virulence of MRSA strains by increasing transcription 

of multiple virulence factor genes after integration into the host genome (Yang et al., 

2022). Therefore, temperate phages, even those not carrying harmful genes, may also 

pose safety problems. A DNA random deletion method based on treatment with 

pyrophosphate has been used in numerous studies to mutate temperate phages to lytic 

phages (Gutiérrez et al., 2018). Two recent studies have used this method to mutate 

temperate S. aureus phages (Wang et al., 2023, Chang et al., 2019). The therapeutic 

characteristics of the phages were not negatively affected and the BIM frequency was 

decreased once mutated (Wang et al., 2023, Chang et al., 2019). This method 

represents a simple but potent way to increase the therapeutic potential of temperate 

phages. Therefore, future studies should involve subjecting phage HM1 and phage 

BC1 to phage-mutation assays. 

 

Although our assays were conducted on a small scale, the results support the consensus 

that phage cocktails may be effective at overcoming bacterial resistance to phage 

infections (Oromí-Bosch et al., 2023). The three most common S. aureus-

bacteriophage families are Myoviridae, Podoviridae and Siphoviridae. Therefore, an 

optimal phage cocktail to fight S. aureus would thus include bacteriophages of all 

three families, with the idea that point mutations which eliminate the receptor of one 

bacteriophage might not automatically lead to the exclusion of the other 

bacteriophages in the cocktail. Hence, future studies should explore combining phages 

HM1 and BC1 with S. aureus phages of the Myoviridae and Podoviridae families. 

With regards to studies which could utilise the phages without any genetic 

engineering, a potential experiment could explore combining antibiotic treatment with 

phage treatment. For instance, temperate phage-antibiotic synergy was shown to 

eradicate pathogenic Escherichia coli in vitro through the depletion of lysogens (Al-

Anany et al., 2021). Another study of these phages could explore their utility against 

biofilm formation, which plays a key role in the pathogenesis of MRSA (Tong et al., 

2015, Doulgeraki et al., 2017).  
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In summary, this study presents two novel temperate phages vB_SauS_HM1 and 

vB_SauS_BC1. In vitro analysis revealed that these phages have a number of 

favourable characteristics for potential therapeutic applications against S. aureus 

infections. Furthermore, either individually or applied as a cocktail, they displayed the 

ability to reduce the bacterial growth of S. aureus in pasteurised, raw and mastitic milk 

samples. Bioinformatics analysis showed that these phages belong to subfamily 

Azeredovirinae and genus Phietavirus. As temperate phages are not recommended for 

phage therapy, future studies should explore genetic engineering techniques to make 

these phages applicable for phage therapy.  
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5.11 Supplementary material  

Supplementary Tables:  

Table S5.1 | Host ranges of phage cocktail containing phage HM1 and phage BC1 on 

S. aureus strains (n=33) determined by spot testing with serial dilutions of phage 

suspensions. Efficiency of plaquing (EOP) values determined for sensitive strains. 

      Spot Test 

Efficacy of Plaquing 

(EOP) (mean ± SD) 

No.  Strain Sourcea Cocktail Cocktail 

1 0.0066(IIv)ST239 I + 0.76 ± 0.1 

2 0.1206(IV)ST250 I + 0.25 ± 0.1 

3 0.1239(III)ST239 I - no plaques 

4 0.1345(II)ST5 I - no plaques 

5 0073(III)ST239 I + 0.23 ± 0.1 

6 0104(III)ST239 I + 0.33 ± 0.1 

7 0220(II)ST5 I + 0.32 ± 0.1 

8 0242(IV)ST30 I + 0.34 ± 0.2 

9 0308(IA)ST247 I + 0.14 ± 0.1 

10 3045(IIv)ST8 I + 0.37 ± 0.05 

11 3144(IIv)ST8 I + 0.45 ± 0.01 

12 3488(vv)ST8 I - no plaques 

13 3581(IA)ST247 I - no plaques 

14 3594(II)ST36 I + 0.62 ± 0.1 

15 3596(IIv)ST8 I + 0.36 ± 0.09 

16 E1038(IIv)ST8 I + 0.06 ± 0.03 

17 E1139(IV)ST45 I - no plaques 

18 E1174(IV)ST22 I + 0.44 ± 0.1 

19 E1185(IV)ST12 I + 0.14 ± 0.02 

20 E1202(II)ST496 I + 0.34 ± 0.1 

21 M03/0073(III)ST239 I + 0.38 ± 0.12 

22 DPC5646 II + 0.81 ± 0.12 

23 DPC5645 II + 0.91 ± 0.14 

24 DPC5647 II - no plaques 

25 DPC5245* II + 1.0 ± 0 

26 DPC5246 II - no plaques 

27 DPC5247  II + 0.36 ± 0.2 

28 DPC5644 II - no plaques 

29 DPC5970 II + 0.23 ± 0.05 

30 DPC5971 II + 0.34 ± 0.01 

31 DPC6868 II + 0.54 ± 0.1 

32 DPC6869 II + 0.62 ± 0.12 

33 DPC7016 II + 0.33 ± 0.11 
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Results recorded as +, sensitive; −, no infection; * host strain of phage. aI, 21 MRSAs 

of differing sequence types obtained from the Irish National MRSA collection. aII, 12 

S. aureus strains obtained from the DPC culture collection. 

 

Table S5.2 | MRSAs strains of differing sequence types obtained from the Irish 

National MRSA collection.  

   Efficacy of Plaquing (EOP) 

(mean ± SD) 

S. aureus Strain

  

SCCmec 

Type  

MLST 

vB_Sau_HM1 vB_Sau_BC1 

0.0066(IIv)ST239

  

II(2A) ** 36  

0.5 ± 0.1 no plaques 

0.1206(IV)ST250

  

IVc(2B)

  

12  

0.34 ± 0.12 0.44 ± 0.11 

0.1239(III)ST239

  

III(3A)  239  

no plaques no plaques 

0.1345(II)ST5  VIII(4A)

  

8  

no plaques no plaques 

0073(III)ST239

  

III(3A)  239  

0.55 ± 0.32 no plaques 

0104(III)ST239

  

III(3A)  239  

0.37 ± 0.04 no plaques 

0220(II)ST5  IV(2B) **

  

8 

0.46 ± 0.02 no plaques 

0242(IV)ST30  II(2A)  496 0.16 ± 0.06 0.24 ± 0.01 

0308(IA)ST247

  

I(1B)  247  

0.05 ± 0.07 0.11 ± 0.04 

3045(IIv)ST8  II(2A)  8 

 0.25 ± 0.01 0.31 ± 0.02 

3144(IIv)ST8  II(2A)  8 0.12 ± 0.1 0.12 ± 0.04 

3488(vv)ST8  IV(2B) **

  

8 

no plaques no plaques 

3581(IA)ST247

  

VIII(4A) ** 8 

no plaques no plaques 

3594(II)ST36  III(3A)  239 0.62 ± 0.1 no plaques 

3596(IIv)ST8  VIII(4A) **

  

8 

0.36 ± 0.09 no plaques 

E1038(IIv)ST8

  

II(2A)  8 

0.06 ± 0.03 0.04 ± 0.01 

E1139(IV)ST45

  

IVa(2B)

  

45  

no plaques no plaques 

E1174(IV)ST22

  

IV(2B)  22 

0.54 ± 0.01 0.46 ± 0.03 

E1185(IV)ST12

  

IVc  12 

0.14 ± 0.02 0.11 ± 0.04 
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E1202(II)ST496

  

VIII(4A) **

  

8 

0.44 ± 0.07 0.51 ± 0.02 

M03/0073(III)ST239 III(3A)  239  0.38 ± 0.12 no plaques 

 

A mobile genetic element, staphylococcal cassette chromosome mec (SCCmec), 

carries mecA (methicillin-resistant gene) and plays an important role in staphylococci 

pathogenesis (Saber et al., 2017). Multilocus sequence typing (MLST) is a widely 

accepted method of DNA sequence-based typing that relies on analysis of relatively 

conserved genes that encode essential proteins. For Staphylococcus aureus, the level 

of discrimination provided by MLST is sufficient to provide a relatively detailed 

picture of the global dissemination of the organism (Saunders and Holmes, 2007). ** 

SCCmec type: two possible types suggested by SCCmecFinder with a hit of greatest 

coverage selected. Table adapted from (Arroyo-Moreno et al., 2022). 

 

Table S5.3 | Strains obtained from the Dairy Products Research Centre (DPC) culture 

collection for phage host range screening.  

      Spot Test 

DCP Code Strain Additional Info HM BC 

DPC5646 Staphylococcus aureus MRSA + + 

DPC5645 Staphylococcus aureus MRSA + + 

DPC5647 Staphylococcus aureus MRSA - - 

DPC5245 
Staphylococcus aureus 

Bovine Mastitis strain 

Type I (RAPD type 5) 
+ + 

DPC5246 
Staphylococcus aureus 

Bovine Mastitis strain 

Type II (RAPD type 7) 
- - 

DPC5247  
Staphylococcus aureus 

Bovine Mastitis strain 

Type III (RAPD type 4) 
+ + 

DPC5644 Staphylococcus aureus Host for Ø TWORT - - 

DPC5970 
Staphylococcus aureus 

Isolated from mastitic 

cow milk 
+ + 

DPC5971 
Staphylococcus aureus 

Isolated from mastitic 

cow milk 
+ + 

DPC6868 

Staphylococcus aureus 

Isolated from bovine 

milk for cheese 

production, enterotoxin C 

producer 

+ + 

DPC6869 

Staphylococcus aureus 

Isolated from bovine 

milk for cheese 

production, enterotoxin C 

producer 

+ + 
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DPC7016 
Staphylococcus aureus 

Isolated from mastitic 

cow milk 
+ + 

DPC3572 Listeria innocua   - - 

DPC6868 
Streptococcus 

agalactiae 
  - - 

DPC6010 
Staphylococcus 

epidermidis 

Coagulase-negative; 

bovine strain 
- - 

DPC6012 
Staphylococcus 

chromogenes 

Coagulase-negative; 

bovine strain 
- - 

DPC6013 Staphylococcus capilis 
Coagulase-negative; 

bovine strain 
- - 

DPC6014 
Staphylococcus 

hominis 

Coagulase-negative; 

bovine strain 
- - 

DPC6015 
Staphylococcus 

haemolyticus 

Coagulase-negative; 

bovine strain 
- - 

DPC6016 Staphylococcus caprae 
Coagulase-negative; 

bovine strain 
- - 

DPC6017 Staphylococcus hyicus 
Coagulase-negative; 

bovine strain 
- - 

 

Table S5.4 | Genomic annotation of Staphylococcus phage BC1. 

ORF Start 

(bp) 

Stop 

(bp) 

Length 

(aa) 

Molecular 

Mass 

(kDa) 

Function  

BC_01c 3 1391 463 54.01 DNA invertase 

BC_02c 1449 1952 167 18.66 hypothetical protein 

BC_03c 1956 2447 163 18.96 hypothetical protein 

BC_04c 2468 2926 152 18.14 ImmA/IrrE family metallo-

endopeptidase protein 

BC_05c 2938 3270 110 12.7 repressor 

BC_06 3463 3702 79 9.16  transcriptional regulator, HTH 

cro/C1 type 

BC_07 3717 4430 237 27.48 antirepressor protein 

BC_08 4443 4535 30 3.65 hypothetical protein 

BC_09 4532 4693 53 6.21 hypothetical protein 

BC_10 4785 5045 86 10.15 hypothetical protein 

BC_11 5053 5289 78 9.17 hypothetical protein 

BC_12 5282 5761 159 18.51 host-nuclease inhibitor protein 

Gam 
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BC_13 5761 6399 212 23.71 essential recombination 

function protein 

BC_14 6399 6824 141 15.85 single stranded DNA-binding 

protein 

BC_15 6838 7533 231 26.81 putative HNHc nuclease 

BC_16 7505 8326 273 32.47 replication initiation protein 

BC_17 8339 9124 261 30.44 DNA replication helicase 

loader DnaC/DnaI 

BC_18 9121 9279 52  6.19 hypothetical protein 

BC_19 9292 9516 73 8.6 hypothetical protein 

BC_20 9527 9931 156 18.70  hypothetical protein 

BC_21 9936 10121 61 7.31 hypothetical protein 

BC_22 10122 10739 205 24.00  hypothetical protein 

BC_23 10739 10993  84  9.69 hypothetical protein 

BC_24 10999 11241 80 9.58 hypothetical protein 

BC_25 11256 11462 68 7.98 hypothetical protein 

BC_26 11465 11893 142 16.30  hypothetical protein 

BC_27 11970 12083 37 4.25 hypothetical protein 

BC_28 12080 12364 94  11.32 putative acetyltransferase 

BC_29 12357 12605 82 9.19 hypothetical protein 

BC_30 12598 13131 160  17.50  dUTPase 

BC_31 13198 13404 68 7.93 hypothetical protein 

BC_32 13401 13589 62 7.1 hypothetical protein 

BC_33 13591 13764 57 6.52 transcriptional activator rinB 

BC_34 13765 14130 121 14.43 hypothetical protein 

BC_35 14131 14277 48 5.72 hypothetical protein 

BC_36 14301 14723 140 16.39 transcriptional activator RinA 

BC_37 15054 15548 164 18.72 terminase small subunit 

BC_38 15541 16764 407 47.16 terminase large subunit 

BC_39 16761 18185  474 55.06 portal protein 
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BC_40 18154 19104 316 36.84 prohead 

BC_41 19200 19784 193  22.41 scaffold protein 

BC_42 19801 20715 304 33.62 major capsid protein 

BC_43 20727 20870 47 5.36 k head-tail adapter 

BC_44 20876 21226 116 13.67 hypothetical protein 

BC_45 21238 21573 111 12.94 hypothetical protein 

BC_46 21560 21967 135 15.13 putative tail-component 

BC_47 21980 22405 141 16.41 hypothetical protein 

BC_48 22406 22963 185 20.47  major tail protein  

BC_49 23030 23542 170 19.53 tail assembly chaperone 

protein 

BC_50 23722 23871 49 5.88 hypothetical protein 

BC_51 23875 27018 1047  113.63 tape measure protein 

BC_52 27033 27974 313 36.18  distal tail protein 

BC_53 27985 29871 628  70.53  tail protein 

BC_54 29884 31782 632 72.59 putative major teichoic acid 

biosynthesis protein C 

BC_55 31782 33605 607 66.89 baseplate upper protein 

BC_56 33605 33991 128  14.49 hypothetical protein 

BC_57 33984 34160 58  6.91 hypothetical protein 

BC_58 34200 34505 101 12.06 hypothetical protein 

BC_59 34642 34752 36 3.93 hypothetical protein 

BC_60 35171 36865 564 63.92 mannosyl-glycoprotein endo-

beta-N-acetylglucosaminidase 

BC_61 36878 38890 670 75.79 tail fiber protein 

BC_62 38941 39378 145 15.65  holin 

BC_63 39359 40804 481 53.92  endolysin 

BC_64 41209 41385 58 6.69  hypothetical protein 

BC_65 41382 41996 204 23.7 acetyltransferase 

BC_66c 42052 42159 35 3.89  hypothetical protein 
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Table S5.5 | Genomic annotation of Staphylococcus phage HM1. 

