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ABSTRACT 

THE IMPACT OF HUMAN MILK OLIGOSACCHARIDES ON THE GUT MICROBIOTA OF 

INFANTS AT RISK OF TYPE 1 DIABETES 

Simone Renwick 

University of Guelph, 2022 

Advisor: 

Dr. Emma Allen-Vercoe 

Shifts in gut microbiota composition have been widely associated with development of 

type 1 diabetes (T1D), although no T1D-promoting species have been consistently identified. 

Consequently, the functional output of the gut microbiota may be more predictive of T1D 

progression than its composition. Human milk oligosaccharides (HMOs), which are undigestible, 

complex carbohydrates, are suspected of having anti-diabetic properties. However, the ability of 

HMOs to modulate the T1D-associated infant gut microbiota has yet to be characterized. As such, 

this thesis sought to investigate two hypotheses: (1) the metabolic output of the gut microbiota of 

T1D-progressors can be distinguished from that of healthy controls; and (2) HMOs can be used to 

induce beneficial changes to the composition and function of the T1D-associated gut microbiota. 

To address these hypotheses, the composition and function of microbial communities representing 

the gut microbiota of three T1D-progressors and four healthy controls were characterized using 

mutli-omics tools following single treatments with pooled HMOs (pHMOs) and 2’fucosyllactose 

(2’FL), the most common HMO structure used to fortify infant formula. The growth responses of 

pure cultures of 330 bacterial strains isolated from these communities were also assessed following 

exposure to pHMOs. Lastly, the HMO structure preferences of the communities and strains were 

determined. Several T1D-associated taxonomic and functional features were identified, including 

lower levels of several short-chain fatty acids (SCFAs) and increased secretion of Alistipes-derived 

lipopolysaccharide (LPS). Although communities treated with pHMOs displayed only mild 

changes in composition compared to controls, significantly higher concentrations of health-
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associated metabolites, including various SCFAs, were observed. In contrast, 2’FL continuously 

yielded results similar to controls. HMOs interacted with a wider diversity of non-Bifidobacterium 

species grown axenically than was previously known. Tested strains displayed a range of HMO 

structure-based specificities, although a large amount of strain-level heterogeneity was observed 

in growth responses and structure preferences. Furthermore, strains exhibited differing growth 

responses to pHMOs depending on culture conditions (monoculture vs. community). Finally, no 

significant differences were observed in the types of HMO structures utilized by T1D-progressor 

and healthy communities or strains. Overall, this study has considerably expanded our knowledge 

of the interactions between the T1D-gut microbiota and HMOs. 
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1 Introduction 

1.1 The human gut microbiota 

The human gut microbiota is a complex ecosystem of commensal microorganisms that 

reside along the gastrointestinal (GI) tract. The most microbially-dense region of the GI tract is the 

colon, as it colonized by trillions of microbes from all kingdoms of life—bacteria, archaea, 

eukaryotes, and viruses. Bacteria are the most predominant cellular component of the gut, where 

hundreds of species have been detected in humans.1 The ratio of human to bacterial cells is 

estimated to be 1:1.3, while the gene content of the microbiota far outweighs that of the human 

host by 150-fold.1,2 As such, the gut microbiota offers a myriad of benefits to its host as it supports 

a large variety of physiological functions and possesses enzymatic and metabolic capabilities not 

encoded in the host genome. For example, during infancy, the gut microbiota supports the 

development of immunological tolerance by priming the developing immune system.3 The 

presence of commensal microbes in the gut also protects the host from colonization by 

opportunistic pathogens through competitive exclusion, the secretion of antimicrobial substances, 

and the stimulation of host immune cells.4 Through the degradation of dietary components that are 

left undigested by the upper GI tract, the gut microbiota may deliver nutrients, vitamins, and other 

bioactive compounds to the host.5 Lastly, the gut microbiota strengthens the host intestinal 

epithelial barrier by stimulating the secretion of mucus and regulating epithelial cell growth and 

differentiation.6 The relationship between the gut microbiota and host is described as mutualistic, 

although alterations in the composition and metabolic capacity of the gut microbiota may play a 

role in the pathogenesis of several intestinal and extra-intestinal diseases, including inflammatory 

bowel disease (IBD), irritable bowel syndrome (IBS), obesity, cancer, allergies, asthma, types 1 

and 2 diabetes, and autism spectrum disorder. However, in many cases, it remains unknown 

whether a perturbed microbiota is a cause or consequence of disease pathology. As such, 

considerable attention has been directed at better understanding host–microbe relationships, and, 

in particular, the identification and characterization of disease-associated microbes and their 

functionality.  
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1.1.1 The infant gut microbiota 

The early establishment of a symbiotic relationship between the host and their gut 

microbiota is essential to proper immunological, metabolic, neurological, and cognitive 

development. Succession of the gut microbiota progresses through three stages of development 

during infancy: the developmental phase (age 0–14 months); the transitional phase (age 15–30 

months); and the stable phase (age ~31 months onward).7 The first stage of development begins at 

initial colonization, although there is some debate surrounding when precisely this occurs. The 

‘sterile womb paradigm’ proposes that the fetal environment is germ-free and initial colonization 

occurs at birth. For decades, this was the accepted dogma until the recent detection of microbial 

signatures in the placenta, amniotic fluid, and fetal membranes catalyzed the ‘in utero colonization 

hypothesis’.8,9 However, studies supporting in utero colonization were limited by their use of 

insufficient molecular approaches for detecting low-biomass microorganisms and their lack of 

appropriate controls. Moreover, the ability to obtain sterile offspring through caesarian section 

delivery adds further scepticism to prenatal microbial colonization.10  

Following initial colonization, which likely occurs at birth, the developmental phase is 

characterized by rapid changes in microbial composition that is most significantly influenced by a 

complex interplay between the host and environmental factors, such as birth mode and diet.7 

Vaginal birth exposes neonates to maternal vaginal and fecal microbes, resulting in colonization 

of the infant gut by taxa such as Lactobacillus and Prevotella.11 In contrast, caesarian delivery 

promotes colonization of the infant gut by environmental microbes including those representative 

of genera from the maternal skin and oral cavity, such as Haemophilus, Veillonella, 

Clostridiaceae1, and Klebsiella.12 Caesarian delivery is also associated with a less complex gut 

microbiota and lower levels of Bifidobacterium and Bacteroides spp. during infancy compared to 

vaginal delivery.13 Early feeding strategies are another major influence on the developing gut 

microbiota as breastfeeding and formula-feeding produce different colonization patterns in infants. 

Breastfed infants tend to be dominated by Bifidobacterium (50–90% relative abundance) and 

usually have a lower taxonomic diversity in their gut compared to formula-fed infants.12,14,15  

During the developmental phase, the gut microbiota is relatively simple and fluctuant. 

However, the introduction of solid foods initiates an increase in microbial diversity that shifts the 

gut microbiota into the transitional phase. The microbiota begins to adopt a more adult-like 



 

 

3 

 

composition, enriched with representative species of the Bacteroides, Roseburia, Clostridium, and 

Anaerostipes genera, while the abundance of Bifidobacterium decreases.16 Taxa abundance is still 

extremely variable during the transitional phase, but as fluctuations dampen, the gut microbiota 

enters the stable phase. At this time, the gut microbiota acquires a composition and stability that 

will be maintained into adulthood. As infants age, the diversity of the taxa present within their gut 

increases while compositional differences among infants decreases as their microbiota take on a 

more similar adult-like pattern.16,17  

1.2 Culture-dependent and culture-independent techniques to study microbial 

communities 

Prior to the application of high-throughput molecular techniques in the study of the gut 

microbiota, researchers were limited to utilizing culture-dependent techniques. Although valuable 

information regarding the taxa present within a given microbiota can be derived from the culture 

and characterization of its microbes, culturing techniques are labour-intensive and limited in their 

ability to provide insight into the function of the community when exclusively applied. However, 

the recent development of a repertoire of high-throughput ‘omics’ techniques have allowed 

researchers to explore the range of molecular components produced by the gut microbiota. ‘Omics’ 

techniques include metagenomics, metataxonomics, metatranscriptomics, metaproteomics, and 

metabonomics. These tools have expanded the research community’s ability to study the 

composition, function, and activity of the gut microbiota, thereby facilitating a deeper 

understanding of the complex interactions and multifactorial nature of gut-microbiota-associated 

diseases. The following sections review the current methods for the culture and characterization 

of microbial communities. 

1.2.1 In vitro models used to culture microbial communities 

Several in vitro models have been developed to replicate the conditions of the GI 

environment for the propagation of gut-derived microbial communities. These include batch 

fermentation models, which are closed systems such as test tubes, batch reactors,18 and 

microfluidic droplets.19 Although these models are relatively simple to set up, the growth medium 

is not replenished, resulting in the inability of microbial communities to maintain a stable 

equilibrium. In contrast, continuous bioreactor models balance the inflow of media and removal 
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of waste, allowing the microbes to maintain a specific physiological state and growth rate. Other 

parameters that may be tightly controlled include pH, temperature, oxygen exposure, and agitation. 

Bioreactor models include single-stage systems that mimic the conditions of a single GI 

compartment, such as the proximal colon by the Proximal Environmental Control System for 

Intestinal Microbiota (P-ECSIM)20 or the distal colon by the Allen-Vercoe Robogut model.21 

Multi-stage bioreactors attempt to recapitulate several GI compartments usually in tandem, such 

as the three-stage EnteroMix22 and MacFarlane-Gibson system,23 as well as the four-stage Lacroix 

model,24 and five-stage Stimulator of the Human Intestinal Microbial Ecosystem (SHIME) 

system.25 Inoculation of these models with stool have allowed researchers to study the composition 

and function of the gut microbiota, although the fecal-derived microbial communities have yet to 

exactly replicate the in vivo gut microbiota likely due to the absence of host-related shaping factors 

such as the immune system and mucosal layers.26 However, advancements in model design, such 

as the inclusion of mucin-coated beads in the mucosal-SHIME (m-SHIME) model27 or simulation 

of colonic peristaltic motion in TNO GI model 2 (TIM-2),28 have allowed researchers to further 

replicate influential biochemical and physical characteristics of the colon. Researchers have also 

incorporated human epithelial and immune cells into in vitro models for the study of host-microbe 

interactions. Examples include Transwells,29 gut-on-a-chip models,30 and the HuMiX system.31 

These platforms offer the opportunity to investigate host cell responses to microbial strains, and 

vice versa, under controlled and repeatable conditions. However, these models face challenges 

related to maintaining an oxygen gradient that simultaneously supports both aerobic and obligate 

anaerobic cultures, as well as inconsistent host cell seeding, and insufficient survival time to 

replicate clinically relevant pathophysiological responses.32 

The use of in vitro colon models allows researchers to study the microbe–microbe 

interactions within fecal-derived microbial communities independently of host-related 

confounding factors such as metabolite absorption. As such, these models may provide deeper 

mechanistic insight into the microbial relationships within disease-associated gut microbiotas. In 

vitro models also permit continuous monitoring and sampling under standardized and reproducible 

conditions during experiments, unlike in vivo models, which are limited to host bowel movement 

frequency or end-point measurements. Furthermore, in vitro models offer unlimited screening 

possibilities for therapeutics33 and nutritional supplements,18 while circumventing the ethical 

constraints and expense of in vivo studies. 



 

 

5 

 

1.2.2 Metagenomics and metataxonomics 

DNA-based approaches, such as metagenomics and marker gene sequencing (termed 

‘metataxonomics’), have been widely used to assess taxonomic richness and diversity of microbial 

communities while also providing some insight into their functional properties. Metagenomics 

refers to the comprehensive assessment of all of the genetic material within a sample, whereas 

metataxonomics involves the targeted sequencing of a ubiquitous gene, such as the bacterial 16S 

rRNA gene. Metataxonomics provides broad estimates of taxonomic composition across a given 

microbial community but does not easily resolve below the genus level. In contrast, metagenomics 

is capable of resolving facets of the microbial community to the strain level while also providing 

information about the genomes of the component species, which, in turn, can be used to infer 

potential functions. Both metagenomics and metataxonomics rely on high-throughput Next 

Generation Sequencing (NGS) platforms, of which several are now available.34 

The burgeoning and rapidly evolving field of bioinformatics has led to the development of 

a variety of tools used to analyze NGS-derived data. For metataxonomics, tools such as QIIME2,35 

MOTHUR,31 and DADA236 are the most commonly used, where 16S rRNA gene sequences are 

clustered into operational taxonomic units (OTUs) or, using more recent algorithms that consider 

the error rate of the sequencing platform used, partitioned into amplicon sequence variants 

(ASVs).37 Sequences may then be compared to specialized public genome databases, e.g., NCBI, 

SILVA,38 and Greengenes,39 for taxonomic classification. For metagenomics, tools such as 

MetaPhlAn240 can be used to profile the composition of microbial communities. Metagenomic 

data may also be functionally profiled using gene annotation tools, such as KEGG,41 SEED,42 and 

PICRUST2,43 among others, to give an idea of the genetic potential of the given ecosystem, 

although this falls short of understanding gene expression within the microbial community. All 

DNA-based approaches are limited by biases introduced by the method used to extract genomic 

(g)DNA from a sample, bias related to the sequencing technology utilized (e.g., polymerase chain 

reaction (PCR) amplification bias for 16S rRNA gene sequencing), as well as the methods applied 

to infer differential abundance.44 Furthermore, reference databases used to infer gene or taxon 

identifications are still incomplete. Regardless, DNA-based compositional studies remain the most 

common approach for most microbiota research. 
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1.2.3 Metatranscriptomics 

Information on the composition and function of a microbial community may also be 

derived from an assessment of the messenger (m)RNA in a sample. Applied to a microbial 

community, this technique is referred to as ‘metatranscriptomics’ where NGS platforms are 

typically used to reverse transcribe RNA sequences into copy DNA, which is then mapped back 

to microbial genomes. In addition, recent advances in Oxford Nanopore sequencing technology 

have also allowed the direct sequencing of native RNA transcripts.45 Often, only a fraction of the 

sequenced reads in most microbial metatranscriptomics runs correspond to mRNA, making the 

technique relatively expensive considering the recoverability of useful data. However, this is offset 

by the valuable insight obtained through identifying and quantifying the actively transcribed genes 

within a microbial community. If reference genomes are unavailable, de novo libraries can be 

constructed from the RNA sequences to give an overall estimate of the metabolic functions of a 

community.46 Many of the algorithms employed to annotate metabolic function utilize databases 

such as KEGG,41 UniProt,47 and SEED,42 although metagenomics data from a sample can also be 

used to ascribe gene expression to specific taxa without the need for a curated database.48 The 

limitations of metatranscriptomics mainly relate to the challenges of mapping transcripts to highly 

complex communities, the variable half-lives of different mRNA transcripts, and the relative 

instability of RNA, compared to DNA, during extraction.46 

1.2.4 Metaproteomics 

Nucleic acids are not the only markers used for assessing microbiota content. 

Characterization of the entire protein content of a sample, termed ‘metaproteomics’, further 

elucidates the functional expression of the community as proteins are the catalysts of most 

metabolic pathways. In addition, metaproteomics may also reveal protein–protein interactions, 

post-translational modifications, and regulatory peptides, as well as may be used to characterize 

strain-level taxonomic composition of microbiota samples.49 Recent improvements in 

metaproteomics technology have increased the number of identifiable microbiota peptides to 

~50,000 and protein groups to >20,000 per human fecal sample.49 Proteome characterization 

requires the availability of a comprehensive database of potentially expressed proteins. For 

example, MetaPro-IQ50 utilizes human and mouse gut microbial gene catalog databases, while 

alternative databases include UniProt, NCBI, or custom databases constructed from metagenomic 
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data obtained from the same sample. The proteome may also be investigated through the 

incorporation of non-canonical amino acids into newly translated proteins using the bioorthogonal 

non-canonical amino acid tagging (BONCAT) method.51 Such amino acids are susceptible to 

azide-alkyne click-chemistry, allowing proteins to be subsequently tagged, purified, and identified. 

BONCAT has permitted researchers to determine translationally active cells within complex 

microbial communities.52 

1.2.5 Metabonomics 

Meta-metabolomics (termed ‘metabonomics’) is the study of all of the small-molecule 

metabolites (<1,500 Da) within a complex sample, such as a microbial community. This technique 

is possibly the most direct way of evaluating the physiological state of an ecosystem as metabolites 

are the by-products of a community’s collective cellular processes. Evaluating the metabolites 

produced by a community provides invaluable insight into its cumulative phenotype. Metabolites 

are typically detected and quantified by either nuclear magnetic resonance (NMR) spectroscopy 

or mass spectrometry (MS), the latter preceded by liquid chromatography (LC), gas 

chromatography (GC), or capillary electrophoresis (CE).53 While NMR has the advantage of being 

a direct molecular measurement approach that is inherently quantitative, it has limited sensitivity, 

only able to reliably detect compounds at micromolar concentrations. In contrast, MS is highly 

sensitive, and able to identify up to 15,000 spectral features at sub-nanomolar concentrations, 

although identification of molecules is derivative, and quantification can be technically 

challenging.54 LC-MS, GC-MS, and CE-MS are generally applied according to the properties of 

the molecular targets desired, e.g., volatility, isomeric characteristics, and charge.53,54 Overall, 

NMR- and MS-approaches to metabonomics can be considered to be highly complementary, as 

they overlap in only a small subset of detected molecules.55 Numerous tools and repositories, such 

as BioCyc, HMDB, LipidMaps, MassBank, and METLIN, are available to aid metabonomic 

analyses.56 

1.2.6 Multi-omics integration 

Advancing technology has allowed researchers to study microbiota at every level from 

genes to phenotype. However, applying only one analytical platform cannot independently deliver 

a comprehensive characterization of the composition and function of a complex microbial 



 

 

8 

 

community. As such, researchers are taking steps toward integrating multi-omics approaches to 

provide a more comprehensive assessment of a given community, where ‘-omics’ techniques are 

first performed separately and then the resultant data modalities are integrated during downstream 

analyses using methods of dimensionality reduction, as well as correlation-, regression-, or 

network-based approaches.57,58  

1.3 Human milk composition 

Human milk is the ideal nutrition source for healthy term infants due to its complex mixture 

of macronutrients (e.g., lipids, proteins, carbohydrates, and vitamins) and bioactive molecules 

(e.g., growth factors, hormones, cytokines, and antimicrobials). The functions of human milk 

include stimulating infant growth, defence against pathogens, promoting immune development, 

and nourishing commensal gut microbiota.59,60 Consumption of human milk during infancy has 

been shown to protect against later-life infections, inflammation, allergies, cancer, cardiovascular 

disease, obesity, and type 1 diabetes.61 Human milk composition is influenced by many factors, 

including the mother’s age, diet, exercise regime, ethnicity, geographic location, secretor status, 

and stage of lactation.59,60 Lipids contribute the most energy to human milk, mainly in the form of 

triacylglycerides with smaller amounts of diacyl- and monoacylglycerides, phospholipids, 

cholesterol, and over 200 fatty acids.62 The proteinaceous content of human milk is highly diverse 

and performs a variety of biofunctions, including delivery of essential amino acids, enzymatic 

digestion, antimicrobial peptides, and stimulation of the infant immune system and GI microbes.63 

The most abundant carbohydrates in human milk are lactose and the human milk oligosaccharides 

(HMOs). While lactose is efficiently hydrolyzed in the small intestine, HMOs are indigestible and, 

instead, arrive in the infant colon fully intact where they confer several beneficial functions to the 

infant that are described in detail in the following sections.59,64 

1.3.1 Human milk oligosaccharides 

Human milk oligosaccharides are a set of structurally diverse, unconjugated glycans made 

from over 200 combinations of five building blocks (glucose (Glc), galactose (Gal), N-

acetylglucosamine (GlcNAc), fucose (Fuc), and sialic acid (Sia)).65 All HMOs have a lactose 

(Galβ1-4Glc) core, which may be elongated with β1-3 or β1-6 linked Galβ1-3GlcNAc (type 1 
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chain) or Galβ1-4GlcNAc (type 2 chain), as well as may be decorated with Fuc and Sia, to produce 

molecules of 3–22 saccharide units (Figure 1.1).66  

There exists substantial interpersonal variation in the diversity of HMO structures produced 

by women driven by polymorphisms in the Secretor (Se) and Lewis (Le) blood group genes (Table 

1.1).67 Se and Le alleles determine the mother’s ability to express the glycotransferase enzymes, 

α-1,2-fucosytransferase (FUT2) and α-1,3/4-fucosyltransferase (FUT3), respectively in the 

mammary gland. Mothers that possess active forms of both enzymes are able to produce all fucose-

borne HMO structures. However, an inactive FUT2 gene results in an inability to synthesize α-

1,2-fucosylated HMOs (such as 2’-fucosyllactose (2’FL) and lacto-N-fucopentaose I (LNFP I)) 

while an inactive FUT3 gene hinders synthesis of some α-1,3- and α-1,4-fucosylated HMOs (such 

as LNFP II and LNFP III). The frequency of the resulting four milk groups in European 

populations are Se+Le+ (~69%), Se-Le+ (~20%), Se+Le- (~9%), and Se-Le- (~1%).68 HMOs reach 

a concentration of 20–24 g/L in colostrum and ranges from 7–14 g/L in 30-day mature milk.69 

Non-secretor mothers produce lower concentrations of HMOs compared to secretor mothers 

(Se+Le+ > Se-Le+ ~ Se+Le- > Se-Le-).70  

 

 

 

Figure 1.1. Structural diversity of HMOs. (a) HMO building blocks; (b) possible linkages; (c) 

type 1 chain and type 2 chain structures; (d) examples of fucosylated and sialylated HMOs 

(Akkerman et al.71).  
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Table 1.1. Characteristics of prominent HMOs secreted by lactating women. Maternal 

genotype is determined by the Secretor (Se) and Lewis (Le) blood group genes. Maternal 

genotypes and their frequency in European populations are Se+Le+ (~69%), Se-Le+ (~20%), Se+Le- 

(~9%) and Se-Le- (~1%). Table adapted from Table 1 and Table 3 of Kunz et al.67

 

  

Oligosaccharide Abbreviation Type Charge Secreted by 

2’-Fucosyllactose 2’FL Fucosyl Neutral Se+ 

3-Fucosyllactose 3-FL Fucosyl Neutral All 

Lacto-N-fucopentaose I LNFP I Fucosyl Neutral Se+ 

Lacto-N-fucopentaose II LNFP II Fucosyl Neutral Le+ 

Lacto-N-fucopentaose III LNFP III Fucosyl Neutral All 

Lacto-N-difucohexaose I LNDFH I Fucosyl Neutral Se+Le+ 

Lacto-N-difucohexaose II LNDFH II Fucosyl Neutral Le+ 

Difucosyllactose DFLac Core Neutral Se+ 

Lacto-N-tetraose LNT Core Neutral All 

Lacto-N-neo-tetraose LNnt Core Neutral All 

3’-Sialyllactose 3’SL Sialyl Acidic All 

6’-Sialyllactose 6’SL Sialyl Acidic All 

Sialyl-lacto-N-tetraose a LST a Sialyl Acidic All 

Sialyl-lacto-N-tetraose b LST b Sialyl Acidic All 

Sialyl-lacto-N-tetraose c LST c Sialyl Acidic All 

Disialyllacto-N-tetraose DSLNT Sialyl Acidic All 
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1.3.2 Functions of human milk oligosaccharides 

Accumulating evidence from ex vivo and in vivo studies have emphasized the importance 

of HMOs to infant development and protection. HMOs have been shown to act as prebiotic 

substrates for the commensal microbes colonizing the GI tract, reduce the risk of infection by 

potential pathogens, modulate host epithelial cell responses to promote gut barrier function, and 

modulate host immune cell responses to facilitate the development of the host immune system. 

The following sections detail the physiological and protective roles of HMOs as well as describe 

the potential underlying mechanisms by which these glycans exert such functions. 

1.3.2.1 Human milk oligosaccharides as prebiotic substrates 

HMOs serve as prebiotic substrates for GI microbes that possess the genetically encoded 

membrane transporters and enzymes necessary for the uptake and utilization of these glycan 

molecules and/or their monomer components. Microbes capable of HMO utilization have a growth 

advantage over those lacking this ability in infants that are exclusively breastfed. Bifidobacterial 

strains are among the most dominant members of the breastfed infant gut, accounting for 50–90% 

of the gut microbiota of breastfed infants.12,15 This is likely a result of their ability to import and 

process HMOs as these microbes possess a number of HMO-related transporters, carbohydrate 

binding proteins, and glycoside hydrolases (GHs).72,73 HMO metabolism is not present in all 

members of the Bifidobacterium genus but is instead limited to some strains of B. adolescentis, B. 

animalis, B. longum subsp. infantis, B. longum subsp. longum, B. breve, B. bifidum, B. 

catenulatum, B. pseudocatenulatum, and B. kashiwanohense.74–77 Two strategies for the uptake of 

HMOs have been observed in bifidobacterial strains isolated from breastfed infants. Firstly, intact 

HMO structures may be imported into the cytoplasm from the extracellular space via ATP-binding 

cassette (ABC) transporters, upon which intracellular GHs degrade the molecules. Alternatively, 

cell wall-anchored secretory GHs may cleave HMO structures extracellularly into mono- and/or 

di-saccharides that are then transported into the cell.72,78 This mechanism has been observed in 

strains of B. bifidum, while the use of oligosaccharide transporters is evident in B. infantis and B. 

breve.73 The strategy employed by B. longum appears to be strain-dependent.79 Following 

catabolism, the HMO-derived molecules progress through the same central fermentation pathway, 

the Bifidobacteriaceae-specific ‘bifid shunt’, where hexose is processed into ATP, acetate, and 

lactate80,81  
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Although research into HMO-utilizing gut bacteria has largely focused on bifidobacterial 

strains, HMO metabolism has been reported in a handful of other taxa. Several Bacteroides 

species, including the type strains of B. thetaiotamicron, B. fragilis, B. caccae, B. vulgatus, B. 

ovatus, and B. stercoris, demonstrated the ability to utilize pooled HMOs (pHMOs) as a sole 

carbon source in vitro.82 Transcriptional profiling of B. thetaiotamicron, and B. fragilis revealed 

the upregulation of different sets of polysaccharide utilization genes, both associated with mucin 

metabolism, when treated with pHMOs.82 Similarly, the Akkermansia muciniphila type strain also 

expresses mucus-utilization enzymes in the presence of HMOs and was shown to degrade several 

HMO structures extracellularly before importing the liberated monosaccharides.83 Investigation 

into the use of HMOs by Lactobacillus species has identified a novel phosphotransferase system 

used to import the HMO-derivative, lacto-N-biose (LNB).84 Studies investigating the enhanced 

growth of multiple bacterial isolates following in vitro treatment with HMOs are summarized in 

Table 1.2.  

HMOs also feed community members indirectly through the by-products of being cleaved 

extracellular, which may be further metabolized by other species present in the gut, called 

‘secondary degraders’.65,85 However, research into the impact of HMOs on infant-derived 

microbial communities is scant. Treatment of nine fecal-derived microbial communities in a semi-

continuous colon simulator with 2’-fucosyllactose (2’FL) resulted in only slight changes in the 

composition and metabolic output of the communities compared to lactose and galacto-

oligosaccharide (GOS).86 These results suggest that 2’FL may be an energy source for only a 

limited number of microbes in these communities compared to lactose and GOS. Given the 

differing abilities of microbes to degrade HMOs, it is expected that consumption of these glycans 

will differentially impact the composition and/or function of the gut microbiota of infants 

imparting varying benefits to short- and long-term health outcomes. 



 

 

13 

 

Table 1.2. Summary of in vitro studies investigating the growth responses of gut-related bacterial strains when supplemented 

with human milk oligosaccharides (HMOs). Yu et al.87 investigated 2’FL, 3-FL, DFlac, 3’SL, and 6’SL separately;  Hoeflinger et 

al.88 investigated 2’FL, 6’SL, and LNnT separately; Thongaram et al.89 investigated 2’FL, 3-FL, 3’SL, 6’SL, and LNnT separately; Salli 

et al.77 investigated 2’FL, 3-FL, and DFlac separately; results reported below indicate the utilization of at least one HMO structure. All 

others investigated the use of pooled HMOs.  

Genus Species 

Ward et 

al. 200690 

& 200791 

Marcobal et 

al. 201092 

& 201182 

Yu et al. 

201387 

Hoeflinger 

et al. 

201588 

Thongaram 

et al. 201789 

Ackerman 

et al. 

201793 & 

201794 

Yen 

201995 

Pichler et 

al. 

202096 

Salli et 

al. 