ORF Star

t 

(bp) 

Stop 

(bp) 

Length 

(aa) 

Molecu

lar 

Mass 

(kDa) 

Function  

HM_01c 2 1390 463 54.01 DNA invertase 

HM_02c 144

8 

1951 167 18.66  hypothetical protein 

HM_03c 195

5 

2446 163 18.96 hypothetical protein 

HM_04c 246

7 

2925 152 18.14  ImmA/IrrE family metallo-

endopeptidase protein 

HM_05c 293

7 

3269 110 12.7 repressor 

HM_06 346

2 

3701 79 9.16 transcriptional regulator, HTH 

cro/C1 type 

HM_07 371

6 

4429 236 27.35 antirepressor protein 

HM_08 444

2 

4534 30 3.65 hypothetical protein 

HM_09 453

1 

4692  53  6.21 hypothetical protein 

HM_10 478

4 

5044 86 10.15 hypothetical protein 

HM_11 503

8 

5433 131 15.79  phage replisome organizer N-

terminal  domain-containing 

protein 

HM_12 544

6 

6231 261 30.51 DNA replication helicase 

loader DnaC/DnaI 

HM_13 622

8 

6386 52 6.15  hypothetical protein 

HM_14 639

9 

6620 73  8.62 hypothetical protein 

HM_15 663

1 

7035 134 16.13 hypothetical protein 
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HM_16 704

0 

7225 61 7.32 hypothetical protein 

HM_17 722

6 

7735 169 19.85 hypothetical protein 

HM_18 773

5 

7989 84 9.71 hypothetical protein 

HM_19 799

5 

8237 80 9.59  hypothetical protein 

HM_20 825

1 

8457 68 8.04  hypothetical protein 

HM_21 846

0 

8864 133 15.58 hypothetical protein 

HM_22 886

1 

9055 64  7.49  hypothetical protein 

HM_23 905

2 

9504 150 17.38 hypothetical protein 

HM_24 950

1 

10004 167 19.76 hypothetical protein 

HM_25 101

96 

10447 83 9.45 hypothetical protein 

HM_26 104

37 

10610 57 6.47 hypothetical protein 

HM_27 106

11 

10892 93 11.39 hypothetical protein 

HM_28 108

93 

10893 53 6.75  hypothetical protein 

HM_29 110

69 

11602 117 20.56  dUTPase 

HM_30 116

39 

11833 64 7.44 hypothetical protein 

HM_31 118

30 

12033 67 7.83 hypothetical protein 

HM_32 120

26 

12262 78 9.29 hypothetical protein 

HM_33 122

52 

12641 129 15.15 hypothetical protein 
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HM_34 126

38 

12811 57 6.58 transcriptional activator RinB 

HM_35 128

12 

13213 133 15.43  hypothetical protein 

HM_36 135

66 

14060 164 18.72 terminase small subunit 

HM_37 140

53 

15276 407 47.16 terminase large subunit 

HM_38 152

73 

16697 474 55.06 portal protein 

HM_39 166

66 

17616 316 36.84 prohead 

HM_40 177

12 

18296 194 22.54 scaffold protein 

HM_41 183

13 

19227 304 33.62 major capsid protein 

HM_42 192

39 

19382 47 5.36 head-tail adapter 

HM_43 193

88 

19738 116 13.67 hypothetical protein 

HM_44 197

50 

20085 111 12.94 hypothetical protein 

HM_45 200

36 

20479 147 16.63 putative tail-component 

HM_46 204

92 

20917 141 16.41  hypothetical protein 

HM_47 209

18 

21475 185 20.47 major tail protein 

HM_48 20.4

7 

22054 169 19.39 tail assembly chaperone 

protein 

HM_49 222

34 

22383 49 5.88 hypothetical protein 

HM_50 223

87 

25530 1047 113.63  tape measure protein  

HM_51 255

45 

26486 313 36.18  distal tail protein 
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HM_52 264

97 

28383 628 70.53 tail protein 

HM_53 283

96 

30294  632 72.59 putative major teichoic acid 

biosynthesis protein C 

HM_54 302

94 

32117 607 66.89  baseplate upper protein 

HM_55 321

17 

32503 128 14.49 hypothetical protein 

HM_56 324

96 

32672 58 6.91 hypothetical protein 

HM_57 327

12 

33017 101 12.06 hypothetical protein 

HM_58 331

54 

33264 36 3.93 hypothetical protein 

HM_59 336

83 

35377 564 63.92 mannosyl-glycoprotein endo-

beta-N-acetylglucosaminidase 

HM_60 353

90 

37402 670 75.79 tail fiber protein 

HM_61 374

53 

37890 145 15.65  holin  

HM_62 378

71 

39316 481 53.92  endolysin 

HM_63 397

21 

39897 58 6.69 hypothetical protein 

HM_64 398

94 

40508 203 23.57 acetyltransferase 

HM_65_c 405

64 

40674 35 3.89 hypothetical protein 

 

Table S5.6 | 56 conserved genes among phage BC1 and phage HM1 as determined 

by CoreGenes. 

No.  Product  BC1 

locus 

tag 

HM1 

locus 

tag 

1 hypothetical_protein BC_66 HM_65 
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2 acetyltransferase BC_65 HM_64 

3 hypothetical_protein BC_64 HM_63 

4 endolysin  BC_63 HM_62 

5 holin BC_62 HM_61 

6 tail_fiber_protein BC_61 HM_60 

7 mannosyl-glycoprotein_endo-beta-N-

acetylglucosaminidase 

BC_60 HM_59 

8 hypothetical_protein BC_59 HM_58 

9 hypothetical_protein BC_58 HM_57 

10 hypothetical_protein BC_57 HM_56 

11 hypothetical_protein BC_56 HM_55 

12 baseplate_upper_protein BC_55 HM_54 

13 putative_major_teichoic_acid_biosynthesis_protein_C BC_54 HM_53 

14 distal_tail_protein BC_53 HM_52 

15 distal_tail_protein BC_52 HM_51 

16 hypothetical_protein/ tape_measure_protein BC_51 HM_50 

17 hypothetical_protein BC_50 HM_49 

18 tail_assembly_chaperone_protein BC_49 HM_48 

19 major_tail_protein BC_48 HM_47 

20 hypothetical_protein BC_47 HM_46 

21 hypothetical_protein/ putative_tail-component BC_46 HM_45 

22 hypothetical_protein BC_45 HM_44 

23 hypothetical_protein BC_44 HM_43 

24 head-tail_adapter BC_43 HM_42 

25 major_capsid_protein BC_42 HM_41 

26 scaffold_protein BC_41 HM_40 

27 prohead BC_40 HM_39 

28 portal_protein BC_39 HM_38 
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29 terminase_large_subunit BC_38 HM_37 

30 terminase_small_subunit BC_37 HM_36 

31 transcriptional_activator_RinB BC_33 HM_34 

32 hypothetical_protein BC_31 HM_30 

33 hypothetical_protein BC_29 HM_25 

34 hypothetical_protein BC_28 HM_24 

35 hypothetical_protein BC_27 HM_22 

36 hypothetical_protein BC_26 HM_21 

37 hypothetical_protein BC_25 HM_20 

38 hypothetical_protein BC_24 HM_19 

39 hypothetical_protein BC_23 HM_18 

40 hypothetical_protein BC_22 HM_17 

41 hypothetical_protein BC_21 HM_16 

42 hypothetical_protein BC_20 HM_15 

43 hypothetical_protein BC_19 HM_14 

44 hypothetical_protein BC_18 HM_13 

45 DNA_replication_helicase_loader_DnaC/DnaI BC_17 HM_12 

46 replication_initiation_protein/ hypothetical_protein BC_16 HM_11 

47 hypothetical_protein BC_10 HM_10 

48 hypothetical_protein BC_9 HM_9 

49 hypothetical_protein BC_8 HM_8 

50 antirepressor_protein BC_7 HM_7 

51 transcriptional_regulator_HTH_cro/C1_type BC_6 HM_6 

52 repressor BC_5 HM_5 

53 ImmA/IrrE_family_metallo-endopeptidase BC_4 HM_4 

54 hypothetical_protein BC_3 HM_3 

55 hypothetical_protein BC_2 HM_2 

56 invertase BC_1 HM_1 
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Table S5.7 | BLASTn results of phage HM1 whole genome 

Description Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

Per. 

ident 

Acc. 

Len 

Accession   

Staphylococcus 

phage DW2 

34387 55846 85% 0 95.29 41941 NC_024391.1 

Staphylococcus 

phage 

vB_SauS_I73 

20811 37764 65% 0 92.14 43575 OM439672.1 

Staphylococcus 

phage B166 

15932 35694 63% 0 94.52 42881 NC_028859.1 

Staphylococcus 

phage B122 

15455 36393 63% 0 94.67 43108 NC_054979.1 

Staphylococcus 

phage 3MRA 

15383 39300 69% 0 93.57 41931 KJ452291.1 

Staphylococcus 

phage WBG8381 

15191 33754 63% 0 94.24 42493 CP071049.1 

Staphylococcus 

phage DSP07 

14790 37214 67% 0 95.02 42483 MZ041098.1  

Staphylococcus 

phage 

vB_SauS_760 

13572 36786 67% 0 96.11 42788 OM439669.1 

Staphylococcus 

phage Sebago 

12593 42593 71% 0 90.93 43878 NC_054982.1 

Staphylococcus 

phage StauST398-

3 

12222 43288 73% 0 90.21 41392 NC_021332.1 

Staphylococcus 

phage phiETA3 

11958 33893 60% 0 89.22 43282 NC_008799.1 

Staphylococcus 

phage phiJB 

11793 36580 65% 0 88.92 43012 KT344895.1 

Staphylococcus 

phage ROSA 

11782 26665 50% 0 88.9 43155 NC_007058.1 

Staphylococcus 

phage 

vB_SauS_Mh15 

11666 37073 67% 0 96.09 43090 OM439674.1 

Staphylococcus 

phage ECel-2020l 

11596 34775 62% 0 90.71 43478 CP062422.1 

https://www.ncbi.nlm.nih.gov/nucleotide/NC_024391.1?report=genbank&log$=nucltop&blast_rank=1&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OM439672.1?report=genbank&log$=nucltop&blast_rank=3&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_028859.1?report=genbank&log$=nucltop&blast_rank=4&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054979.1?report=genbank&log$=nucltop&blast_rank=6&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/KJ452291.1?report=genbank&log$=nucltop&blast_rank=7&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/CP071049.1?report=genbank&log$=nucltop&blast_rank=9&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/MZ041098.1?report=genbank&log$=nucltop&blast_rank=10&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OM439669.1?report=genbank&log$=nucltop&blast_rank=11&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054982.1?report=genbank&log$=nucltop&blast_rank=12&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021332.1?report=genbank&log$=nucltop&blast_rank=13&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_008799.1?report=genbank&log$=nucltop&blast_rank=15&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/KT344895.1?report=genbank&log$=nucltop&blast_rank=16&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_007058.1?report=genbank&log$=nucltop&blast_rank=18&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OM439674.1?report=genbank&log$=nucltop&blast_rank=20&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/CP062422.1?report=genbank&log$=nucltop&blast_rank=22&RID=5W7GS8G601N
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Staphylococcus 

phage 96 

11566 39274 69% 0 88.49 43576 NC_007057.1 

Staphylococcus 

phage ASZ22RN 

11561 40704 73% 0 88.48 43579 ON513432.1 

Staphylococcus 

phage Hesat 

11555 35877 66% 0 88.47 43129 OP947204.1 

Staphylococcus 

phage phinm4 

11529 36157 63% 0 90.57 43189 NC_028864.1 

Staphylococcus 

phage 

vB_SauS_Mh1 

10968 39553 72% 0 87.38 43800 OM439673.1 

Staphylococcus 

phage 

IME1364_02 

10802 34319 64% 0 87.07 42338 MW238767.1 

Staphylococcus 

phage SA13 

10338 23555 48% 0 88.12 42652 NC_021863.1 

Staphylococcus 

phage ECel-2020q 

10298 35806 68% 0 86.14 42844 CP062462.1 

Staphylococcus 

phage 

vB_SauS_287 

10189 34124 62% 0 87.82 43134 OM439663.1 

Staphylococcus 

phage 55-3 

9563 22515 49% 0 84.76 42309 KR709303.1 

 

Table S5.8 | BLASTn results of phage BC1 whole genome 

Description Max 

Scor

e 

Total 

Scor

e 

Quer

y 

Cove

r 

E 

valu

e 

Per. 

iden

t 

Acc. 

Len 

Accession   

Staphylococcus 

phage DW2 

3438

7 

6709

6 

94% 0 95.2

9 

4194

1 

NC_024391.

1 

Staphylococcus 

phage 

vB_SauS_I73 

2081

1 

3946

1 

66% 0 92.1

4 

4357

5 

OM439672.

1 

Staphylococcus 

phage B122 

1434

7 

3544

5 

61% 0 94.5 4310

8 

NC_054979.

1 

https://www.ncbi.nlm.nih.gov/nucleotide/NC_007057.1?report=genbank&log$=nucltop&blast_rank=23&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/ON513432.1?report=genbank&log$=nucltop&blast_rank=25&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OP947204.1?report=genbank&log$=nucltop&blast_rank=26&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_028864.1?report=genbank&log$=nucltop&blast_rank=27&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OM439673.1?report=genbank&log$=nucltop&blast_rank=28&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/MW238767.1?report=genbank&log$=nucltop&blast_rank=29&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021863.1?report=genbank&log$=nucltop&blast_rank=30&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/CP062462.1?report=genbank&log$=nucltop&blast_rank=32&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/OM439663.1?report=genbank&log$=nucltop&blast_rank=33&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/KR709303.1?report=genbank&log$=nucltop&blast_rank=34&RID=5W7GS8G601N
https://www.ncbi.nlm.nih.gov/nucleotide/NC_024391.1?report=genbank&log$=nucltop&blast_rank=1&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_024391.1?report=genbank&log$=nucltop&blast_rank=1&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439672.1?report=genbank&log$=nucltop&blast_rank=3&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439672.1?report=genbank&log$=nucltop&blast_rank=3&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054979.1?report=genbank&log$=nucltop&blast_rank=4&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054979.1?report=genbank&log$=nucltop&blast_rank=4&RID=5W5R7JXH016
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Staphylococcus 

phage B166 

1431

6 

3182

1 

55% 0 94.4

5 

4288

1 

NC_028859.

1 

Staphylococcus 

phage WBG8381 

1405

9 

3209

4 

59% 0 93.9

4 

4249

3 

CP071049.1 

Staphylococcus 

phage DSP07 

1368

1 

3587

5 

63% 0 94.8

1 

4248

3 

MZ041098.1  

Staphylococcus 

phage 3MRA 

1365

7 

3850

2 

66% 0 93.1

8 

4193

1 

KJ452291.1 

Staphylococcus 

phage Sebago 

1259

3 

4261

8 

68% 0 90.9

3 

4387

8 

NC_054982.

1 

Staphylococcus 

phage 

vB_SauS_760 

1246

4 

3770

2 

66% 0 96.0

2 

4278

8 

OM439669.

1 

Staphylococcus 

phage StauST398-

3 

1222

2 

4640

2 

75% 0 90.2

1 

4139

2 

NC_021332.

1 

Staphylococcus 

phage phiETA3 

1195

8 

3474

0 

59% 0 89.2

2 

4328

2 

NC_008799.

1 

Staphylococcus 

phage phiJB 

1179

3 

3402

4 

59% 0 88.9

2 

4301

2 

KT344895.1 

Staphylococcus 

phage ROSA 

1178

2 

2800

7 

50% 0 88.9 4315

5 

NC_007058.

1 

Staphylococcus 

phage ECel-2020l 

1159

6 

3430

1 

59% 0 90.7

1 

4347

8 

CP062422.1 

Staphylococcus 

phage 96, 

complete genome 

1156

6 

3608

8 

63% 0 88.4

9 

4357

6 

NC_007057.

1 

Staphylococcus 

phage ASZ22RN 

1156

1 

3985

0 

69% 0 88.4

8 

4357

9 

ON513432.1 

Staphylococcus 

phage Hesat 

1155

5 

3622

8 

64% 0 88.4

7 

4312

9 

OP947204.1  

Staphylococcus 

phage phinm4 

1152

9 

3246

5 

56% 0 90.5

7 

4318

9 

NC_028864.

1 

Staphylococcus 

phage 

vB_SauS_Mh1 

1096

8 

4139

5 

72% 0 87.3

8 

4380

0 

OM439673.

1 

https://www.ncbi.nlm.nih.gov/nucleotide/NC_028859.1?report=genbank&log$=nucltop&blast_rank=5&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_028859.1?report=genbank&log$=nucltop&blast_rank=5&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/CP071049.1?report=genbank&log$=nucltop&blast_rank=7&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/MZ041098.1?report=genbank&log$=nucltop&blast_rank=8&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/KJ452291.1?report=genbank&log$=nucltop&blast_rank=9&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054982.1?report=genbank&log$=nucltop&blast_rank=11&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_054982.1?report=genbank&log$=nucltop&blast_rank=11&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439669.1?report=genbank&log$=nucltop&blast_rank=12&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439669.1?report=genbank&log$=nucltop&blast_rank=12&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021332.1?report=genbank&log$=nucltop&blast_rank=13&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021332.1?report=genbank&log$=nucltop&blast_rank=13&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_008799.1?report=genbank&log$=nucltop&blast_rank=15&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_008799.1?report=genbank&log$=nucltop&blast_rank=15&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/KT344895.1?report=genbank&log$=nucltop&blast_rank=16&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_007058.1?report=genbank&log$=nucltop&blast_rank=18&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_007058.1?report=genbank&log$=nucltop&blast_rank=18&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/CP062422.1?report=genbank&log$=nucltop&blast_rank=21&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_007057.1?report=genbank&log$=nucltop&blast_rank=22&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_007057.1?report=genbank&log$=nucltop&blast_rank=22&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/ON513432.1?report=genbank&log$=nucltop&blast_rank=24&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OP947204.1?report=genbank&log$=nucltop&blast_rank=25&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_028864.1?report=genbank&log$=nucltop&blast_rank=26&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_028864.1?report=genbank&log$=nucltop&blast_rank=26&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439673.1?report=genbank&log$=nucltop&blast_rank=27&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439673.1?report=genbank&log$=nucltop&blast_rank=27&RID=5W5R7JXH016
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Staphylococcus 

phage 

IME1364_02 

1080

2 

3370

0 

60% 0 87.0

7 

4233

8 

MW238767.

1 

Staphylococcus 

phage 

vB_SauS_Mh15 

1061

9 

3633

6 

64% 0 96.0

9 

4309

0 

OM439674.

1 

Staphylococcus 

phage SA13 

1033

8 

2721

0 

53% 0 88.1

2 

4265

2 

NC_021863.

1 

Staphylococcus 

phage ECel-2020q 

1029

8 

3462

2 

64% 0 86.1

4 

4284

4 

CP062462.1 

Staphylococcus 

phage 

vB_SauS_287 

1018

9 

3326

0 

58% 0 87.8

2 

4313

4 

OM439663.

1 

Staphylococcus 

phage 55-2 

9563 2533

8 

51% 0 84.7

6 

4189

8 

KR709302.1  

 

Table S5.9 |VIRIDIC Results of most closely related phages to phage HM1 and phage 

BC1.  

Genome species_cluster genus_clust

er 

NC_054980.1_Staphylococcus_phage_Henu 10 6 

NC_028669.1_Staphylococcus_phage_phiJ 6 3 

NC_028864.1_Staphylococcus_phage_phinm4 7 3 

NC_054979.1_Staphylococcus_phage_B122 9 5 

OM439669.1_Staphylococcus_phage_vB_SauS_7

60 

12 7 

OM439674.1_Staphylococcus_phage_vB_SauS_

Mh15 

15 7 

OM439673.1_Staphylococcus_phage_vB_SauS_

Mh1 

14 9 

NC_028917.1_Staphylococcus_phage_3MRA 8 4 

OM439672.1_Staphylococcus_phage_vB_SauS_I

73 

13 8 

NC_007061.1_Staphylococcus_phage_vB_SauS_

HM1 

4 1 

https://www.ncbi.nlm.nih.gov/nucleotide/MW238767.1?report=genbank&log$=nucltop&blast_rank=28&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/MW238767.1?report=genbank&log$=nucltop&blast_rank=28&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439674.1?report=genbank&log$=nucltop&blast_rank=29&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439674.1?report=genbank&log$=nucltop&blast_rank=29&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021863.1?report=genbank&log$=nucltop&blast_rank=30&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021863.1?report=genbank&log$=nucltop&blast_rank=30&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/CP062462.1?report=genbank&log$=nucltop&blast_rank=32&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439663.1?report=genbank&log$=nucltop&blast_rank=33&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/OM439663.1?report=genbank&log$=nucltop&blast_rank=33&RID=5W5R7JXH016
https://www.ncbi.nlm.nih.gov/nucleotide/KR709302.1?report=genbank&log$=nucltop&blast_rank=35&RID=5W5R7JXH016
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KJ140076.1_Staphylococcus_phage_DW2 1 1 

NC_007061.1_Staphylococcus_phage_vB_SauS_

BC1 

3 1 

NC_007057.1_Staphylococcus_phage_96 2 2 

NC_021332.1_Staphylococcus_phage_StauST398

-3 

5 2 

NC_054982.1_Staphylococcus_phage_Sebago 11 2 

 

Table S5.10 | Phage clouds results for phage HM1 

No. Phage  Organism Distance  

1 KJ140076 Staphylococcus_phage_DW2 0.0383 

2 JQ973847 Staphylococcus_phage_StauST398-3 0.0616 

3 MK618716 Staphylococcus_phage_Sebago 0.065 

4 NC_007057 Staphylococcus_virus_96 0.0751 

5 AY954960 Staphylococcus_virus_96 0.0751 

6 KJ452291 Staphylococcus_phage_3MRA 0.076 

7 KP209285 

Staphylococcus_phage_phiNM4-

gamma4 0.0774 

8 MK290764 Staphylococcus_virus_B122 0.0795 

9 KT344895 Staphylococcus_phage_phiJB 0.0795 

10 KP893289 Staphylococcus_phage_B166 0.0824 

11 DQ530362 Staphylococcus_virus_phiNM4 0.0824 

12 MW238767 Staphylococcus_phage_IME1364_02 0.0886 

13 NC_008799 Staphylococcus_virus_phiETA3 0.0888 

14 AP008954 Staphylococcus_virus_phiETA3 0.0888 

15 CP071049 Staphylococcus_phage_WBG8381 0.0911 

 

 

Table S5.11 | Phage clouds results for phage BC1 

No. Phage  Organism Distance  
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1 KJ140076 Staphylococcus_phage_DW2 0.020179 

2 JQ973847 Staphylococcus_phage_StauST398-3 0.058453 

3 MK618716 Staphylococcus_phage_Sebago 0.067586 

4 KJ452291 Staphylococcus_phage_3MRA 0.080535 

5 NC_007057 Staphylococcus_virus_96 0.085513 

6 AY954960 Staphylococcus_virus_96 0.085513 

7 NC_008799 Staphylococcus_virus_phiETA3 0.087001 

8 AP008954 Staphylococcus_virus_phiETA3 0.087001 

9 MK290764 Staphylococcus_virus_B122 0.088581 

10 KP209285 

Staphylococcus_phage_phiNM4-

gamma4 0.089547 

11 KT344895 Staphylococcus_phage_phiJB 0.091234 

12 MW238767 Staphylococcus_phage_IME1364_02 0.092853 

13 DQ530362 Staphylococcus_virus_phiNM4 0.095222 

14 KP893289 Staphylococcus_phage_B166 0.09586 

15 CP071049 Staphylococcus_phage_WBG8381 0.098035 
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Supplementary Figure:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.1 | (A) PhageCloud analysis of phage BC1 genomic relationship with the closest reference phage genomes on NCBI-GenBank. 

Intergenomic distances were calculated by dashing based on a threshold of 0.1. (B) PhageCloud analysis of phage vB_SauS_HM1 genomic 

relationship with the closest reference phage genomes on NCBI-GenBank. Intergenomic distances were calculated by dashing based on a 

threshold of
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Chapter 6 

6 Emulsion-Based Postbiotic Formulation is Comparable 

to Viable Cells in Elicting a Localised Immune Response 

in Dairy Cows with Chronic Mastitis 
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6.1 Abstract 

Bovine mastitis is a disease with a multi-etiological nature, defined as an infection and 

inflammation of the udder. Mastitis represents a significant ongoing concern in the 

dairy industry, leading to substantial losses in profits and revenue for farmers 

worldwide. The predominant causes of bovine mastitis include the pathogens 

Staphylococcus aureus, Streptococcus dysgalactiae, Streptococcus uberis, and 

Escherichia coli. Antibiotic administration is currently the main treatment option for 

mastitis. However, there is a pressing need for alternative therapies to treat and prevent 

the disease, especially with the emergence of antibiotic-resistant, mastitis-causing 

pathogens, resulting in antibiotic treatment failure. One such example is live bio-

therapeutics (also known as probiotics), such as Lactococcus lactis DPC3147. The 

efficacy of this live bio-therapeutic has been demonstrated in several previous trials 

by our group. The most recent of these trials showed that an emulsion-based 

formulation of this strain was as effective as a commercial antibiotic formulation in 

treating sub-clinical and clinical cases of bovine mastitis. Here, we report the results 

of a follow-up field trial, in which we sought to gain insight into the mechanism of 

action of such live bio-therapeutics, focussing on chronic mastitis cases. We treated 

28 cows with chronic mastitis with two separate emulsion-based formulations 

containing either viable L. lactis DPC3147 cells (15 cows) or heat-killed L. lactis 

DPC3147 cells (13 cows). We then evaluated the efficacies of the two formulations 

(two treatment groups) in terms of stimulating a localised immune response 

(quantified by measuring IL-8 concentrations in milk collected from udders affected 

by mastitis) and efficacies in terms of cure rates (quantified by reductions in somatic 

cell counts and absence of pathogens). We demonstrate that the presence of heat-

inactivated bacteria (a postbiotic) was as effective as the live bio-therapeutic in 

eliciting a localised immune response in cows with chronic mastitis. The response to 

heat-killed cells (postbiotic) reported herein could have beneficial implications for 

farmers with regard to prolonging the shelf life of such emulsion-based formulations 

containing heat-killed cells of L. lactis DPC3147 for curing cows with mastitis. 
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6.2 Introduction 

Milk is amongst the most versatile products in the food industry. World milk 

production was recorded at 823 million tons in 2017 and it is expected to increase by 

22% by 2027 (Marcel et al., 2018). In addition to economic importance, milk and dairy 

products are important sources of macro and micronutrients in the human diet 

(Muehlhoff et al., 2013), including high-quality proteins, fatty acids, calcium, 

potassium, phosphorus, vitamin D, riboflavin, and vitamin B12 (Keast et al., 2013, 

O’Neil et al., 2018). Mastitis is the most prevalent and economically significant 

disease in dairy cattle worldwide (Castelani et al., 2019), primarily due to depleted 

milk production, discarded milk, premature culling, and treatment costs (Bar et al., 

2008, Hertl et al., 2010, Halasa et al., 2007). In addition to negative impacts on milk 

production and quality (Detilleux et al., 2015), mastitis also influences the 

reproductive system of the animal (Kumar et al., 2017) and increases susceptibility to 

other diseases  (Cha et al., 2013). Thus, decreasing the rates of mastitis and finding 

effective treatment options is crucial for ensuring a healthier herd, minimizing high 

somatic cell counts (SCCs) in cows, maximizing production yields and profits. The 

conventional treatment options for mastitis usually involve the use of antibiotics, such 

as pirlimycin, methicillin, cloxacillin, amoxicillin, novobiocin, penicillin G, 

dihydrostreptomycin, cephapirin, and erythromycin, which are all approved for bovine 

mastitis treatment and prevention  (Nader-Macías et al., 2011).The principal 

etiological agents of bovine mastitis are Staphylococcus aureus, Streptococcus 

dysgalactiae, and Streptococcus uberis (Crispie et al., 2008, Zadoks et al., 2011b, Bi 

et al., 2016, Abebe et al., 2016). While antibiotics have proven to be effective in some 

cases against mastitis, a plethora of studies indicate that mastitis-causing pathogens 

are becoming resistant to antibiotics and the cure rates of conventional treatments are 

low (Freitas et al., 2018).  Furthermore, mastitis caused by S. aureus can be 

recalcitrant to antibiotics due to its ability to evade the innate and adaptive immune 

response of the cow (Zaatout et al., 2020, Szweda et al., 2014, Zadoks et al., 2011a, 

Barkema et al., 2006), lending credence to the concern that antibiotics are no longer 

considered to be sufficient against S. aureus-induced bovine mastitis (Pietrocola et al., 

2017).   