202177 

Acinetobacter baumannii      –    

Bacteroides 

caccae  + +        

fragilis  + + +    +  + + 

ovatus   +     + +   

stercoris  +        

thetaiotamicron  + +       + + 

Bifidobacterium 

adolescentis 0    0    + 

animalis     0    + 

bifidum +    0  +  + + 

breve +    0    + 

catenulatum         + 

infantis + + + + +  +  +  + + 

longum +  +  0  + +  + 

pseudocatenulatum         + + 

Citrobacter freundii    0      

Clostridiodes difficile         0 

Clostridium 

bifermentans       –   

butyricum          

leptum   0       
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perfringens  + + 0    +  + 

Cronobacter 
muytjensii    0      

sakazakii    0     + 

Enterococcus faecalis  + +    + +   

Enterobacter 

aerogenes   0       

cloacae    0   0   

ludwigii       0   

tabaci       +   

Escherichia coli  + 0 0   0  + 

Eubacterium ramulus        + +  

Klebsiella 
oxytoca    0      

pneumoniae    0      

Lacticaseibacillus 

casei         + 

rhamnosus     0    + 

paracasei     0    + 

Lactiplantibacillus plantarum     +    + 

Lactobacillus 

acidophilus     +    + 

bulgaricus         + 

gasseri 0    0    + 

jensenii     0     

johnsonii     0     

Lactococcus lactis         0 

Levilactobacillus brevis         0 

Ligilactobacillus salivarius         + 

Limosilactobacillus fermentum     0    + 

Limosilactobacillus reuteri     +    + 

Phocaeicola vulgatus  + + +    +  ++ 



 

 

15 

 

Roseburia 
hominis        + +  

inulinivorans        + +  

Salmonella enterica         0 

Shigella 
dysenteriae    0      

flexneri         0 

Staphylococcus 

aureus      0 +   

epidermidis   0       

hominis       0   

Streptococcus 

agalactiae (GBS)      –    

lutetiensis       + +   

thermophilus  + 0      0 

tigurinus       + +   

Veillonella 

dispar       –   

parvula  0     –   

tobetsuensis       –   

Weissella confusa         0 
 

 : strain not investigated 

+ + : moderate to high increase in growth and/or HMO utilization relative to controls 

+ : mild increase in growth and/or HMO utilization relative to controls 

0 : no detectable increase in growth or HMO utilization relative to controls 

 – : inhibition of growth by HMOs relative to controls 

 : multiple strains of this species were investigated, of which some experienced increased growth while others experience inhibition 

 of growth compared to controls 

GBS: Group B Streptococcus 

2’FL: 2’-fucosyllactose 

3-FL: 3-fucosyllactose 

3’SL: 3’-sialyllactose 

6’SL: 6’-sialyllactose 

DFLac: difucosyllacto-N-tetraose 

LNnT: lacto-N-neo-tetraose
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1.3.2.2 Human milk oligosaccharides inhibit pathogens 

Commensal microbes able to utilize HMOs can grow and outcompete opportunistic 

pathogens via the mechanism termed ‘competitive exclusion’.88 Fermentation of HMOs also 

results in the release of organic acids that lower the pH of the intestinal lumen, thereby further 

inhibiting the growth of pathogens.97 Many viral and bacterial pathogens as well as toxins invade 

host cells by adhering to the glycocalyx, the carbohydrate-rich outer layer of epithelial cells. As 

HMOs resemble glycocalyx glycan residues, they can act as soluble decoy receptors that pathogens 

and toxins can recognize and bind thereby preventing invasion of host tissues.98,99 One such 

infectious agent, whose entry was shown to be blocked by α1-2 fucosylated HMOs in murine 

models, is Campylobacter jejuni, a microbe commonly associated with diarrheal disease.100,101 An 

inverse relationship was observed between the levels of α1-2 fucosylated HMOs in mothers’ milk 

and rates of C. jejuni-related infant diarrhea in a prospective study of 93 Mexican mother-infant 

pairs.102 Mice fed pHMOs experienced lower rates of infection by enteropathogenic Escherichia 

coli compared to the GOS-treated control mice.103 Adhesion to intestinal epithelial cells by 

Salmonella enterica serovar Fyris, Pseudomonas aeruginosa, and Helicobacter pylori were 

similarly inhibited by the addition of fucosylated HMOs.104,105 Lastly, HMOs have been shown to 

reduce infections by rotaviruses and noroviruses by both blocking entry into host cells as well as 

inhibiting intracellular viral replication.106–109 

Recent evidence indicates that HMOs may also prevent infection by directly modulating 

bacterial growth and biofilm formation. Biofilms occur when a consortium of microbial cells 

irreversibly attach to a surface while encased in a self-produced extracellular polymeric matrix. 

These structures often increase the severity of an infection as the microbes are protected from 

various types of physicochemical aggressions such as antibiotic treatment.110 Pooled HMOs 

exhibited strong antibacterial and antibiofilm effects on multiple strains of Streptococcus 

agalactiae (Group B Streptococcus (GBS)), a leading cause of neonatal infection.93,111 Antibiofilm 

activity against methicillin-resistant Staphylococcus aureus (MRSA) as well as antimicrobial 

activity against Acinetobacter baumannii have also been reported.94 HMOs were shown to increase 

bacterial membrane permeability, which augmented the action of multiple antibiotics against GBS, 

MRSA, and A. baumannii.112 Mechanisms underlying the anti-biofilm activity of HMOs have yet 

to be determined, but researchers hypothesize that these glycans may interfere with bacterial 
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signaling, such as quorum sensing, necessary for biofilm formation. Alternatively, the 

accumulation of exogenous sugars saturates the bacteria with excessive nutrients mitigating the 

need for biofilm formation.93,94  

1.3.2.3 Human milk oligosaccharides modulate host cell responses 

HMOs have been shown to directly alter epithelial and immune cell responses in both in 

vitro and in vivo models. HMOs promote maturation of the GI tract as demonstrated by Holscher 

et al.,113 where treatment with 2’FL, 6’SL, or LNnT inhibited cell proliferation in cultures of 

multiple human intestinal cell lines, including Caco-2 and HT-29 cells. This study also showed 

that treatment with 2’FL significantly increased cell differentiation, while LNnT was shown to 

decrease permeability across the epithelial barrier.113 A separate study involving 

immunosuppressed mice at a high risk of developing enterocolitis found that treatment with 2’FL 

significantly increased epithelial integrity and slowed colitis progression.114 HMOs also alter the 

gene expression of intestinal cells to stimulate changes to the glycocalyx. Exposure to 3’SL was 

shown to lower the number of Sia residues in the glycocalyx of Caco-2 cells while treatment with 

fucosylated HMOs, 2’FL and 3-FL, enhanced the stability of the glycocalyx by increasing 

absorption of albumin.115 The structure, 3-FL, also upregulated the expression of albumin, heparan 

sulphate, and hyaluronic acid, which are associated with enhanced epithelial repair and 

homeostasis of the innate immune system.115 Ultimately, HMOs have demonstrated the ability to 

directly modulate host cell apoptosis, proliferation, and differentiation, promote gut maturation, 

and improve epithelial barrier function.116,117 

HMOs also affect immune cell populations and alter the expression of various cytokines. 

Neonatal intestinal mucosa is typically biased toward Th2-driven immune responses, which is 

necessary to inhibit adverse immunological reactions between the mother and fetus during 

pregnancy but leaves the infant vulnerable to intracellular pathogens as well as the development 

of food allergies following birth. Maturation of the infant immune system requires the 

downregulation of overexpressed inflammatory markers and the development of tolerance toward 

antigens derived from food and commensal microbes. Treatment of cultures of fetal intestinal 

mucosa with pHMOs stimulated Th1 polarization and reduced levels of pro-inflammatory 

cytokines, while promoting the expression of cytokines related to tissue repair and homeostasis.118 

Similar findings were observed in another study where pHMO-treatment promoted immune 
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tolerance by reducing lipopolysaccharide (LPS)-induced production of pro-inflammatory 

cytokines by human monocyte-derived dendritic cells.119 The anti-inflammatory effects of 

fucosylated HMOs, such as 2’FL and LNFP I, have been demonstrated in various cell and animal 

models, including studies that have reported an amelioration of food allergy symptoms in a murine 

model of food allergy after treatment with 2’FL.120–122 However, the effects of sialylated HMOs 

are still unclear as studies have reported stimulation of both Th1 and Th2 responses in in vitro 

models. For example, treatment of mesenteric lymph node CD11c+ dendritic cells with 3’SL 

promoted the release of Th1 associated cytokines in one study but supressed production in another 

study involving Caco-2 cells.123,124  

1.3.3 Human milk oligosaccharides in infant formula milk 

As a result of its myriad of health benefits, human milk is considered the gold standard for 

infant nutrition. As such, the World Health Organization (WHO) highly recommends exclusive 

breastfeeding for the first six months of a newborn’s life. However, various factors in a mother’s 

life, such as insufficient milk expression, health issues, or socio-economic or -cultural reasons, 

may obstruct this practice. Consequently, parents may turn to infant formula milk to meet their 

infant’s nutritional needs, and they may do this assuredly given the increasing effort by industry 

to replicate human milk components through the incorporation of fats, proteins, and undigestible 

carbohydrates into formula milk.125 Fructo-oligosaccharides (FOS) and GOS, undigestible 

carbohydrates commonly used in prebiotic supplements, are attractive substitutes for HMOs as 

they are naturally occurring and affordably produced. Numerous studies have demonstrated the 

ability of FOS and GOS to partially replicate some of the biofunctions of HMOs, including the 

stimulation of gut microbes, action as pathogen decoys, and enhancement of epithelial barrier 

function.71,126 Unlike FOS and GOS, production of synthetic HMOs has presented a challenge as 

there is no general method for amplifying carbohydrate production in a synthetic way, unlike the 

situation for proteins (which can be overexpressed) and nucleotides (which can be amplified by 

PCR). As such, the artificial creation of HMOs has required the development of novel synthetic 

processes, limiting large scale production to only simple HMO structures, such as 2’FL and LNnT. 

Presently, synthetic HMOs can be found in commercially available formulae produced by 

companies such as Nestle® and Abbott®, which in turn are the companies that have funded all of 
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the clinical trials studying the safety and efficacy of HMO-supplemented infant formula milk 

(Table 2.3). Clinical outcomes have indicated that the incorporation of HMOs into infant formula 

appeared to be safe, well-tolerated, and supportive of age-appropriate infant growth.127–129 After 4 

months of consuming formula containing 2’FL (0.2 g/L or 1.0 g/L), there were no significant 

differences in babies for weight, length, or head circumference compared to breastfed infants.127 

The structure, 2’FL, was also detected in the urine and plasma of infants receiving the test formula, 

suggesting that it was absorbed and excreted with similar efficiency as 2’FL in human milk, 

although there were no differences based the concentration of 2’FL received (0.2 g/L or 1.0 g/L).127 

Infants ingesting HMO-supplemented formulae have also experienced several benefits not 

imparted by control formulae, such as a serum cytokine profile more similar to that of breastfed 

infants,130 and fewer reports of respiratory tract infections and eczema.127 Similarly, infants 

consuming formula fortified with 2’FL (1.0 g/L) and LNnT (0.5 g/L) reported fewer lower 

respiratory tract infections, cases of bronchitis, and antipyretic and antibiotic use, compared to 

infants on control formula.128 The addition of 2’FL or 2’FL in combination with LNnT to 

hypoallergenic formulae for the treatment of cow’s milk protein allergy (CMPA) was also shown 

to be safe, well-tolerated, and supportive of infant growth.131,132 However, the test formulae 

resulted in the same rate of amelioration or resolution of CMPA symptoms as the control, 

indicating that further studies are needed to determine if there are any additional benefits to HMO-

supplementation on development of CMPA.131 Lastly, a 2022 clinical trial reported that infant 

formula supplemented with the five most abundant HMO structures, 2’FL, 3-FL, LNT, 3’SL, and 

6’SL, at concentrations similar to those in human milk was also safe, well-tolerated, and supportive 

of age-appropriate growth. 

To date, only one study, a randomized, controlled trial, has reported on the effects of HMO 

supplementation on the gut microbiota of infant participants. At birth, 122 healthy infants were 

assigned to consume either a control formula or a test formula containing 2’FL (1.0 g/L) and LNnT 

(0.5 g/L).133 The study also recruited 35 exclusively breastfed infants as an additional reference 

group. Authors noted that three months into the trial, the three groups significantly differed in the 

phylogenetic diversity and genus level compositions of their gut microbiotas. Breastfed infants 

had the lowest diversity, while the control group had the highest. Infants receiving the test formula 

displayed an intermediate diversity and composition between breastfed and control infants. Of 

note, the test formula increased the abundance of Bifidobacteriaceae, while lowering the 
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abundance of members of Escherichia and unclassified Peptostreptococcaceae compared to the 

control formula. After six months, all infants were allocated to consume the control formula, and 

at 12 months, differences between the formula groups were no longer significant, while previously 

breastfed infants maintained a significantly lower microbial diversity. The only clinical outcome 

noted by the authors was that infants with a gut microbiota highly dominated by 

Bifidobacteriaceae, regardless of treatment group, were less likely to require antibiotics during 

their first year of life.133 Although the studies conducted to date are few, HMO-supplemented 

formula has demonstrated the potential to impart some health benefits to infants with limited 

access to human milk. However, the impact of individual HMO structures outside of the complex 

matrix of human milk on the composition and function of the gut microbiota requires further study.  
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Table 1.3. Results reported from human clinical trials investigating the impact of human milk oligosaccharide (HMO)-fortified 

infant formula milk on the growth, development, and gut microbiota of infants. 

Author Year Location 
Age 

(months) 
Study Groups Results 

Marriage et al.127 

(Abbott®)  
2015 USA 0 – 4  

CF* (n = 79) 
 

CF* + 1.0 g/L 2’FL (n = 72) 
 

CF* + 0.2 g/L 2’FL (n = 70) 
 

HM (n = 83) 

No significant differences in growth, tolerability, and relative 

absorption of 2’FL (measured in the plasma and urine) among 

groups. 

Post-hoc analysis of adverse events revealed that CF + 2’FL infants 

had fewer respiratory infections and reports of eczema than CF. 

Goehring et al.130  

(substudy of 

Marriage et al.127) 

(Abbott®) 

2016 USA 0 – 4 

CF* (n = 48) 
 

CF* + 1.0 g/L 2’FL (n = 48) 
 

CF* + 0.2 g/L 2’FL (n = 54) 
 

HM (n = 51) 

Circulating plasma cytokine concentrations were similar between 

HM and 2’FL supplemented infants and were 29–83% lower than CF 

infants. Ex vivo-stimulated PBMC cultures produced similar 

inflammatory cytokine profiles for HM and 2’FL supplemented 

infants, both lower than CF infants. 

Kajzer et al.134 

(Abbott®) 
2016 USA 0 – 1 

CF (n = 36) 
 

CF + 2 g/L FOS + 0.2 g/L 

2’FL (n = 41) 
 

HM (n = 42) 

No significant differences for stool consistency, growth, and 

tolerability among groups. HM infants produced increased numbers 

of stool/day than formula-fed infants. 

Puccio et al.128 

(Nestle®) 
2017 

Belgium 

and Italy 
0 – 4 

CF (n = 64) 
 

CF + 1.0 g/L 2’FL + 0.5 g/L 

LNnT (n = 57) 

No significant differences for growth and tolerability. HMO 

supplemented infants experienced improved gastrointestinal comfort, 

softer stool, lower rates of antipyretic and antibiotic use, and lower 

rates of morbidity related to lower respiratory tract infections 

compared to CF infants.  

Nowak-Wegrzyn et 

al.131 

(Nestle®) 

2019 USA 0 – 48 

CF
ϯ
 (n = 61) 

 

CF
ϯ
 + 1.0 g/L 2’FL + 0.5 

g/L LNnT (n = 61) 

No significant differences were noted between the study groups. Both 

formulae met the clinical hypoallergenicity criteria for the treatment 

of infants with CMPA.  
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Berger et al.133 

(Nestle®) 
2020 

Belgium 

and Italy 
0 – 12 

CF (n = 63) 
 

CF + 1.0 g/L 2’FL + 0.5 g/L 

LNnT (n = 58) (switched to 

CF at 6 months) 
 

HM (n = 35) (switched to 

CF at 6 months) 

At 3 months, gut microbiota phylogenetic diversity was significantly 

different among groups, with HM having the lowest diversity and CF 

having the highest. HM infants were dominated by members of 

Bifidobacteriaceae members, CF were dominated by 

Enterobacteriaceae and Lachnospiraceae, and HMO-supplemented 

infants had gut microbiota with an intermediate composition between 

HM and CF infants. At 12 months, there were no significant 

differences in gut microbiota phylogenetic diversity and composition 

between formula groups, but formula groups differed significantly 

from HM infants. Infants that were dominated by Bifidobacteriaceae 

experienced fewer infections and required fewer antibiotic treatments.  

Ramirez-Farias et 

al.132 

(Abbott®) 

2021 USA 0 – 2 
eHF + 0.2 g/L 2’FL 

(n = 36) 

Formula was well-tolerated, safe, and supported growth. Symptoms of 

CMPA were improved or resolved in participants. 

Parschat et al.129 

(Chr. Hansen) 
2022 

Germany, 

Italy, and 

Spain 

0 – 6 

CF (n = 91) 
 

CF + 2.99 g/L 2’FL + 0.75 

g/L 3-FL + 1.5 g/L LNT + 

0.23 g/L 3’SL + 0.28 g/L 

6’SL (n = 86) 
 

HM (n = 88) 

No significant differences for growth between formulae groups. Test 

formula was well-tolerated and safe. Infants receiving test formula and 

HM produced softer stools and more stools/day. 

n: number of participants 

2’FL: 2’-fucosyllactose 

3-FL: 3-fucosyllactose 

3’SL: 3’-sialyllactose 

6’SL: 6’-sialyllactose 

CF: control formula 

CF* contained GOS 

CFϯ was extensively hydrolyzed and whey-based 

 

 

 

 

CMPA: cow’s milk protein allergy 

eHF: extensively hydrolyzed formula 

FOS: fructo-oligosaccharides 

GOS: galacto-oligosaccharides 

HM: human milk 

LNnT: lacto-N-neo-tetraose 

LNT: lacto-N-tetraose 

PBMC: peripheral blood mononuclear cells 
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1.4 Type 1 diabetes 

Type 1 diabetes (T1D) results from the T cell-mediated destruction of the insulin-

producing β-cells of the pancreas. Without insulin, liver, fat, and skeletal muscle cells cannot 

absorb glucose from the bloodstream leading to chronic hyperglycemia and its associated 

symptoms and complications. The incidence of T1D has been rapidly increasing worldwide and is 

expected to double globally over the next decade.135 While T1D may be diagnosed at any age, it 

is one of the most common chronic diseases affecting children. Children who seroconvert, i.e., 

begin producing autoantibodies, prior to two years of age are highly likely to progress to T1D 

during childhood. T1D-associated islet autoantibodies include autoantibodies to insulin (IAAs), 

the 65-kDa isoform of glutamic acid decarboxylase (GADA), the protein tyrosine phosphatase-

related molecules, IA-2 (IA2A) and IA-2β (IA2βA), and the zinc transporter 8 (ZnT8A).136 

Approximately 70% of T1D cases carry predisposing genetic risk factors involving 41 genomic 

loci.137 Half of the genetic influence arises from a system of genes, referred to as the human 

leukocyte antigen complex (HLA), located on chromosome 6.138 The HLA encodes the surface 

proteins on antigen-presenting cells (e.g., dendritic cells) used to display antigens to the T-cell 

receptors of circulating T cells.138. Proper HLA-function is essential to the adaptive immune 

system and immune tolerance. The majority of early-onset T1D patients possess the HLA class II 

haplotypes, DR3-DQ2 and DR4-DQ8.136 However, only 3–7% of genetic carriers develop T1D, 

signifying the substantial contribution of environmental factors to the pathogenesis of the 

disease.139 

In genetically susceptible individuals, potential environmental triggers of T1D include 

dietary factors, viral infections, and a vitamin D deficiency. Possible dietary influences include a 

short duration of breastfeeding and/or an early exposure to gluten or cow’s milk components.140–

144 Viruses may induce islet autoimmunity through molecular mimicry, where similarities between 

the amino acid sequences of viral peptides and islet antigens result in the activation of autoreactive 

T cells.136 Infections by the rubella virus, rotaviruses, enteroviruses, and encephalomyocarditis 

virus, among others, have been associated with the onset of T1D in genetically susceptible 

individuals, although definitive viral agents and their mechanisms have yet to be discerned.145 

Lastly, several studies have reported a correlation between vitamin D deficiencies and the 

development of T1D.146 Vitamin D may be obtained exogenously through the diet or produced 

endogenously in the skin upon exposure to sunlight. T1D incidence is inversely correlated with 
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the monthly hours of sunshine experienced by study participants, while supplementation with 

vitamin D during infancy may offer protection against development of the disease.146  

Prior to diagnosis, several changes in the gut environment of T1D-progressors have been 

reported. Firstly, the gut epithelium becomes increasingly permeable to intestinal antigens, 

referred to as the ‘leaky gut’ phenomenon.147 Secondly, an altered intestinal immunity, 

characterized by enhanced expression of proinflammatory cytokines, increased inflammatory cell 

populations, and impaired regulatory mechanisms, has been observed.147 Finally, an aberrant shift 

in the phylogenetic diversity and composition of the gut microbiota, termed ‘dysbiosis’, has been 

widely reported.139,147 Based on these observations, the pathogenesis of T1D may result from the 

excessive passage of food- and/or microbiota-derived antigens across a leaky gut epithelium that 

stimulate intestinal inflammation and reduce immunological tolerance. Alternatively, a dysbiotic 

gut microbiota may impede the early education of the immune system resulting in poor self-

tolerance and increased T1D risk. The latter theory is based on the so-called ‘hygiene hypothesis’, 

which proposes that factors accompanying an industrialized lifestyle (e.g., improved hygiene, 

dietary habits, and the widespread use of antibiotics) detrimentally alter the gut microbiota, leading 

to the development of allergic and autoimmune disorders.148,149 

1.4.1 Type 1 diabetes-associated gut microbiota 

The influence of the gut microbiota on T1D development has been substantiated through 

experiments involving rodent models of T1D. The most common rodent model of spontaneous 

T1D is the non-obese diabetic (NOD) mouse, but other models include the Bio-Breeding diabetes-

prone (BBdp) rats and streptozotocin-induced-T1D rats. Numerous rodent studies have illustrated 

that exposure to microorganisms,150–152  fecal microbial transplantation,153,154 probiotics,153,155–158 

and microbially-derived products159–161 can suppress T1D development to varying degrees, 

whereas germ-free living conditions significantly exacerbate disease incidence.150,151 Experiments 

involving Toll-like receptor (TLR) signaling-knockout NOD mice have established the need for 

immune–microbial crosstalk in the intestine for T1D to occur.162,163 Animal models have also 

demonstrated that perturbations of the gut microbiota homeostasis may exacerbate disease 

progression. For example, the use of single courses or pulses of antibiotics have increased T1D 

incidence in several studies involving rodent models.151,164–168 

Observational studies involving human populations have revealed that infants who test 



 

 

25 

 

positive for T1D-associated autoantibodies develop gut microbiotas that are generally unstable, 

less resilient to perturbations, and less diverse compared to healthy children.169,170 However, 

regarding the specific taxa associated with the T1D-gut microbiota, considerable differences have 

been reported across population-based studies. Findings from cohorts involving young children 

are summarized in Table 1.4. Some common disease trends have emerged, such as a decline in α-

diversity and an increase in the Bacteroidetes–Firmicutes (B:F) ratio prior to the production of 

autoantibodies.139,169–174 Studies have also reported an increase in pro-inflammatory or pathobiont 

species,139 accompanied by a decrease in butyrate-producing, lactate-producing, and/or mucin-

degrading species.170,175,176 However, there are no consistent trends in the T1D-assoicated genera 

or species observed across all studies. Some epidemiological studies do report an elevated 

abundance of Bacteroides species,172,177–179 especially Phocaeicola dorei, but these findings were 

not recorded in several other studies.180,181 The inconsistent observations reported by these studies 

may be due to differences in study population demographics, sampling frequency, sample 

preparation, sequencing platform, data analytic techniques, and, in some cases, a lack of 

consideration of possible confounding variables.182 As such, a direct causal relationship between 

the gut microbiota and T1D development in humans has yet to be established.
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Table 1.4. Reported alterations in the gut microbiota of infants and young children enrolled in longitudinal cohort studies who 

have begun producing type 1 diabetes-related autoantibodies. 

Author Year Cohort 
Age 

(years) 

Participants and 

Geographic Location 

Gut 

Diversity 
B:F ratio 

Gut Microbial Composition in Cases 

compared to Controls 

Rozanova et 

al.183  
2002 NR 3–19 38 T1D; Russia NR NR 

↑ Lactose-negative Enterobacteriaceae, 

Klebsiella., Enterococcus spp., Clostridium 

spp., Staphylococcus epidermis, Candida  

↓ Bifidobacterium spp., Lactobacillus spp., 

Escherichia coli 

Giongo et al.169  2011 DIPP 1.5–3 

4 T1D; 4 controls (age 

and HLA matched); 

Finland 

↓cases ↑cases 
↑ Bacteroides spp., Bacteroides ovatus 

↓ Eubacterium, Faecalibacterium  

Brown et al.184  2011 TEDDY 1.5–3 

4 T1D; 4 controls (age 

and HLA matched); 

Finland 

NR ↑cases 

↑ Bacteroides, Lactobacillus, Lactococcus, 

Bifidobacterium, Streptococcus, Veillonella, 

Alistipes 

↓ Prevotella, Akkermansia, Eubacterium, 

Fusobacterium, Anaerostipes, Roseburia, 

Subdoligranulum, Faecalibacterium (butyrate-

producing and mucin-degrading species) 

de Goffau et 

al.185  
2013 TRIGR/FINDIA 3.9–14 

18 cases; 18 controls (age, 

sex, and HLA matched); 

Finland 

↓cases ↑cases 

↑ Bacteroides spp., Clostridium perfringens  

↓ Bifidobacterium, Roseburia faecis, 

Clostridium xylanovorans, Eubacterium spp., 

Acetanaerobacterium elongatum, 

Faecalibacterium prausnitzii (lactate-

producing and butyrate-producing bacteria) 

de Goffau et 

al.170* 
2014 DIPP/VirDiab 1.3–4.6  

28 cases; 27 controls (age 

matched); Finland, 

France, Greece, Estonia, 

and Lithuania 

No 

difference 

↑cases 

 

↑ Streptococcus, Bacteroides fragilis, 

Bacteroides ovatus 

↓ Clostridium cluster IV, Clostridium cluster 

XIVa, Lachnospira pectinoschiza 

Davis-

Richardson et 

al.172  

2014 DIPP 0–2.2 

29 seropositive; 47 

controls (high HLA risk); 

Finland 

↓cases ↑cases ↑ Phocaeicola dorei, Phocaeicola vulgatus 
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Kostic et al.139  2015 DIABIMMUNE 0–3  

4 T1D; 11 seropositive; 22 

controls (age, sex, and 

HLA matched); Finland 

and Estonia 

↓cases 
No 

difference 

↑ [Ruminococcus] gnavus, Streptococcus 

infantis, Blautia spp.,  

↓ Coprococcus eutactus, Dialister invisus 

Endesfelder et 

al.175  
2016 BABYDIET 0–3.2 

19 seropositive; 21 

controls; Germany 
NR NR ↑ Bacteroides 

Vatanen et al.173  2016 DIABIMMUNE 0–3 

34 seropositive; 188 

controls (age and HLA 

matched); Finland, Russia, 

and Estonia 

NR NR 
↑ Rothia, Gemellaceae  

↓ Bilophila, Sutterella 

Cinek et al.180  2017 DIPP 0–3 

18 T1D; 18 controls (sex, 

age, and HLA matched); 

Finland 

No 

difference 

No 

difference 

↓ Bacteroides caccae, Phocaeicola vulgatus, 

Bifidobacterium bifidum, Bifidobacterium 

pseudocatenulatum 

Stewart et al.7  2018 TEDDY 0–4 

903 HLA susceptible 

infants; Finland, Sweden, 

Germany, and USA 

No 

difference 

No 

difference 

↑ Parabacteroides, Erysipelotrichaceae 

↓ Ruminococcaceae, Akkermansia 

Vatanen et al.181  2018 TEDDY 0–5 

114 T1D, 418 

seropositive; 1253 

controls (sex matched)  

Finland, Sweden, 

Germany, and USA 

↓cases NR 

↑ Streptococcus spp., Bifidobacterium 

pseudocatenulatum, Roseburia hominis, 

Alistipes shahii, Phocaeicola vulgatus 

↓ Lactobacillus rhamnosus, Bifidobacterium 

dentium, Streptococcus thermophilus, 

Lactococcus lactis 
 
 
 

 

*Results reported from de Goffau et al.170 are for infants <2.9 years old 

B:F: Bacteroidetes–Firmicutes ratio 

DIPP: Type 1 Diabetes Prediction and Prevention 

FINDIA: Finnish Dietary Intervention Trial for the Prevention of Type 1 

Diabetes 

HLA: Human leukocyte antigen 

NR: Not reported 

TEDDY: The Environmental Determinants of Diabetes in the Young 

T1D: Type 1 diabetes 

TRIGR: Trial to Reduce Insulin-Dependent Diabetes Mellitus in the 

Genetically at Risk 

VirDiab: Viruses in Diabetes
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1.4.2 Type 1 diabetes and human milk oligosaccharides 

Consumption of human milk during infancy has been shown to be protective against later-

life infections and illnesses.61 Several observational studies have confirmed the protective role of 

breastfeeding in T1D development, while presenting evidence that an early introduction to cow’s 

milk may be associated with an increased risk of the disease.140–144 In particular, two large cohorts 

comprising 155,392 children in total from Denmark and Norway found that reduced rates of 

breastfeeding increased T1D risk two-fold.186 Another cohort of 803 children from Sweden and 

Lithuania found that longer exclusive and total breastfeeding significantly reduced T1D 

incidence.187  

Human milk contains a multitude of bioactive substances that may influence the 

development of autoimmune and allergic diseases, including antimicrobial compounds that 

prevent infection and immunoregulatory compounds that promote development of the infant 

immune system, reduce inflammation of the intestinal mucosa, and promote gut barrier function.142 

As HMOs have demonstrated antimicrobial and immunoregulatory properties, they may be 

partially responsible for the protective role of human milk in disease development. This theory is 

supported by the observation that breastfed infants born to Secretor positive (Se+) mothers, who 

produce FUT2-dependent HMOs such as 2’FL, have a reduced risk of developing allergic 

diseases.188 Similarly, the administration of 2’FL and 6’SL separately to mouse models of food 

allergy resulted in fewer incidence of allergic symptoms.121 HMOs also alter the composition of 

the gut microbiota and influence the microbial metabolites produced, another avenue whereby 

these structures may alter T1D development. However, evidence of the direct impact of HMOs on 

T1D development arises from a study where the administration of pHMOs to NOD mice delayed 

or suppressed T1D development.119 The mice protected from T1D experienced beneficial shifts in 

their fecal microbiota composition (e.g., reduced B:F ratio, reduced levels of Clostridiales, and 

increased abundance of butyrate-producing and mucin-degrading bacterial species). The mice also 

experienced changes to their fecal metabolite profile, which included an increased concentration 

of beneficial short-chain fatty acids (SCFAs).  