The emergence of antimicrobial resistance (AMR) due to the overuse of antibiotics in 

food-producing animals has become a major concern (Xiong et al., 2018), especially 
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with respect to the risk of developing newly resistant bacteria that could be transmitted 

from animals to humans (Foutz et al., 2018). It is therefore imperative that preventative 

and alternative treatment plans are devised to reduce reliance on antibiotics in the dairy 

herd (McEwen and Collignon, 2018). To date, other forms of therapies (or 

combinations of antimicrobials) for mastitis have been reported with varying levels of 

efficacy (Angelopoulou et al., 2019, Cheng and Han, 2020). Bacteriocins such as nisin 

A have demonstrated antibacterial activity against mastitis pathogens (Malvisi et al., 

2016). Immune stimulants such as ginseng (Beccaria et al., 2018) and the use of plant-

derived compounds (Maia et al., 2018)and immune proteins such as lactoferrin 

(O’Halloran et al., 2016) have also been tested in this regard. Probiotic lactic acid 

bacteria (LAB) strains have been reported to eliminate mastitis-causing 

staphylococcal biofilms (Wallis et al., 2019). Furthermore, Lactobacillus casei BL23 

has demonstrated anti-inflammatory properties on S. aureus-stimulated bovine 

mammary epithelial cells (Souza et al., 2018). However, there remains much 

mechanistic and trial work to elucidate the potential of probiotics as substitutes for 

antibiotics. Finally, phage therapy for treating bovine mastitis has been hampered on 

account of the inhibition of phages by compounds present in bovine milk (O'Flaherty 

et al., 2005). Phage endolysins, however, represent promising antimicrobial 

alternatives with proven potent activity against mastitis-causing pathogens (Zhou et 

al., 2017). However, endolysins require genetic engineering for both production and 

design, suggesting these are drugs of the future (Angelopoulou et al., 2019). 

Our group has shown that the two-component bacteriocin produced by the LAB L. 

lactis DPC3147 inhibits a broad range of Gram-positive mastitis pathogens (Ryan et 

al., 1999, Ryan et al., 1998, Klostermann et al., 2008, Klostermann et al., 

2010). Lactococcus lactis strains are routinely used as dairy starter organisms and 

numerous strains have been granted GRAS (generally regarded as safe) status in the 

dairy industry. Studies by Ryan et al.  and Twomey et al., reported that lacticin 3147 

combined with a bismuth-based teat seal prevented Strep. dysgalactiae infections in 

dry cows (Ryan et al., 1999) and S. aureus infections in lactating cows (Twomey et 

al., 2000). In a separate field trial, (Klostermann et al., 2008) evaluated the bactericidal 

activity of a freeze-dried preparation of the lacticin 3147-producing culture 

resuspended in sterile water and found that the treatment was as efficacious as 

conventional antibiotic treatment. Furthermore, that study noted that a Gram-negative, 
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lacticin 3147-insensitive E. coli strain was also one of the mastitis-causing pathogens 

that was eliminated by this freeze-dried preparation. Thus, it has been suggested that 

a mechanism other than bacteriocin production was contributing to the elimination of 

this Gram-negative pathogen (Klostermann et al., 2008). Additionally, (Crispie et al., 

2008) reported that infusion with freeze-dried L. lactis DPC3147 rapidly stimulated 

the host intra-mammary immune system leading to the recruitment of lymphocytes 

and polymorphonuclear leukocytes (PMNs), to the mammary gland along with the 

localised production of acute-phase proteins (APP). A combination of these factors 

contributes to clear the mammary gland of the offending pathogen (Crispie et al., 

2008). In a separate study (Klostermann et al., 2010), it was reported that a teat dip 

containing lacticin 3147 was efficacious at eliminating the mastitis pathogens S. 

aureus, Strep. dysgalactiae and Strep. uberis from cows’ teats. However, producing 

sufficient quantities of pure antimicrobial peptides would be costly and is one of the 

main bottlenecks precluding the use of purified antimicrobial bacteriocins to treat 

bovine mastitis. More recently, our group developed a novel, live bio-therapeutic 

formulation, containing a liquid paraffin-based emulsion of L. lactis DPC3147. This 

live bio-therapeutic formulation displayed a 47% cure rate compared to a 50% cure 

rate for the routinely used commercial antibiotic formulation Terrexine™ for the 

treatment of cows with clinical and sub-clinical mastitis (Kitching et al., 2019).   

The time-effective and inexpensive nature of producing this emulsion-based live bio-

therapeutic formulation, compounded by its prolonged shelf life compared to previous 

aqueous-based formulations of the same, suggest that this product may represent a 

realistic alternative therapeutic option for bovine mastitis. In addition, the single-dose 

administration of this live bio-therapeutic formulation is a further advantage, as it can 

hasten the return of the milk to the milk pool and minimize or prevent withholding of 

milk from processing for several days, in comparison to some commercial antibiotics. 

The primary objective of this current trial was to investigate if such recently developed 

emulsion-based formulations derived from L. lactis DPC3147 need to contain viable 

cells or whether heat-inactivated cells thereof can elicit an equally potent localised 

immune response in cows with chronic mastitis. The outcome of this field trial 

reported herein demonstrates that a formulation containing heat-killed cells of L. 

lactis DPC3147 is equally efficacious at eliciting a localised interleukin 8 (IL-8) 

response upon infusion of udders affected by mastitis. The equally potent immuno-
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stimulatory effects of emulsion-based formulations containing heat-killed cells of L. 

lactis DPC3147 could present farmers with additional alternative therapeutic options 

with a prolonged shelf life, for treating cows with mastitis. 

6.3 Materials and Methods 

6.3.1 Preparation of Liquid Paraffin-Based Emulsions Containing Viable and 

Heat-Killed Lactococcus lactis DPC3147 Cells 

The emulsion-based formulations were prepared as described by (Kitching et al., 

2019), with minor modifications. Briefly, liquid paraffin and polysorbate 80 were both 

purchased from Sigma-Aldrich (Vale Road, Arklow, Ireland). Polysorbate 80 (10%) 

was prepared in sterile autoclaved DNAase and RNAase-free water and sterilised by 

filtering twice through 0.2 μm syringe filters. Forty-five milliliters of liquid paraffin 

were poured into 250 ml glass beakers and sterilised under dry heat at 170°C for 2 h. 

This was subsequently allowed to cool to room temperature prior to use. Prior to 

preparation of the emulsion, the blade of an Ultra-Turrax® homogenizer was 

autoclaved and then steeped in 1% v/v Chlorus and UV-sterilised under laminar 

airflow for 1 h. 

Ten milliliter overnight cultures of L. lactis DPC3147 were grown for 16 h at 30°C in 

LM17 (containing 0.5% lactose) broth (Merck). The overnight cultures were 

subsequently centrifuged at 8,000 x g for 15 min at 4°C using a Thermo Scientific 

Sorvall centrifuge to isolate the cell pellet. The cell pellets were washed twice with 

10 ml of sterile autoclaved RNAase-free water between centrifugation steps. Finally, 

the cells were resuspended in 15 ml of 10% polysorbate 80. Forty-five milliliters of 

sterile liquid paraffin were homogenised with 15 ml of the 10% polysorbate 80 (mixed 

with cells) at 10,000 rpm in an Ultra-Turrax® homogenizer for 5 min under ice to yield 

a final cell concentration of approximately 1 × 109 cfu per 5 ml dose (equivalent to 

approximately 2 × 108 cfu/ml) in the emulsion. Lactococcus lactis DPC3147 cells 

resuspended in 10% polysorbate 80 were slowly poured into the liquid paraffin during 

homogenisation. Thus, the emulsion contained a final concentration of 2.5% 

polysorbate 80. To prepare heat-killed L. lactis DPC3147 cells, the above-mentioned 

steps were followed identically. However, just prior to resuspending the cells in 10% 

polysorbate 80, the cells were resuspended in 1 ml of sterile water and heat-treated in 

a boiling water bath at 100°C for 12 min. After boiling, the heat-killed cells were 
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cooled to room temperature before resuspending them in 14 ml of 10% polysorbate 

80. Homogenisation steps were conducted with the Ultra-Turrax® as described above. 

The number of viable cells was quantified in the emulsion formulations in terms of 

colony forming units/ml (cfu/ml) by conducting viable plate counts. Maximum 

recovery diluent (MRD, Oxoid, Basingstoke, Hampshire, United Kingdom) was 

utilised as a diluent in all cases. Lactococcus lactis DPC3147 (and heat-killed versions 

thereof) were plated onto LM17 agar. Plates were incubated for 24 h at 30°C and 

cfu/ml determined. Agar plates from heat-treated cells were incubated for up to 72 h 

at 30°C to ensure that all the cells were killed as confirmed by the absence of any 

colonies on agar plates after 72 h of incubation. While we did not check bacterial cell 

integrity after heat inactivation by microscopy, we concluded that the absence of any 

colonies whatsoever, even after a prolonged incubation of 72 h meant that our heat-

killing procedure was 100% effective and no bacterial cells were able to recover and 

form colonies on agar plates. 

6.3.2 Cows Selected for the Emulsion Formulation Trial, Intra-Mammary 

Infusion, and Sampling 

This field trial was approved by the Teagasc Animal Ethics Committee (Approval 

number TAEC186-2018) and by the Health Products Regulatory Authority (HPRA; 

Project Authorisation number AE19132/P086). Holstein-Friesian dairy cows with 

mastitis were first identified in the herd using bulk cow somatic cell counts (SCCs) 

and only animals with a SCC >250,000 cells/ml were selected for the trial. Once cows 

were selected on the basis of these bulk cow SCCs, quarter sampling was conducted 

to identify the infected udder and quarter sample SCCs were quantified thereafter. 

Cows with clinical mastitis displayed obvious signs of udder inflammation and/or 

general malaise, clotted/abnormal milk production as well as the presence of 

pathogens in milk. G*Power calculations prior to conducting the trial revealed 

that n = 13 cows for each of the two treatment groups were sufficient for statistically 

valid results. However, this number was rounded off to n = 15 cows per treatment 

group to account for possible dropouts. To assess the response to each of the treatment 

groups, cows that were presenting with high SCC were identified in the herd and the 

affected quarter was infused at random with a one-time dose of emulsion preparation 

containing any one of the two formulations, which were made fresh (approximately 

1 × 109 cfu of L. lactis DPC3147 or heat-killed versions thereof, per 5 ml dose; 
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equivalent to approximately 2 × 108 cfu/ml; n = maximum of 15 cows per treatment 

group). The selection of the treatment group was at random, to prevent bias and 

variability in the results. In specific cases where a cure was successful (defined by a 

reduction in SCC counts from initially high numbers to between 250,000 and 750,000 

cells/ml and absence of pathogens upon plating within 5–7 days post-infusion), 

antibiotics were not required at all. However, in specific cases where there was 

treatment failure as a result of our formulations even after 7 days (and/or the cows 

were unable to mount a potent immune response naturally to result in a natural cure), 

conventional antibiotic intervention took place 7 days post-infusion to cure the cows, 

as per good veterinary and clinical practice. Any such cows were administered two 

doses of a commercial antibiotic. The commercial dual antibiotic formulation consists 

of cephalexin (200 mg) and kanamycin (100,000 I.U.) and is routinely utilised to treat 

lactating cows with clinical or sub-clinical mastitis in the Moorepark herd at the 

Teagasc Animal and Grassland Research and Innovation Centre, Moorepark, Ireland. 

The cows were considered still infected if the SCC was still high 7 days post-infusion, 

as the main criterion (and such cases of high SCCs were routinely validated by plating 

for pathogens as well, even after the conclusion of our investigative trial with our two 

treatment groups described here in this study). 

All the treatments from each of the two treatment groups were directly administered 

into the teat sinus as previously described with minor modifications (Klostermann et 

al., 2008, Crispie et al., 2008). Briefly, the teat in question was swabbed with 70% v/v 

ethanol on cotton wool, prior to sampling. A milk sample from the affected quarter 

was collected just before infusion. After this, 5 ml of an emulsion-based formulation 

from one of the two treatment groups, containing approximately 1 × 109 cfu (or heat-

killed versions thereof) per 5 ml dose (equivalent to approximately 2 × 108 cfu/ml) was 

infused into the mammary gland using sterile blunt-ended steel syringes (17 mm in 

length). Milk samples were taken at time 0 (just prior to infusion), 6 h post-infusion 

and subsequently at intervals up to 7 days post-infusion for analysis of SCC, 

interleukin (IL)-8 titres and the presence of mastitis-causing pathogens was detected 

by plating each of these milk samples on Blood agar (Oxoid Ltd., Basingstoke, 

Hampshire, United Kingdom). The respective pathogens were identified as follows: S. 

aureus produced creamy, greyish-white and occasionally golden-yellow colonies on 

blood agar, 3–5 mm in diameter with typical zones of haemolysis. Streptococci 
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produced small, smooth, translucent, cone shaped colonies on blood agar. Strep. 

dysgalactiae colonies produced characteristic narrow zones of pale green 

discoloration of the medium accompanied usually by a narrow zone of 

haemolysis. Strep. uberis colonies caused a diffuse browning of the aesculin blood 

agar. Escherichia coli produced large (3–4 mm) grey colonies. Such E. coli colonies 

can sometimes also show haemolysis and frequently produce mucoid colonies. 

Overall, the cows with high bulk SCCs (and subsequently identified high quarter SCCs 

as briefly described above) as part of this trial were selected at random to prevent bias. 

The cows selected had a mixture of lactation ranks, ranging from ranks 1 to 7. 

Therefore, the cows were selected at random from early, mid and late lactation stages, 

as part of this trial to prevent bias. Upon retrospective assessments of the historical 

records of the cows, we concluded that the majority of cows had suffered from 

previous episodes of mastitis. Aside from the Moorepark herd (from where most of 

the cows were selected), there was one other nearby farm (Curtin’s farm) from which 

cows were selected as well. The selection of cows took place in the time period 

between November 2018 and July 2019. 

6.3.3 Somatic Cell Count Measurements 

SCC/ml of milk samples were determined as previously described with a few minor 

modifications (Klostermann et al., 2008, Klostermann et al., 2010). Briefly, milk 

samples were collected from the relevant quarters at time 0 (just before treatment) and 

at designated time points post-treatment, as described above. SCC/ml in raw milk were 

measured using a Somacount 300® (Bentley Instruments Incorporated, United States). 

6.3.4 Determination of IL-8 Titres in Milk Samples Using ELISA 

Milk samples were collected as described above and centrifuged for 30 min at 

44,000g, in order to remove the fat layer from the milk using a sterile pipette tip. After 

centrifugation, the supernatants from the milk samples were subjected to IL-8 analysis 

by ELISA or samples were frozen at −80°C for analysis at a later stage, as described 

previously (Kitching et al., 2019). The bovine IL-8 (CXCL8) ELISA development kit 

(Mabtech AB, Nacka Strand, Sweden) was utilised to quantify IL-8 titres in milk 

samples collected at different time points pre- and post-treatment, from cows treated 

with emulsion preparations containing one of the two treatment group formulations. 