In summary, HMOs may exert protective effects against T1D by enhancing gut barrier 

function—either directly by influencing intestinal cell gene expression or indirectly by 
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encouraging growth of microbes that support gut epithelium function; directly interacting with 

immune cells to promote tolerance; and/or selecting for specific microbial groups while 

suppressing the growth of pathogens. However, because of the lack of studies investigating the 

direct impact of HMOs on gut microbiota, little is known about the influence of HMOs on 

microbial community composition, function, activity, or the capacity of minority species to 

consume HMO structures. Ultimately, there is a dearth of information on the ability of T1D-

associated gut microbiota to metabolize HMOs. 

1.5 Overview of thesis work 

Evidence arising from both human and animal studies indicates that an altered gut 

microbiota is strongly associated with T1D development. However, to date, there have been no 

consistent findings regarding the composition of the T1D-associated gut microbiota reported 

across all studies, suggesting that the functional capacity of the gut microbiota may be more 

predictive of its role in disease progression than the species that are present or absent. As such, 

there is a need for more holistic investigations into the functional changes that occur in the gut 

microbiota of infants prior to seroconversion. In addition, breastfeeding is a known modulator of 

the gut microbiota and has been identified as a protective factor against T1D development. Based 

on the findings of a study involving the treatment of NOD mice with pHMOs, the protective role 

of human milk in T1D development could be partially attributed to the presence of these glycan 

molecules and their effect on the gut microbiota. Infant formula companies have begun 

supplementing formula milk with synthetic HMO structures, including 2’FL, despite limited 

understanding of the impact of administering individual HMO structures outside of the complex 

matrix of human milk on the developing gut microbiota.  As such, there are several areas in the 

study of the T1D-associated gut microbiota that require further investigation. First, changes in the 

functional capacity of the gut microbiota that occur prior to seroconversion need further 

characterization. Second, an improved understanding of the impact of 2’FL administered in 

isolation, as well as pHMOs on the composition and function of the T1D-associated gut microbiota 

is required to properly assess the therapeutic potential of these structures. Beneficial changes in 

the gut microbiota following treatment with HMOs may include an increased abundance of health-

associated taxa, such as Bifidobacterium, a favourable decline in the B:F ratio, and an elevated 

production of health-promoting metabolites, such as SCFA. Third, as research into HMO-utilizing 
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gut bacteria has largely focused on bifidobacterial strains, little is known about the ability of less 

abundant species of the gut microbiota to interact with HMOs despite their potential impact on 

microbiota-related diseases such as T1D. Therefore, this thesis sought to explore two hypotheses:  

1) Nonconverter and seroconverter infants may be distinguished based on the 

metabolic output of their gut microbiotas 

2) HMOs may be used to induce health-promoting changes in the T1D-associated gut 

microbiota 

These hypotheses were addressed with four main objectives. The first objective, addressed 

in Chapter 3, was the comparison of the taxonomic composition and metabolic output of fecal-

derived microbial communities from three seroconverters and four nonconverters. The 

identification of seroconverter-associated features will provide deeper insight into the role of the 

gut microbiota during T1D progression. The second objective, also addressed in Chapter 3, is the 

development of a reproducible in vitro model of the infant T1D-associated gut microbiota 

necessary for subsequent experimentation. The third objective, addressed in Chapter 4, was an 

assessment of the ability of pHMOs and 2’FL to modulate the composition and function of the 

microbial communities, while determining their HMO structure preferences. The results of this 

objective will inform on the ability of 2’FL-supplemented infant formula milk to modify the gut 

microbiota of infants at risk of developing T1D in comparison to the complex mixture of HMOs 

found in human milk. The fourth objective, addressed in Chapter 5, was to determine the impact 

of pHMOs on the growth properties of individual bacterial strains in monoculture assays. HMO 

structure preferences of the strains were also ascertained and the pHMOs-induced growth 

responses of the strains under monoculture and mixed culture conditions were compared. The 

results of this objective will inform on the capacity of strains derived from nonconverters and 

seroconverters to metabolize HMOs as well as will provide insight into strain-level differences in 

the ability to utilize HMOs.  

Chapter 2 details the materials and methods applied in Chapters 3–5, while Chapter 6 

summarizes the overall findings of this body of work as well as provides directions for further 

research. Overall, the experiments carried out as described in this thesis were designed to improve 

our understanding of the T1D-associated gut microbiota and to assess the therapeutic potential of 

HMOs in modulating the T1D-associated gut microbiota.
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2 Materials and methods 

2.1 Fecal samples from infants at risk of type 1 diabetes 

Fecal samples were obtained through a collaboration with Dr. Jayne Danska at the Hospital 

for Sick Children, ON, Canada. Donors were infants enrolled in the DIABIMMUNE birth cohort 

who carry predisposing human leukocyte antigen (HLA) risk alleles for developing type 1 diabetes 

(T1D). Parents first collected and stored their infants’ stool at -20°C prior to their next visit to a 

local study centre in Finland where the samples were then stored at -80°C. Samples were 

subsequently shipped on dry ice to the DIABIMMUNE Core Laboratory, followed by the Broad 

Institute, and then to the Danska lab. Samples were divided into two groups—controls (NS#) and 

cases (S#)—based on donors’ seroconversion status. Bray Curtis dissimilarity analysis of the 16S 

rRNA gene sequencing data (made available by Kostic et al.139) was performed within the study 

groups by the Danska lab in order to select samples representative of their group (i.e., samples that 

share microbial taxa with most other members of their study group). Donors were matched based 

on their age, sex, and HLA risk alleles (Table 2.1). A small portion (<1 g) of the fecal samples for 

the selected donors were shared with the Allen-Vercoe lab under University of Guelph REB#17-

06-006 for culture and characterization.  
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Table 2.1. Metadata accompanying the stool samples from the seven infants enrolled in the DIABIMMUNE birth cohort selected 

for culture and characterization.  

Community 

ID 
Match 

Patient 

ID 

Kostic et 

al.139 stool 

ID 

Age at 

collection 

(days) 

Sex 
Serum 

autoantibodies* 

Age at 

seroconversion 

(days) 

Age at T1D 

diagnosis 

(days) 

Birth 

delivery 

route 

NS0 Pilot E011279 G36242 550 Male Negative - - Vaginal 

NS1 Pair 1 E013487 G37020 723 Female Negative - - Vaginal 

S2 Pair 1 E010937 G35968 692 Female Negative 905 960 Vaginal 

S3 Pair 2 E026079 G36953 555 Male Negative 580 N/A Vaginal 

NS4 Pair 2 E001463 G35532 738 Male Negative - - Vaginal 

S5 Pair 3 E006574 G36301 702 Male IAA and ICA** 533 1340 Vaginal 

NS6 Pair 3 E026325 G37040 738 Male Negative - - Vaginal 
 

 

 

 

Community 

ID 
Location 

Antibiotics at 

collection 

Duration of exclusive 

breast-feeding (days) 

Duration of 

breastfeeding 

(days) 

Age at introduction 

of infant formula 

milk (days) 

Age at introduction 

of solid food  

(days) 

NS0 Finland No 126 ~ 276 ~ 276 ~ 122 

NS1 Finland No 120 ~ 269 <57 ~ 178 

S2 Finland No 129 ~ 509 -- ~ 142 

S3 Finland No 15 ~ 197  <88 ~ 124 

NS4 Finland No 123 ~ 303 <62 ~ 124 

S5 Finland No 177 ~ 366 <82 ~ 206 

NS6 Finland No 6 ~ 65  <65 ~ 143 

IAA: insulin autoantibodies 

ICA: islet cell antibodies 

ID: identity 

N/A: not applicable 

 

*At the time of stool collection 

**Low levels 
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2.2 Source of human milk oligosaccharides 

Pooled human milk oligosaccharides (pHMOs) were obtained through a collaboration with 

Dr. Lars Bode at the University of California San Diego, CA, USA. HMOs were extracted and 

purified as described in Jantscher-Krenn et al.189 Briefly, human milk samples, donated to a milk 

bank by healthy volunteers, were combined and centrifuged to separate the lipid layer for removal. 

Proteins were precipitated using cold ethanol and removed after centrifugation. Ethanol was 

removed by roto-evaporation. Lactose and salts were removed by gel filtration chromatography 

using fast protein liquid chromatography (FPLC). The resulting mixture of oligosaccharides were 

lyophilized and stored at -20°C before usage. The 2’-fucosyllactose (2’FL) (Jennewein 

Biotechnologie GmbH, Rheinbreitbach, Germany) used in this study was synthesized using a 

bioengineered Escherichia coli strain.190 

2.3 Bioreactor media 

‘Adult chemostat media’ was developed by McDonald et al.21 to propagate the adult gut 

microbiota in bioreactor vessels. This formulation was designed to mimic the result of pre-

digestion of solid food by the upper gastrointestinal tract. Mucin was included as it is the main 

structural component of the mucus secreted by the goblet cells of the intestinal epithelium. 

Subsequently, the adult chemostat media was modified to produce an ‘infant chemostat media’ 

that represented an infant diet combining solid food and infant formula milk. Infant formula milk 

was represented by the inclusion of lactose, whey protein hydrosylate, and a vitamin mixture, of 

which the concentrations were previously determined by Cinquin et al.191 and Yen.95 The 

carbohydrate level was lowered in comparison to the adult chemostat media so that when the 

treatment experiment was conducted, one third of the total carbohydrate concentration would be 

represented by the pHMOs. Components of both the adult and infant chemostat media are 

summarized in Table 2.2.
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Table 2.2. Composition of bioreactor media formulations. Composition and preparation of the 

adult chemostat media are described in McDonald et al.21 Infant chemostat media was designed to 

mimic the combination of solid food and infant formula milk and were adapted from McDonald 

et al.,21 Cinquin et al.,191 and Yen.95

Reagent 
Adult chemostat 

media (g/L) 

Infant chemostat 

media (g/L) 

Lactose -- 0.036 

Starch (from wheat)  5 3.33 

Xylan 2 1.33 

Arabinoglycan 2 1.33 

Pectin  2 1.33 

Inulin  1 0.67 

Yeast extract  2 2 

Whey protein hydrolysate -- 2.61 

Casein  3 0.39 

Peptone water  2 2 

NaHCO3 2 2 

L-cysteine HCl  0.5 0.5 

NaCl  0.1 0.1 

K2HPO4  0.04 0.04 

KH2PO4  0.04 0.04 

CaCl2  0.01 0.01 

MgSO4 0.01 0.01 

Bile Salts  0.5 0.5 

Mucin (porcine gastric mucin) 4 4 

Hemin  0.005 0.005 

Menadione 0.001 0.001 

Biotin -- 0.005 

Vitamin B12 -- 0.0005 

Pantothenate -- 0.01 

Nicotinamide -- 0.005 

p-aminobenzoic acid -- 0.005 

Thiamine -- 0.004 
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2.4 Bioreactor inoculation and operation 

2.4.1 Fecal communities  

Fecal slurries were prepared under anaerobic conditions (10% H2, 10% CO2, balanced with 

N2) in an anaerobe chamber (AS-580, Anaerobe Systems, Morgan Hill, CA, USA). Frozen fecal 

samples (<1 g), stored in 15 mL conical tubes, were partially thawed, and scraped into sterile bags 

(Figure 2.2A). Sterile, degassed adult chemostat media (10 mL) was transferred into each conical 

tube and vortexed to suspend any remaining stool that had not been transferred into the bags. The 

suspensions were poured into their respective bags containing the fecal samples. The mixtures 

were homogenized by hand to form slurries. Each fecal slurry was used to inoculate a 400 mL 

Multifors bioreactor system vessel (Infors AG, Bottmingen/Basel, Switzerland) (Figure 2.2B–

2.2D) already containing 390 mL degassed, sterile adult chemostat media at 37°C, pH 7, and 

stirring at 50 rpm. Vessels were maintained under anaerobic, batch fermentation conditions for 48 

h before switching to continuous fermentation conditions. Adult chemostat media was fed at a 

flow rate of 400 mL/day to ensure a 24-h turnover of vessel contents. Vessels were maintained for 

28 days, except for the NS0 fecal community (FC), which was shut down on Day 22 due to 

mechanical failure. Daily samples (5 x 2-mL aliquots) were collected and stored at -80°C for 

subsequent application of multi-omics tools.
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Figure 2.1. Schematic of a bioreactor vessel, designed to mimic the conditions of the human 

distal colon. 
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Figure 2.2. Experimental design of fecal communities (FCs) and NS0 community types 

(regenerated communities (RCs) and defined communities (DCs)). (A) Stool samples (<1 g) 

were used to prepare fecal slurries for inoculation of bioreactor vessels. (B) Timeline of NS0 fecal 

community bioreactor run and sample collection for isolations, metataxonomics (16S rRNA gene 

sequencing (V4 region)), and metabonomics (1D H1 nuclear magnetic resonance (NMR)). (C) 

Timeline of NS1 fecal community bioreactor run and sample collection for isolations, 

metataxonomics and metabonomics. (D) Timeline of remaining FC bioreactor runs and sample 

collection for isolations, metataxonomics and metabonomics. (D) Experimental design for the 

creation of NS0 RCs and DCs.
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2.4.2 Defined communities 

NS0 and NS1 defined communities (DCs) were assembled from the isolates obtained from 

their original FCs (Figure 2.2E). Isolates were revived from frozen stocks by streaking partially 

thawed culture onto degassed fastidious anaerobic agar (Lansing, MI, USA) supplemented with 

defibrinated 5% sheep’s blood (FAA) plates in an anaerobe chamber (AS-580, Anaerobe Systems, 

Morgan Hill, CA, USA) under anaerobic conditions (10% H2, 10% CO2, balanced with N2). After 

three days, isolates were streaked onto additional FAA plates and allowed three additional days to 

grow in order to accumulate enough biomass to fill a minimum of one 10-μL microbiological loop. 

Biomass of each isolate was scraped into sterile, degassed adult chemostat media (40 mL for the 

NS0 DC and 60 mL for the NS1 DC). The inocula were thoroughly mixed by vortexing before 20 

mL was used to inoculate 400 mL Multifors bioreactor system vessels (Infors AG, 

Bottmingen/Basel, Switzerland) (two vessels for the NS0 DC and three vessels for the NS1 DC). 

Vessels already contained 350 mL degassed, sterile adult chemostat media at 37°C, pH 7, and 

stirring at 50 rpm. Vessels were maintained under anaerobic, batch fermentation conditions for 24 

h before switching to continuous fermentation conditions. Adult chemostat media was fed at a 

flow rate of 400 mL/day to ensure a 24-h turnover of vessel contents. Vessels were maintained for 

21 days while daily samples (five 2-mL aliquots) were collected and stored at -80°C for subsequent 

application of multi-omics tools. 

2.4.3 Regenerated fecal communities 

Regenerated fecal communities, shortened to regenerated communities (RCs), were seeded 

from aliquots of bioreactor culture collected from the FC originally inoculated with the fecal 

samples (Section 2.4.1) (Figure 2.2E & Figure 2.3A). For each RC, 5 aliquots (totaling 10 mL) 

collected during the steady-state period of the original FC were thawed in an anaerobe chamber 

(AS-580, Anaerobe Systems, Morgan Hill, CA, USA) under anaerobic conditions (10% H2, 10% 

CO2, balanced with N2). Culture was combined and used to inoculate Multifors bioreactor system 

vessels (Infors AG, Bottmingen/Basel, Switzerland) already containing sterile degassed chemostat 

media at 37°C, pH 7, and stirring at 50 rpm (Figures 2.3B & 2.3C). Two NS0 RCs were generated 

in a 500 mL vessel and a 200 mL vessel, both containing adult chemostat media. All other RCs 

were generated in 200 mL vessels containing infant chemostat media. Vessels were maintained 

under anaerobic, batch fermentation conditions for 48 h before switching to continuous 
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fermentation conditions. Bioreactor media was fed at a flow rate that ensured a 24-h turnover of 

vessel contents. The NS0 RCs were maintained for 21 days before the 500 mL vessel was shut 

down and the feed to the 200 mL vessel was swapped to infant chemostat media. NS0 RC in the 

200 mL vessel was maintained for a further 7 days in preparation for the treatment experiment 

(Section 2.6). All other RCs were maintained for 14 days in preparation for the treatment 

experiment (Section 2.6). Daily, three 2-mL aliquots were collected from all RCs and stored at -

80°C. 

2.5 Microbial isolations and identification 

Fecal-derived gut microbes were isolated as pure cultures from aliquots of bioreactor 

culture collected on Days 1 and 28 from each FC (Section 2.4.1). Fresh aliquots of 500 μL were 

serially diluted in sterile, degassed tryptic soy broth (Millipore Sigma, Burlington, MA, USA) 

supplemented with 5 μg/mL hemin and 1 μg/mL menadione in an anaerobe chamber (AS-580, 

Anaerobe Systems, Morgan Hill, CA, USA) under anaerobic conditions (10% H2, 10% CO2, 

balanced with N2). Diluted culture was plated onto a variety of selective and non-selective media 

types (Table S1). Each media type was incubated at 37°C under both aerobic and anaerobic 

conditions. Over the following 5 days, individual colonies were selected based on varying 

morphologies and streak purified on FAA patch plates. Isolates were identified by first amplifying 

the V3–V6 region of their 16S rRNA gene using 1 uL of biomass and the primers V3kl (5’-

TACGG[AG]AGGCAGCAG-3’) and V6r (5’-AC[AG]ACACGAGCTGACGAC-3'). Polymerase 

chain reaction (PCR) cycling conditions were 95ºC for 15 min (to disrupt the cell membrane), 

followed by 30 cycles of 94ºC for 2 min, 94ºC for 30 s, 60ºC for 30 s, and 72ºC for 30 s, with a 

final elongation at 72ºC for 5 min. Nucleotides of the PCR product were fluorescently tagged using 

a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, ThermoFisher Scientific, 

Waltham, MA, USA). T7 forward primer (5’-TAATACGACTCACTATAGGG-3’) and 25 cycles 

of 96ºC for 5 min, 96ºC for 30 s, 50ºC for 15 s, and 60ºC for 2 min were used for the fluorescent 

tagging by the BigDye Terminator. Resulting samples underwent Sanger sequencing performed 

by the Advanced Analysis Centre (AAC) Genomics Facility at the University of Guelph. Isolates 

were identified by cross-referencing against the NCBI 16S rRNA gene sequence reference 

database using the NCBI BLASTn tool (https:/www.ncbi.nlm.nih.gov/BLAST/). Pure cultures of 

https://www.ncbi.nlm.nih.gov/BLAST/
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unique strains were archived in 2 mL cryogenic vials (Wheaton Science Products, Millville, NJ, 

USA) containing a freezing medium (12% skim milk, 1% glycerol, and 1% DMSO) at -80ºC.  

2.6 Treatment of regenerated communities with human milk oligosaccharides 

RCs were exposed to HMOs under batch fermentation conditions (Figure 2.3D). Culture 

was harvested from bioreactor vessels containing RCs on Day 28 for the NS0 community and Day 

14 for all other communities (Section 2.4.3). First, RC culture was transferred into an anaerobe 

chamber (AS-580, Anaerobe Systems, Morgan Hill, CA, USA) and 18 mL dispensed into sterile 

50 mL conical tubes (9 tubes/community) (ThermoFischer Scientific, Waltham, MA, USA). 

Microbial communities were treated with either 2 mL of water (no-treatment control) or HMOs 

dissolved in water to a final concentration of 4 g/L pHMOs or 0.5 g/L 2’FL, each in biological 

triplicate. Treated RCs were incubated at 37°C for 72 h. Three 2-mL aliquots were collected from 

the communities every 12 h and stored at -80°C for cell counting and application of multi-omics 

tools.
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Figure 2.3. Experimental design of treating regenerated communities (RCs) with human 

milk oligosaccharides (HMOs). (A) Aliquots of culture collected from fecal-derived microbial 

communities (FCs) were used to inoculate bioreactor vessels for the generation of RCs. (B) 

Timeline of NS0 RC bioreactor run. NS0 was seeded in adult chemostat media and then switched 

to infant chemostat media on Day 21. (C) Timeline of all other RCs, which were seeded in infant 

chemostat media. At the end of all bioreactor runs, culture of each RC was harvested for treatment 

with HMOs. (D) Timeline for the treatment of the RCs with 4 g/L pooled HMOs, 0.5 g/L 2’-

fucosyllactose (2’FL), or no-treatment control in triplicate under anaerobic, batch fermentation 

conditions. Samples were collected at the time points indicated for glycoprofiling (high-

performance liquid chromatography (HPLC)), metataxonomics (16S rRNA gene sequencing (V4 

region)), metabonomics (1D H1 nuclear magnetic resonance (NMR)), and metaproteomics (mass-

spectrometry (MS)). 
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2.7 Counting cells using flow cytometry 

The colony forming units (CFU)/mL of RC samples was estimated using flow cytometry. 

Following treatment with HMOs, RC samples collected at each time point were thawed and 100 

μL of culture was twice washed with phosphate buffered saline (PBS) by repeatedly suspending 

the culture in 1 mL PBS and centrifuging at 5,000 rpm for 10 min. After decanting supernatant, 

final pellets were resuspended in 1 mL PBS and filtered through a 70 µm strainer (Flowmi™ Cell 

Strainers, Bel-Art - SP Scienceware, South Wayne, NJ, USA). Samples were diluted 1/100 with 

0.9% NaCl solution and treated with Syto9 Green Fluorescent Nucleic Acid Stain (ThermoFischer 

Scientific) to a final concentration of 0.16 µM. Stained samples were incubated at room 

temperature for 15 min. Unstained cells were used as a negative control. Events per 10 µL of 

sample were recorded using a benchtop SH800S cell sorter (Sony, San Jose, CA, USA) running in 

analytical mode and used to calculate CFU/mL of each sample.  

2.8 Multi-omics tools and analysis 

2.8.1 Genomic DNA extraction and Illumina sequencing 

The taxonomic composition of microbial communities was assessed using high-throughput 

16S rRNA gene sequencing on an Illumina MiSeq Sequencer. First, genomic DNA (gDNA) was 

extracted using a Zymo Quick-DNA Fecal/Soil Microbe Kit (Cedarlane Laboratories Ltd., 

Burlington, ON, Canada) with a modified protocol to enhance lysis of Gram-positive cells. Briefly, 

1 mL of microbial community samples were centrifuged at 14,000 rpm for 15 min. The resulting 

pellets were resuspended in buffer in tubes containing 0.2 g of zirconia beads, both supplied by 

the kit. Samples were bead beat at 3,000 rpm for 6 min in Digital Disruptor Genie3000 (Scientific 

Industries Inc., Bohemia, NY, USA). Samples were then heated to 95°C for 10 min followed by 

continuous water bath sonication for 5 min in a Sonicator Ultrasonic Processor XL2020 (Mandel 

Scientific, Guelph, ON, Canada). Subsequently, samples were treated with 400 μg/mL 

Recombinant Proteinase K Solution (Ambion, Austin, TX, USA) and heated to 70°C for 10 min. 

Samples were allowed to cool in a room temperature water bath for 15 min before DNA was 

extracted following the manufacturer’s instructions. The concentration and quality of the resulting 

purified gDNA samples were assessed using a NanoDrop spectrophotometer (Infinite M Nano+, 

Tecan Group Ltd., Männedorf, canton of Zürich, Switzerland). Samples were stored at -20°C. 



 

 

45 

 

For the NS0 and NS1 FC longitudinal samples, 16S rRNA gene library preparation and 

sequencing using a Miseq Sequencer (Illumina Inc., San Diego, CA, USA) were carried out by 

Mr. DNA Molecular Research LP (Shallowater, TX, USA). For all other samples, 16S rRNA gene 

library preparation was conducted in-house with 400 ng of Nextera XT Index v2 sequences 

(Illumina Inc., San Diego, CA, USA) plus standard 16S rRNA gene V4 region primers in technical 

triplicate. Reaction mixture contained 1 μL DNA template (diluted to 10 ng/μL), 1 μL of each 

barcode/primer, and 23 μL Invitrogen Platinum PCR SuperMix High Fidelity (Life Technologies, 

Carlsbad, CA, USA). Cycler conditions are described elsewhere.192 Technical triplicates were 

pooled and purified using an Invitrogen PureLink PCR Purification Kit (Life Technologies, CA, 

USA) according to the manufacturer’s instructions. Normalization of amplicon concentrations and 

sequencing using a Miseq Sequencer (Illumina Inc., San Diego, CA, USA) were then carried out 

by AAC Genomics at the University of Guelph. 

2.8.2 Metataxonomic analysis 

Raw sequences obtained from the high-throughput sequencing of the 16S rRNA gene were 

processed using the R package, seqpipeR.192 Briefly, pre-processing was carried out using the 

DADA2 package (version 1.8)36 to curate reads into trimmed, quality controlled, and filtered 

sequences. Sequences were then clustered into amplicon sequence variants (ASVs), which were 

subsequently classified using the IDTAXA algorithm within the DECIPHER package (version 

2.18.1). Classification involved cross-referencing sequences against the SILVA database (version 

138) to assign taxonomy down to the genus level. ASVs were further classified to the species level 

using a 97% threshold by cross-referencing against the NCBI 16S rRNA gene sequence reference 

database using the NCBI BLASTn tool (https:/www.ncbi.nlm.nih.gov/BLAST/). ASVs resulting 

in redundant species were aggregated by summing the sequence counts and any feature with fewer 

than four counts in 10% of samples were removed. For the time-series RC samples obtained 

following treatment with HMOs, sequence counts were rarified to the smallest library to account 

for variations in sequencing depth before the absolute abundance of each taxon was estimated by 

multiplying the sequence counts by the CFU/mL ascertained by flow cytometry for the respective 

sample. ASVs of all samples were normalized using a centralized-log ratio.  

Microbiome Analyst193 was used to assess the alpha-diversity (Chao1 richness and 

Shannon diversity index) and beta-diversity (unweighted and weighted UniFrac) measures of the 

https://www.ncbi.nlm.nih.gov/BLAST/
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microbial communities at steady-state. Phylogenetic trees were created using the R package, APE 

version 5.5. UniFrac measures were visualized using Principal Coordinates Analysis (PCoA) score 

plots with non-metric multi-dimensional scaling and permutational multivariate analysis of 

variance (PERMANOVA). Significant differences in alpha-diversity measures were determined 

using t-tests for the FC seroconversion groups while one-way analysis of variance (ANOVA) 

followed by pairwise t-tests evaluated the NS0 community types (FC, RC, and DC). To determine 

significant differentially abundant taxa between the nonconverter and seroconverter FCs, both 

Linear discriminant analysis Effect Size (LEfSe)194 and classical univariate statistical comparisons 

with Benjamini-Hochberg adjusted p-values (cut-off at 0.05) were applied. The Bacteroidetes–

Firmicutes (B:F) ratio of the seroconversion groups were compared by t-tests. The relative 

abundance of genera present in the FCs was visualized with a heatmap with two-way hierarchical 

clustering based on Z-scores using Euclidean distances and the Ward clustering algorithm. 

Barplots of the phyla, families, and 15 most abundant genera in the FCs were created using R. 

Network analysis and construction was conducted using the R package, NetCoMi,195 where 

Pearson correlations were applied to the relative abundance of the genera present in the 

nonconverter and seroconverter FCs. Pearson correlation test was performed in R on log 

transformed D1 and steady-state relative abundance data to determine the linear correlation 

between the relative abundance of the genera on Day 1 and at steady-state. 

Two-way ANOVA of the alpha-diversity measures (Chao1 richness and Shannon diversity 

index; calculated by Microbiome Analyst193) were used to evaluate the changes in diversity of the 

RCs 72 h following treatment with pHMOs, 2’FL, and the no-treatment control. Longitudinal 

absolute abundance profiles were input into Multivariate Association with Linear Models 2 

(MaAsLin2)196 to assess changes in RC taxonomic composition as a result of the HMO treatments. 

Next, the sliding_spliner function in the R package, splinectomeR,197 was applied to the 

longitudinal data to identify any time points at which treatments significantly affected the 

composition of the RCs for a short period of time. LEfSe was then applied to the time points 

identified by sliding_spliner. Lastly, treatment-induced changes in the B:F ratio were evaluated at 

each time point using Kruskal-Wallis tests followed by Tukey’s honestly significant difference 

(HSD) post-hoc test.   
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2.8.3 1D 1H nuclear magnetic resonance spectroscopy 

The metabolic output of microbial communities was assessed using 1D 1H nuclear magnetic 

resonance (NMR) spectroscopy. First, microbial community samples were thawed and centrifuged 

at 14,000 rpm for 15 min. The supernatants were filtered through sterile 0.22 μm polyethersulfone 

(PES) syringe filters (GE Whatman, Mississauga, ON, Canada). The resulting filtrates were diluted 

with an internal standard, 99.9% D2O with 5 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid 

(DSS) and 0.2% sodium azide, to a final concentration of 0.5 mM DSS. Samples were stored in 5 

mm glass NMR tubes (535-PP-7, Wilmad, Wineland, NJ, USA) at 4°C until scanning in a Bruker 

Avance 600 MHz NMR spectrometer (NMR Centre, AAC, University of Guelph, Guelph, ON, 

Canada). The protocol followed was previously described.198 Briefly, spectra were acquired using 

the first increment of a 1D 1H NOESY pulse sequence with tmix of 100 ms, 4 s acquisition time, 

1 s relaxation delay, and a spectral width of 12 ppm. Sample pH was measured using pH 

colorimetric strips (GE Whatman, Mississauga, ON, Canada) within one day of scanning. 

Chenomx NMR Suite 7.0–7.7 (Chenomx Inc., Canada) was used to process spectra and 

subsequently identify and quantify metabolites. Phase and baseline corrections were made 

manually, while shim and chemical shape corrections were performed automatically by the 

software. Metabolites were identified by matching the peaks on the spectra with projections for 

predicted metabolites in the software’s 600 MHz compound library. Metabolites were quantified 

from the area of the projected signal by using the known concentration of DSS and the area of the 

DSS peak.  

2.8.4 Metabonomic analysis 

All metabolite concentrations were normalized by auto scaling before Partial Least 

Squares-Discriminant Analysis (PLS-DA) was performed using MetaboAnalyst 5.0199 to 

determine the achievement of metabolic steady-state of the NS0 and NS1 FCs and to evaluate the 

metabolic output of the FCs, and NS0 and NS1 RCs and DCs at steady-state. Multiple t-tests with 

Benjamini-Hochberg adjusted p-values (cut-off at 0.05) were used to determine significant 

differences in the concentrations of the metabolites produced by nonconverter and seroconverter 

FCs as well as Vessels 1 and 2 of the NS0 RCs and DCs. In addition, heatmaps with two-way 

hierarchical clustering were used to visualize the metabolite concentrations normalized based on 

Z-scores for FCs as well as NS0 and NS1 RCs and DCs at steady-state. To evaluate the impact of 
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HMO treatments on the metabolic output of the nonconverter and seroconverter RCs under batch 

fermentation conditions, Principal Component Analysis (PCA) was performed using 

MetaboAnalyst 5.0199 at 0 h and 72 h following treatment. Next, a two-way multivariate ANOVA 

(MANOVA) followed by Pillai’s test was also applied to 0 h and 72 h normalized concentrations 

to evaluate overall significant differences. This was followed by multiple two-way ANOVAs and 

Tukey’s HSD post-hoc tests at these time points with p-values false discovery rate (FDR-)adjusted 

using the Benjamini-Hochberg method (cut-off at 0.05) to determine the significantly different 

metabolites between the seroconversion study groups and treatment groups. A heatmap with two-

way hierarchical clustering was used to visualize the metabolite concentrations normalized based 

on Z-scores for the HMO-treated RCs at 72 h. The KEGG41 database was consulted for pathway 

analysis.  

2.8.5 Protein extraction and mass spectrometry 

Proteins secreted by the RCs 24 h following treatment with HMOs were assessed using 

mass spectroscopy. RC samples were thawed and centrifuged at 14,000 rpm for 15 min. The 

supernatants were filtered through sterile 0.22 μm PES syringe filters (GE Whatman, Mississauga, 

ON, Canada) and 400 μL were transferred into Protein LoBind tubes (Eppendorf, Mississauga, 

ON, Canada). The resulting filtrates were treated with 8 M urea/40 mM HEPES followed by 2 mM 

dithiothreitol and incubated at room temperature for 30 min. Next, samples were treated with 4 

mM iodoacetamide at room temperature for 20 min while protected from light. Extracted proteins 

were digested overnight by 0.5 μg/μL LysC and trypsin (Promega, Fitchburg, WI, USA) at room 

temperature. After digestion reactions were quenched with 10% (v/v) trifluoroacetic acid, samples 

were loaded onto ‘STop And Go Extraction’ (STAGE)-tips (consisting of three layers of C18) for 

desalting and purification as outlined in Rappsilber et al.200 Peptides were eluted in 50 μL Buffer 

B (80% acetonitrile and 0.5% acetic acid) and dried in a speed-vacuum (Vacufuge plus, Eppendorf, 

Mississauga, ON, Canada). Mass spectrometry was performed at Bioinformatics Solutions Inc. 

(Waterloo, ON, Canada) where samples were resuspended in 12 μL Buffer A (0.1% trifluoroacetic 

acid) before analysis using a linear-trapping Fusion Lumos Tribrid mass spectrometer 

(ThermoFisher Scientific, Waltham, MA, USA) on-line coupled to an UltiMate 3000 LC system 

(ThermoFisher Scientific, Waltham, MA, USA) through a nanoelectrospray flexion source 

(ThermoFisher Scientific, Waltham, MA, USA).  
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2.8.6 Metaproteomic analysis 

MaxQuant (version v2.1.0.0)201 was used to analyze the .raw files containing the 

metaproteomic data. The derived peak list was searched with MaxQuant’s built-in Andromeda 

search engine against available reference genomes obtained from Uniprot47 for the species detected 

by metataxonomics. The parameters were as follows: strict trypsin specificity, allowing up to two 

missed cleavages, minimum peptide length of seven amino acids, carbamidomethylation of 

cysteine was a fixed modification, and N-acetylation of proteins and oxidation of methionine were 

set as variable. A minimum of two peptides was required for protein identification. Peptide spectral 

matches and protein identification were filtered using a target-decoy approach at a false-discovery 

rate (FDR) of 1%. ‘Match between runs’ was enabled with a match time window of 0.7 min and 

an alignment time window of 20 min.202 Relative, label-free quantification (LFQ) of proteins using 

a minimum ratio count of one was performed with MaxQuant’s integrated MaxLFQ algorithm.202  

Perseus (version 1.6.15.0)203 was used to further analyze the MaxQuant-processed data 

(‘proteingroups.txt’ file). Hits to the reverse database, contaminants, and proteins only identified 

with modified peptides were eliminated. LFQ intensities were converted to a log scale (log2), and 

a valid-value filter of two in three replicates in at least one group was used. All other statistical 

analyses were performed in R. First, a PCA was performed to assess the influence of community, 

seroconversion group, and treatment on the RCs’ secretome. Next, multiple two-way ANOVAs 

with p-values FDR-adjusted using the Benjamini-Hochberg method (cut-off at 0.05) were 

conducted to evaluate the proteins that significantly varied among seroconversion groups and 

treatments. Multiple one-way ANOVAs were then performed on the secreted proteins subdivided 

by RC to investigate the impact of treatment at the individual community level. All ANOVAs were 

followed by Tukey’s HSD post-hoc tests with p-values FDR-adjusted using the Benjamini-

Hochberg method (cut-off at 0.05) to ascertain the significantly different proteins among the 

treatment groups. Names, Gene Ontology (GO) biological processes, molecular function, and 

cellular component, as well as keywords and taxonomy of origin were obtained from Uniprot for 

each protein.  
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2.8.7 Multi-omics data integration 

‘Omics’ data modalities were integrated using the statistical tool, multi-omics factor 

analysis (MOFA), in the R package, MOFA2 (version 1.4.0).204 Absolute abundance genus-level 

metataxonomic data, normalized using centralized-log ratio, auto scaled metabonomic data, and 

log transformed metaproteomic data were input into the model, firstly in an ungrouped manner 

and then secondly, grouped by seroconversion study group. Data and model training options were 

set to default, except convergence_mode was set to ‘slow’. The number of factors in each type of 

analysis (ungrouped and grouped by seroconversion status) was determined by repeatedly training 

the model with 5–15 factors and then selecting the number of factors with the lowest indications 

of correlations as determined using the plot_factor_cor function, which would otherwise suggest 

a poor model fit. Downstream analyses were conducted using functions of MOFA+ tool (version 

1.2.2) such as plot_variance_explained, plot_weights, and plot_data_heatmap. Factors were also 

extracted using the function, get_factors, to create beeswarm plots and pairwise scatterplot 

matrices in R. 

2.9 Human milk oligosaccharide utilization assay of 330 bacterial strains 

The ability of 330 bacterial strains to utilize HMOs was assessed using an HMO utilization 

assay (Figure 2.4A). Strains previously isolated from the FCs (Section 2.5) were cultured overnight 

in modified peptone-yeast-glucose (mPYG) broth in an anaerobe chamber (AS-580, Anaerobe 

Systems, Morgan Hill, CA, USA) under anaerobic conditions (10% H2, 10% CO2, balanced with 

N2). Degassed, diluted mPYG media supplemented with either 15 g/L pHMOs or water was 

inoculated with 5% (v/v) seed culture in biological triplicate in 96-well plates (Falcon BDTM, 

Corning, NY, USA) and overlaid with 50 μL sterile mineral oil to prevent evaporation. Plates were 

transferred to an anaerobe chamber (Concept, Baker Ruskinn, Sanford, ME, USA) containing an 

Epoch 2 microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) under 

anaerobic conditions (10% H2, 10% CO2, balanced with N2). Plates were incubated for 48 h at 

37°C while OD600 readings were recorded every 30 min with 10 s double orbital shaking 

immediately prior to each reading.  
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Figure 2.4. Experimental design of human milk oligosaccharide (HMO) utilization assay of 

330 bacterial strains. (A) Bacterial strains were revived from frozen stocks, used to prepare seed 

cultures in modified peptone-yeast-glucose (mPYG) media, and exposed to 15 g/L pooled HMOs 

or a no-treatment control in diluted mPYG media in 96-well plates. Plates were incubated at 37°C 

under anaerobic, batch fermentation conditions for 48 h. Samples were collected at 0 h and 48 h 

for glycoprofiling using high-performance liquid chromatography (HPLC). During the 48 h 

following treatment, optical density (OD600) of the cultures were recorded at 30 min intervals and 

used to generate growth curves. (B) By fitting a logistic regression to the growth curves, maximum 

growth rate (r), and carrying capacity (k) were calculated. The areas under the curves (AUCs) were 

computed by summing the areas of the trapezoids made by connecting consecutive data points of 

OD600 readings and time points. The mean of the three highest OD600 readings (ODh) for each 

curve were calculated to estimate the highest achieved growth in the conditions. (C) For growth 

curve metric values that were larger in the pHMOs-treatment condition than in the control 

condition, the fold change was calculated by dividing the value in the pHMOs-treatment condition 

by the value in the control condition, as shown in the example of the AUC fold change (AUC-f) 

for Bifidobacteirum longum NS4 19 GAM AN. (D) For growth curve metric values that were 

smaller in the pHMOs-treatment condition than in the control condition, the fold change was 

calculated by dividing the value in the control condition by the value in the pHMOs-treatment 

condition and then multiplying by -1, as shown in the example of the AUC-f for Bacteroides 

finegoldii NS0 2 SKV AN. (E) Fold change in metrics for Bifidobacteirum longum NS4 19 GAM 

AN and Bacteroides finegoldii NS0 2 SKV AN as well as p-values coloured according to which 

treatment condition had the larger metric. Abbreviations: AUC: area under the curve; AUC-f: fold 

change in AUC; r: maximum growth rate; r-f: fold change in r; k: carrying capacity; k-f: fold 

change in k; ODh: mean of three highest optical density readings; ODh-f: fold change in ODh; p-

val: false discovery rate (FDR)-adjusted p-value as determined by t-tests. 
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2.9.1 Growth curve analysis 

Optical density measurements were blank corrected against the first OD600 reading for each 

well. Any subsequent values less than 0 were set to 0.0001 for modelling growth curves with a 

logistic regression. Growth curve analyses were performed using the R package, growthcurver 

(version 0.3.1).205 The area under the curve (AUC), maximum growth rate (r), carrying capacity 

(k), and mean of the three highest OD600 readings for each curves were calculate to study the 

impact of HMOs of the growth properties of the strains (Figure 2.4B). The AUC was computed 

by summing the areas of the trapezoids made by connecting consecutive data points of OD600 

readings and time points. Maximum growth rate and carrying capacity were estimated by a logistic 

regression that implemented the non-linear, least-squares Levenberg-Marquardt algorithm. 

Goodness of fit of regression models were measured by pseudo-R2 where poor fit was considered 

as R2 < 0.8. For curves with poor fit, calculated k and r values were not utilized in downstream 

statistical analyses.  

2.10 Profiling human milk oligosaccharide structure degradation by microbial 

communities and bacterial isolates 

HMO structure preferences of the RCs (Section 2.6) and individual bacterial strains 

(Section 2.9) were assessed by profiling the changes in glycan composition from the beginning to 

the end of the community-treatment experiments and HMO utilization assay. Steady-state cultures 

harvested from the RCs were treated with 4 g/L pHMOs, 0.5 g/L 2’FL, or a no-treatment control 

in an anaerobe chamber (AS-580, Anaerobe Systems, Morgan Hill, CA, USA) under anaerobic 

conditions (10% H2, 10% CO2, balanced with N2). Cultures were incubated at 37°C for 36 h. 

Samples were collected after 0 h, 3 h, 6 h, 12 h, 24 h, and 36 h and immediately subjected to 100°C 

for 5 min. Samples were then centrifuged at 10,000 rpm for 5 min. The supernatants were filtered 

through sterile 0.22 μm PES syringe filters (GE Whatman, Mississauga, ON, Canada) and stored 

at -80°C until glycoprofiling. Samples of spent media were collected at time zero and time 48 h 

from the HMO utilization assay cultures for each strain tested. Samples were centrifuged at 5,000 

rpm for 10 min. The supernatants were stored at -80°C until glycoprofiling.  

HMO-structure glycoprofiling of samples was performed as previously described.206  

Briefly, a non-HMO oligosaccharide, maltose, was added to each sample to serve as an internal 
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standard. Peptides and salts were removed over Sep-Pak C18 cartridges followed by porous 

graphitized carbon cartridges. Dried glycans were tagged with fluorescent 2-aminobenzamide for 

2 h at 65°C. Glycan composition and abundance were analyzed by high-performance liquid 

chromatography (HPLC). Nineteen HMO structures, 2’-fucosyllactose (2’FL), 3-fucosyllactose 

(3-FL), 3’-sialyllactose (3’-SL), 6’-sialyllactose (6’SL), difucosyllactose (DFLac), difucosyllacto-

N-hexaose (DFLNH), difucosyllacto-N-tetraose (DFLNT), disialyllacto-N-hexaose (DSLNH), 

disialyllacto-N-tetraose (DSLNT), fucodisialyllacto-N-hexaose (FDSLNH), fucosyllacto-N-

hexaose (FLNH), lacto-N-fucopentaose (LNFP), lacto-N-hexaose (LNH), lacto-N-neotetraose 

(LNnT), lacto-N-tetraose (LNT), sialyl-lacto-N-tetraose b (LSTb), and sialyl-lacto-N-tetraose c 

(LSTc) were detected based on standard retention times and mass spectrometry analysis. Total 

HMO concentration (SUM) was calculated by summing the concentration of each of the 19 

structures. HMO-bound fucose (Fuc) was estimated on a molar basis where each fucose residue 

on an HMO was counted as one mole. HMO-bound sialic acid (Sia) was similarly calculated. 

2.11 Statistical analysis of human milk oligosaccharide utilization by bacterial strains 

Fold changes in growth curve metrics were calculated by either dividing the values from 

the pHMOs-treatment by the no-treatment condition when the values of the pHMOs-treatment 

were larger than the values of the no-treatment condition (Figures 2.4C & E) or by dividing the 

values of the no-treatment condition by the values of the pHMOs-treatment and then multiplying 

by -1 when the values of the no-treatment condition were larger than the values of the pHMOs-

treatment (Figures 2.4D & E). Growth curve metrics between the pHMOs-treatment and no-

treatment conditions of each strain were compared by multiple t-tests with p-values FDR-corrected 

using the Benjamani-Hochberg method.  

Strains treated in monoculture were compared with changes in absolute abundance 

(detected by metataxonomics) of that species during the 36 h following treatment of its parent 

community with 4 g/L pHMOs (Section 2.6). AUC of metataxonomic growth curves for each 

species was calculated by summing the areas of the trapezoids made by connecting consecutive 

data points of absolute abundance and time points. Fold change in metataxonomic growth curve 

AUC was calculated using the same method performed for the fold change in monoculture growth 

curve metrics.  
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Significant correlations among the HMO structures degraded by the strains, their calculated 

fold change in growth curve metrics, and the fold change in AUC from the metataxonomic growth 

curves (for strains with overlapping data) were assessed by Spearman rank correlation. Multiple 

Kruskal-Wallis tests with p-values FDR-corrected using the Benjamani-Hochberg method were 

used to determine significant differences among the taxonomic classifications of the strains at the 

phylum and family (for families with five or more strains) levels, their growth curve features, their 

infant donor as well as the seroconversion status of the donor, their HMO degradation profiles, 

and the fold changes in their monoculture growth curve metrics.  

 For species with multiple strains tested for HMO utilization, strain-level heterogeneity was 

assessed by performing separate k-means clustering207 of these strains using their monoculture 

growth curve metrics, AUC and ODh, and HMO degradation profiles. Number of clusters in each 

case was determined using the elbow method by plotting the within-cluster sum of squares against 

number of clusters (up to 25 clusters). Strains of the same species that consistently clustered 

together were determined to be homogeneous in their ability to utilize HMOs, while the separate 

clustering of strains of the same species indicated cases of heterogeneity. 
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3 Characterization and reproducibility of fecal communities derived from infants 

at risk of type 1 diabetes 

3.1 Introduction 

In recent decades, the incidence of type 1 diabetes (T1D) has drastically increased 

worldwide at a rate that cannot solely be explained by inherited susceptibility.139 Evidence arising 

from both human and animal studies have revealed that an altered gut microbiota is strongly 

associated with development of T1D. To date, the majority of studies have reported on changes in 

taxonomic composition and/or the presence of pathogenic species during T1D progression. Several 

studies have observed a decline in the diversity of species in the gut and an increase in the 

Bacteroidetes–Firmicutes (B:F) ratio.139,169–174 However, there are no consistent findings regarding 

the composition of the T1D-associated gut microbiota reported across all studies, resulting in the 

notion that the functional capacity of the gut microbiota may be more predictive of its role in 

disease progression than the species that are present or absent. As such, there is a need for more 

holistic investigations into the functional changes that occur in the gut microbiota of infants prior 

to seroconversion, i.e., the production of autoantibodies. 

Research utilizing model systems often provide deeper mechanistic insight into the activity 

of the gut microbiota compared to retrospective or prospective human cohort studies. Animal 

models of T1D include the non-obese diabetic (NOD) mouse, BioBreeding diabetes-prone (BBdp) 

rat, and the streptozotocin-induced-T1D rat. Experiments involving rodent models have 

substantiated the ability of microbes or microbially-derived products to either suppress T1D 

development150–161 or exacerbate disease progression when perturbed, for example, by 

antibiotics.151,164–168 However, the use of rodent models to explore the human manifestation of 

T1D has several limitations. Human gut anatomy and physiology markedly differ from that of 

rodents, as do their dietary requirements, which can confound experimental results.208 In addition, 

animal experiments may be hindered by the need for ethical approval. 

In vitro models of the human colon circumvent the ethical constraints and expense of 

animal studies, while permitting investigation of microbe–microbe interactions independently of 

a host. As such, these models provide deeper insight into the ecological relationships in effect in a 

controlled environment, which may be advantageous in determining the underlying mechanisms 
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driving the changes seen in disease-associated gut microbiotas. Unlike animal studies, in vitro 

models are not limited to host bowel movement frequency or end-point measurements and, instead, 

allow for continuous monitoring and sampling under standardized and reproducible conditions. In 

vitro colon models also offer unlimited screening possibilities for therapeutics33 and nutritional 

supplements, such as human milk oligosaccharides (HMOs).86 Several in vitro models have been 

developed to propagate microbial communities that retain the compositional and metabolic 

features of the human gut microbiota. These include fecal batch cultures209 as well as single-

stage21,192 and multi-stage25,191,210 continuous bioreactors designed to recapitulate various 

compartments of the gastrointestinal tract.  

In instances where limited fecal sample is available for the generation of fecal communities 

(FCs), defined communities (DCs) may be derived in order to facilitate reproducibility. DCs 

assembled from isolated microbes are less complex than their parent FCs, which may allow the 

physiological roles of the individual members to be more easily deciphered.211 Previously, it was 

widely accepted that only 20% of the bacterial species detected by genomic sequencing of fecal 

samples were cultivable, leading the research community to conclude that the majority of colonic 

bacteria are ‘unculturable’.212 However, recent advancements in culturomics approaches have 

expanded the number of cultivable gut bacteria to 77%.213 Furthermore, the use of a culture-

enriched molecular approach demonstrated that an average of 95% of the operational taxonomic 

units (OTUs) detected at >0.1% abundance in fecal samples can be cultivated on agar plates.214 

DCs have been used to artificially recapitulate several disease-specific consortia, including 

Crohn’s disease215 and ulcerative colitis.216,217  

In this study, we compared the composition and function of the gut microbiota of infants 

who subsequently produced islet autoantibodies, termed ‘seroconverters’, and healthy controls, 

termed ‘nonconverters’, by characterizing FCs seeded from <1 g of donor stool in single-stage 

continuous bioreactors. Extensive isolations were performed on these microbial communities to 

create libraries of bacterial strains, from which DCs representing two nonconverters were 

assembled. We then investigated the ability of these DCs to reproduce the composition and 

function of their parent FCs in comparison to regenerated communities (RCs) seeded from steady-

state culture of the parent FC. This study sheds light on the compositional and functional 
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characteristics of the T1D-associated gut microbiota, while validating a reproducible in vitro colon 

model for the study of the infant gut microbiota.  

3.2 Results 

3.2.1 Fecal communities achieved compositional and metabolic steady-state by Day 5 

To investigate the composition and function of the gut microbiota of infants with a genetic 

predisposition to developing T1D, stool samples donated by four nonconverters and three 

seroconverters were used to seed FCs in single-stage continuous bioreactor vessels (Figure 2.2). 

All vessels were maintained for 28 days, except for the NS0 vessel, which was decommissioned 

after 21 days due to mechanical failure of the bioreactor instrument. Longitudinal taxonomic and 

targeted metabonomic profiling of the NS0 and NS1 FCs were conducted in order to determine 

the days by which the FCs achieved a compositional and metabolic equilibrium, referred to as 

‘steady-state’.  

Weighted and unweighted UniFrac measures of beta-diversity were applied to the 

metataxonomics time series data to determine the dissimilarities in composition among the days 

(Figure 3.1). While unweighted UniFrac focuses on the presence or absence of taxonomic features, 

weighted UniFrac also considers their differential abundance. Unweighted and weighted UniFrac 

measures of centralized-log ratio normalized 16S rRNA gene (V4 region) sequence counts were 

visualized on Principal Coordinates Analysis (PCoA) plots where each point represents one day 

and its coordinates demonstrate its relationship to the other days based on the covariance matrix. 

The plots show clustering of samples collected from Day 5 onward, indicating that the NS0 and 

NS1 FCs likely achieved compositional steady-state by Day 5. Regarding metabolic steady-state, 

metabolite concentrations appeared to equilibrate by Day 3 for NS0 and Day 4 for NS1, as 

exhibited by the clustering of samples collected by these days on Partial Least Squares- 

Discriminant Analysis (PLS-DA) score plots of auto scaled metabolite data (Figure 3.2). PLS-DA 

score plots display metabolite data similarly to PCoA plots of taxonomic data where each point 

represents a day and the distance between points demonstrate their relationship. Based on these 

results, it was expected that all the FCs reached compositional and metabolic steady-state within 

the first week following their inoculation. Still, for subsequent taxonomic and untargeted 

metabonomic profiling of the FCs, samples were selected beyond Day 21 to provide ample time 
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to achieve steady-state. The only exception was the NS0 community for which samples had to be 

selected from Day 13 onward due to the absence of samples beyond Day 20. 

 

   

 
Figure 3.1. Achievement of taxonomic compositional steady-state of NS0 and NS1 fecal 

communities (FCs). (A) Longitudinal change in relative abundance of NS0 and NS1 genera. (B) 

Unweighted and weighted UniFrac Principal Coordinates Analysis (PCoA) of the species-level 

microbial profiling of the NS0 and NS1 FCs. Taxa were identified by metataxonomics (16S rRNA 

gene sequencing (V4 region)). Read counts were normalized using a centralized-log ratio before 

beta-diversity metrics were calculated with the R package, phyloseq.  
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Figure 3.2. Achievement of metabolic steady-state of NS0 and NS1 fecal communities (FCs). 

(A) Longitudinal change in concentration (mM) of NS0 and NS1 FC metabolites. (B) Partial Least 

Squares-Discriminant Analysis (PLS-DA) score plot of metabolites produced by the NS0 and NS1 

FCs. Metabolites were identified and quantified by 1D 1H nuclear magnetic resonance 

spectroscopy (NMR). Metabolite concentrations were normalized by auto scaling. The partial least 

squares regression was performed using the R package, pls. 
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3.2.2 Composition of fecal communities shift from inoculation to steady-state 

Metataxonomics was used to assess the shift in composition of the FCs from inoculation 

to steady-state to evaluate the ability of the bioreactor model to recapitulate the taxonomic 

composition and diversity of the donors’ fecal microbiotas. For this analysis, Day 1 (D1) samples 

acted as a proxy for the fecal samples which were expended during inoculation of the FCs. 

Sequencing of the 16S rRNA gene content of the samples resulted in sequence reads that were 

processed using the R package, seqpipeR. The recorded amplicon sequence variants (ASVs) were 

assigned to the genus level by cross-referencing sequences against the SILVA database, followed 

by classification to the species level using the NCBI database. Overall, 166 ASVs were detected 

across all FCs inclusive of D1 and steady-state samples. Alluvial plots were generated for each FC 

to compare the specific genera present. Because of the complexity of this data, several plots were 

created for each FC. Firstly, Figure 3.3 displays the relative abundance of the 120 most abundant 

genera among the FCs, stratified by genus using a common legend. Figure 3.4 then colour codes 

the genera to demonstrate the commonality among the sample types. Lastly, Figure 3.5 is similar 

to Figure 3.4, but instead presents the numbers of shared genera, rather than their relative 

abundance. Figures 3.3–3.5 also incorporate the genera that were isolated from each community, 

discussed in Section 3.2.1. 

Across the FCs, the genera that accounted for an average of 94.1±4.3% relative abundance 

on D1 persisted through to steady-state where they represented 95.7±7.2% relative abundance on 

average (a combination of the red and teal stacks in Figure 3.4). In order to evaluate the overall 

ability of the bioreactor to support the diversity present on D1, the taxa of each FC were then 

counted separately, so, for example, Bacteroides cultured from the seven FCs were counted as 

seven taxa. This resulted in 302 taxa overall, of which 25% were not detected at steady-state (a 

combination of all pink and green stacks in Figure 3.5). However, the undetected and thus 

potentially lost taxa only accounted for an average of 5.8±4.3% relative abundance on D1 (a 

combination of the pink and green stacks in Figure 3.4). The NS6 FC experienced the largest loss 

of 14 genera, although these only represented 2.7% relative abundance on D1 (Figures 3.4 & 3.5). 

Low-abundance taxa that did not persist to steady-state were possibly either nonviable or 

‘transient’ microbes present in the stool that were unable to occupy a supportive niche or play a 

functional role in the microbial communities. Growth conditions in the bioreactors may have also 
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been insufficient to support the proliferation of some of these lost taxa. An example of this includes 

Pseudomonas, which was detected in very low relative abundance (<0.02%) on D1 of five FCs 

(NS0, NS1, NS6, S3, and S5) but not at steady-state. Another noteworthy loss was 

Bifidobacterium, which was detected in varying amounts on D1 of all FCs, ranging from 0.4% to 

7.5% relative abundance, but only recovered at steady-state in S3 and S5 at <0.1% relative 

abundance. 

Overall, the FCs experienced dramatic shifts in their composition from D1 to steady-state. 