Briefly, the following protocol was used: A 96-well Nunc-Immuno plate (Thermo 
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Scientific, Ballycoolen, Dublin, Ireland) was pre-coated with 100 μl of mAb MT8H6 

at a concentration of 2 μg/ml (diluted in PBS pH 7.4) and the plate was stored at 4°C 

for 16 h. After 16 h, all wells were washed twice with 200 μl phosphate-buffered saline 

(PBS pH 7.4). The plate was subsequently blocked with 200 μl PBS (supplemented 

with 0.05% Tween 20 and 0.1% bovine serum albumin) and the plate was covered in 

tin foil and kept at room temperature for 1 h. After 1 h, the plate was washed five times 

using PBS supplemented with 0.05% Tween 20 (hereafter referred to as wash buffer). 

After this, 100 μl of IL-8 standards ranging from concentrations of 6.25 to 1,600 pg/ml 

were added to the wells in triplicate, as per the manufacturer’s instructions. Milk 

samples collected at different time points were diluted 1:10, and 1:100 in PBS (pH7.4) 

and 100 μl of the undiluted samples, 1:10 dilutions and 1:100 dilutions were added to 

the wells in the microtiter plate in triplicate. The plate was covered in tin foil and 

incubated for 2 h at room temperature. After 2 h, each of the wells was washed with 

wash buffer five times. After these wash steps, 100 μl of mAb 26E5-biotin at a final 

concentration of 0.1 μg/ml was added to each well and the plate covered in tin foil and 

incubated for 1 h. As before, the wells were washed five times with wash buffer after 

the 1 h incubation step. One hundred microliters of Streptavidin-ALP diluted 1:1000 

was added to each well and the plate covered in tin foil and incubated for 1 h at room 

temperature, followed by washing five times. Finally, phosphatase substrate (Sigma-

Aldrich, Vale Road, Arklow, Ireland) at a final concentration of 1 mg/ml was prepared 

using sterile de-ionised water supplemented with 7.5 mg/ml glycine, 1 mM ZnCl2 and 

1 mM MgCl2 and the pH was adjusted to pH 10.4 using 2 M NaOH. One hundred 

microliters of this substrate solution was added to each of the wells and the plate 

covered in tin foil and incubated for 1 h at 37°C. A plate reader (Synergy HT, BioTek) 

was used to take absorbance readings at 405 nm. Graph Pad Prism software (version 

v9.1.0) with five-parameter logistics was used to interpolate IL-8 values. However, in 

the rare event that five-parameter logistics failed to interpolate IL-8 values for certain 

quarters, the less stringent four-parameter logistics was utilised instead of five-

parameter logistics in these specific cases. 

6.3.5 Statistical Analyses 

Statistical analyses described herein were performed in Graph Pad Prism v9.1.0. 

Comparison of the cure rate of the two treatment groups was performed using a 

Fisher’s exact test. IL-8 and SCC data were first tested for normality using the 
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Shapiro–Wilk test. Non-parametric Wilcoxon tests were used to evaluate statistical 

differences between heat-killed L. lactis DPC3147 and viable L. lactis DPC3147 

treatment groups in all cases. A spline-based statistical tool was also used to compare 

the whole time series (R package splinectomeR; Shields-Cutler et al., 2018). A 

difference was considered statistically significant if p < 0.05 in all cases. 

To ordinate the sample, we first calculated dissimilarity matrices from the cows’ time 

series using the “vegdist” function from the “vegan” R package (Bray–Curtis 

distances). Dissimilarity matrices were subjected to classical multidimensional scaling 

(PCoA) to obtain the first two principal coordinates, as well as the variance explained 

by each, using the “pcoa” function from the “ape” R package. The dissimilarity 

matrices used for PCoA were also used for permutational multivariate analysis of 

variance (PERMANOVA; “adonis2” function from “vegan”). Pairwise 

PERMANOVA were calculated using the “pairwiseAdonis” R package, and value 

of p were adjusted using the Bonferroni method. A difference was considered 

statistically significant if the adjusted p < 0.05. We finally calculated the Spearman 

correlation coefficients between SCC and IL-8 using the “cor.test” function from 

“stats” R package. 

6.4 Results 

6.4.1 Lactococcus lactis Cells Do Not Need to Be Viable to Elicit a Localised 

IL-8 Response 

We opted to quantify the localised IL-8 response upon infusion of both treatment 

options as previous field trials of this nature in our group had indicated that IL-8 was 

the main cytokine involved in a localised inflammatory response and responsible for 

the recruitment of polymorphonuclear leucocytes and neutrophils to the site of 

infection (Beecher et al., 2009). While there was a large inter-animal variation of IL-

8 concentrations in this trial as well, overall, it was apparent that heat-killed L. 

lactis DPC3147 cells elicited an equally potent IL-8 response as viable L. 

lactis DPC3147 cells (Figure 6.1). A Shapiro test of normality was initially used to 

show that the IL-8 values were not normally distributed (p < 0.05) and therefore, a 

non-parametric Wilcoxon test was used to compare the IL-8 titres elicited by viable L. 

lactis DPC3147 cells versus heat-killed DPC3147 cells. Figure 6.1 shows that there 

was no significant difference in IL-8 responses in cows treated with either viable 

https://www.frontiersin.org/articles/10.3389/fmicb.2022.759649/full?&utm_source=Email_to_authors_&utm_medium=Email&utm_content=T1_11.5e1_author&utm_campaign=Email_publication&field=&journalName=Frontiers_in_Microbiology&id=759649#fig1
https://www.frontiersin.org/articles/10.3389/fmicb.2022.759649/full?&utm_source=Email_to_authors_&utm_medium=Email&utm_content=T1_11.5e1_author&utm_campaign=Email_publication&field=&journalName=Frontiers_in_Microbiology&id=759649#fig1
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DPC3147 cells or heat-killed DPC3147 cells at any of the time points (p > 0.05). This 

indicates that formulations containing heat-killed cells were able to trigger an equally 

potent IL-8 response as formulations containing viable DPC3147 cells. In addition, a 

spline-based statistical tool was used to compare the value of p of IL-8 values in the 

whole time series (R package splinectomeR; Shields-Cutler et al., 2018; Figure 6.2). 

As shown in Figure 6.1, the differences in IL-8 values between the two treatment 

groups are not statistically significant for IL-8 (p = 0.93), further highlighting that 

heat-killed DPC3147 cells have the ability to cause an equally potent localised IL-8 

response as viable DPC3147 cells (Figures 6.1, 6.2). 

 

Figure 6.1 | A non-parametric Wilcoxon test was used to compare the IL-8 titres 

elicited by viable Lactococcus lactis DPC3147 cells versus heat-killed DPC3147 

cells. The figure shows that there was no significant difference in IL-8 responses in 

cows treated with either viable DPC3147 cells or heat-killed DPC3147 cells at any of 

the time points (p > 0.05). This indicates that heat-killed cells can elicit an equally 

potent IL-8 response as viable DPC3147 cells. 
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Figure 6.2 | A spline-based statistical tool was used to compare the value of p of IL-8 

titres in the whole time series (R package splinectomeR; Shields-Cutler et al., 2018). 

The differences between the two treatment groups are not significant for IL-8 

(p = 0.93), further highlighting that heat-killed cells have the ability to elicit an equally 

potent localised IL-8 response as do viable DPC3147 cells. 

6.4.2 Cure Rates Based on SCC Are Statistically Similar for Treatment 

Groups Involving Either Viable or Heat-Killed Lactococcus 

lactis DPC3147 Cells 

Quarters with a SCC of >250,000 cells/ml (log 5.4 cells/ml), were selected for this 

study as they were representative of mastitis. Somatic cell counts are an indicator of 

infection and inflammation in the udder, with a higher SCC generally indicative of 

inflammation. The criteria for defining chronic mastitis included cows that historically 

had suffered from recurrent cases of mastitis in the herd prior to the commencement 

of this current trial, and cows that were on occasion slow to recover from mastitis even 

with antibiotic therapy. These cows on occasion failed antibiotic therapy and 

recovered from mastitis naturally as a result of mounting a natural immune reaction to 

combat the infection. Such historical records were retrospectively checked upon 

completion of the trial, to prevent bias when initially selecting cows in the herd with 

high bulk (and high quarter) SCCs, as part of this current trial. The cure rates as part 

of this current trial were evaluated based on the initial SCC compared to counts after 
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7 days post-infusion. While a minimum SCC of >250,000 cells/ml (log 5.4 cells/ml) 

was chosen as a criterion for selecting cows with mastitis, the majority of animals 

selected had chronic mastitis and starting quarter SCCs which were significantly 

higher than this minimum criterion value of 250,000 cells/ml. Milk samples were 

taken from mastitic cows at the following time points: T0 (before treatment), T0.25 

(6 h post-infusion), T1, T2, T3, T5, and T7 days. A clinical cure was considered as a 

reduction in SCC from initially high starting counts to a SCC of between 250,000 and 

750,000 cells/ml within 5–7 days post-treatment, as well as the absence of pathogens 

upon plating (Tables 6.1 and 6.2). It was shown that the cure rate of both treatment 

groups was somewhat similar and there was no statistically significant difference 

between the groups in terms of cure rate (L. lactis DPC3147 viable cells = 46.67% 

cure rate, L. lactis DPC3147 heat-killed cells = 15.38% cure rate), (p = 0.2616 when 

cured numbers were compared to each other and p = 0.5556 when non-cured numbers 

were compared to each other, Fisher’s exact test; Tables 6.1 and 6.2). Although there 

were no statistically significant differences (p > 0.05) in the cure rates between the two 

treatment groups, the percentage cure rates were higher for the live DPC3147 

treatment group compared to the heat-killed treatment group. Such a difference in the 

percentage cure rates is likely to be due to inter-cow variation, which is an inherent 

part of field trials of this nature. It must also be noted that S. aureus was found to be 

the predominant etiological agent of mastitis in the cows investigated in this trial 

(Table 6.1). 
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Table 6.1| Total number of quarters infused with one of the four emulsion-based 

formulations, showing the etiological agents of mastitis.  

Treatment  Culture-

positive 

cases  

Identity of 

pathogens 

Cure rate of culture-

positive cases based on 

SCC results (%) 

L. lactis DPC3147 

live (total N = 15 

teats) 

14/15 12/14 S. aureus,  

2/14 Strep. uberis, 

1/14 Strep. 

dysgalactiae 

4/12 S. aureus 

(33.33%),  

1/2 Strep. uberis (50%),  

1/1 Strep. dysgalactiae 

(100%) 

L. lactis DPC3147 

heat-killed (total N 

= 13 teats) 

9/13 7/9 S. aureus,  

2/9 Strep. uberis 

1/7 S. aureus (14.29%),  

0/2 Strep. uberis (0%) 

Cows with chronic mastitis were predominantly selected in this trial. N number 

denotes number of quarters infused per treatment group. A clinical cure was defined 

as a reduction in SCC to 250,000-750,000 cells/ml within 5-7 days of treatment and 

the absence of pathogens upon plating. 

 

Table 6.2 | Overall cure rates for each of the treatment groups investigated in this trial.  

Treatment group N (number of quarters) Cure rate (%) 

L. lactis DPC3147 live 15 7/15 (46.67%) 

L. lactis DPC3147 heat-killed 13 2/13 (15.38%) 

Cows with chronic mastitis were mainly selected in this trial. A clinical cure was 

defined as a reduction in SCC to 250,000-750,000 cells/ml within 5-7 days of 

treatment and the absence of pathogens upon plating. 

 

Overall, as was the case for IL-8 values, it was determined that the SCC data was not 

normally distributed, by performing a Shapiro test of normality (p < 0.05). Therefore, 

a non-parametric Wilcoxon test was used to compare the SCC values in cows treated 

with viable DPC3147 cells versus heat-killed DPC3147 cells (Figure 6.3). As was the 

case for the IL-8 values, there were no statistically significant differences in the SCC 
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values between the two treatment groups at the designated time points (p > 0.05 in all 

cases), except for time point Day 0.25 (6 h post-infusion), where there was a 

statistically significant difference in the SCC values between viable and heat-killed 

cells (p < 0.05), depicted by an asterisk at Day 0.25 (6 h). Due to the lack of statistically 

significant differences at all the other time points, the data indicate that heat-killed 

cells may be as efficacious as viable DPC3147 cells in terms of decreasing SCC counts 

in mastitic cows. 

 

Figure 6.3 | A non-parametric Wilcoxon test was used to compare the SCC values in 

cows treated with viable DPC3147 cells versus heat-killed DPC3147 cells. There were 

no statistically significant differences in the SCC values between the two treatment 

groups at the designated time points (p > 0.05 in all cases), with the exception of time 

point Day 0.25 (6 h post-infusion), where there was a statistically significant 

difference in the SCC values between viable and heat-killed cells (p < 0.05), depicted 

by an asterisk at Day 0.25. Due to the lack of statistically significant differences at 

each of the time points except Day 0.25, the data indicates that heat-killed cells may 

be as efficacious as viable DPC3147 cells in terms of decreasing SCC count in mastitic 

cows. 
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In addition, a similar spline-based statistical tool as described in Figure 6.2 was used 

to compare the value of p of SCC values in the whole time series (R package 

splinectomeR; Shields-Cutler et al., 2018; Figure 6.4). As briefly mentioned above 

for Figure 6.3, overall, the differences in SCC values between the two treatment 

groups was not statistically significant (p = 0.38). However, this spline-based model 

could predict that the comparison was statistically significant between the two 

treatment groups at Day 0.25 (as shown previously in Figure 6.3) and also statistically 

significant on Day 5 and Day 7 (p < 0.01). Overall, this spline-based analysis also 

indicates that heat-killed DPC3147 cells can be as efficacious as viable DPC3147 cells 

in terms of decreasing SCC counts in mastitic cows (Figure 6.4). Furthermore, a 

Wilcoxon comparison between cured cows versus non-cured cows was conducted. 

The Wilcoxon test showed that there was a statistically significant difference in SCC 

values (p < 0.05) between cured cows versus non-cured cows at Day 5 post-infusion, 

indicating that it may take up to 5 days post-infusion to see clinical differences in the 

cows in terms of defining a clinical cure (Figure 6.5). 

 

Figure 6.4 | A spline-based statistical tool was to compare the value of p of SCC 

values in the whole time series (R package splinectomeR; Shields-Cutler et al., 2018). 

Overall, the differences are not statistically significant for SCC between the two 

groups (p = 0.38). However, this spline-based model predicts that the comparison is 

statistically significant at Day 0.25 (as shown previously in Figure 6.2) and also 
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statistically significant between the two treatment groups on Day 5 and Day 7 

(p < 0.01). Overall, this spline-based analysis also indicates that heat-killed DPC3147 

cells can be as efficacious as viable DPC3147 cells in terms of decreasing SCC count 

in mastitic cows. 

 

Figure 6.5 | A Wilcoxon comparison in SCC values between cured cows versus non-

cured cows was conducted. The Wilcoxon test showed that there was a statistically 

significant difference in SCC values (p < 0.05) between cured cows versus non-cured 

cows at Day 5 post-infusion, indicating that it may take up to 5 days post-infusion to 

see clinical differences in the cows in terms of defining a clinical cure. 