Some dominant genera on D1, such as Clostridium (>12% relative abundance in NS0, NS4, NS6, 

and S3) and Escherichia (>30% relative abundance in NS4, NS6, and S5), were found at <1% 

relative abundance by steady-state. In contrast, other low-abundance members on D1, such as 

Akkermansia (<2% relative abundance in NS0, NS1, and S2), Eisenbergiella (<2% relative 

abundance in NS6, S3, and S5), and Ruminococcus (<0.1% relative abundance in NS0, NS1, S3, 

and S5), increased 10–20-fold by steady-state. It is expected that the simulated colonic conditions 

of the bioreactor would favour the proliferation of some taxa over others and that the media 

provided would mimic the diets of some donors more closely than others. There were also 

numerous genera, such as Alistipes, Bacteroides, Blautia, Enterocloster, Flavonifractor, 

Hungatella, Intestimonas, Lachnoclostridium, Oscillibacter, Parabacteroides, and Sellimonas, 

that experienced minimal changes in relative abundance between D1 and steady-state in most of 

the FCs. A Pearson correlation test was performed on log transformed relative abundance data to 

determine the linear correlation between relative abundance of the genera present in both the D1 

and steady-state samples of the FCs. Among nonconverter FCs, this resulted in a significantly 

moderate correlation (R = 0.5, p-value < 0.0001), while seroconverter FCs produced a significantly 

low correlation (R = 0.3, p-value < 0.05). This, in turn, suggested that the genera that persisted 

from D1 to steady-state in nonconverter FCs were more likely to maintain their relative abundance 

than in seroconverter FCs. Lastly, the B:F ratio was well-maintained from D1 to steady-state across 

the FCs (Figure S1). 
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Figure 3.3. Relative abundance of genera shared among sample types for each fecal 

community (FC) stratified by the 120 most abundant genera shared by all the fecal 

communities. Genera in Day 1 (D1) and steady-state samples were identified by metataxonomics 

(16S rRNA gene sequencing (V4 region)). Isolates were cultured from D1 and steady-state 

samples and identified by Sanger sequencing of 16S rRNA gene (V3–V6 region). 
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Figure 3.4. Relative abundance of genera shared among sample types for each fecal 

community (FC). Genera in Day 1 (D1) and steady-state samples were identified by 

metataxonomics (16S rRNA gene sequencing (V4 region)). Isolates were cultured from D1 and 

steady-state samples and identified by Sanger sequencing of 16S rRNA gene (V3–V6 region). 
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Figure 3.5. Numbers of genera shared among sample types for each fecal community (FC). 

Genera in Day 1 (D1) and steady-state samples were identified by metataxonomics (16S rRNA 

gene sequencing (V4 region)). Isolates were cultured from D1 and steady-state samples and 

identified by Sanger sequencing of 16S rRNA gene (V3–V6 region). 
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3.2.3 Isolations of bacterial strains from the fecal communities 

Bacteria were isolated from culture of each FC collected on D1 as well as during the steady-

state period. Cultures were serially diluted and spread on a variety of selective and non-selective 

media types before incubation under aerobic or anaerobic conditions (Table S1). Over a 5-day 

period, colonies were selected for streak purification, colony polymerase chain reaction (PCR) 

amplification of the 16S rRNA gene (V3–V6 regions), and identification by Sanger sequencing. 

Of the 7,430 colonies sequenced, 415 unique strains were selected for cryopreservation (Table S2). 

These strains represented 192 species, 95 genera, 38 families, and 6 phyla.  

Isolated genera accounted for an average of 73% relative abundance of the FCs at steady-

state (a combination of red and orange bars in Figure 3.4). By combining the genera detected by 

metataxonomics and by culturing, a total of 141 unique genera were identified. Of these, 47 genera 

were detected by both methods (a combination of the red, green, and orange bars in Figure 3.5), 

while 46 genera were only found by metataxonomics (a combination of the pink, purple, and teal 

bars in Figure 3.5) and 48 genera were cultured but not detected through sequence analysis (the 

blue bar in Figure 3.5). The genera exclusive to culture included low-abundance, generalist taxa 

that were easily cultivated such as Lactobacillus, Staphylococcus, and Streptococcus. The aerobic 

incubation condition also selected for several facultative anaerobic and aerobic genera that went 

undetected by metataxonomics, such as Arthrobacter and Kocuria. However, other low-

abundance, fastidious taxa were also isolated, such as Desulfovibrio.  

In order to evaluate the overall success of isolations, the taxa of each FC were then counted 

separately, so for example, Bacteroides cultured from the seven FCs were counted as seven taxa. 

This resulted in a total of 452 taxa that could have been isolated, of which 143 taxa were detected 

by both metataxonomics and culturing. These were found to represent both dominant community 

members as well as members detected as low as 0.006% relative abundance (a combination of all 

the red, green, and orange bars in Figure 3.5). There were an additional 141 taxa cultured that were 

absent from the metataxonomics profiling of the FCs (a combination of all blue bars in Figure 3.5), 

likely because they occurred at an abundance below the threshold level of detection by sequencing.  
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3.2.4 Taxonomic characterization of nonconverter and seroconverter fecal communities  

Metataxonomics was used to assess the taxonomic composition of the FCs at steady-state. 

Overall, 89 ASVs were detected, to which alpha- and beta-diversity measures were applied to 

determine group-specific differences in richness, evenness, and compositional dissimilarity. 

Firstly, the Chao1 alpha-diversity measure of community richness at the species, genus, and family 

levels were significantly higher in nonconverter FCs compared to seroconverter FCs as determined 

by multiple t-tests (p-value < 0.05) (Figure 3.6A). When richness and evenness were considered 

simultaneously using Shannon diversity index, the seroconversion groups were not significantly 

different. The phylogenetic-based measures of beta-diversity, weighted and unweighted UniFrac, 

were applied to the FCs to determine the dissimilarity between nonconverter and seroconverter 

FCs. PCoA plots of these measures showed no significant differences in composition between the 

study groups at any taxonomic level (p-value > 0.05) (Figure 3.6B).  

When considering the specific taxa present in the FCs at steady-state, four phyla were 

detected by metataxonomics (Figure 3.7A). Firmicutes and Bacteroidetes were the most dominant 

phyla across all FCs, accounting for an average of 61±13% and 25±13% relative abundance, 

respectively. Other phyla present in most FCs included Verrucomicrobia (absent in NS4) and 

Proteobacteria, which contributed an average of 13±12% and 0.01±1% relative abundance 

respectively. The average B:F ratio did not significantly differ between nonconverters (0.57 ±0.21) 

and seroconverters (0.26 ±0.22) as determined by t-test (p-value > 0.05). At the family level, the 

FCs were dominated by Ruminococcaceae, Lachnospiraceae, Bacteroidaceae, and 

Akkermansiaceae, which contributed an average combined relative abundance of 94±15% (Figure 

3.7B). Although no significant differences were observed between the study groups as determined 

by Linear discriminant analysis Effect Size (LEfSe)194 as well as classical univariate statistical 

comparisons (FDR-adjusted p-value > 0.05), Ruminococcaceae represented greater than 55% 

relative abundance in two seroconverter FCs, S3 and S5, while contributing an average of 20±8% 

relative abundance to the nonconverter FCs. Lastly, examining the FCs at the genus level, resulted 

in a total of 59 genera detected by metataxonomics at steady-state. FCs were mainly dominated by 

Bacteroides, Ruminococcus, Akkermansia, Eisenbergiella, Blautia, UBA1819, Roseburia, and 

Alistipes, accounting for an average combined relative abundance of 84±13% (Figure 3.7C). 

Although 40 genera were shared between nonconverter and seroconverter FCs, nonconverter FCs 
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also contained 17 genera not recovered in any seroconverter FC, while seroconverter FCs only 

supported one genus, Roseburia, absent from all nonconverter FCs as determined by 

metataxonomics.  

Comparing the abundance of the genera present normalized by Z-scores in a heatmap with 

two-way hierarchical clustering demonstrated clustering of the FCs by group (Figure 3.8). 

However, no genera were found to be significantly associated with nonconverters or 

seroconverters as determined by LEfSe as well as classical univariate statistical comparisons 

(FDR-adjusted p-value > 0.05). Network analysis of the associations among the relative abundance 

of the genera in the FCs indicated several taxa central to the FC groups, i.e., keystone taxa (Figure 

3.9). Keystone genera in the nonconverter FCs included Bacillus, Ruminococcaceae_UCG-004, 

and Ruminococcaceae_UCG-005, while the seroconverter FCs included Bacillus and Alistipes. 

This would suggest that these taxa play an important role in their respective seroconversion group 

as variations in their relative abundance strongly correlate with changes in many other taxa. The 

nonconverter network formed three clusters and had a higher modularity than the seroconverter 

network, which only contained two clusters. Clusters represent groups of highly-connected taxa 

that have few connections with taxa outside of their cluster, while the modularity measures how 

well the taxa fell into the clusters. More clusters indicate the presence of more functional groups 

in the nonconverter FCs compared to the seroconverter FCs. The seroconverter network also 

contained fewer edges among the taxa, suggesting there were fewer relationships present.  

Combining the taxa identified by metataxonomics and by cultivation resulted in the 

identification of 141 unique genera across the FCs. Of these, 75 were shared between the 

nonconverter and seroconverter FCs, while 57 were exclusive to the nonconverter FCs and 9 to 

the seroconverter FCs, further demonstrating the lower diversity of seroconverter FCs. The 

following genera were limited to seroconverter FCs: [Desulfotomaculum], Anaerotignum, 

Anaerotruncus, Dielma, Holdemania, Lacrimispora, Raoultibacter, Robinsoniella, and 

Paraburkholderia. 
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Figure 3.6. Alpha-diversity and beta-diversity metrics of the nonconverter (NS; n = 4) and 

seroconverter (S; n = 3) fecal communities (FCs) at steady-state. (A) Shannon diversity and 

Chao1 richness metrics from species-level microbial profiling of FCs. (B) Unweighted and 

weighted UniFrac Principal Coordinates Analysis (PCoA) of the species-level microbial profiling 

the FCs; explained variance shown in brackets. Taxa were identified by metataxonomics (16S 

rRNA gene sequencing (V4 region)). Read counts were normalized using a centralized-log ratio 

before metrics were calculated using the R package, phyloseq.
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Figure 3.7. Relative abundance of taxa present in the fecal communities (FCs) at steady-state.  Taxa were identified by 

metataxonomics (16S rRNA gene sequencing (V4 region)). Stratified by (A) phylum; (B) family; and (C) the 15 most abundant genera.
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Figure 3.8. Heatmap with two-way hierarchical clustering of the genera present in the fecal 

communities (FCs) at steady-state. Taxa were identified by metataxonomics (16S rRNA gene 

sequencing (V4 region)). Relative abundance was normalized across the FCs based on Z-scores. 

Hierarchical clustering was performed using the R package, stat, to incorporate Euclidean 

distances and the Ward clustering algorithm.

Z-score 
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Figure 3.9. Bacterial associations in the nonconverter (n = 4) and seroconverter (n = 3) fecal communities (FCs). Associations 

were determined using Pearson correlations. Only correlations with R >0.3 displayed. Green edges represent positive correlations while 

red edges represent negative correlations. Edge weights represent the strength of association between the taxa. Keystone genera were 

defined using eigenvector centrality and are bolded (nonconverters FCs: Bacillus, Ruminococcaceae_UCG-004, and 

Ruminococcaceae_UCG-005; seroconverter FCs: Bacillus and Alistipes). Node colours represent clusters determined using the greedy 

modularity optimization clustering algorithm. Network analysis and construction were conducted using the R package, NetCoMi.195 

Cluster analysis was conducted using the R package, igraph. 

Nonconverter FCs: Seroconverter FCs: 



 

 

73 

 

3.2.5 Nonconverter and seroconverter fecal communities have distinct metabolic outputs 

To evaluate the functional differences among the FCs, three samples were selected from 

the steady-state period of each FC for untargeted metabonomic profiling using 1D 1H nuclear 

magnetic resonance spectroscopy (NMR). In total, 58 metabolites were quantified across the seven 

FCs. Metabolite concentrations were normalized across the FCs based on Z-scores in order to 

compare the relative concentration of each metabolite using a heatmap with two-way hierarchical 

clustering (Figure 3.10). PLS-DA was conducted to inform on the discrimination of auto scaled 

metabolite concentrations based on the seroconversion status of the FCs’ donors (Figure 3.11A). 

A score plot of components 1 and 2, cumulatively accounting for 41.3% of the total explained 

variation, showed group-specific clustering of samples. The metabolites that drove the PLS-DA 

cluster patterns are listed in Figure 3.11B and include those whose concentrations significantly 

differed between the study groups by multiple t-tests (FDR-adjusted p-value < 0.05). Although 

there were no metabolites exclusive to either group, seroconverter FCs produced significantly 

higher concentrations of ethanol, methylamine, 5-aminopentanoate, 2-piperidinone, methanol, and 

dimethylmalonic acid but significantly reduced concentrations of valerate, phenylacetate, p-cresol, 

and glycolate compared to nonconverter FCs. 
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Figure 3.10. Heatmap with two-way hierarchical clustering of the metabolites produced by 

the fecal communities (FCs) at three steady-state time points. Metabolites were identified and 

quantified using 1D 1H nuclear magnetic resonance spectroscopy (NMR). Metabolite 

concentrations were normalized across the FCs based on Z-scores. Hierarchical clustering was 

performed using the R package, stat, to incorporate Euclidean distances and the Ward clustering 

algorithm.  

Z-score 
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Figure 3.11. Partial Least Squares-Discriminant Analysis (PLS-DA) of metabolites produced 

by the fecal communities (FCs) at three steady-state time points. (A) Score plot between 

Component 1 and 2 with explained variance shown in brackets. (B) Metabolites identified by PLS-

DA Variable Importance in Projection (VIP) scores that contribute to the discrimination between 

nonconverter and seroconverter FCs; coloured boxes on the right indicate the relative 

concentrations of the metabolites in each study group. Metabolites were identified and quantified 

by 1D 1H nuclear magnetic resonance spectroscopy (NMR). Metabolite concentrations were 

normalized by auto scaling. The partial least squares regression was performed using the R 

package, pls. 
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3.2.6 NS0 defined and regenerated communities moderately reproduced composition and 

metabolic output of parent NS0 fecal community 

As the fecal samples available for this study were small in mass and expended during 

inoculation of the FCs, it was essential to develop a model that reproduced the composition and 

metabolic output of the FCs for future experimentation. The NS0 community was selected to pilot 

this endeavor through the assembly of DCs from isolated strains and creation of RCs from aliquots 

of steady-state culture collected from the NS0 FC (Figure 2.2). The taxonomic compositions of 

the community types (NS0 FC, RCs, and DCs) at steady-state were assessed using metataxonomics 

(16S rRNA gene (V4 region)). Overall, 87 ASVs were detected. Alpha- and beta-diversity 

measures were applied to centralized-log ratio normalized sequence counts to provide insight into 

the taxonomic differences among the community types in terms of their richness, evenness, and 

compositional dissimilarity. Chao1 richness and Shannon alpha-diversity metrics were both 

significantly different among the three NS0 community types by one-way analysis of variance 

(ANOVA) and pairwise t-tests (p-value < 0.05) at both species and genus levels (Figure 3.12A). 

Examining the presence and absence of taxonomic features by phylogenetic-based unweighted 

UniFrac ordinated the FC closer to the RCs than the DCs along axis 1 of the PCoA score plot, 

which accounted for 66.6% of the explained variance (Figure 3.12B). However, the FC was 

situated closer to the DCs along axis 2 of the plot, which accounted for 32.1% of the explained 

variance (Figure 3.12B). Incorporating the differential abundance of the taxonomic features by 

weighted UniFrac resulted in a similar distance between the FC and RCs, as between the FC and 

DCs along axis 1, which accounted for 96.8% of the explained variance (Figure 3.12B). Another 

important factor to consider in developing a reproducible model of the FC was the vessel-to-vessel 

replicability of the descendant community types. Although singlet sampling of each vessel for 

metataxonomic analysis impeded statistical comparison of means, Figures 3.12A & B clearly 

demonstrate the similarity between Vessels 1 and 2 of both the RCs and the DCs. In Figure 3.12A, 

the RC and DC boxplots are small and in Figure 3.12B, the RC and DC points are ordinated closely 

together, indicating that the alpha- and beta-diversity measures of Vessels 1 and 2 of the RCs and 

DCs are highly similar. 

Among the three NS0 community types, metataxonomics detected four phyla, of which 

Bacteroidetes, Firmicutes, and Verrucomicrobia were the most abundant (Figure 3.13A). The FC 
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contained 59% relative abundance of Firmicutes, which was similar to the RC’s average of 

64±0.2%, but higher than the DC’s average of 29±0.02%. While the FC contained 13% relative 

abundance of Bacteroidetes, the RCs contained more than twice that with an average of 33±0.5%. 

The DCs contained an even larger proportion of Bacteroidetes than the FC and RCs with an 

average of 52±2% relative abundance. As a result, the B:F ratio varied widely among the 

community types: FC comprised 0.22, RCs comprised 0.51±0.01, and DCs comprised 1.79±0.07. 

Regarding the relative abundance of Verrucomicrobia, the DCs contained a similar proportion, 

18±2%, as the FC, 26%, unlike the RCs at only 2±0.3%. Lastly, all the communities contained 

approximately the same proportion of Proteobacteria at 1% relative abundance. At the genus level, 

57 genera were observed across the NS0 community types at steady-state (Figure 3.13B). The FC 

was dominated by Akkermansia, Bacteroides, Ruminococcus, and Ruminococcaceae_UCG-014, 

for a combined relative abundance of 67%. The abundance of Akkermansia decreased from 26% 

in the FC to an average of 2±0.3% in the RCs and 18±2% in the DCs. On the other hand, 

Bacteroides increased from a relative abundance of 11% in the FC to 22±0.7% in the RCs and 

50±2% in the DCs. Interestingly, the abundance of Ruminococcus varied widely among the 

communities as the FC contained 16%, RCs contained 44±1%, and the DCs contained less than 

0.1±0.003%. Finally, Ruminococcaceae_UCG-014, found at 14% relative abundance in the FC, 

was not detected in any of the descendant vessels.  

Overall, the 18 genera occupying 79% relative abundance of the FC were recovered in both 

the RCs and DCs (coloured orange in Figures 3.13C & D). The FC and RCs shared 16 genera that 

were absent from the DCs (coloured blue in Figures 3.13C & D), while the FC and DCs shared 

only three genera absent from the RCs (coloured green in Figures 3.13C & D). There were 18 

genera occupying 17% relative abundance of the FC, of which Ruminococcaceae_UCG-014 

accounted for 14% relative abundance, that were not detected in any of the descendant vessels 

(coloured pink in Figures 3.13C & D). Other genera that were possibly lost included 

[Ruminococcus], Faecalibacterium, and Christensenella. Two genera, Barnesiella and 

Subdoligranulum, were uniquely recovered in the RCs, both found at less than 0.1% relative 

abundance (coloured purple in Figures 3.13C & D). As the RCs were seeded from steady-state FC 

culture, these genera were likely present in the FC, but at an abundance undetectable by 

metataxonomics. There were no genera exclusive to the DCs.  
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Of the 34 genera used to inoculate the DCs, only 14 were detected by metataxonomics at 

steady-state. Those not detected included aerobes, such as Micrococcus and Kocuria, and genera 

previously found to be often excluded from the FCs at steady-state, such as Bifidobacterium. 

Surprisingly, there were also an additional seven genera detected in the DCs at steady-state that 

were unknowingly introduced in the inoculum: Eisenbergiella (0.07% relative abundance), 

Intestimonas (0.008% relative abundance), Lachnoclostridium (2% relative abundance), 

Parasutterella (0.003% relative abundance), UBA1819 (0.2% relative abundance), and 

unclassified Lachnospiraceae (0.3% relative abundance) and Ruminococcaceae (0.001% relative 

abundance) members. These unexpected genera were likely carried over from the original 

ecosystem during inoculum preparation, i.e., isolated strains used in the DC may not have been 

completely pure.   

Three samples collected during the steady-state period of each vessel underwent untargeted 

metabonomic profiling using 1D 1H NMR to evaluate the functional differences among the NS0 

community types (Figure 3.14). Overall, 65 metabolites were profiled across the five vessels and 

normalized based on Z-scores. A heatmap with two-way hierarchical clustering compares the 

concentration of each metabolite using the calculated Z-scores (Figure 3.14). The dendrogram of 

the heatmap displaying the relationships among the community types situates the FC profile closer 

to the RCs than the DCs. This is likely because the RCs produced the same 60 metabolites as the 

FC, although a low concentration of 2-hydroxyisovalerate and 4-hydroxyphenylacetate were also 

detected in both RC vessels. On the other hand, the DCs produced 64 metabolites, including higher 

concentrations of 2-hydroxyisovalerate and 4-hydroxyphenylacetate, as well as metabolites absent 

from the FC and RCs, such as 2-piperidinone, isocaproate, and thymine. In addition, the DCs 

lacked p-cresol, detected in both the FC and RCs. Regarding the replicability between Vessels 1 

and 2 of the RCs and DCs, triplicate sampling of each vessel permitted statistical comparisons of 

metabolite concentration means. Between Vessel 1 and 2 of the DC, no metabolite was found to 

be significantly different by multiple t-tests with an FDR-adjusted p-value threshold of 0.01. 

Conversely, ethanol, propyl alcohol and formate were found to be significantly different between 

Vessels 1 and 2 of the RC. Variability between the RC replicates may have been the result of 

differing inoculum preparations and vessel sizes, while DC replicates were seeded from the same 

inoculum.  
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Next, the reproducibility of NS1 community types, for which one RC was generated from 

NS1 FC culture and three DCs were seeded from a single inoculum, were considered. Observed 

trends in taxonomic composition, metabolic output, and replicability were consistent with those of 

the NS0 community types where both descendant community types (NS1 RC and DCs) were able 

to moderately reproduce the features of the NS1 FC (Figures S2 & S3). However, the metabolic 

profile of the NS1 RC was more similar to the FC than the DCs. RCs subsequently generated for 

the remaining communities were shown to moderately reproduce the taxonomic composition and 

B:F ratio of their parent FC (Figures S1, S4, & S5). 

 

 
 

Figure 3.12. Alpha-diversity and beta-diversity metrics of the NS0 fecal community (FC; 

vessel = 1), regenerated communities (RC; vessels = 2), and defined communities (DC; vessels 

= 2) communities at steady-state. (A) Shannon diversity and Chao1 richness metrics from 

species-level microbial profiling of the communities. (B) Unweighted and weighted UniFrac 

Principal Coordinates Analysis (PCoA) of the species-level microbial profiling the FCs; explained 

variance shown in brackets. Taxa were identified by metataxonomics (16S rRNA gene sequencing 

(V4 region)). Read counts were normalized using a centralized-log ratio before metrics were 

calculated with the R package, phyloseq. 
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Figure 3.13. Shared taxa among the NS0 fecal community (FC; vessel = 1), regenerated 

communities (RC; vessels = 2), and defined communities (DC; vessels = 2) at steady-state. 

(A) Communities stratified by phylum. (B) Communities stratified by genus. (C) Relative 

abundance of shared genera among the communities; RC represents the average relative 

abundance between RC Vessel 1 and RC Vessel 2; DC represents the average relative abundance 

between DC Vessel 1 and DC Vessel 2. (D) Numbers of shared genera among the communities; 

RC represents the average number of genera between RC Vessel 1 and RC Vessel 2; DC represents 

the average number of genera between DC Vessel 1 and DC Vessel 2.



 

 

81 

 

 

Figure 3.14. Heatmap with two-way hierarchical clustering of the metabolites produced by 

the NS0 fecal community (FC; vessel = 1), regenerated communities (RCs; vessels = 1), and 

defined communities (DCs; vessels = 1) at three steady-state time points. Metabolites were 

identified and quantified using 1D 1H nuclear magnetic resonance spectroscopy (NMR). 

Metabolite concentrations were normalized across the FCs based on Z-scores. Hierarchical 

clustering was performed using the R package, stat, to incorporate Euclidean distances and the 

Ward clustering algorithm. 
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3.3 Discussion 

Past studies have described the taxonomic composition of the gut microbiota of T1D-

susceptible and T1D-diagnosed populations by sequencing the 16S rRNA gene content of stool 

samples. However, the results of these studies are highly heterogeneous and often lack in-depth 

functional characterization of the gut microbiota, which could be more predictive of this 

ecosystem’s role in disease progression. The use of an in vitro model of the T1D-associated gut 

microbiota enables investigation into the underlying functional changes and microbe–microbe 

interactions present in the gut prior to disease diagnosis while minimizing confounding factors 

associated with the host environment (e.g., metabolite absorption). As such, we proposed the use 

of continuous, single-stage bioreactors, designed to mimic the conditions of the human distal 

colon, to propagate microbial communities derived from stool donated by seven infants at risk of 

developing T1D for characterization of the composition and function of the T1D-associated gut 

microbiota. 

3.3.1 Continuous, single-stage bioreactors propagate stable fecal communities seeded from 

<1 g of stool  

Previously, 400–500 mL bioreactor vessels inoculated with 2–5 g of stool produced stable 

microbial communities that recapitulated donor gut microbiota taxonomic and metabolic 

diversity.21,25,191,218 Although stool samples available to the present study were limited to <1 g 

each, we found these to be sufficient for seeding diverse FCs within 400 mL bioreactor vessels 

that achieved compositional and metabolic steady-state by Day 5. This time point falls within the 

range estimated by Oliphant et al.192 whose experiments involved DCs in a similar single-stage 

bioreactor. Oliphant et al.192 reported the attainment of temporal stability between two and six days 

following inoculation by conducting ANOVAs using time-coursed samples to determine when 

significant time-level variation ceased to occur. Although our study employed observational 

techniques of UniFrac and PLS-DA clustering, the similar result obtained verifies our assessment 

despite the lack of statistical validation.  

Compared to D1 samples, all FCs experienced shifts in the relative abundance of their taxa 

as well as some loss in diversity as they adopted a steady-state composition. However, the most 

abundant genera on D1 of the FCs persisted through to steady-state where the majority continued 

to account for a high relative abundance. Numerous low-abundance genera also continued through 
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to steady-state, experiencing minimal changes in their relative abundance. The genera lost from 

the FCs only accounted for a small relative abundance on D1 of the FCs. A similar decline in 

taxonomic richness following the inoculation of in vitro bioreactor models with stool has been 

reported in several other studies.21,25,86,191 As such, it is important to note that these models do not 

recapitulate many features of the host environment that some taxa may rely on, such as a mucus 

layer for bacterial cell adhesion and biofilm formation, host immune factors, or hormonal and 

digestive secretions. However, it is also plausible that some lost taxa were nonviable or ‘transient’ 

microbes that originated outside of the donor’s colon, for example, from the upper gastrointestinal 

tract or environmental sources. The loss of such non-resident microbes could be considered an 

advantage of bioreactor models over metataxonomic analysis of stool samples as steady-state FCs 

within bioreactors may be a more accurate representation of a donor’s functioning gut microbiota 

than readouts of stool taxonomic profiles. 

3.3.2 Microbial cultivation identified taxa absent from metataxonomic profiling 

The microbial isolation techniques applied in this study resulted in a collection of 450 

bacterial strains, representing 95 genera, derived from the seven infant donors. Isolations were 

carried out in order to supplement the list of taxa identified by metataxonomic profiling. Of the 

141 unique genera identified by a combination of metataxonomics and cultivation, 48 genera 

(34%) were exclusive to culture. This highlights a severe shortfall of Illumina-based sequencing, 

as its ability to capture less abundant microbes is limited by sequencing depth, which may be 

insufficient. Although sequencing provides valuable insight into the relative proportions of taxa 

within a sample, its use in isolation risks underestimating the diversity of the taxa present. This is 

corroborated by Lau et al.,214 who reported that 67% of OTUs detected by a combination of 

culture-independent and culture-enriched sequencing methods were exclusive to culture. The 

isolation work in the present study resulted in a valuable collection of bacteria from which DCs 

can be assembled for future experimentation, and which can be used to determine individual 

attributes of each taxon and their potential roles in health and disease. 

3.3.3 Taxonomic diversity and functional output of fecal communities distinguished by 

seroconversion status of the donor 

In the present study, stool samples from four nonconverters and three seroconverters were 

selected for microbiota characterization. It is important to note that the selected stool samples were 
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collected prior to the production of islet autoantibodies for the S2 and S3 donors, while the S5 

donor had relatively low serum levels of two islet autoantibodies at the time of donation. However, 

based on the findings of Kostic et al.,139 who studied a subset of the DIABIMMUNE cohort which 

included the donors in our study, it was expected that T1D-related changes in the gut microbiota 

of the S2, S3, and S5 donors had already begun at the time of donation. This was verified by the 

observation that the seroconverter FCs had a lower taxonomic diversity than nonconverter FCs as 

determined by alpha-diversity measures of metataxonomic data, Chao1 richness (36% relative 

reduction) and Shannon diversity index (24% relative reduction). Similar reductions have been 

reported in numerous other studies involving Finnish infants at risk of T1D,169,172,181,185 including 

Kostic et al.,139 who observed a 25% relative reduction in Chao1 richness of the gut microbiota of 

T1D-progressors. However, Kostic et al.139 made the observation that seroconverters who did not 

progress to T1D shortly after positivity for islet autoantibodies did not experience T1D-related 

changes to their gut microbiota. Although production of two islet autoantibodies increases T1D 

risk to 84.2%,219 the time between seroconversion and diagnosis can range from two weeks to 

more than two decades.220 Still, positivity for multiple islet autoantibodies prior to three years of 

age shortens the time to diagnosis. The S2, S3, and S5 donors selected for this study all went on 

to produce high levels of three or more islet autoantibodies prior to age three and S2 and S5 were 

diagnosed with T1D shortly thereafter. Several other studies have observed that changes in the 

microbiota begin prior to seroconversion.172,173 

A decline in taxonomic diversity usually accompanies ‘dysbiosis’ (an aberrant shift in the 

composition of the gut microbiota) and has been reported in several other diseases, including 

obesity,221 inflammatory bowel disease (IBD),222 and Clostridioides difficile infection (CDI).223 

Decreased taxonomic diversity reduces the set of functional processes available to the microbiota, 

and, in turn, to the host, resulting in an individual more susceptible to illness.224 This was apparent 

in the networks constructed for the FC groups where the nonconverter network contained more 

taxonomic relationships and functional clusters than the seroconverter network. In the gut, the 

excessive loss of microbial taxa and their functional processes may result from the bloom of 

pathobiont species that outcompete slow-growing microbes. Although no specific taxa were 

significantly associated with the seroconverter FCs at steady-state, all three communities were 

dominated by one genus each: S3 (45% relative abundance) and S5 (56% relative abundance) by 

Ruminococcus (represented by R. bromii) and S2 (41% relative abundance) by Bacteroides 
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(represented by B. caccae and B. ovatus). In contrast, steady-state nonconverter FCs did not 

contain more than 31% relative abundance of any genus, signifying the propensity for 

overcrowding by a few taxa in the seroconverter FCs.  

Several studies have sought to characterize the taxonomic changes associated with T1D, 

although findings across studies are variable and, in some cases, contrary. For example, Cinek et 

al.180 reported a decline in Phocaeicola vulgatus and Bifidobacterium pseudocatenulatum was 

associated with T1D development, but Vatanen et al.181 instead observed an increase in these taxa. 

However, several studies have implicated increased levels of various species of Bacteroides and 

Phocaeicola (formerly classified as Bacteroides), including B. ovatus,169,170 B. fragilis,170 P. 

dorei,172 and P. vulgatus,172 as well as increased overall levels of the Bacteroides genus.169,175,184,185 

Davis-Richardson et al.172 noted 5–100 times higher relative abundance of P. dorei in Finnish 

T1D-progressors prior to seroconversion. A high abundance of Bacteroides species have been 

associated with other diseased states, including IBD225 and celiac disease,226 although causation 

has yet to be established. In the current study, however, levels of Bacteroides and Phocaeicola did 

not significantly differ between the study groups, although the culture of P. dorei was exclusive to 

the S2 FC.  

Our network analysis among the FC groups indicated that Alistipes may play an important 

role in the seroconverter FCs as variations in its relative abundance strongly correlated with 

changes in many other taxa. In the literature, there is contrasting evidence regarding the role of 

Alistipes in T1D. In studies involving infant T1D cases, increased levels of Alistipes were observed 

by Brown et al.184 and Vatanen et al.181 Vatanen et al.181 specifically implicated Alistipes shahii, 

while only Alistipes finegoldii was detected in the seroconverter FCs. In contrast, a study involving 

both children and adult T1D cases found Alistipes was significantly more abundant in the gut of 

healthy controls227 and metaproteomic analysis of collected stool demonstrated a positive 

correlation between Alistipes levels and proteins related to a healthy epithelial barrier and mucus 

production.228 As Alistipes was previously found to be universally associated with health in a meta-

analysis of 3,048 datasets obtained from studies involving patients with IBD, CDI, and colorectal 

cancer,229 it is possible that the observed T1D-associated increase in this genus may be a result of 

a compensatory mechanism whereby Alistipes spp. may have an exaggerated role in maintaining 

stability of otherwise dysbiotic ecosystems.  
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Another species implicated in T1D is [Ruminococcus] gnavus for which an increase was 

observed in seroconverted infants compared to controls by Kostic et al.139 This microbe was 

similarly limited to the seroconverter FCs, S3 and S5, in the present study. Increased relative 

abundance of R. gnavus has also been linked to IBD230,231 and infant allergies.232 R. gnavus is 

known to secrete a complex glucorhamnan polysaccharide that potently induced the secretion of 

proinflammatory cytokine, TNFα, by mouse bone marrow-derived dendritic cells in vitro.231  

There were several instances where our findings contrasted with the literature. Unlike 

previous reports of a decline in Faecalibacterium and Roseburia during T1D 

development,169,180,184,185 seroconverter FCs exhibited a higher relative abundance of these 

microbes at steady-state and their isolation were limited to the seroconverter FCs as well. Lower 

Akkermansia levels have also been associated with T1D cases,7,184 but this genus was present in 

both nonconverter and seroconverter FCs at a similar relative abundance and was isolated from 

both study groups. Lastly, multiple studies have described an increased B:F ratio in T1D 

cases,169,170,172,184,185 although we did not observe a significant difference between FC study groups 

at steady-state. This is, however, consistent with the findings of Kostic et al.139 who also reported 

no difference in the ratio of these phyla among healthy controls, seroconverters, and T1D cases.  

As the seroconverter FCs did not significantly differ in taxonomic composition from the 

nonconverter FCs, aside from having a lower taxonomic diversity, we next considered the 

functional output of the FCs. Among the nonconverter FCs, a highly similar metabolic output was 

observed that clustered separately from the seroconverter FCs. Although seroconverter FCs also 

clustered together, their metabolic output was less homogeneous compared to the nonconverter 

FCs. Previously, Vatanen et al.181 reported the downregulation of pathways related to bacterial 

fermentation, of which short-chain fatty acids (SCFAs) are common by-products, was associated 

with T1D development through the functional profiling of metagenomic data on infant stool. In 

particular, authors found pathways related to acetate and propionate production were less abundant 

in T1D cases compared to controls while pathways for butyrate production differed between study 

groups. Furthermore, NOD mice fed acetate- or butyrate-yielding diets were protected from T1D 

development.233 However, the only SCFA that significantly varied between the groups of the 

present study was valerate, which was produced in concentrations five times higher by 

nonconverter FCs than seroconverter FCs (Figure S6).  
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Valerate, produced by the bacterial fermentation of ethanol and propionate, has been shown 

to promote intestinal barrier function and has been associated with increased gut microbiota 

taxonomic richness and stability.234–236 As such, a lower valerate production by the seroconverter 

FCs is not surprising given their lower taxonomic diversity and the weakened intestinal barrier 

observed in individuals with T1D. Valerate has also been shown to promote anti-inflammatory 

immune responses in vitro that indicated an ability to protect against Th17-mediated autoimmune 

diseases.237 Although T1D was previously thought to be a Th1-mediated disease, there is growing 

evidence supporting a possible role for Th17 cells in T1D development.238 As a result, the role of 

valerate in T1D development requires further investigation.  

The low concentration of valerate produced by the seroconverter FCs coincided with the 

accumulation of ethanol, a precursor in valerate production. However, a review of the literature 

did not yield any previous associations between a high ethanol production by the gut microbiota 

and T1D development. On the other hand, low concentrations of propionate were observed in the 

S3 and S5 FCs compared to the average nonconverter FC. As propionate is also needed for valerate 

production, a low concentration would have similarly contributed to the excess of ethanol and lack 

of valerate observed in these FCs. Elevated levels of methylamine, 5-aminopentanoate, 2-

piperidinone, methanol, and dimethylmalonic acid were also observed in seroconverter FCs, 

although these metabolites have not been previously associated with T1D development. However, 

production of 2-piperidinone was found to be upregulated in patients with IBD,239 and so, may be 

the result of the dysbiosis observed in the seroconverter FCs. In addition, while methylamine and 

methanol are not toxic to human cells, they can be oxidized via different pathways into 

formaldehyde, which may circulate in the body and contribute to development of depression, 

neurodegeneration, and type 2 diabetes.240–242 However, it should be noted that an excess of the 

aforementioned metabolites may be due to either an upregulation in their anabolism or 

downregulation in their catabolism, which may be only discerned by further studies. 

3.3.4 Regenerated communities reproduced taxonomic composition and metabolic output 

of parent fecal community 

As the very limited fecal samples available for this study were expended during inoculation 

of the FCs, it was necessary to develop a replicable community capable of reproducing the 

taxonomic composition and metabolic output of the FCs for future experimentation. The two 
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descendant community types considered were DCs, assembled from isolated strains, and RCs, 

seeded from steady-state FC culture. Comparative analysis of the steady-state taxonomic 

composition and metabolic output of the NS0 community types revealed various strengths and 

weaknesses of both options. RCs retained a significantly higher taxonomic diversity at steady-state 

than the DCs, placing them closer to the FCs on scales of Chao1 richness and Shannon diversity 

index. Considering phylogenetic-based beta-diversity measures of dissimilarity, RCs and DCs 

differed from the FC to the same extent. This likely occurred because both descendant 

communities retained most the genera that dominated the FC, although with some variations to 

their relative abundance. In comparison to the FC, Bacteroides occupied a larger proportion of the 

RCs and DCs, while Alistipes and Ruminococcus expanded their proportions of the RCs. As 

described in the Section 3.3.3, a loss in diversity often results from the bloom of fast-growing taxa, 

such as Bacteroides and Ruminococcus, that outcompete slow-growing taxa. The RCs also 

contained a reduced abundance of Akkermansia compared to the FC and DCs. The genus, 

Ruminococcaceae_UCG-014, occupied 14% relative abundance in the FCs, but was not detected 

in any descendant vessel. Overall, however, the RCs shared more taxa with the FC than the DCs, 

while the DCs experienced a potential washout of taxa as half of the genera in the inocula were 

not detected at steady-state. Alternatively, the missing genera may not have been captured by 

Illumina sequencing due to insufficient sequencing depth and so, in the future, directed quantitative 

PCR (qPCR) using species-specific primers could be performed to establish their presence or 

absence at steady-state. Furthermore, there were several taxa detected in the DCs at steady-state 

that were not deliberately incorporated into the inocula. As isolate stocks were streaked-to-purity, 

the ‘contaminating’ genera were likely low-abundance taxa present in the stocks that bloomed to 

detectable levels in the bioreactors as was previously observed by Oliphant et al.192 For more 

clearly defined DCs, the purity of each stock should be verified by 16S rRNA gene deep 

sequencing.  

In terms of recapitulating the metabolic output of the FC, RCs prevailed over the DCs by 

producing the same metabolites at similar concentrations to the FC. However, both descendant 

community types introduced metabolites not detected in the FC, such as 2-hydroxyisovalerate and 

4-hydroxyphenylacetate, which the DCs produce 2.6 times and 10.9 times more than the RCs, 

respectively. As per the KEGG database41, the aromatic acid, 4-hydroxyphenylacetate, is a 

derivative of phenylacetate and an intermediate during tyrosine and phenylalanine metabolism, 
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which are all metabolites occurring in higher concentrations in the DCs indicating an upregulation 

in the related pathways. In addition, DCs also introduced low concentrations (<1 mM) of 2-

piperidinone, isocaproate, and thymine, while lacking in p-cresol. Although DCs were previously 

shown to produce unique metabolites absent in their parent FC,218 it was expected that overall, 

fewer metabolites would be produced by the DCs because of their reduced complexity. However, 

is it possible that these metabolites were indeed produced by the FC and RCs but were quickly 

metabolized by the species present, while the DCs lacked the taxa with the metabolic capabilities 

necessary for the utilization of these metabolites. The presence of 2-piperidinone and absence of 

p-cresol in the NS0 DCs cast doubt on the ability of DCs to properly represent the metabolic profile 

of their seroconversion group as the absence of 2-piperidinone and presence of p-cresol were 

features that distinguished the nonconverter from the seroconverter FCs. 

Finally, it was determined that multiple vessels of both the NS0 RCs and DCs met a high 

standard of replicability as the taxonomic composition and metabolic output of the communities 

were homogenous between replicate vessels. This held true even between vessels of different sizes 

(200 mL compared to 400 mL vessels) and using separately prepared inocula for the NS0 RCs.  

3.4 Conclusion 

In this study, the gut microbiota of four nonconverters and three seroconverters were 

investigated by characterizing fecal-derived microbial communities in continuous, single-stage 

bioreactors designed to mimic the conditions of the human distal colon. The bioreactors 

demonstrated the ability to propagate and maintain stable FCs that recapitulated the taxonomic 

diversity and composition of donors’ stool with the added benefit of removing or reducing the 

influence of nonviable and transient taxa present in the stool. This study was also distinguished 

from previous studies by the incorporation of culture-based taxonomic characterization of the FCs, 

which revealed a large share of diversity that would have otherwise gone underrepresented by 

metataxonomics. Comparative analysis of the taxonomic composition of the FCs did not produce 

any significantly differential taxa or a differing B:F ratio between the study groups. However, 

seroconverter FCs displayed a significantly lower diversity and fewer functional groups, both of 

which are common attributes of dysbiosis, than the nonconverter FCs. As such, the FCs emulated 

many of the group-specific qualities reported by Kostic et al.,139 the study from which the stool 

samples were obtained.  
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The use of bioreactors also enabled the metabolic characterization of the FCs, which may 

be more predictive of the changes occurring in the gut microbiota of T1D progressors than 

variations in the taxa present. Indeed, the production of several metabolites distinguished the FCs 

based on the seroconversion status of their donor. In particular, valerate and its precursor molecule, 

propionate, were produced in lower quantities by the seroconverter FCs, while ethanol production 

was significantly higher. Diminished concentrations of SCFAs in the gut of T1D cases have been 

previously reported, although research has largely focused on butyrate and acetate. As such, the 

impact of lower valerate and propionate production by the T1D-associated gut microbiota warrants 

further investigation.  

Lastly, as the stool samples available for this study were expended during inoculation of 

the FCs, it was essential to develop a reproducible model of the FCs for subsequent 

experimentation. RCs, seeded from steady-state FC culture, and DCs, assembled from isolated 

strains, were evaluated for their ability to reproduce features of their parent FC. While the 

descendant community types equally reproduced the composition of the most abundant genera in 

their parent FC, RCs better emulated the FC diversity and metabolic output. In contrast, DCs were 

more susceptible to washout and the blooming of ‘contaminating’ strains present in isolate stocks. 
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4 Impact of pooled human milk oligosaccharides and 2’-fucosyllactose on the 

composition, function, and activity of fecal communities derived from infants at 

risk of type 1 diabetes 

4.1 Introduction 

Type 1 diabetes (T1D) results from the T cell-mediated destruction of the insulin-producing 

β-cells of the pancreas. The global incidence of T1D has been rapidly increasing with expectations 

of doubling over the next decade.135 T1D progression is characterized by several changes to the 

gut environment, including an increased permeability of the gut barrier, increased markers of 

inflammation, and shifts in the composition of the gut microbiota. Although several studies have 

sought to characterize the composition of the T1D-associated gut microbiota, there have been no 

consistent findings reported across all studies.139,169–174,185 Conversely, breastfeeding is a known 

modulator of gut microbiota composition and has been identified as having a protective role 

against T1D development.140–144 Although human milk contains a multitude of bioactive 

substances that may influence disease development, the specific anti-diabetic component(s) have 

yet to be confirmed.  

Human milk oligosaccharides (HMOs) are a set of structurally diverse, complex 

carbohydrates that constitute the third largest solid component of human milk. HMOs are 

composed of over 200 combinations of five building blocks: glucose, galactose, N-

acetylglucosamine, fucose, and sialic acid.65 Following consumption, HMOs enter the colon 

undigested, where they perform several functions critical to infant development. They have been 

shown to inhibit potential pathogens,98–101,106–109 promote gut barrier function,115–117 facilitate 

development of the immune system,120–124 and act as prebiotic substrates for gut microbes.74–77 

Therefore, it is plausible that the protective role of human milk in T1D development could be 

partially attributed to the presence of HMOs. Xiao et al.119 investigated this theory by 

administering HMOs combined from the milk of several lactating women, referred to as pooled 

HMOs (pHMOs), to non-obese diabetic (NOD) mice, who subsequently experienced delayed onset 

or complete suppression of T1D development. Mice protected from disease experienced beneficial 

shifts in their fecal microbiota composition including a reduced Bacteroidetes–Firmicutes (B:F) 

ratio, reduced levels of Clostridiales, and increased abundance of butyrate-producing and mucin-
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degrading bacterial species. As such, modulation of the gut microbiota with HMOs could be a 

potential target for the prevention of T1D. 

There exists substantial interpersonal variation in the diversity of HMO structures produced 

by women, which is driven by polymorphisms in the Secretor (Se) and Lewis (Le) blood group 

genes.65 However, the most abundantly secreted HMO structure is 2’-fucosyllactose (2’FL), which 

is produced by Secretor positive women who represent ~78% of European populations.67,68 This 

simple structure was the first HMO to become commercially available and, as a result, is the most 

widely used structure to fortify infant formula milk.243 In clinical trials, 2’FL-supplemented infant 

formulae appeared to be safe, well tolerated, and supportive of age-appropriate infant growth.127,128 

Infants receiving test formulae experienced several health benefits not imparted by control 

formulae, such as a serum cytokine profile more similar to that of breastfed infants, and fewer 

incidents of respiratory tract infection, eczema, and bronchitis, as well as less use of antipyretic 

and antibiotic drugs.127,128,130 The only study that evaluated the effects of HMO-supplemented 

formula on the gut microbiota reported a phylogenetic diversity and genus-level composition in 

between that of breastfed infants and controls three months into the trial.133 However, this formula 

contained 2’FL in combination with another HMO structure, lacto-N-neo-tetraose (LNnT) and, as 

such, treatment effects could not be discerned between the two structures. Although the studies 

conducted to date are few, HMO-supplemented formulae have demonstrated the potential to impart 

some health benefits to infants with limited access to human milk. Nevertheless, the ability of these 

structures administered outside of the complex matrix of human milk to modulate the composition 

and function of the gut microbiota requires further study, especially in older infants who have 

already been introduced to solid foods. 

The objective of the present study was to evaluate the impact of pHMOs and 2’FL on the 

composition and function of regenerated communities (RCs) derived from infants with a genetic 

risk of developing T1D. Previously, stool donated by three infants who subsequently produced 

islet autoantibodies, termed ‘seroconverters’, and four healthy controls, termed ‘nonconverters’, 

was used to seed fecal communities (FCs) from which RCs were produced and shown to 

recapitulate the composition and metabolic output of their respective FC (Chapter 3). For the 

present study, we sought to understand the potential of 2’FL-supplemented infant formula to 

modulate the T1D-susceptible gut microbiota in comparison to pHMOs.  RCs were seeded from 



 

 

93 

 

parent FC cultures in single-stage bioreactor vessels and propagated to steady-state before a single 

treatment with pHMOs, 2’FL, or a no-treatment control. HMO structure preferences of the RCs 

were determined using high-performance liquid chromatography (HPLC) with fluorescence 

detection, while resultant alterations in the composition and function of the RCs were assessed 

using metataxonomics, metabonomics, and metaproteomics. 

4.2 Results 

4.2.1 Human milk oligosaccharides were quickly degraded by the regenerated 

communities 

To investigate the impact of HMOs on the gut microbiota of infants at risk of developing 

T1D, RCs were derived from stool donated by four nonconverters (each designated by ‘NS’) and 

three seroconverters (each designated by ‘S’) for single treatments with 4 g/L pHMOs, 0.5 g/L 

2’FL, or a no-treatment control in triplicate under anaerobic, batch fermentation conditions. 

Degradation of 19 detectable HMO structures, as well as HMO-bound fucose (Fuc), HMO-bound 

sialic acid (Sia), and total detectable HMO structures (SUM) were monitored by HPLC to 

determine structure preferences of the communities. Concentrations of the structures were 

normalized to 0 h concentrations for each RC and line graphs were generated to show the percent 

(%) structure loss during the 36 h following treatment with pHMOs (Figure 4.1A) and 2’FL 

(Figure 4.2A). The areas under the curves (AUCs) were calculated (Figures 4.1B & 4.2B) and used 

to statistically compare the seroconversion study groups (Figures 4.1C & 4.2C).  

Overall, 93±6.0% of the combined concentration of the detectable structures (SUM) 

administered in the pHMOs were degraded by 36 h following addition, with the majority of 

structures, as well as Fuc and Sia, catabolized by most RCs by 24 h (Figure 4.1A). In particular, 

2’FL was the most efficiently degraded structure as it was rapidly metabolized within 3 h, both 

when administered in the mixture of pHMOs (Figure 4.1A) and in isolation (Figure 4.2A). 

However, exceptions included 3-FL, of which only 70±6.5% was degraded by 36 h, and DFLac, 

which was completely degraded by only NS6 during the period profiled. In some instances, curves 

dipped below 0% indicating increases in the concentration of those structures as a result of 

treatment, e.g., 3’SL (for NS0 and NS6), 3-FL, 6’SL, DFLac (for NS4, S2, and S3), LNFP III, 

LNH (for S3), LNT (for NS4), LSTb, and LSTc (for S3).  Several smaller structures result from 
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the metabolism of more complex HMOs (e.g., 3-FL can be produced through the metabolism of 

LNFP V), accounting for such increases (Figure 7). Alternatively, structures occurring in low 

concentrations were more likely to have their peaks obscured by noise or masked by the peaks of 

more plentiful structures on the HPLC chromatogram resulting in less accurate quantification; a 

possible example of this is shown for 6’SL (Figure S8). 

No significant differences were observed in the HMO structure preferences between 

nonconverter and seroconverter RCs as determined by multiple Mann-Whitney U tests (FDR-

adjusted p-value > 0.05) (Figures 4.1C & 4.2C). However, S3 deviated from the other RCs on 

several occasions, typically displaying a lesser ability to degrade some structures. Compared to the 

other RCs, S3 degraded 57.5±5.7% less DFLNT and 44.4±1.0% less LNFP I, as well as 20.9±2.3% 

less Fuc and 20.6±1.5% less Sia, during the 36 h examined. Overall, S3 consumed 15.8±1.4% 

lower concentration of the total HMOs detected (SUM). S3 also demonstrated unique responses, 

such as the increased production of LSTc, while the other RCs completely degraded this structure 

during the period monitored. LNH also exhibited a major initial increase in concentration after 

treatment of S3, contrasting the results of the other RCs. 
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Figure 4.1. The human milk oligosaccharide (HMO) structures, HMO-bound fucose (Fuc), 

HMO-bound sialic acid (Sia), and combined detected HMOs (SUM) quantified by high-

performance liquid chromatography (HPLC) following treatment of regenerated 

communities with 4 g/L pHMOs. (A) Percent (%) of structures, Fuc, Sia, and SUM, degraded 

during 36 h following treatment. (B) Areas under the % degradation curves (AUCs) of each HMO 

structure, Fuc, Sia, and SUM for each community. (C) Boxplots of AUCs of each HMO structure, 

Fuc, Sia, and SUM for each seroconversion study group. Significance determined by multiple 

Mann-Whitney U tests with p-values false discovery rate (FDR)-corrected using the Benjamini-

Hochberg method (cut off at 0.05). Abbreviations: NS: nonconverter; S: seroconverter; ns: not 

significantly different; 2’FL: 2’-fucosyllactose; 3-FL: 3-fucosyllactose; 3’SL: 3’-sialyllactose; 

6’SL: 6’-sialyllactose; DFLac: difucosyllactose; DFLNH: difucosyllacto-N-hexaose; DFLNT: 

difucosyllacto-N-tetraose; DSLNH: disialyllacto-N-hexaose; DSLNT: disialyllacto-N-tetraose; 

FDSLNH: fucodisialyllacto-N-hexaose; FLNH: fucosyllacto-N-hexaose; LNFP: lacto-N-

fucopentaose; LNH: lacto-N-hexaose; LNnT: lacto-N-neotetraose; LNT: lacto-N-tetraose; LSTb: 

sialyl-lacto-N-tetraose b; LSTc: sialyl-lacto-N-tetraose c. 
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Figure 4.2. 2’-fucosyllactose (2’FL) quantified by high-performance liquid chromatography 

(HPLC) following treatment of regenerated communities with 0.5 g/L 2’FL. (A) Percent (%) 

of 2’FL degraded during 36 h following treatment. (B) Areas under the % degradation curves 

(AUCs) of 2’FL for each community. (C) Boxplots of AUCs of 2’FL for each seroconversion 

study group. Significance determined by a Mann-Whitney U test. Abbreviations: NS: 

nonconverter; S: seroconverter; ns: not significantly different. 
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4.2.2 Treatment resulted in mild changes in taxonomic composition of the regenerated 

communities 

Metataxonomics (16S rRNA gene sequencing (V4 region)) was used to assess the shift in 

taxonomic composition of the RCs during the 72 h following treatment with the HMOs. The 

resultant gene sequence reads were processed using the R package, seqpipeR, into amplicon 

sequence variants (ASVs) that were subsequently assigned to the genus level by cross-referencing 

against the SILVA database. Species-level classification was then conducted by cross-referencing 

against the NCBI database. Overall, 150 ASVs were detected across the RCs, which corresponded 

to 6 phyla, 29 families, and 90 genera. As treatment stimulated cell proliferation (Figure S9), ASVs 

were adjusted to the estimated cell count of each sample to produce absolute abundance profiles. 

Alpha-diversity measures were applied to evaluate any group-specific and treatment-specific 

changes in taxonomic richness and evenness during the course of the experiment. Both Chao1 

richness and Shannon diversity of the RCs remained fairly constant for most RCs following 

treatment (Figure 4.3). However, S2 experienced a spike in Shannon diversity 36 h after pHMOs-

treatment, while 2’FL addition as well as the control condition demonstrated a decline in S5 

Shannon diversity beginning 12 h after treatment. Overall, treatment did not result in significantly 

different alpha-diversity measures, although nonconverter RCs continued to have a significantly 

higher diversity than seroconverter RCs, as determined by two-way analysis of variance (ANOVA) 

(p-value < 0.05) (Figure 4.4). 

As this experiment produced longitudinal data, Multivariate Association with Linear 

Models 2 (MaAsLin2)196 was applied to evaluate overall changes in RC taxonomic composition 

as a result of seroconversion status and treatment. Firstly, of the 90 genera detected in the RCs, 28 

genera were positively correlated with seroconverter RCs, while 29 genera were negatively 

correlated with them, regardless of the treatment received (Table 4.1). Relative to the no-treatment 

control, pHMOs significantly enhanced the growth of Faecalibacterium, Flavonifractor, 

Hydrogenoanaerobacterium, Lachnoclostridium and an unclassified Bacteroidia member during 

the course of the experiment, while suppressing Oscillospira and Sellimonas (FDR-adjusted p-

value < 0.05) (Table 4.1). In contrast, treatment with 2’FL did not produce any significant 

differences at the genus level compared to the control. When the treatment effects were stratified 

by study group, pHMOs significantly increased the abundance of Sellimonas and lowered the 
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abundance of Faecalibacterium in the nonconverter RCs specifically (FDR-adjusted p-value < 

0.05) (Figure 4.5 & Table 4.1). In addition, the untreated nonconverter RCs experienced a unique 

increase in the abundance of an unclassified Peptococcaceae genus as well as a decrease in 

Eisenbergiella (FDR-adjusted p-value < 0.05) (Figure 4.5 & Table 4.1).  

Next, we applied the sliding_spliner function in the R package, splinectomeR,197 to 

examine whether the treatments significantly affected the RCs at any particular time points, in case 

there were changes in abundance that lasted for only a short time (Figures 4.6 & 4.7). However, 

as the sliding_spliner function does not report on whether abundances of genera were increased or 

decreased at the given time points, and as the function does not incorporate an FDR-correction of 

p-values for multiple comparisons, the results only suggest time points for further investigation. 

Lastly, given that MaAsLin2 indicated that there was an interaction effect between treatment and 

seroconversion groups, the sliding_spliner function was applied to the nonconverter and 

seroconverter RCs separately. Treating the nonconverter RCs with HMOs altered the abundance 

of several genera at various time points, with 2’FL having the strongest effect at 36 h and pHMOs 

at 36 h and 60 h.  At the species level, Bifidobacterium bifidum was the only nonconverter RC 

species affected by 2’FL, considerably differing at 24, 36, 60, and 72 h, while pHMOs substantially 

altered the abundance of this species only at 12 h (Figure S10). Parabacteroides distasonis (at 36, 

60, and 72 h) and an unclassified Bacteroidales species (at 60 h) in the nonconverter RCs were 

also substantially affected by pHMOs (Figure S10). In contrast, the seroconverter RCs were not 

significantly affected by the treatments, neither at the genus nor species levels. 

To further investigate the timepoints suggested by the sliding_spliner function, we next 

applied Linear discriminant analysis Effect Size (LEfSe)194 to the metataxonomic data collected 

36 h and 60 h following treatment. While treatment induced fluctuations in the abundance of some 

genera (Figures S11 & S12), an increase in Parabacteroides in nonconverter RCs 36 h after 

pHMOs treatment was the only signature that surpassed the threshold for significance after an 

FDR-correction of p-values (FDR-adjusted p-value < 0.05). Treatment did not induce significant 

differences at any other taxonomic level when the RCs were considered individually as well as by 

seroconversion group. However, noteworthy changes at the phylum level included a pHMOs-

stimulated increase in Actinobacteria in NS0 and S3, Bacteroidetes in NS0 and NS4, and 

Verrucomicrobia in S3, all at 60 h, relative to the 2’FL and no-treatment control. Overall, results 
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of the 2’FL treatment only marginally differed from the no-treatment control, although exceptions 

included an increase in Verrucomicrobia in NS0 at 60 h relative to the pHMOs treatment and 

control. Finally, both HMO treatments suppressed Proteobacteria in NS0 at 60 h.  