This trial established that the cure rates of both treatment groups were statistically non-

significant (with the heat-killed L. lactis DPC3147 group showing somewhat lower 

cure rates, most likely due to inter-animal variation which is common in field trials of 

this nature). The focus of our previous trial was to compare the efficacies and cure 

rates of an emulsion-based formulation containing the live-biotherapeutic L. 

lactis DPC3147 versus commercial antibiotics to treat bovine mastitis. It is likely that 

any resolution and cure of the disease in trials of this nature is predominantly due to 

the cow’s immune system mediated by IL-8 resulting from infusion with our treatment 

formulations, rather than the direct antimicrobial activity of lacticin 3147 against the 

pathogens. This was demonstrated here in this trial, as the cure rates of both treatment 

groups were statistically comparable to each other (Tables 6.1 and 6.2). 
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6.4.3 IL-8 Values Are Positively Correlated With SCC Values in Cured Cows 

but Not in Non-cured Cows 

Spearman correlations were conducted between all the IL-8 values and SCC values as 

part of this trial. When compared overall, SCC and IL-8 were positively and 

significantly correlated (R = 0.22, p < 0.01; Figure 6.6). Such Spearman correlations 

were then conducted between IL-8 values and SCC values in cows which were cured 

(Figure 6.7). When compared overall, SCC and IL-8 are positively and significantly 

correlated in cured cows (R = 0.44, p = 0.0012). Although the concentrations of PMNs 

were not measured in this trial, the trends described above suggest that increased IL-8 

values in response to infection (and therefore high SCC values) likely resulted in the 

recruitment of PMNs to the site of infection, which helped combat the offending 

pathogen, eventually resulting in a clinical cure (Figure 6.7). 

 

Figure 6.6 | Spearman correlations were conducted between IL-8 values and SCC 

values. When compared overall, SCC and IL-8 are positively and significantly 

correlated (R = 0.22, p < 0.01). 
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Figure 6.7 | Spearman correlations between IL-8 values and SCC values in cows 

which were cured showing that when compared overall, SCC and IL-8 are positively 

and significantly correlated in cured cows (R = 0.44, p = 0.0012). This suggests that 

increased IL-8 values in response to infection (and therefore high SCC values) result 

in the recruitment of PMNs to the site of infection, which likely combat the offending 

pathogen, eventually resulting in a clinical cure. 

Such Spearman correlations were also conducted between IL-8 values and SCC values 

in cows which were not cured (Figure 6.8). When compared overall for cows which 

were not cured, SCC and IL-8 were no longer positively correlated 

(R = 0.035, p = 0.73). While we do not have data pertaining to PMN concentrations at 

the site of infection in this trial, the lack of positive correlations between SCC and IL-

8 in non-cured cows described above suggests that these cows were likely unable to 

mount a sufficient localised IL-8 response, leading to inadequate recruitment of PMNs 

to the site of infection. This insufficient localised IL-8 response may help to explain 

why such cows may have been unable to combat the infection and thereby remained 

uncured. 

https://www.frontiersin.org/articles/10.3389/fmicb.2022.759649/full?&utm_source=Email_to_authors_&utm_medium=Email&utm_content=T1_11.5e1_author&utm_campaign=Email_publication&field=&journalName=Frontiers_in_Microbiology&id=759649#fig8


 

307 

 

 

Figure 6.8 | Spearman correlations between IL-8 values and SCC values in cows 

which were not cured. When compared overall for cows which were not cured, SCC 

and IL-8 are no longer positively correlated (R = 0.035, p = 0.73). This suggests that 

these cows were likely unable to mount a sufficient localised IL-8 response, leading 

to inadequate recruitment of PMNs to the site of infection. This insufficient localised 

IL-8 response may explain why such cows were unable to combat the infection and 

thereby remained uncured. 

6.4.4 Cows in This Trial Mounted an Equally Potent Localised IL-8 Immune 

Response, Irrespective of the Pathogenic Etiological Agent of Mastitis 

A Wilcoxon comparison was conducted for IL-8 values in cows where the etiological 

agent of mastitis was identified to be (i) Staphylococcus aureus, 

(ii) Streptococcus species, (iii) Staphylococcus aureus and Streptococcus species 

together (co-infection), or (iv) pathogen negative (where there was no etiological agent 

detected but the cows still presented with mastitis). Overall, the statistical tests show 

that there were no significant differences in IL-8 values detected in milk samples from 

the cows infected by each of the above-mentioned pathogens (p > 0.05; Figure 6.9). 

However, there were statistical differences in IL-8 values detected in the milk samples 

in cows infected with Streptococcus species versus cows where there was no pathogen 

detected (but still suffered from mastitis). The average IL-8 values were higher 

in Streptococcus-infected cows compared to cows where there was no pathogen 
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detected. This may be due to the cows’ natural immune response detecting 

the Streptococcus pathogen in the infected udder and mounting a natural localised IL-

8 immune response as a result of detecting the pathogen. 

 

Figure 6.9 | A Wilcoxon comparison was conducted for IL-8 values in cows where 

the etiological agent of mastitis was identified to 

be Staphylococcus, Streptococcus, Staphylococcus, and Streptococcus together (co-

infection) or pathogen negative (where there was no etiological agent detected but the 

cows still presented mastitis). Overall, the statistical tests show that there were no 

significant differences in IL-8 values detected in milk samples from the cows infected 

by each of the above-mentioned pathogens (p > 0.05). However, there were statistical 

differences in IL-8 values detected in the milk samples in cows infected 

with Streptococcus versus cows where there was no pathogen detected (but still 

suffered from mastitis; p < 0.05). 

6.5 Discussion 

Upon completion of this trial, we now have a more comprehensive hypothesis and a 

better understanding of the mechanism of action of emulsion-based formulations 

containing L. lactis cells. Prior to the commencement of the trial, we sought to answer 

one main key question: whether emulsion-based formulations need to contain viable L. 

lactis cells or not, in order to stimulate a localised immune response. Based on the 
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findings of this field trial, we have now established that infusion of emulsion-based 

formulations containing heat-killed L. lactis cells can evoke an equally potent 

localised IL-8 response in infected udders, as can viable cells. It may be the case that 

cell surface-associated structures are responsible for inducing a localised IL-8 immune 

response in cows with mastitis. In addition, differences in the composition of cell 

surface components between S. aureus and Streptococcus species may also account 

for the differences observed in IL-8 production in this trial, as shown in Figure 6.9. It 

is likely that any clinical cure is due to a stimulation of the cow’s immune response, 

triggered by either viable L. lactis DPC3147 cells and/or partially degraded 

components of the cell walls of heat-killed DPC3147 cells. Indeed, there may be a 

combination of partially intact and partially degraded L. lactis cell wall components 

upon heat treatment. We aim to gain insights into the integrity of the L. lactis envelop 

by electron microscopy and ascertain the role of any such partially degraded or fully 

intact lactococcal cell wall components as part of future trials. Taken together 

however, the IL-8 data reported herein in this trial indicate that the immune response 

may be triggered by some other factor associated with the cell wall, perhaps fragments 

of peptidoglycan, or teichoic acid associated with L. lactis and/or Gram-positive cell 

walls, rather than being directly associated with viable cells. Indeed, it is highly likely 

that by heat-treating the L. lactis cells, such components of cell wall fragments such 

as peptidoglycan and teichoic acid are released into the emulsion. The presence of 

these foreign substances may in turn trigger an immune response in the udder, which 

likely explains the increase in IL-8 titres. 

Previous trials of this nature investigating heat-killed and viable cells have shown that 

viable cells elicit a more pronounced influx of lymphocytes and neutrophils to the site 

of infection (Crispie et al., 2008a). Unlike some of these previous trials of this nature 

which focused on various aspects of the immune response, this current trial 

predominantly focused on a localised IL-8 response at the site of infection upon 

infusion with viable and heat-killed cells present in emulsion-based formulations, as a 

previous trial had indicated that this was the main cytokine involved in evoking an 

immune response and resolving the infection (Beecher et al., 2009). In the trial 

conducted by Crispie et al. (2008), heat-killed cells evoked a less potent influx of 

lymphocytes and neutrophils, relative to the viable cells. The mean neutrophil counts 

increased by 10-fold 1 day post-infusion, and the peak PMN counts occurred on day 
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3. Although there was a rise in PMN numbers, this was significantly lower than the 

numbers elicited by viable cells in the trial (Crispie et al., 2008). Infusion with live 

cultures resulted in the mean PMN values peaking on days 1 and 2 post-infusion. 

Similarly, the mean lymphocyte levels peaked on day 3 post-infusion. The viable cells 

evoked significant increases in milk amyloid A (MAA) and haptoglobin (Hp) levels. 

While heat-killed cells evoked an increase in APP levels, these levels were lower than 

those evoked by viable cells in that trial (Crispie et al., 2008). The stronger immune 

response elicited by viable cells in the trial conducted by Crispie et al. (2008), may 

have accounted for the differences between the clinical cure rates in that trial compared 

to our current trial. In contrast to the above-mentioned trial, our current trial here 

predominantly focussed on a localised IL-8 response in cows (the majority of which 

were affected with chronic cases of mastitis). We found that heat-killed cells present 

in emulsion-based formulations elicited a potent IL-8 response. However, it remains 

to be determined whether this increase in IL-8 triggered a substantial enough 

recruitment of PMNs to the site of infection. An insufficient recruitment of PMNs, 

below the threshold required to fight the infection, may account for the somewhat low 

cure rates found in this current study. It must also be emphasised that there was a large 

inter-animal variation in terms of immune responses in this trial. 

While the cure rates in this study are somewhat lower than desired, it is important to 

note that most cows selected for this field trial suffered from recurrent chronic mastitis 

and thus were more likely to fail any type of antimicrobial therapy, including 

commercial antibiotics and/or our two treatment formulations. While we do not have 

data directly comparing the cure rates of antibiotics versus our two emulsion-based 

formulations in cows with chronic mastitis as part of this current trial here, we hope 

to ascertain the effects of antibiotics against such chronic cases of mastitis in these 

same cows as part of future field trials and compare the efficacy of antibiotics to our 

emulsion-based formulations containing heat-killed cells, pending ethical approval. In 

addition, as part of this current trial, S. aureus positive cultures were the most 

frequently seen cause of disease. Staphylococcus aureus has also been found to be the 

most common cause of mastitis in Irish dairy herds overall (Keane et al., 2013). 

Indeed, the phenotypic and genomic plasticity of S. aureus contributes to its 

persistence. Staphylococcus aureus persistence is most commonly linked to their 

ability to invade epithelial cells, form a biofilm and polysaccharide capsules (Bardiau 
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et al., 2014), all of which contribute to the ability of S. aureus to evade the innate and 

adaptive immune response of the cow, thus persisting in the mammary gland. For 

instance, the presence of small colony variants (SCVs) in dairy cows with a history of 

chronic intra-mammary S. aureus infection (Atalla et al., 2008) appear to have 

atypical morphological and biochemical properties, and it can survive in the 

intracellular environment that protects the bacteria from host defences and antibiotics 

(Atalla et al., 2011). Furthermore, the synthesis of polysaccharide capsules can stop 

the action of macrophages, mask the recognition of antibodies directed against the cell 

wall by PMNs and prevent complement activation (Zaatout et al., 2020). A 

combination of these evasive mechanisms of S. aureus in addition to selecting chronic 

mastitis cases may explain why the cure rates were relatively low in this study, in 

comparison to some previous trials. Interestingly, our current trial also showed that 

the cows mounted an equally potent IL-8 response, irrespective of the etiological 

pathogen involved (either S. aureus or Streptococcus species). However, the lower 

cure rates for S. aureus-associated mastitis cases in this trial are likely to be due to the 

above-mentioned phenomena, even though the IL-8 response mounted was 

statistically as potent as the response mounted in cows with Streptococcus-associated 

mastitis. Furthermore, with regard to cure rates, it was also interesting to note in this 

trial that SCC values and IL-8 titres were positively correlated in cured cows but there 

was no such positive correlation in non-cured cows. This may be due to a higher and 

more potent IL-8 response mounted in cured cows, and the insufficient IL-8 response 

mounted in non-cured cows may explain why such cows were unable to combat the 

infection. 

Despite the variations seen in different animal trials of this nature, similar to our 

current trial, several in vivo trials have also demonstrated the efficacy of heat-killed 

cells in stimulating the immune response and potential probiotic effects of heat-killed 

cells. In one such study, Warda et al. (2019) (Warda et al., 2019) prepared a heat-killed 

preparation of ADR159 containing Lactobacillus delbrueckii. The study showed that 

heat-killed cells and components of the cell wall were able to elicit an immune effect. 

In a separate study, Wagner et al. (2000) tested the effects of administering heat-

inactivated Lactobacillus casei and Lactobacillus acidophilus to Candida albicans-

colonised immunosuppressed mice. The authors found that heat-killed probiotics 

conferred protection against C. albicans-induced systemic as well as mucosal 
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candidiasis infection.  Piqué et al. (2019) summarised the health-promoting properties 

of tyndallised probiotics, mainly LAB and bifidobacteria, in a comprehensive review 

and described how heat-killed probiotic cells are still capable of eliciting 

immunomodulatory effects. Indeed, after inactivation of bacteria, dead cells can 

release bacterial components with key immunomodulating effects and with 

antagonizing properties against pathogens. Different bacterial components, such as 

lipoteichoic acids, peptidoglycans or exopolysaccharides (EPS), have been proposed 

to be mainly involved in these properties in preparations containing heat-killed 

bacteria  (Taverniti and Guglielmetti, 2011; Sarkar and Mandal, 2016; Castro-Bravo 

et al., 2018). Another example includes a study by Jorjão et al. (2015) who reported 

that heat-killed Lactobacillus rhamnosus ATCC7469 cells were able to stimulate 

mouse macrophages to produce cytokines including IL-4, IL-6, IL-10, IL-12, among 

others. In other bovine mastitis-related studies, Blanchet et al. (2021) demonstrated 

the immunomodulatory efficacy of heat-killed Lactobacillus gasseri LA806 in the 

process of impairing E. coli and S. aureus colonisation of bovine mammary epithelial 

cells (bMEC) in in vitro models. A separate study by Fukuyama et al. (2020), also 

reported the immunomodulatory efficacy of LAB strains in stimulating Toll-like 

receptor-mediated inflammatory responses in in vitro bMEC models. Finally, Seridan 

Assis et al. (2015), demonstrated the efficacy of L. lactis V7 in stimulating the 

production of IL-8 in bMEC cell culture and by doing so, preventing the internalisation 

of S. aureus and E. coli pathogenic strains into bMEC cells. 