Changes in the B:F ratio during the course of the experiment were investigated by Kruskal-

Wallis tests at each time point followed by Tukey’s honestly significant difference (HSD) post-

hoc test. As the nonconverter RCs consistently contained a significantly higher B:F ratio than 

seroconverter RCs as determined by a Mann-Whitney U test (FDR-adjusted p-value < 0.05), study 

groups were evaluated separately. Within the nonconverter RCs, all three treatment conditions 

resulted in significantly different ratios from 36 h to 60 h with pHMOs producing a higher ratio 

than 2’FL and 2’FL producing a higher ratio than the control (Figure 4.8). On the other hand, 

treatment did not significantly differentiate the B:F ratio within the seroconverter RCs at any time 

point, although similar trends were observed for S2 and S5. In S3, 2’FL appeared to stimulate a 

higher B:F ratio at 12 h and 48 h compared to pHMOs and the control. However, differences were 

no longer apparent by 60 h, which was the last collected time point for this RC. 
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Figure 4.3. Variation in the alpha-diversity metrics, Chao1 richness and Shannon diversity 

index, at the species level during the 72 h following treatment of the nonconverter (NS; n = 

4) and seroconverter (S; n = 3) regenerated communities (RCs) with 4 g/L pHMOs, 0.5 g/L 

2’FL, or no treatment. Taxa were identified by metataxonomics (16S rRNA gene sequencing 

(V4 region)) and absolute abundance profiles were produced by adjusting read counts to cell 

counts of each sample. Absolute abundances were then normalized using a centralized-log ratio 

before metrics were calculated using the R package, phyloseq. Error bars indicate standard 

deviation of the three replicates. 
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Figure 4.4. Alpha-diversity metrics, Chao1 richness and Shannon diversity index, at the 

species level at the last collected time point following treatment of the nonconverter (NS; n = 

4) and seroconverter (S; n = 3) regenerated communities (RCs) with 4 g/L pHMOs, 0.5 g/L 

2’FL, or no treatment. Taxa were identified by metataxonomics (16S rRNA gene sequencing 

(V4 region)) and absolute abundance profiles were produced by adjusting read counts to cell 

counts of each sample. Absolute abundances were then normalized using a centralized-log ratio 

before metrics were calculated using the R package, phyloseq. Last collected time point was 60 h 

for S3 and 72 h for all other RCs. 
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Table 4.1. Genera for which absolute abundance was significantly correlated with 

seroconversion study group and treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment 

as determined by Multivariate Association with Linear Models 2 (MaAsLin2).196 Taxa were 

identified by metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance 

profiles were produced by adjusting read counts to cell counts of each sample. Absolute 

abundances were then normalized using a centralized-log ratio before longitudinal data was input 

into MaAsLin2. P-values were false-discovery rate (FDR)-corrected using the Benjamani-

Hochberg method and shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 

0.05, or ns: not significant. Abbreviations: NS: nonconverter; S: seroconverter; NT: no-treatment 

control; +: positively correlated; -: negatively correlated. 

Metadata Genus Factor 
Correlation 

with factor 

MaAsLin2 

correlation 

coefficient 

FDR-

adjusted  

p-value 

Group Candidatus Soleaferrea NS + 14.81 *** 

Group Acutalibacter NS + 13.38 *** 

Group Flintibacter NS + 12.30 *** 

Group Sutterella NS + 11.70 *** 

Group Parabacteroides NS + 10.94 *** 

Group Bilophila NS + 10.60 *** 

Group Klebsiella NS + 10.56 *** 

Group Ruminoclostridium NS + 10.35 *** 

Group Blautia NS + 9.33 *** 

Group Catabacter NS + 9.11 *** 

Group Ruminococcaceae_UCG.004 NS + 7.89 *** 

Group Bacteroides NS + 6.26 *** 

Group [Clostridium] NS + 6.14 *** 

Group Christensenella NS + 6.05 *** 

Group Acetanaerobacterium NS + 6.05 *** 

Group Alistipes NS + 5.89 *** 

Group Peptococcaceae_unclassified NS + 4.98 *** 

Group Christensenellaceae_R.7_group NS + 4.76 ** 

Group Intestinimonas NS + 4.70 *** 

Group Lactonifactor NS + 4.49 ** 

Group Anaerofustis NS + 4.47 *** 

Group Defluviitaleaceae_UCG.011 NS + 4.06 ** 

Group Rhodospirillales_unclassified NS + 3.91 ** 

Group Desulfovibrio NS + 3.63 * 

Group Anaerotruncus NS + 3.44 * 

Group Neglecta NS + 3.33 * 

Group Barnesiella NS + 3.27 * 

Group DTU014_unclassified NS + 2.98 * 
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Group Muricomes NS + 2.93 * 

Group Faecalibacterium S + 17.57 *** 

Group Roseburia S + 13.82 *** 

Group Ruminococcaceae_UCG.013 S + 13.46 *** 

Group Varibaculum S + 13.43 *** 

Group Actinomyces S + 11.83 *** 

Group Ruminococcaceae_UCG.008 S + 9.91 *** 

Group Anaerostipes S + 9.35 *** 

Group Bifidobacterium S + 8.31 *** 

Group Anaeromassilibacillus S + 8.05 *** 

Group Anaerococcus S + 7.94 *** 

Group Oscillospira S + 7.27 *** 

Group Lachnospiraceae_NK4A136_group S + 7.20 *** 

Group Ruminococcus S + 6.79 *** 

Group Robinsoniella S + 6.39 *** 

Group Anaerofilum S + 6.06 *** 

Group Holdemania S + 5.81 *** 

Group Extibacter S + 5.72 *** 

Group [Eubacterium] S + 5.71 *** 

Group Akkermansia S + 4.94 ** 

Group Ralstonia S + 4.64 *** 

Group Eggerthella S + 4.58 *** 

Group Marvinbryantia S + 4.29 ** 

Group Pseudomonas S + 4.28 ** 

Group Enterococcus S + 3.79 *** 

Group Bacteroidia_unclassified S + 3.17 ** 

Group UBA1819 S + 3.00 *** 

Group Hydrogenoanaerobacterium S + 2.69 ** 

Group Lachnoclostridium S + 0.96 *** 

Treatment Bacteroidia_unclassified pHMOs + 4.24 *** 

Treatment Faecalibacterium pHMOs + 4.09 *** 

Treatment Hydrogenoanaerobacterium pHMOs + 2.97 ** 

Treatment Flavonifractor pHMOs + 2.02 * 

Treatment Lachnoclostridium pHMOs + 0.80 ** 

Treatment Sellimonas pHMOs - -2.82 ** 

Treatment Oscillospira pHMOs - -3.02 * 

Interaction Peptococcaceae_unclassified NS_NT + 4.41 * 

Interaction Eisenbergiella NS_NT - -3.51 ** 

Interaction Sellimonas NS_pHMOs + 3.76 ** 

Interaction Faecalibacterium NS_pHMOs - -3.98 * 

 



 

 

105 

 

 

Figure 4.5. Genera for which absolute abundance significantly varied based on 

seroconversion study group and treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment 

as determined by Multivariate Association with Linear Models 2 (MaAsLin2).196 Taxa were 

identified by metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance 

profiles were produced by adjusting read counts to cell counts (CFU/mL) of each sample. Absolute 

abundances were then normalized using a centralized-log ratio before longitudinal data was input 

into MaAsLin2.  P-values were false-discovery rate (FDR)-corrected using the Benjamani-

Hochberg method. Abbreviations: NS: nonconverter; S: seroconverter; NT: no-treatment control; 

CFU: colony-forming units. 
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Figure 4.6. Time points at which nonconverter genera were likely to significantly vary 

following treatment with 0.5 g/L 2’FL relative to the no-treatment control as determined 

using the sliding_spliner function in the R package, splinectomeR.197 Taxa were identified by 

metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance profiles were 

produced by adjusting read counts to cell counts of each sample. Absolute abundances were then 

normalized using a centralized-log ratio before longitudinal data was input into splinectomeR. 

Dotted line indicates p-value = 0.05. 

 

 

 

Figure 4.7. Time points at which nonconverter genera were likely to significantly vary 

following treatment with 4 g/L pHMOs relative to the no-treatment control as determined 

using the sliding_spliner function in the R package, splinectomeR.197 Taxa were identified by 

metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance profiles were 

produced by adjusting read counts to cell counts of each sample. Absolute abundances were then 

normalized using a centralized-log ratio before longitudinal data was input into splinectomeR. 

Dotted line indicates p-value = 0.05. 
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Figure 4.8. Change in Bacteroidetes–Firmicutes (B:F) ratio during the 72 h following 

treatment of nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities 

with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Taxa were identified by metataxonomics 

(16S rRNA gene sequencing (V4 region)). Absolute abundance profiles were produced by 

adjusting read counts to cell counts of each sample before B:F ratio was calculated for each sample. 

Error bars indicate standard deviation of the three replicates.  
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4.2.3 Pooled human milk oligosaccharides significantly altered the metabolic output of the 

regenerated communities 

To evaluate the functional changes occurring in the RCs following treatment, samples 

underwent untargeted metabonomic profiling using 1D 1H nuclear magnetic resonance 

spectroscopy (NMR). Overall, 48 metabolites were quantified across the experiment (Figure S13). 

Principal Component Analysis (PCA) plots were generated for auto scale-normalized metabolite 

concentrations profiled at 0 h and 72 h to assess the seroconversion group-specific and treatment-

specific changes in RC metabolic output from the beginning to the end of the experiment (Figure 

4.9). A two-way multivariate ANOVA (MANOVA) followed by Pillai’s test was also applied to 

0 h and 72 h normalized concentrations to evaluate overall significant differences. At both time 

points, the metabolic output of the RCs was significantly differentiated by seroconversion group 

(T0: p-value = 2.2e-16; T72: p-value = 5.5e-12) as well as by treatment (T0: p-value = 0.001; T72: 

p-value = 1.8e-12). Next, multiple two-way ANOVAs were used to determine the significantly 

different metabolites between the seroconversion study groups and treatment groups (Table 4.2 & 

Table 4.3). At 0 h, nonconverter RCs produced a significantly higher concentration of 15 

metabolites, including acetate, propionate, and valerate, but a significantly lower concentration of 

17 metabolites compared to the seroconverter RCs (FDR-adjusted p-value < 0.05). However, by 

72 h following treatment, the number of differentiating metabolites were reduced to nine 

metabolites significantly increased and 17 metabolites significantly decreased in nonconverter 

RCs compared to the seroconverter RCs (FDR-adjusted p-value < 0.05).  

To determine the metabolites that significantly varied as a result of treatment, the two-way 

ANOVAs were followed by Tukey’s HSD post-hoc tests with p-values corrected using the 

Benjamani-Hochberg method. At 0 h, four metabolites, glycine, malonate, trimethylamine, and 

tyrosine, were significantly increased in RCs treated with pHMOs compared to 2’FL and the no-

treatment control (FDR-adjusted p-value < 0.05) (Figure 4.10). However, by 72 h after treatment, 

21 metabolites were significantly increased by pHMOs-treatment compared to the other treatments 

(Figure 4.11). Treating the RCs with 2’FL did not result in a significantly different metabolic 

output compared to no treatment. Z-score normalized 72 h metabolite concentrations were 

visualized in a heatmap with two-way hierarchical clustering (Figure 4.12). All RCs treated with 
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pHMOs clustered together, except for S3, in which 2’FL induced changes that were more similar 

to the RCs receiving pHMOs. 

 

Figure 4.9. Principal Component Analysis (PCA) of metabolites produced by the 

nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) 0 h 

and 72 h following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. (A) Score 

plot of metabolites at 0 h following treatment where samples are stratified by seroconversion study 

group. (B) Score plot of metabolites at 72 h following treatment where samples are stratified by 

seroconversion study group. (C) Score plot of metabolites at 0 h following treatment where 

samples are stratified by treatment received. (D) Score plot of metabolites at 72 h following 

treatment where samples are stratified by treatment received. Metabolites were identified and 

quantified by 1D 1H nuclear magnetic resonance spectroscopy (NMR). Metabolite concentrations 

were normalized by auto scaling. PCA was performed using the R package, prcomp. 
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Table 4.2. Metabolites produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 

3) regenerated communities (RCs) 0 h and 72 h following treatment with 4 g/L pHMOs, 0.5 

g/L 2’FL, or no treatment that are significantly different between seroconversion study 

groups. Metabolites were identified and quantified by 1D 1H nuclear magnetic resonance 

spectroscopy (NMR). Metabolite concentrations were normalized by auto scaling. Significance 

was determined by multiple two-way analyses of variance (ANOVAs) and p-values were false-

discovery rate (FDR)-corrected using the Benjamani-Hochberg method. FDR-adjusted p-values 

shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, or ns: not significant.  

Time (h) Metabolite 

Group with 

higher 

concentration 

f-value 
FDR-adjusted 

p-value 

0 Acetate NS 104.23 *** 

0 Fumarate NS 24.26 *** 

0 Hypoxanthine NS 50.60 *** 

0 Isoleucine NS 7.14 * 

0 Leucine NS 10.74 ** 

0 Phenylacetate NS 57.84 *** 

0 Phenylalanine NS 15.59 *** 

0 Propionate NS 15.66 *** 

0 Tartrate NS 8.86 ** 

0 Thymine NS 5.76 * 

0 Trimethylamine NS 7.17 * 

0 Tyrosine NS 29.55 *** 

0 Uracil NS 21.60 *** 

0 Valerate NS 26.63 *** 

0 Valine NS 12.85 ** 

0 2-Piperidinone S 12.31 ** 

0 4-Hydroyphenylacetate S 13.02 ** 

0 5-Aminopentanoate S 7.01 * 

0 Aspartate S 51.54 *** 

0 Beta-alanine S 14.81 *** 

0 Butyrate S 53.43 *** 

0 Dimethylamine S 34.51 *** 

0 Ethanol S 35.65 *** 

0 Formate S 16.60 *** 

0 Glutamate S 16.28 *** 

0 Inosine S 15.50 *** 

0 Lactate S 18.42 *** 

0 Malonate S 12.14 ** 

0 Nicotinate S 19.43 *** 

0 Pyroglutamate S 20.21 *** 
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0 Succinate S 24.34 *** 

0 Threonine S 10.59 ** 

72 Acetate NS 30.99 *** 

72 Indole NS 15.65 *** 

72 Leucine NS 7.24 * 

72 p-Cresol NS 47.94 *** 

72 Phenylacetate NS 31.57 *** 

72 Propanol NS 6.21 * 

72 Propionate NS 27.66 *** 

72 Thymine NS 6.43 * 

72 Trimethylamine NS 6.67 * 

72 2-Piperidinone S 7.55 * 

72 4-Hydroyphenylacetate S 42.17 *** 

72 5-Aminopentanoate S 9.44 ** 

72 Aspartate S 15.88 *** 

72 Beta-alanine S 15.77 *** 

72 Butyrate S 39.70 *** 

72 Dimethylamine S 9.62 ** 

72 Ethanol S 41.14 *** 

72 Formate S 12.80 ** 

72 Glutamate S 17.27 *** 

72 Histidine S 14.36 ** 

72 Methionine S 120.24 *** 

72 Nicotinate S 15.54 *** 

72 Phenylalanine S 6.14 * 

72 Pyroglutamate S 12.50 ** 

72 Tyrosine S 18.30 *** 

72 Valerate S 25.49 *** 
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Figure 4.10. Metabolites produced by the regenerated communities (RCs) 0 h following 

treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no-treatment control that are significantly 

different among the treatment groups. Metabolites were identified and quantified by 1D 1H 

nuclear magnetic resonance spectroscopy (NMR). Metabolite concentrations were normalized by 

auto scaling. Significance was determined by multiple two-way analyses of variance (ANOVAs) 

and p-values were false-discovery rate (FDR)-corrected using the Benjamani-Hochberg method. 

Pairwise significance testing by Tukey’s honestly significant differences (HSD) with Benjamani-

Hochberg adjustment shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 

0.05, or ns: not significant.  
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Figure 4.11. Metabolites produced by regenerated communities (RCs) and 72 h following 

treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment that are significantly different 

among the treatment groups. Metabolites were identified and quantified by 1D 1H nuclear 

magnetic resonance spectroscopy (NMR). Metabolite concentrations were normalized by auto 

scaling. Significance was determined by multiple two-way analyses of variance (ANOVAs) and 

p-values were false-discovery rate (FDR)-corrected using the Benjamani-Hochberg method. 

Pairwise significance testing by Tukey’s honestly significant differences (HSD) with Benjamani-

Hochberg adjustment shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 

0.05, or ns: not significant. 

 



 

 

115 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Heatmap with two-way hierarchical clustering of the metabolites produced by the nonconverter (NS; n = 4) and 

seroconverter (S; n = 3) regenerated communities (RCs) 72 h following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no 

treatment. Metabolites were identified and quantified by 1D 1H nuclear magnetic resonance spectroscopy (NMR). Metabolite 

concentrations were normalized across RCs based on Z-scores. Hierarchical clustering was performed using the R package, stat, to 

incorporate Euclidean distances and the Ward clustering algorithm. 

Z-score 
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4.2.4 Secreted proteins influenced by seroconversion status, treatment, and community 

An additional step in investigating the functional changes occurring in the RCs as a result 

of seroconversion group and treatment was the application of untargeted mass spectrometry-based 

metaproteomics to evaluate the secreted proteins (referred to as the ‘secretome’). We elected to 

focus on the secretome as these proteins represent agents which could be dispersed and thus to 

which the human host would be most exposed. In addition, only samples collected at 24 h were 

evaluated as this represented the optimal time point at which the secretome could be most clearly 

resolved from possible contaminating intracellular proteins released as a result of cell death (either 

during the experiment or during freeze-thaws of collected samples). In other words, 24 h was the 

time point at which the most cells were still intact and likely functional. This was determined by 

screening the secretome of an RC at 12, 24, 36, 48, and 72 h following treatment. 

A total of 2,990 proteins were detected in the secretome of the seven RCs. PCA plots 

generated from log transformed label-free quantification (LFQ)-intensity data for each protein 

were used to assess the influence of community, seroconversion group, and treatment on the RCs’ 

secretome (Figure 4.13). Multiple two-way ANOVAs investigating seroconversion group and 

treatment resulted in 1,512 proteins that significantly differentiated nonconverter from 

seroconverter RCs (FDR-adjusted p-value < 0.05). Filtering these proteins to those with an FDR-

adjusted p-value < 0.001 resulted in 185 proteins, which were then categorized according to the 

seroconversion group they were positively correlated with (71 proteins in the nonconverter RCs 

and 114 proteins in the seroconverter RCs) (Table S3). Of these, the top 20% per group are 

summarized in Table 4.4, along with their corresponding genera of origin and description of their 

biological role. These proteins were associated with a range of functions, many of which were 

related to carbohydrate metabolism. The nonconverter RCs performed more functions related to 

the production of short-chain fatty acids (SCFAs) while seroconverter RCs displayed a higher 

expression of proteins related to vitamin B12 and vitamin K2 biosynthesis as well as 

lipopolysaccharide (LPS) production. In addition, proteins related to the management of oxidative 

stress were detected in higher levels in the nonconverter RCs compared to the seroconverter RCs. 

This analysis also identified 20 proteins that significantly varied with treatment (FDR-adjusted p-

value < 0.05) (Figure 4.14). Their possible genera of origin as well as potential biological functions 

are summarized in Table 4.5. pHMOs-treatment resulted in a significantly lower concentration of 
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16 of the 20 proteins compared to 2’FL-treatment and no treatment. These proteins were associated 

with carbohydrate metabolism as well as amino acid metabolic processes. In addition, both 

pHMOs and 2’FL significantly lowered the production of elongation factor Tu and an 

uncharacterized protein compared to no treatment (FDR-adjusted p-vale < 0.05). Lastly, in this 

analysis where all of the RCs were analyzed together, pHMOs significantly increased the secretion 

of co-chaperonin GroES and thiol reductase thioredoxin compared to the other treatment groups 

(FDR-adjusted p-vale < 0.05).  

As the two-way ANOVAs investigating the impact of seroconversion group and treatment 

on the RCs’ secretome was limited by the large heterogeneity observed among the RCs, multiple 

one-way ANOVAs were conducted on the proteins subdivided by RC to investigate the impact of 

treatment at the individual community level. This resulted in a total of 1,244 proteins that 

significantly differed as a result of treatment in at least one RC. The one-way ANOVAs were 

followed by Tukey’s HSD post-hoc test with p-values corrected using the Benjamani-Hochberg 

method, which provided a more conservative estimate of 630 proteins that significantly varied as 

a result of treatment. Of these, 84 proteins experienced a significant increase in concentration due 

to pHMOs or 2’FL treatment compared to the no-treatment control. The identity, associated 

genera, and biological function of these proteins are summarized in Table 4.5. Proteins positively 

correlated with HMO treatments performed functions associated with carbohydrate metabolism, 

transcription, translation, production of SCFAs, and cell reproduction. In addition, pHMOs 

downregulated the production of LPS, while 2’FL increased the breakdown of hydrogen peroxide 

compared to the other treatment conditions. Although a range of glycoside hydrolases (GHs) 

belonging to 17 families and produced by Acutalibacter, Alistipes, Bacteroides, Eisenbergiella, 

Hungatella, Phocaeicola, Ruminococcus, and Rutehnibacterium were upregulated by HMO 

treatments, only a handful surpassed the threshold of significance. Compared to 2’FL and the 

control, pHMOs-treatment significantly elevated levels of GHs belonging to the GH51 family 

produced by Eisenbergiella in NS1, the GH43 family produced by Bacteroides in NS6, the GH20 

family produced by Bacteroides in S2, and the GH51 family produced by Alistipes in S5. Relative 

to other treatment conditions, 2’FL significantly increased production of a GH27 family enzyme 

in NS1 and a GH3 family enzyme in S3, both produced by Eisenbergiella. 
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Figure 4.13. Principal Component Analysis (PCA) of proteins secreted by the nonconverter 

(NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) 24 h following 

treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. (A) Score plot of secreted proteins 

stratified by seroconversion study group. (B) Score plot of secreted proteins stratified by treatment 

received. (C) Score plot of secreted proteins stratified by RC. Proteins were identified and 

quantified using mass spectrometry. Label-free quantification intensities were normalized by log 

transformation. PCA was performed using the R package, prcomp. 
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Table 4.3. Proteins produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) 24 h 

following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no-treatment control that significantly differed between the 

seroconversion study groups as determined by multiple two-way analyses of variance (ANOVAs) with a false-discovery rate 

(FDR)-adjusted p-values < 0.001. Top 20% of proteins with highest fold difference between the seroconversion groups displayed. 

Protein IDs are the UniProt protein identifiers that were matched to the protein sequence. Biological processes or functions were derived 

from the Gene Ontology (GO) biological processes or molecular functions associated with the protein IDs and are followed by the GO 

term identifiers in square brackets. Proteins were identified and quantified using mass spectrometry. Label-free quantification intensities 

were normalized by log transformation prior to statistical analyses. P-values were FDR-corrected using the Benjamani-Hochberg method 

and are shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, or ns: not significant. 

Seroconver-

sion group 

with positive 

correlation 

Protein IDs Protein Genera 

Fold 

difference 

between 

groups 

FDR-

adjusted 

p-value 

Associated biological process or 

function [GO ID] 

NS A0A3E3K543 Chaperonin GroEL  Sellimonas 3.96e+13 *** protein refolding [GO:0042026] 

NS R5C6K7 Formate--tetrahydrofolate ligase  Blautia 1.80e+13 *** 
tetrahydrofolate interconversion 

[GO:0035999] 

NS A0A5B3GE05 
Class II fructose-1,6-bisphosphate 

aldolase 
Alistipes 9.27e+12 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

NS A0A656Q190 Uncharacterized protein  8.13e+12 ***  

NS A0A5B3GGQ1 Phosphoglycerate kinase  Alistipes 8.03e+12 *** glycolytic process [GO:0006096] 

NS 

R5BXC1, 

A0A4R4FL80, 

A0A413JD28, 

A0A413JD28 

Co-chaperonin GroES  

Blautia, Extibacter, 

Frisingicoccus, 

Tyzzerella 

7.81e+12 *** protein folding [GO:0006457] 

NS 
R7EHB6, 

A0A134AI46 
Enolase  Peptoniphilus 6.97e+12 *** glycolytic process [GO:0006096] 

NS A0A656Q0Q0 Tetratricopeptide repeat protein Alistipes 6.96e+12 *** signal 

NS A0A656Q7E7 Uncharacterized protein  6.55e+12 ***  

NS 
R5C641, 

A0A494WRL4 
Triosephosphate isomerase  Blautia, Clostridium 6.50e+12 *** 

gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS A0A1Y3R3A1 50S ribosomal protein L7/L12 Alistipes 6.48e+12 *** translation [GO:0006412] 

NS A0A1Y3R1B7 Methylmalonyl-CoA epimerase  Alistipes 6.39e+12 *** 
methylmalonyl-CoA epimerase 

activity [GO:0004493] 
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NS A0A136Q2N2 Chaperonin GroEL  Christensenella 5.59e+12 *** protein refolding [GO:0042026] 

NS 
A0A1G5FJB3, 

K1JSC7 
Chaperonin GroEL  

Ruminococcus, 

Sutterella 
5.48e+12 *** protein refolding [GO:0042026] 

S A0A0D8J2P3 
Glyceraldehyde-3-phosphate 

dehydrogenase  
Ruthenibacterium 5.93e+13 *** 

glucose metabolic process 

[GO:0006006] 

S A0A0D8J1G7 Desulfoferrodoxin  Ruthenibacterium 2.75e+13 *** 

iron ion binding [GO:0005506]; 

superoxide reductase activity 

[GO:0050605] 

S 
A0A386PJE7, 

C7H5K7 
Acetyl-CoA C-acetyltransferase 

Clostridium, 

Faecalibacterium 
1.75e+13 *** 

acyltransferase activity, transferring 

groups other than amino-acyl groups 

[GO:0016747] 

S C7H3V8 Phosphoglycerate kinase  
Faecalibacterium, 

Lachnospira 
1.55e+13 *** glycolytic process [GO:0006096] 

S 
F3QMV8, 

A0A0W7TR50 
Adenylate kinase  

Parasutterella, 

Ruthenibacterium 
1.34e+13 *** AMP salvage [GO:0044209] 

S A0A1E3A7I7 Aldehyde-alcohol dehydrogenase  Eisenbergiella 1.14e+13 *** 

metal ion binding [GO:0046872]; 

oxidoreductase activity, acting on 

the CH-OH group of donors, NAD 

or NADP as acceptor [GO:0016616] 

S C7H5K8 3-hydroxybutyryl-CoA dehydratase  Faecalibacterium 1.08e+13 *** 
3-hydroxybutyryl-CoA dehydratase 

activity [GO:0003859] 

S 
A0A1Y4H850, 

A0A0D8J1M5 
50S ribosomal protein L7/L12 

Anaerofilum, 

Ruthenibacterium 
9.56e+12 *** translation [GO:0006412] 

S 
A0A1Y4I3F7, 

A0A1E3APG6 
Acyl-CoA dehydrogenase 

Anaeromassilibacillus, 

Eisenbergiella 
7.23e+12 *** 

acyl-CoA dehydrogenase activity 

[GO:0003995]; flavin adenine 

dinucleotide binding [GO:0050660] 

S C7H861 zf-trcl domain-containing protein Faecalibacterium 6.94e+12 ***  

S C7H5R7 Rubredoxin Faecalibacterium 6.72e+12 *** 

iron ion binding [GO:0005506]; 

oxidoreductase activity 

[GO:0016491] 

S A0A0D8J0Y9 
Phosphoenolpyruvate 

carboxykinase [GTP]  
Ruthenibacterium 6.54e+12 *** gluconeogenesis [GO:0006094] 

S C7H9C9 Uncharacterized protein Faecalibacterium 6.00e+12 ***  

S 

B0MEJ1, 

C7H9L4, 

A0A1Y4HBN4, 

C7H254 

Fructose-1,6-bisphosphate aldolase, 

class II  

Anaerostipes, 

Faecalibacterium  
5.71e+12 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

S A0A0D8IX44 Ribosome-recycling factor  Ruthenibacterium 5.25e+12 *** 
translational termination 

[GO:0006415] 

S C7H254 
4-hydroxy-3-methylbut-2-enyl 

diphosphate reductase  

Anaerofilum, 

Faecalibacterium 
4.85e+12 *** 

dimethylallyl diphosphate 

biosynthetic process [GO:0050992]; 
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isopentenyl diphosphate 

biosynthetic process, 

methylerythritol 4-phosphate 

pathway [GO:0019288]; terpenoid 

biosynthetic process [GO:0016114] 

S R5V2V4 Uncharacterized protein Alistipes 4.78e+12 ***  

S 

A0A1Y4H8C3, 

A0A173YLY7, 

A0A3N0IWJ8, 

C7H1V2, 

G9YPH0 

Pyruvate synthase 

Anaerofilum, 

Collinsella, 

Eggerthealla, 

Faecalibacterium, 

Flavonifractor 

4.70e+12 *** 
electron transport chain 

[GO:0022900] 

S 
R8W1G6, 

A0A134AKT0 
Elongation factor Tu  

Butyricicoccus, 

Peptoniphilus 
4.22e+12 *** 

GTPase activity [GO:0003924]; 

GTP binding [GO:0005525]; 

translation elongation factor activity 

[GO:0003746] 

S A0A6L6LMY6 Elongation factor Ts  Ruthenibacterium 4.10e+12 *** 
translation elongation factor activity 

[GO:0003746] 

S A0A0D8J4Q4 Nitrogen fixation protein NifU Ruthenibacterium 3.70e+12 ***  

S C7H9C8 Uncharacterized protein Faecalibacterium 3.69e+12 ***  

S 

C7HSE7, 

A0A081L928, 

D2Q9A9, 

A0A173W449, 

A0A3N0IRG9, 

B0N983, 

C7H3C9, 

A0A6N7SA85, 

B0A6A6, 

F3QL91, 

C7H5L1, 

G9YU57, 

G4KSB6 

Elongation factor G  

Anaerococcus, 

Bacillus, 

Bifidobacterium, 

Collinsella, 

Eggerthella, 

Erysipelatoclostridium, 

Faecalibacterium, 

Holdemania, 

Intestinibacter, 

Parasutterella 

3.63e+12 *** 

GTPase activity [GO:0003924]; 

GTP binding [GO:0005525]; 

translation elongation factor activity 

[GO:0003746] 
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Figure 4.14. Proteins produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) 

regenerated communities (RCs) 24 h following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, 

or no-treatment control that significantly differed based on treatment as determined by 

multiple two-way analyses of variance (ANOVAs) with false-discovery rate (FDR)-adjusted 

p-value < 0.05. Protein names are those associated with the UniProt protein identifiers that 

matched the protein sequences. Proteins were identified and quantified using mass spectrometry. 