While we have gained some further insights into the localised immune response that 

is elicited by our emulsion-based formulations containing L. lactis DPC3147 (and 

heat-killed cells thereof), this trial does have some limitations, and this is largely due 

to the limited number of animals (maximum n = 15 animals per treatment group) and 

limited treatment groups one can use in a trial, in keeping with the principles of the 

3Rs. Although the inclusion of an antibiotic treatment group as a supplementary 

control treatment group may have been beneficial as part of this trial, the primary focus 

of this trial was to answer one main question: whether heat-killed L. lactis cells are as 

efficacious as viable L. lactis cells in evoking a localised IL-8 immune response in 

udders affected by mastitis. Indeed, upon completion of this trial, we now have greater 

insights into the immune response to heat-killed L. lactis cells. 
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It is anticipated that further trials of this nature with a few other treatment groups may 

have to be conducted to fully unravel the complex mechanisms involved in the 

resolution of this disease, pending approval by local animal ethics committees. Future 

trials of this nature may involve alternative L. lactis and/or other LAB strains which 

do not produce any bacteriocins/antimicrobials at all. A supplementary negative 

control treatment group may involve infusions with merely the emulsion-based 

formulation without any cells (live or heat-killed) whatsoever. This would provide 

insights as to whether the liquid paraffin-Tween 80 based emulsion-associated 

components trigger a minor immune response on their own and would enable us to 

quantify localised baseline IL-8 titres at the site of infection in the affected udder. In 

addition, as heat-killing cells is a very severe procedure, significantly degrading the 

bacterial cell wall and likely affecting heat-labile components which may have 

potential immunostimulatory activity, alternative methods such as UV irradiation 

could also be tested to determine what effect UV-inactivated cells with an intact cell 

wall have on the immune system. As UV irradiation damages the DNA inside bacterial 

cells and does not have a severe effect on the cell surface components, it may be the 

case that UV-inactivated cells are still capable of evoking a strong immune response. 

A separate negative control treatment group may include mastitic cows which have 

not been infused with any foreign substances at all after the initial detection of mastitis, 

in order to determine the strength of the natural immune response and baseline IL-8 

titres evoked by the immune system of the cow itself in response to the pathogen. 

However, such a negative control treatment group would require us to treat the cows 

as soon as possible in the event of exacerbating mastitis, in accordance with good 

veterinary practice. Nonetheless, possible means to circumvent such issues may 

include a significantly reduced number of cows in such a negative treatment group and 

withholding treatment with antibiotics or other bio-therapeutic options for the shortest 

period of time possible. Finally, another possible study could involve assessing the 

impact of each of these treatment formulations on the microbiome of the teat canal 

and whether such alterations in the microbiome confer protection against mastitis-

causing pathogens or not. 

In addition, as part of future trials of a similar nature (pending ethical approval), we 

hope to quantify the concentrations of lacticin 3147 that are excreted in the milk 

samples at each of the time points post-infusion to use as an estimate of the amount of 
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lacticin 3147 produced in in vivo conditions. Our working hypothesis is that L. 

lactis DPC3147 cells may not be able to produce sufficient quantities of lacticin 3147 

in these drastic in vivo conditions (and/or cells produce lacticin 3147 at sub-inhibitory 

concentrations, much lower than the minimum inhibitory concentrations actually 

required to have a killing effect on the offending pathogen). We aim to incorporate 

such lacticin 3147 concentration measurements as part of future trials of a similar 

nature, perhaps by including RP-HPLC and area under the curve analysis to quantify 

the concentrations of lacticin 3147 which are excreted in the milk samples post-

infusion and use such concentrations as an estimate to gain insights into the 

concentrations produced in vivo. Also, further trials of this nature will help to 

determine whether other lactococci and/or other LAB strains in general, can mount an 

equally potent localised IL-8 response. Another interesting comparison would be to 

determine the difference in the potency of an immune response following infusions 

with other Gram-positive versus Gram-negative strains. However, for such a 

comparison to be conducted, the strain of choice would have to be carefully selected, 

ensuring that any such strains used have acquired GRAS and Qualified Presumption 

of Safety (QPS) status, and pass all the required regulatory safety assessments. 

Nonetheless, overall, the results of the trial reported here indicate that emulsion-based 

formulations containing heat-killed cells of L. lactis DPC3147 (a postbiotic) have the 

potential to sufficiently evoke a localised immune response in mastitic cows similar 

to that observed with the live strain. Furthermore, any such formulations containing 

heat-killed cells would significantly prolong the shelf life of such products compared 

to equivalent formulations requiring active viable cells, which would have a limited 

shelf life. 

6.6 Data Availability Statement 

The raw data supporting the conclusions of this article will be made available by the 
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7.1 Discussion  

Microbiome research, which focuses on the behaviour, interactions, and functions of 

microbial communities within a specified environment, has witnessed remarkable 

growth in recent years. These advances have largely been driven by the dramatic cost 

reduction of high-throughput sequencing and expansion of computational power. This 

progress has generated a wealth of data, which has provided profound insights into the 

nature of microbial communities, their interactions and effects within various hosts 

and ecological environments. Comprehensive understanding of the dynamic 

relationships between microbiota, hosts, and other microbes holds the potential to 

significantly enhance interventional strategies and diagnostic techniques across 

diverse domains, spanning from ecology and agriculture to medicine and forensics 

(Cullen et al., 2020). Deciphering the role of the microbiome in early-life is one of the 

most pivotal areas of microbiome research (Vemuri and Herath, 2023). Additionally, 

given the escalating antibiotic resistance crisis, exploring the potential of host-

microbiome interactions as a means of developing microbiome-based therapeutics 

represents another compelling branch of microbiome research (Yadav and Chauhan, 

2022). This thesis, therefore, endeavoured to provide novel insights into the early-life 

microbiomes of both bovines and humans and to explore innovative microbiome-

based therapeutics applicable to both species.  

 

Thorough understanding of the elements influencing initial microbiome transfer is of 

paramount importance to optimising neonatal health.  Thus, in Chapter 1, we 

reviewed and discussed the decisive role of intrinsic and extrinsic factors, collectively 

named “perinatal factors”, in the formation of the human infant gut microbiome.  

Bifidobacterium, Bacteroides, Veillonella, Streptococcus, Collinsella, Lactobacillus 

and Akkermansia species have repeatedly been shown to dominate the core infant gut 

microbiome. Perinatal factors, most ubiquitously birth mode, infant diet and mother-

infant vertical transmission of microbes, significantly influence the manner in which 

these core members colonise the infant gut microbiome. Direct comparisons of studies 

of infant gut microbiota and perinatal factors are difficult due to the inherent 

limitations of currently available cultivation methodology, sequence techniques and 

reference databases. Therefore, our understanding of how such factors affect microbial 

colonisation and, in turn, influence infant health is mostly limited to correlation rather 
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than causation. Fortunately, the advent of metagenomics sequencing has begun to 

bridge this gap. For instance, reference catalogs such as the recently constructed Early-

Life Gut Proteins (ELGP) and the Early-Life Gut Genomes catalog (ELGG), have 

provided new insights into the early-life human gut microbiome and will facilitate 

studies to better understand the development and mechanisms of disturbances of the 

human gut microbiome in early life (Zeng et al., 2022). Furthermore, studies adopting 

a multi-omics approach encompassing transcriptomics, metabolomics, lipidomics and 

proteomic investigations in combination with DNA and RNA sequencing will enable 

us to fully uncover the effects of perinatal factors on initial microbiome establishment 

and long-term functioning (Ferrocino et al., 2023).  

 

In Chapter 2, we extensively reviewed the potential of bovine colostrum as a source 

of bioactive components with diverse applications in functional foods, nutraceuticals, 

and pharmaceuticals for both veterinary and human health. The cross-species 

bioactivity of bovine colostrum makes it an attractive option for research and 

development in both veterinary and human applications. A plethora of studies have 

demonstrated the therapeutic benefits of colostrum supplementation in promoting 

health and treating various diseases in humans and other animals. As the market for 

colostrum-based products expands, there is a need for stricter quality control and well-

conducted clinical trials to assess dosage effectiveness and elucidate dose-response 

effects in clinical settings. Overcoming these obstacles and gaining a deeper 

understanding of the mechanisms behind colostrum's beneficial effects will pave the 

way for its broader adoption as a pharmaceutical product. Overall, bovine colostrum 

is an underutilised by-product of the dairy industry, and its potential as a valuable 

resource for human and veterinary health deserves further exploration. 

 

The current consensus is that a disturbed microbiota during infancy can have a lasting 

impact on health in early life and beyond.  As discussed in Chapter 1, perinatal factors 

can significantly impact the microbial bond between mother and infant and the 

establishment of the infant microbiome. Several intriguing questions persist 

concerning the infant microbiome during the early stages of life (Wang et al., 2020). 

In Chapter 3 of this thesis, we delved into three of these questions. Firstly, we 

addressed the current debate on the sterility of the intrauterine environment and the 

timing at which microorganisms first colonise humans (Kennedy et al., 2023). Fetal 
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meconium has been shown to not have a detectable microbiota before birth (Kennedy 

et al., 2021), while the presence of a microbiome in neonatal (first-pass) meconium, 

which is formed before birth, has been debated (Kennedy et al., 2023). Similarly, the 

existence of a placental microbiome has been disputed (Briana et al., 2021, Blaser et 

al., 2021). As the existence of microorganisms is not established in these samples, they 

have been categorised as ‘potential no (zero) biomass samples’ (Kennedy et al., 2023). 

To elucidate the microbiome of placenta and meconium, we utilised methodological 

and bioinformatic approaches recommended for accurate microbial detection 

recommended for low biomass samples (de Goffau et al., 2018). Staphylococcus, 

Bifidobacterium, Streptococcus, Enterococcus, Escherichia-shigella, Delftia, Afipia, 

Cutibacterium and Rothia genera represented the core meconium microbiome in our 

samples, with Staphylococcus epidermis consistently present in all samples. In 

agreement with our findings, several studies have shown that neonatal meconium 

contains microbial profiles reflecting populations acquired during and after birth 

(Klopp et al., 2022, Kang et al., 2022, Rocha-Viggiano et al., 2022, Vemuri and 

Herath, 2023). Metabolic pathway analysis with PICRUST2 unveiled critical 

pathways essential for biosynthesis and energy production. There was no non-

contaminant microbial profiles in placental samples. Therefore, these findings support 

the long-held view that microbial colonisation of the infant occurs at birth and the 

establishment of replicating microbial cells does not commonly occur in healthy 

pregnancies. 

 

The existence of a fetal microbiome and its implications for medical practice are 

subjects of debate, posing a challenge to scientific progress. If confirmed, it could 

revolutionise our understanding of early immune system development and host-

microbe interactions. Addressing this issue is crucial to prevent wasteful research and 

misguided attempts to manipulate a non-existent fetal microbiome. Furthermore, this 

challenge extends to studying microbiota in low-biomass samples, such as blood, 

brain, and cancer tissues. While we took extensive measures to minimise 

contamination and ensure accurate microbial identification, it is important to 

acknowledge that our study has limitations, which could be improved in further studies 

of this type. Prior to sequencing, an initial assessment of samples using quantitative 

methods (e.g., qPCR) and microscopic visualisation (e.g., Gram staining, fluorescence 

in situ hybridisation) is vital to confirm the presence of microorganisms, accuracy and 
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efficiency in the sequencing process. Repeating sample processing with different 

DNA extraction kits or methods (Lauder et al., 2016), with different operators and/or 

on different days is another informative method of control (Eisenhofer et al., 2019). 

Another useful addition to a future study would be the use of spike-in controls. These 

allow not only allow tracking of samples, but also aid absolute quantification and 

quantification of cross-contamination/index hopping (Hornung et al., 2019). We used 

PICRUSt2 to estimate metabolic functional differences between the groups rather than 

accurately measuring the relative abundance of functional genes using a shotgun 

metagenomic approach. A final critical and often overlooked aspect of low-biomass 

studies is the choice of primers targeting the 16S rRNA gene. We used the most 

commonly used primer pair in this study targeting the V3–V4 region of the gene. 

However, the use of V3-V4 primers has been associated with off-target effects and 

potential overestimation of bacterial abundance due to the amplification of human 

mitochondrial DNA (Walker et al., 2020). Therefore, alternative primers, such as those 

targeting the V1–V2 region have been recommended for studies of low biomass 

samples (Kennedy et al., 2023).  

 

It has been well established that the gut, which harbours the most heavily populated 

microbiota in the human body, dominates the transmission of mother-to-infant 

microbiota (Wang et al., 2020). Therefore the second aim of this study was to analyse 

the contribution of the maternal oral cavity and vaginal microbiomes to the infant oral 

and gut microbiomes. Analysing the overall microbial composition of each sample 

type and deciphering vertical microbiota transfer in 18 mother-infant dyads, we found 

that the infant oral microbiome shared significant similarity with the maternal oral 

microbiome. Commensal bacteria such as S. oralis, H. parainfluenzae, F. nucleatum 

and R. Mucilaginosa exhibited high levels of sharing, similar to recent studies (Yu et 

al., 2023). Significantly lower levels of vertical transfer were observed between other 

maternal and infant body sites.  C. pyruvicproducens, F. nucleatum, R. mucilaginosa 

and B. longum exhibited high levels of sharing between maternal and infant samples 

studied. By sampling multiple maternal and infant niches, we have identified various 

possible seeding routes, pointing toward auxiliary pathways in initial mother-to-infant 

seeding. Our study would have been further strengthened by including more maternal 

niches, specifically maternal feces and breastmilk.   
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Vertical mother-to-infant transmission of microbiota has been studied by several 

groups (Bogaert et al., 2023). These studies mainly focused on the infant gut 

microbiota  and possible maternal source niches, including the vagina (Kait et al., 

2023), breastmilk (Fehr et al., 2020) and maternal gut microbiota (Mitchell et al., 

2020). Few studies however have explored vertical transmission events between a 

broader selection of maternal bacterial communities and infant niche, with a 

longitudinal design. A particularly interesting recent study examined the transmission 

pathways and early-life development of microbiota in infants born via C-section and 

vaginally. They characterised six maternal niches (vagina, nasopharynx, saliva, feces, 

skin, and breastmilk) and four infant niches (nasopharynx, saliva, feces, and skin) in 

120 mother-infant pairs at five time points over the first month of life. The study 

revealed that 58.5% of the infant microbiota could be attributed to any of the maternal 

source communities (Bogaert et al., 2023). Incorporating placental samples and 

meconium into this type of study would also be particularly interesting. The majority 

of studies investigating vertical mother-to-infant transmission of microbiota have 

relied on 16S rRNA sequencing. Future research should consider employing shotgun 

sequencing, which provides accurate measurements of functional gene abundance and 

strain-level accuracy. While shotgun metagenomics sequencing offers several 

advantages, it has limitations, such as the inability to determine whether genes are 

functional and the uncertainty of organism viability. To address these issues, 

integrating culture-based techniques, meta-transcriptomics, and metabolomics 

analyses can be utilised. Additional metagenomics studies, similar to the one 

conducted by Wang et al. (2021), which analysed mother-infant gut microbiome 

transfer of 376 mother-infant dyads (468 mother and 1024 infant samples) of eight 

studies from six countries are warranted for other body sites  (e.g., maternal-infant oral 

microbiome transfer) (Wang et al., 2021). By analysing a broader range of mother-

infant dyads from different regions, generalised shared species and strains can be 

identified across different body sites. This knowledge can guide future research on 

infant microbiome development and identify primary targets for probiotics 

exploration. Finally, to harness the full benefit of investigating vertical mother-to-

infant transmission, protocol standardisation from sample collection to microbiome 

profiling is essential (Szóstak et al., 2022). Every experimental procedure should be 

viewed as a detailed algorithm, requiring careful design and strict adherence. In 

metagenomic experiments, no step is negligible, from sample collection and DNA 
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isolation to sequencing, bioinformatics analyses, and statistical testing. Each part of 

the procedure plays a crucial role in obtaining reliable results and drawing meaningful 

conclusions. This is especially vital for vertical mother-to-infant transmission studies 

which use such a diverse array of sample types. In a recent study, Szóstak et al. (2022) 

provided a comprehensise analysis of DNA isolation, NGS library preparation, and 

bioinformatic analysis for identifying gut microbial taxa, offering a practical step-by-

step guidance for metagenomic gut microbiome studies. Such valuable insights should 

also be extended to other types of microbiome research beyond the gut.  

 

Finally, to add to the knowledge gathered in Chapter 1, we investigated the effect of 

perinatal factors on the microbial compositions of this cohort.  Regarding maternal 

antibiotic usage, differences in beta diversity and differential abundance of specific 

bacterial genera were observed in meconium and maternal saliva samples. Notably, 

antibiotic exposure led to changes in bacterial pathways associated with pathogenicity 

and biofilm formation. Delivery mode also influenced the meconium and oral 

microbiomes, with C-section (CS) births showing increased species richness and 

differential abundance of certain bacteria associated with potential health implications. 

Breastfeeding was associated with a more diverse gut microbiome and health-

promoting metabolic pathways. Gender had minimal effects, while preterm premature 

rupture of membranes (PROM) birth impacted alpha diversity and Lactobacillus spp. 

in vaginal samples. These findings have implications for understanding medical 

conditions in early life and informing preventive and therapeutic treatments. Studies 

investigating how multiple perinatal factors may interact with each other in the 

formation of the infant gut microbiome are also warranted. For instance, breastfeeding 

has been shown to beneficially alter the patterns of aberrant colonisation in CS born 

infants (Coker et al., 2021).  

 

The virome, which encompasses the viral component of the microbiome, represents 

one of the least documented and poorly understood aspects of global biodiversity 

(Carlson Colin et al., 2022). Viral metagenomics have changed the perspective from 

which viruses are observed, from mere pathogens to recognising their role as architects 

in shaping the complex web of life. Numerous studies have explored the early life 

virome in humans (Shah et al., 2023). However, bovines have been relatively 

understudied in this area. Therefore, Chapter 4 of this thesis explored the virome of 
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bovine colostrum. In this study, using a cohort of 72 cows, given dry cow therapy 

(n=48) or naturally dried off (n=24), we characterised the virome composition of first 

milking bovine colostrum. We developed a dedicated virome extraction protocol for 

colostrum samples. Through viral metagenomics analysis, we explored the virome's 

diversity, community structure, and potential ecological functions within colostrum. 

Notably, the study revealed a predominance of ssDNA viruses and dsDNA phages, 

with some phages carrying antibiotic resistance genes (ARGs).This finding raising 

important questions about their role in disseminating antibiotic resistance. Specific 

ARGs known to confer resistance to antibiotics used in the study were also identified. 

In terms of virome composition, Circovius, Prunevirus, and Liefievirus were the most 

abundant genera found in the samples. Papillomaviruses, known for their high 

pathogenicity to bovines, were also prevalent in the colostrum virome. Approximately 

28% of the viral-like particles (VLPs) were identified as dsDNA phages, associated 

with specific host bacterial genera previously identified as core genera in bovine 

colostrum. The study also evaluated the influence of farm-level variables on the 

composition of the colostrum virome. Notably, antibiotic dry cow treatment 

significantly impacted virome composition. This study contributes to the growing field 

of virome research and emphasises the significance of characterising viral 

communities in livestock animals. These findings will enhance our understanding of 

the role of the virome in microbial ecosystems, animal health, and the broader 

implications for human health and the environment. These results could also have 

important implications for calf health, the spread of antimicrobial resistance in the 

environment and the transmission of diseases through colostrum-based products.  

 

Given the fascinating and challenging nature of studying viruses, along with the 

growing evidence of the virome's impact on health and disease and the shifting 

paradigms surrounding certain viruses in various ecosystems, there is a strong need 

for continued advancement in viromics research. Virome research is currently 

primarily hindered by two factors: (i) the lack of standardised extraction and 

sequencing protocols and (ii) the absence of reference viral genomes. As with all 

microbiome studies, there is no “one size fits all” protocol for virome extractions and 

subsequent bioinformatics analysis (Thurber et al., 2009, Garmaeva et al., 2019). 

Fortunately, a growing body of diverse methodologies is becoming available for 

extracting viromes from different samples and handling the resulting sequencing data. 
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In our study, we attempted to optimise an extraction protocol based on polyethylene 

glycol (PEG) precipitation, widely used for studying the human gut virome (Wang et 

al., 2023). However, it would be worth revisiting our samples with other methods such 

as caesium chloride (CsCl gradients) for viral particle purification to see how the 

results could potentially improve. For instance, the majority of contigs recovered in 

our study were small in size, representing genome fragments. It has been reported that 

a CsCl step can improve the size of viral contigs recovered in virome studies 

(d’Humières et al., 2019).   

 

Regarding sequencing methodology, we used short-read sequencing as it is commonly 

used in virome studies (Paez-Espino et al., 2016). However, this method is not without 

limitations. For instance, viruses which contain genomic islands and/or have high 

micro-diversity can cause genome fragmentation during assembly (Roux et al., 2017). 

Long-read sequencing technologies, such as Pacific Biosciences (PacBio) and Oxford 

Nanopore Technologies (ONT) offer solutions to such issues. The longer reads are 

potentially able to span the length of entire viral genomes, overcoming assembly issues 

resulting from repeat regions and low coverage (Olson et al., 2019). More recently, a 

Long-Read Linker-Amplified Shotgun Library (LASL) approach was developed that 

combines LASL library preparation with ONT MinION sequencing and has been 

found to recover more high-quality viral genomes than long or short-reads alone 

(Warwick-Dugdale et al., 2019, Cook et al., 2021). Such approaches could be applied 

to our extracted DNA to increase the number of VLPs for downstream analysis. 

 

Owing to the lack of a universal marker gene across viral genomes, shotgun 

metagenomic sequencing is needed to fully address viral communities. Therefore, for 

metagenomic analysis of virome, reference viral genomes are important because they  

are used for taxonomic classification, estimation of viral taxa distribution, and 

identification of host-virus interactions and functional potential (Cook et al., 2023). 

Indeed, more than 50% of viral sequences generated by metagenomic sequencing 

remain unclassified (Cao et al., 2022). This hinders the accuracy of the generalisations 

and conclusions gleaned from the current studies. In recent years, work on building 

these essential reference data bases has been steadily increasing in a range of 

ecosystems. For instance, the IMG/VR database, the largest collection of publicly 

available viral genomes, primarily comprises genomes derived from the marine, 
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freshwater, and human gut (Camargo et al., 2023) and a bovine rumen viral catalog 

was recently constructed (Sato et al., 2023). To ensure the most accurate 

metagenomics analyses of viral diversity, it is essential to have sample-specific viral 

genome catalogs since viruses tend to exhibit habitat-specificity (Paez-Espino et al., 

2016).  

 

Once we overcome current virome research challenges, such as optimizing isolation 

protocols and expanding virus databases, future directions for virome study include: 

(i) identifying a core gut virome and viral genes through large longitudinal cohort 

studies, (ii) studying long-term bacteriome-virome interactions influenced by external 

factors, and (iii) establishing causality of host-related correlations using model 

systems, multi-omics approaches, and innovative bioinformatics, possibly adapted 

from environmental studies (Garmaeva et al., 2019).  

 

In the final two chapters of this thesis, our focus shifted towards leveraging host-

microbiome interactions to develop microbiome-based therapeutics, with a primary 

emphasis on tackling mastitis. The microbiome holds the potential to be one of the 

major game-changers in tackling the antibiotic resistance crisis (Sorbara and Pamer, 

2022). Mastitis is a disease with a multi-etiological nature, characterised by 

inflammation of the mammary gland, affects lactating women and dairy cows, causing 

considerable discomfort and pain in both cases. The emergence of antibiotic-resistant, 

mastitis-causing pathogens, highlights the urgent necessity for alternative therapies to 

effectively treat and prevent the disease (Rizzo et al., 2023). In the case of mastitis, 

microbiome-based treatments present a number of advantages over antibiotic 

treatment, including reduced antibiotic resistance, selective targeting of mastitis-

causing pathogens, and fewer side effects. Novel therapeutics for the prophylaxis and 

treatment of mastitis can include live-bio-therapeutics (also known as probiotics), 

bacteriocins and phages (Angelopoulou et al., 2019).  

 

Following on from our investigation of the bovine colostrum virome in Chapter 4, we 

decided to culture phages with potential therapeutic applications. In addition, while 

the virome of human breast milk has recently been researched (Mohandas and 

Pannaraj, 2020), culturing of phages for therapeutic applications is scarcely reported. 

Therefore, in Chapter 5, we attempted to isolate and evaluate the therapeutic 
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applicability of S. aureus phages from bovine colostrum and human breast milk, which 

have remained largely unexplored for the isolation of phages.  In this study, two novel 

temperate phages vB_SauS_HM1 (phage HM1) and vB_SauS_BC1 (phage BC1), 

belonging to subfamily Azeredovirinae and genus Phietavirus, were isolated. In vitro 

analysis revealed that these phages have a number of favourable therapeutic 

characteristics, including broad host ranges, species specificity and lytic activity in 

milk enabling their potential use for future therapeutic applications against S. aureus 

infections. Furthermore, either individually or applied as a cocktail, they displayed the 

ability to reduce the bacterial growth of S. aureus in pasteurised, raw and mastitic milk 

samples. S. aureus isolates are well-known for carrying multiple prophages within 

their genomes. Therefore, it is highly plausible that phage HM1 and phage BC1 

originated as prophages already present in the screening strains used in the study. 

Although our assays were conducted on a small scale, the results support the consensus 

that phage cocktails may be effective at overcoming bacterial resistance to phage 

infections (Oromí-Bosch et al., 2023).  

 

Temperate phages are not recommended for therapeutic applications due to their 

potential to facilitate the horizontal transfer of antibiotic resistance and virulence 

genes (Borodovich et al., 2022, Strathdee et al., 2023). Therefore, future studies 

involving these phages will utilise recently developed genetic engineering techniques, 

which have transformed seemingly innocuous temperate phages into viable candidates 

for therapeutic applications (Hussain et al., 2023, Zhou et al., 2023, Oromí-Bosch et 

al., 2023). Techniques including CRISPR-Cas genome editing (Balcha and Neja, 

2023), bacteriophage recombineering of electroporated DNA (BRED) (Payaslian et 

al., 2021), yeast-based platforms (Pires et al., 2021) and homologous recombination 

(Kilcher and Loessner, 2019) could be utilised with these phages to make them more 

applicable for therapeutic usage. While phage therapy is considered safe for use in 

humans, it has not been explored for the treatment of human mastitis (Angelopoulou 

et al., 2019). In bovines, phage therapy for mastitis application has been hindered by 

the issues of phage activity in raw, mastitic bovine milk (O'Flaherty et al., 2005). The 

most important concept for the success of phages in reaching bacterial targets is 

ensuring that a minimum inhibitory concentration is surpassed. Recent attempts to 

enhance the in vivo application of phage for disease control, means that phage therapy 

will receive larger interest in the coming years. For instance, numerous methods have 
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been explored to enhance the stability and delivery of phage products to the site of 

infection including liposome encapsulation, polymer encapsulation, electrospun fibre-

encapsulation and microneedling (Ling et al., 2022). Such methods would also be 

interesting to apply to phages which have previously failed during field trials of 

mastitis, such as Phage K (O'Flaherty et al., 2005). 

 

Finally, in Chapter 6, we investigated the use of Lactococcus lactis (L. lactis) 

DPC3147, a live bio-therapeutic (also known as a probiotic), for the treatment of 

bovine mastitis. Building upon previous trials (Kitching et al., 2019), we sought to 

gain insight into the mechanism of action of this live bio-therapeutic, focussing on 

chronic mastitis cases, the most difficult to treat. We treated 28 cows with chronic 

mastitis with two separate emulsion-based formulations containing either viable L. 

lactis DPC3147 cells (15 cows) or heat-killed L. lactis DPC3147 cells (13 cows). We 

then evaluated the efficacies of the two formulations (two treatment groups) in terms 

of stimulating a localised immune response (quantified by measuring IL-8 

concentrations in milk collected from udders affected by mastitis) and efficacies in 

terms of cure rates (quantified by reductions in somatic cell counts and absence of 

pathogens). We demonstrated that the presence of heat-inactivated bacteria (a 

postbiotic) was as effective as the live bio-therapeutic in eliciting a localised immune 

response in cows with chronic mastitis. The response to heat-killed cells (postbiotic) 

reported herein could have beneficial implications for farmers with regard to 

prolonging the shelf-life of such emulsion-based formulations containing heat-killed 

cells of L. lactis DPC3147 for curing cows with mastitis. Based on this study, a future 

trial has been granted ethical approval. The aim of this trial is to build upon our 

findings by including additional treatment groups. One group will include L. 

lactis strains which do not produce any bacteriocins/antimicrobials. A supplementary 

negative control treatment group will involve infusions with merely the emulsion-

based formulation without any cells (live or heat-killed) whatsoever will also be 

applied. Finally, a supplementary negative control treatment group may involve 

infusions with merely the emulsion-based formulation without any cells (live or heat-

killed) whatsoever will be included. This upcoming trial will help us fully unravel the 

complex mechanisms involved in the resolution of this disease when using live-

biotherapeutic formulations.   
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Throughout this thesis, we have delved into the fascinating world of the early-life 

microbiome transfer and its therapeutic applications in bovines and humans. The 

collective findings underscore the importance of considering microbiome-host 

interactions in diverse contexts, from agriculture to human health. As we move 

forward, it is imperative to recognise the interconnectedness between human and 

bovine microbiomes, providing an opportunity for cross-species research 

collaborations and knowledge exchange. Understanding the parallels and differences 

between these two systems can lead to innovative approaches in therapeutic 

development and disease prevention for both species. In conclusion, the discoveries 

made herein provide a solid foundation for future research, guiding us towards further 

harnessing the power of the microbiome to improve the health and well-being of both 

bovines and humans. The implications of this work extend beyond the academic realm, 

promising tangible benefits for agriculture, medicine, and public health, making it a 

truly exciting and impactful field of study. Overall, studies of the micro environment 

will have impacts that reverberate at the macro scale.  
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