Label-free quantification intensities were normalized by log transformation prior to statistical 

analyses. Pairwise significance testing by Tukey’s honestly significant differences (HSD) with 

Benjamani-Hochberg adjustment shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-

value < 0.05, or ns: not significant. See Table 4.4 for the genera of origin and associated functions 

of these proteins. 
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Table 4.4. Proteins produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) 

regenerated communities (RCs) 24 h following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, 

or no treatment that significantly differed based on treatment as determined by multiple 

two-way analyses of variance (ANOVAs) with false-discovery rate (FDR)-adjusted p-value < 

0.05. Protein IDs are the UniProt protein identifiers that were matched to the protein sequence. 

Protein names are those associated with the UniProt protein identifiers. Biological processes or 

functions were derived from the Gene Ontology (GO) biological processes or molecular functions 

associated with the protein IDs and are followed by the GO term identifiers in square brackets. 

Proteins were identified and quantified using mass spectrometry. Label-free quantification 

intensities were normalized by log transformation prior to statistical analyses. P-values were FDR-

corrected using the Benjamani-Hochberg method. 

Protein name Protein IDs Genera 
Associated biological function or 

process [GO ID] 

Acyl-CoA dehydrogenase 

C-terminal domain protein 
E7GR53, R6MFP8 

[Clostridium], 

Coprococcus 
 

Alpha-

phosphoglucomutase 

R5V7E7, 

A0A1M6WRG4 
Alistipes, Anaerotignum 

carbohydrate metabolic process 

[GO:0005975] 

Aminotransferase  R5UVP7 Alistipes biosynthetic process [GO:0009058] 

Co-chaperonin GroES  
A0A1E3AN00, 

A0A3E3K5H4 
Eisenbergiella, Sellimonas protein folding [GO:0006457] 

Elongation factor G  

C7HSE7, 

A0A081L928, 

D2Q9A9, 

A0A173W449, 

A0A3N0IRG9, 

B0N983, C7H3C9, 

A0A6N7SA85, 

B0A6A6, F3QL91 

Anaerococcus, Bacillus, 

Bifidobacterium, 

Collinsella, Eggerthella, 

Erysipelatoclostridium, 

Faecalibacterium, 

Holdemania, 

Intestinibacter, 

Parasutterella 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

Elongation factor Tu  A0A1Y3QZP8 Alistipes 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

Fumarate hydratase class I  
R7ELW1, 

A0A6I5AL58 
Bacteroides, Citrobacter 

generation of precursor metabolites 

and energy [GO:0006091] 

Galactokinase  
C9L8G9, 

A0A1E3UJC4, 

A0A1M4YST8 

Blautia, Eisenbergiella, 

Lactonifactor 

galactose metabolic process 

[GO:0006012] 

Mannose-6-phosphate 

isomerase  
R5UGI1 Alistipes 

carbohydrate metabolic process 

[GO:0005975] 

Methionine--tRNA ligase  
R5UXQ4, 

A7AHG4 
Alistipes, Parabacteroides 

methionyl-tRNA aminoacylation 

[GO:0006431] 

Phosphoglycerate 

dehydrogenase-like 

oxidoreductase 

R5UFN0 Alistipes 

NAD binding [GO:0051287]; 

oxidoreductase activity, acting on the 

CH-OH group of donors, NAD or 

NADP as acceptor [GO:0016616] 

Phosphoglycerate 

kinase_1 
A0A0W7TRI3 Ruthenibacterium glycolytic process [GO:0006096] 
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Phosphoglycerate 

kinase_2 

D4M4Z9, 

A0A136Q1X9, 

A0A1E3A269, 

A9KPF9, C4Z0S5, 

A0A4R3KA73,  

[Ruminococcus], 

Christensenella, 

Clostridium, 

Eisenbergiella, Extibacter, 

Lachnoclostridium, 

Lachnospira, Muricomes, 

Terrisporobacter 

glycolytic process [GO:0006096] 

Phosphoglycerate 

kinase_3 
A0A1G5ACI4 Ruminococcus glycolytic process [GO:0006096] 

Phosphoglycerate 

kinase_4 

A0A5P2MLW0, 

A0A370V2P8 
Citrobacter, Escherichia glycolytic process [GO:0006096] 

Pyruvate, phosphate 

dikinase  

A0A1G9XTJ5, 

A0A4R2LMJ7, 

A0A0S2W8F7, 

G4L1Y8 

Acetanaerobacterium, 

Intestinimonas, 

Frisingicoccus, 

Oscillibacter 

pyruvate metabolic process 

[GO:0006090] 

Thiol reductase 

thioredoxin 
A0A414AIF0 Enterocloster  

Tryptophanase  
R5UZN3, I9SZ86, 

A0A7H9KAB9 

Alistipes, Bacteroides, 

Escherichia 

aromatic amino acid family metabolic 

process [GO:0009072] 

Uncharacterized protein A0A2S4GUB9   

Xylose isomerase  A0A7H9K967 Escherichia 
D-xylose metabolic process 

[GO:0042732] 
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Table 4.5. Proteins produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) 24 h 

following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment (NT) that significantly differed based on treatment as 

determined by multiple one-way analyses of variance (ANOVAs) conducted on the proteins subdivided by RC with false-

discovery rate (FDR)-adjusted p-value < 0.05. Protein IDs are the UniProt protein identifiers that were matched to the protein 

sequence. Protein names are those associated with the UniProt protein identifiers. Biological processes or functions were derived from 

the Gene Ontology (GO) biological processes or molecular functions associated with the protein IDs and are followed by the GO term 

identifiers in square brackets. Proteins were identified and quantified using mass spectrometry. Label-free quantification intensities were 

normalized by log transformation prior to statistical analyses. Pairwise significance testing by Tukey’s honestly significant differences 

(HSD) with Benjamani-Hochberg adjustment shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, or ns: not 

significant. 

RC Protein IDs Protein name Genera 
pHMOs– 

NT fold 

increase 

FDR-

adjusted 

p-value 

(pHMOs

–NT) 

2’FL–NT 

fold 

increase 

FDR-

adjusted 

p-value 

(2’FL–

pHMOs) 

FDR-

adjusted 

p-value 

(pHMOs

–2’FL) 

Associated biological function 

or process  

[GO ID] 

NS0 A0A1G5GNB7 
50S ribosomal protein 

L7/L12 
Ruminococcus 1.50e+13 *** 1 ns *** translation [GO:0006412] 

NS0 
R7EEE2, 

A6L0Y2 
Fructokinase  

Bacteroides, 

Phocaeicola 
1.25e+13 *** 1 ns *** 

fructose metabolic process 

[GO:0006000]; regulation of 

glycogen metabolic process 

[GO:0070873]; response to 

fructose [GO:0009750]; 

response to glucose 

[GO:0009749]; response to 

insulin [GO:0032868]; response 

to sucrose [GO:0009744]; 

response to zinc ion 

[GO:0010043] 

NS0 
K0WZN3, 

A6LIF9 
Co-chaperonin GroES  

Barnesiella, 

Parabacteroides 
9.27e+12 *** 1 ns *** protein folding [GO:0006457] 

NS0 
A0A5B3GL22, 

A0A656Q3B0 
Alpha-amylase Alistipes 6.69e+12 *** 1 ns *** 

carbohydrate metabolic process 

[GO:0005975] 

NS0 E7GU69 Co-chaperonin GroES  [Clostridium] 6.69e+12 *** 1 ns *** protein folding [GO:0006457] 

NS0 
K0WWW3, 

A6LAK8 

Uncharacterized 

protein 

Barnesiella, 

Parabacteroides 
4.33e+12 *** 1 ns ***  
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NS0 A6L8F6 TPR domain protein Parabacteroides 3.37e+12 *** 1 ns ***  

NS0 

A0A5B3FZ75, 

I9SH97, 

K0X6J3, 

A7AD69 

50S ribosomal protein 

L11 

Alistipes, Bacteroides, 

Barnesiella, 

Parabacteroides 

3.01e+12 *** 1 ns *** translation [GO:0006412] 

NS0 A0A656Q8A2 
Uncharacterized 

protein 
 2.55e+12 *** 1 ns ***  

NS0 A0A413WDQ1 
Ribosome-recycling 

factor  
Enterocloster 1.56e+12 *** 1 ns *** 

translational termination 

[GO:0006415] 

NS1 A0A1G5IHW1 
Ferredoxin--NADP+ 

reductase 
Ruminococcus 6.57e+12 * 3.04e+12 * ns 

pyrimidine nucleotide 

biosynthetic process 

[GO:0006221] 

NS1 A0A174TRM7 Ferritin  Bacteroides 4.28e+12 * 1 ns * 

cellular iron ion homeostasis 

[GO:0006879]; iron ion 

transport [GO:0006826] 

NS1 A0A1E3AHY5 
Oligopeptide-binding 

protein OppA  
Eisenbergiella 4.11e+12 * 1.38e+12 * ns  

NS1 A0A412Z3G3 

C4-dicarboxylate ABC 

transporter substrate-

binding protein  

Enterocloster 1.92e+12 * 1 ns * 

organic substance transport 

[GO:0071702]; transmembrane 

transport [GO:0055085] 

NS1 A0A2S4GP89 
Uncharacterized 

protein 
 1 ns 3.39e+12 * *  

NS1 A0A1E3UIL1 Alpha-galactosidase  Eisenbergiella 1 ns 2.44e+12 * * 
carbohydrate metabolic process 

[GO:0005975] 

NS1 A0A173YF84 
Aldehyde-alcohol 

dehydrogenase 
Faecalicatena 1 ns 2.17e+12 * * 

alcohol metabolic process 

[GO:0006066]; carbon 

utilization [GO:0015976] 

NS1 
A0A174FNU2, 

A9KN58 

Sorbitol 

dehydrogenase  

Faecalicatena, 

Lachnoclostridium 
1 ns 1.79e+12 * * 

L-iditol 2-dehydrogenase 

activity [GO:0003939]; zinc ion 

binding [GO:0008270] 

NS1 

E7GPV2, 

R6L9R4, 

A0A1E3APY6, 

A0A6M5G5F4, 

A0A174FFI8, 

A0A2V3XXA9, 

A9KIP3, 

A0A1M5BEQ6, 

A0A3E3K302, 

A0A2S4GPK1 

Transcription 

elongation factor GreA  

[Clostridium], 

Coprococcus, 

Eisenbergiella, 

Enterocloster, 

Faecalicatena, 

Hungatella, 

Lachnoclostridium, 

Lactonifactor, 

Sellimonas,  

1 ns 1.74e+12 * * 

regulation of DNA-templated 

transcription, elongation 

[GO:0032784] 

NS1 B2UNK1 
Uncharacterized 

protein 
Akkermansia 1 ns 1.57e+12 * *  
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NS1 A0A1M4ZSI0 
Carbon monoxide 

dehydrogenase  
Lactonifactor 1 ns 1.37e+12 * * 

generation of precursor 

metabolites and energy 

[GO:0006091] 

NS1 A0A3E2WAV6 
DUF3798 domain-

containing protein 
Enterocloster 1 ns 1.30e+12 * *  

NS1 R5UCD5 
Uncharacterized 

protein 
Alistipes 1 ns 1.30e+12 * *  

NS1 R5UB78 Xylose isomerase  Alistipes 1 ns 4.46e+11 * * 
D-xylose metabolic process 

[GO:0042732] 

NS4 

R5BXC1, 

A0A4R4FL80, 

A0A4V6NPM8, 

A0A413JD28, 

A0A2S4GK53 

Co-chaperonin GroES  

Blautia, Extibacter, 

Frisingicoccus, 

Tyzzerella 

1.55e+12 *** 1.24e+12 *** ns protein folding [GO:0006457] 

NS4 
R5V1T9, 

A6LCU3 

Malonyl CoA-acyl 

carrier protein 

transacylase  

Alistipes, 

Parabacteroides 
7.68e+11 *** 4.25e+11 *** ns  

NS4 A0A414ATS1 Co-chaperonin GroES  Enterocloster 6.95e+11 *** 1 ns *** protein folding [GO:0006457] 

NS4 A0A1T4VIV5 
Formate--

tetrahydrofolate ligase  
Intestinibacter 6.67e+11 *** 1 ns *** 

one-carbon metabolic process 

[GO:0006730] 

NS4 A0A412Z4E6 
Ribosome-recycling 

factor  
Enterocloster 6.42e+11 *** 1 ns *** 

translational termination 

[GO:0006415] 

NS4 A0A412ZD90 
HU family DNA-

binding protein 
Enterocloster 4.53e+11 *** 1 ns *** 

chromosome condensation 

[GO:0030261] 

NS4 
A0A5P2MEJ7, 

V5AWQ0, 

A0A2B7LYR2 
DNA-binding protein 

Citrobacter, 

Enterobacter, 

Escherichia 

4.45e+11 *** 1 ns *** 
regulation of transcription, 

DNA-templated [GO:0006355] 

NS4 B0P9V5 
Uncharacterized 

protein 
Anaerotruncus 4.18e+11 *** 1.80e+11 *** ns  

NS4 R5V3G3 Thioredoxin Alistipes 4.10e+11 *** 1 ns *** 
glycerol ether metabolic process 

[GO:0006662] 

NS4 

E7GIX7, 

B1CB65, 

B0MGI5, 

A0A136Q647, 

Q185L4, 

A0A1I2N6A4, 

A0A1E3AJV6 

Gamma-aminobutyrate 

metabolism 

dehydratase / 

isomerase 

[Clostridium], 

Anaerofustis, 

Anaerostipes, 

Christensenella, 

Clostridioides, 

Clostridium, 

Eisenbergiella 

3.23e+11 *** 1 ns *** 

oxidoreductase activity, acting 

on the CH-CH group of donors 

[GO:0016627] 

NS4 
A0A3E2WK39, 

A0A414AU23 

Rubrerythrin family 

protein 

Enterocloster, 

Enterocloster 
3.10e+11 *** 1 ns *** 

iron ion binding [GO:0005506]; 

oxidoreductase activity 

[GO:0016491] 
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NS4 
A0A413WAM6, 

G5IKC1 

Triosephosphate 

isomerase  

Enterocloster, 

Hungatella 
2.28e+11 *** 1 ns *** 

gluconeogenesis [GO:0006094]; 

glycolytic process 

[GO:0006096] 

NS4 

C4IDP5, 

A0A1E3U5Q0, 

A0A6M5GF10, 

G9YTV9, 

A0A2S6HXU6, 

A0A1H7ZWK5, 

G4KTA2 

Flagellin 

Clostridium, 

Eisenbergiella, 

Enterocloster, 

Flavonifractor, 

Hungatella, 

Hydrogenoanaero-

bacterium, 

Oscillibacter 

2.22e+11 *** 1 ns *** 
structural molecule activity 

[GO:0005198] 

NS4 B0ABM9 
Uncharacterized 

protein 
Intestinibacter 2.20e+11 *** 1 ns ***  

NS4 A0A1I2NGV3 
Putative septation 

protein SpoVG 
Clostridium 1.95e+11 *** 1 ns *** 

division septum assembly 

[GO:0000917]; sporulation 

resulting in formation of a 

cellular spore [GO:0030435] 

NS4 B0A8W6 

Methylene-

tetrahydrofolate 

reductase C terminal 

Intestinibacter 1.51e+11 *** 1 ns ***  

NS4 A0A413WC70 

C4-dicarboxylate ABC 

transporter substrate-

binding protein 

Enterocloster 1.46e+11 *** 1 ns *** 

organic substance transport 

[GO:0071702]; transmembrane 

transport [GO:0055085] 

NS4 R5V4V8 
Triosephosphate 

isomerase  
Alistipes 1.38e+11 *** 1 ns *** 

gluconeogenesis [GO:0006094]; 

glycolytic process 

[GO:0006096] 

NS4 B1C685 Rubredoxin Anaerofustis 1.16e+11 *** 1 ns *** 

iron ion binding [GO:0005506]; 

oxidoreductase activity 

[GO:0016491] 

NS4 R5U6Z5 Glycerol kinase  [Ruminococcus] 1.11e+11 *** 1 ns *** 

glycerol-3-phosphate metabolic 

process [GO:0006072]; glycerol 

catabolic process [GO:0019563] 

NS4 
Q189S6, 

A0A1M4ZSV2, 

A0A2S4GJE8 

Bifunctional carbon 

monoxide 

dehydrogenase / 

acetyl-CoA synthase, 

methyltransferase 

subunit 

Clostridioides, 

Lactonifactor 
1 ns 1.77e+11 *** *** 

methylation [GO:0032259]; 

pteridine-containing compound 

metabolic process 

[GO:0042558] 

NS4 
A0A1I2QGF7, 

A0A174WYL7 

50S ribosomal protein 

L7/L12 

Clostridium, 

Clostridium 
1 ns 1.28e+11 *** *** translation [GO:0006412] 
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NS4 
A0A5P2M9N0, 

V5B0P4, 

A0A2B7ME80 
Transaldolase  

Citrobacter, 

Enterobacter, 

Escherichia 

1 ns 8.81e+10 *** *** 

carbohydrate metabolic process 

[GO:0005975]; pentose-

phosphate shunt [GO:0006098] 

NS4 A0A6I5A7Z3 Transketolase  Citrobacter 1 ns 3.09e+10 *** *** 

metal ion binding 

[GO:0046872]; transketolase 

activity [GO:0004802] 

NS6 B2UL72 
Uncharacterized 

protein 
Akkermansia 6.74e+13 *** 1 ns ***  

NS6 A0A6M5GQ84 
Dihydroxyacetone 

kinase subunit DhaK  
Enterocloster 7.47e+12 *** 1 ns *** 

glycerol metabolic process 

[GO:0006071] 

NS6 A0A108T938 
HU family DNA-

binding protein  
Bacteroides 3.47e+12 *** 1 ns *** DNA binding [GO:0003677] 

NS6 A0A2S4GJI5 
Uncharacterized 

protein 
 1 ns 1.20e+12 *** ***  

NS6 A0A108T9X1 
Putative 

oxidoreductase 
Bacteroides 1 ns 5.85e+11 *** *** 

cellular response to oxidative 

stress [GO:0034599] 

S2 V5B137 
Uncharacterized 

protein 
Enterobacter 8.40e+12 *** 1 ns ***  

S2 
R7EEE2, 

A6L0Y2 
Fructokinase  

Bacteroides, 

Phocaeicola 
8.29e+12 *** 1 ns ***  

S2 A6KXA0 Chaperonin GroEL  Phocaeicola 2.80e+12 *** 1 ns *** protein refolding [GO:0042026] 

S2 A0A1E3UDI4 
GatB / YqeY domain-

containing protein  
Eisenbergiella 2.05e+12 *** 3.54e+11 *** ns 

carbon-nitrogen ligase activity, 

with glutamine as amido-N-

donor [GO:0016884] 

S2 A0A6I2UEA0 Protein GrpE  Ruthenibacterium 4.89e+11 *** 1 ns *** protein folding [GO:0006457] 

S2 A0A1E3AG79 
Ribosome-recycling 

factor  
Eisenbergiella 1 ns 1.67e+12 *** *** 

translational termination 

[GO:0006415] 

S2 A0A1E3AND7 Methionine synthase  Eisenbergiella 1 ns 1.36e+12 *** *** methylation [GO:0032259] 

S3 A0A174HBM9 
Ketol-acid 

reductoisomerase  
Blautia 5.03e+12 *** 1 ns *** 

isoleucine biosynthetic process 

[GO:0009097]; valine 

biosynthetic process 

[GO:0009099] 

S3 A0A1E3ADC2 

4-deoxy-L-threo-5-

hexosulose-uronate 

ketol-isomerase  

Eisenbergiella 4.69e+12 *** 1.34e+12 *** ns 
pectin catabolic process 

[GO:0045490] 

S3 A0A1E3UB27 
Uncharacterized 

protein 
Eisenbergiella 2.58e+12 *** 2.23e+12 *** ns 

carbohydrate metabolic process 

[GO:0005975] 

S3 A0A1E3U9G8 
Glucosamine-6-

phosphate deaminase  
Eisenbergiella 2.29e+12 *** 2.08e+12 *** ns 

carbohydrate metabolic process 

[GO:0005975]; N-

acetylglucosamine metabolic 

process [GO:0006044]; N-
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acetylneuraminate catabolic 

process [GO:0019262] 

S3 
B0MBH9, 

A0A1E3UJ69 

Galactose-1-phosphate 

uridylyltransferase  

Anaerostipes, 

Eisenbergiella 
1.92e+12 *** 1.87e+12 *** ns 

galactose metabolic process 

[GO:0006012] 

S3 
A0A174KDY0, 

A9KPF8, 

A0A3E3K6J8 

Triosephosphate 

isomerase  

Blautia, 

Lachnoclostridium, 

Sellimonas 

1.76e+12 *** 7.43e+11 *** ns 

gluconeogenesis [GO:0006094]; 

glycolytic process 

[GO:0006096] 

S3 A0A1E3AYD7 

2-amino-4-

deoxychorismate 

dehydrogenase  

Eisenbergiella 1.50e+12 *** 2.07e+12 *** ns 
oxidoreductase activity 

[GO:0016491] 

S3 

E7GP83, 

R5C9M0, 

A0A1E3URA6, 

A0A317RJQ9 

Dihydroxy-acid 

dehydratase  

[Clostridium], Blautia, 

Eisenbergiella, 

Eubacterium 

1 ns 3.57e+12 *** *** 

isoleucine biosynthetic process 

[GO:0009097]; valine 

biosynthetic process 

[GO:0009099] 

S3 
A0A174A781, 

G9YW50 

Phosphoglycerate 

kinase  

Blautia, 

Flavonifractor 
1 ns 2.90e+12 *** *** 

glycolytic process 

[GO:0006096] 

S3 

E7GL12, 

R5TS71, 

C7HUR3, 

A0A1Y4HA06, 

A0A1Y4HY23, 

B0MC69, 

C9L6C4, 

A0A494WDU4, 

A0A1E3URX4, 

A0A414AZU4, 

A0A4R4FHY4, 

G9YR95, 

G5IDZ0, 

A0A0S2W5Q2, 

G4KSV4, 

A0A134AFW5, 

R5HXR1, 

A0A3E3K1Y6, 

A0A413J5S4 

Leucine--tRNA ligase  

[Clostridium], 

[Ruminococcus], 

Anaerococcus, 

Anaerofilum, 

Anaeromassilibacillus, 

Anaerostipes, Blautia, 

Clostridium, 

Eisenbergiella, 

Enterocloster, 

Extibacter, 

Flavonifractor, 

Hungatella, 

Intestinimonas, 

Oscillibacter, 

Peptoniphilus, 

Roseburia, Sellimonas, 

Tyzzerella 

1 ns 2.77e+12 *** *** 
leucyl-tRNA aminoacylation 

[GO:0006429] 

S3 A0A1E3ABX6 
Ferredoxin-dependent 

glutamate synthase 1  
Eisenbergiella 1 ns 2.22e+12 *** *** 

glutamate biosynthetic process 

[GO:0006537] 

S3 A0A1E3UI42 
Polyribonucleotide 

nucleotidyltransferase  
Eisenbergiella 1 ns 1.53e+12 *** *** 

mRNA catabolic process 

[GO:0006402]; RNA 

processing [GO:0006396] 

S3 A0A1E3A9E0 
HPr kinase / 

phosphorylase  
Eisenbergiella 1 ns 1.42e+12 *** *** 

carbohydrate metabolic process 

[GO:0005975]; regulation of 

carbohydrate metabolic process 

[GO:0006109] 
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S3 
A0A1Y4I9F8, 

A0A1G5ID37 

30S ribosomal protein 

S8 

Anaeromassilibacillus, 

Ruminococcus 
1 ns 6.18e+11 *** *** translation [GO:0006412] 

S3 A0A1E3AA61 Glycosyl hydrolase  Eisenbergiella 1 ns 5.83e+11 *** *** 
carbohydrate metabolic process 

[GO:0005975] 

S5 A0A174IBS2 
Glucose-6-phosphate 

isomerase  
Faecalicatena 2.78e+12 *** 1.34e+12 *** ns 

gluconeogenesis [GO:0006094]; 

glycolytic process 

[GO:0006096] 

S5 R5UAD5 
Histone H1-like 

protein Hc1 
Alistipes 2.59e+12 *** 1 ns *** DNA binding [GO:0003677] 

S5 
A0A5P2M916, 

A0A2B7M9Z6 

Aspartate ammonia-

lyase  

Citrobacter, 

Escherichia 
1.36e+12 *** 1 ns *** 

aspartate metabolic process 

[GO:0006531]; tricarboxylic 

acid cycle [GO:0006099] 

S5 
A0A1E3AN00, 

A0A3E3K5H4 
Co-chaperonin GroES  

Eisenbergiella, 

Sellimonas 
1.36e+12 *** 1 ns *** protein folding [GO:0006457] 

S5 A6L8F6 TPR domain protein Parabacteroides 1.03e+12 *** 1 ns ***  

S5 
R5TND5, 

A0A174DR88, 

A0A1E3A286 

Propanediol utilization 

protein pduA 

[Ruminococcus], 

Blautia, Eisenbergiella 
9.83e+11 *** 1 ns ***  

S5 A6L9S6 RNA binding protein Parabacteroides 8.58e+11 *** 6.76e+11 *** ns 
nucleic acid binding 

[GO:0003676] 

S5 
R8W484, 

G9YRD3 
Chaperonin GroEL  

Butyricicoccus, 

Flavonifractor 
5.61e+11 *** 1 ns *** protein refolding [GO:0042026] 

S5 A6LET8 
Putative iron-regulated 

protein A 
Parabacteroides 4.40e+11 *** 1 ns *** 

carbon-nitrogen ligase activity, 

with glutamine as amido-N-

donor [GO:0016884] 
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4.2.5 Integration of multi-omics data using Multi-omics Factor Analysis 

To further investigate patterns of covariation among the ‘omics’ data sets that were 

characteristic of the seroconversion status and treatment of the RCs, rather than variation 

associated with a single data set, we next employed the recently-developed statistical tool, multi-

omics factor analysis (MOFA).204 Briefly, MOFA integrates multi-omics data by performing 

matrix factorization on the ‘omics’ data sets in an unsupervised fashion to produce a low-

dimensional representation of the data categorized by learnt factors that capture variation shared 

across the data sets. Absolute abundance genus-level metataxonomic data, normalized using 

centralized-log ratio, auto scaled metabonomic data, and log transformed metaproteomic data were 

input into the model, firstly in an ungrouped manner. MOFA produced five factors for which latent 

representation explained 65% of the sample heterogeneity in the metataxonomic data, 45% for the 

metabonomic data, and 66% for the metaproteomic data. All five factors captured variation across 

all three data modalities (Figure 4.15). When examining the influence of seroconversion status and 

treatment of the samples on the five factors, there was a clear partitioning of nonconverter and 

seroconverter samples in factors 1, 2, and 4 (Figures 4.16 & S14). In contrast, separation based on 

treatment was only mildly present in factor 5, although confounded by the presence of some 

separation based on seroconversion status. 

MOFA was then used to assess the ‘omics’ features with the strongest correlations with the 

factors that accounted for the most sources of variation among the data sets, factors 1 and 2 (Figure 

4.17). The top 15 features for each factor and within each data modality were considered for this 

analysis. The genera that were positively associated with the nonconverter RCs included 

Acutalibacter, Alistipes, Bacteroides, Bilophila, Blautia, Candidatus Soleaferrea, Catabacter, 

Flintibacter, Klebsiella, Parabacteroides, and Sutterella which were among the genera previously 

identified by MaAsLin2 (Section 4.2.2 & Table 4.1). On the other hand, genera positively 

associated with seroconverter RCs included Actinomyces, Akkermansia, Anaeromassilibacillus, 

Anaerococcus, Faecalibacterium, Marvinbryantia, Roseburia, Ruminococcus, and Varibaculum 

which were also previously identified. The metabolites that contributed to the variation detected 

in factors 1 and 2 were less discernable between nonconverter and seroconverter RCs, likely due 

to their similar metabolic responses to each HMO treatment. However, MOFA identified glycolate, 

indole, p-cresol, and propionate as being positively correlated with nonconverter RCs, while 
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aspartate, beta-alanine, butyrate, dimethylamine, ethanol, nicotinate, pyroglutamate, and uracil 

were associated with seroconverter RCs. Lastly, all of the most influential proteins identified by 

factors 1 and 2 were characteristic of seroconverter RCs (Table 4.6). Of the 27 unique proteins 

identified by MOFA as having the strongest influence on factors 1 and 2, 15 were previously 

identified as being significantly associated with seroconverter RCs (Section 4.2.4 & Table 4.3). 

These included proteins produced by a range of genera but most commonly by Alistipes and 

Eisenbergiella. Functions of the proteins included metabolic processes associated with 

carbohydrate utilization and cellular reproduction.  

As the ungrouped MOFA was unable to clearly resolve treatment effects on the RCs due 

to the overwhelming influence of seroconversion group, we subsequently incorporated the 

seroconversion groupings into the analysis before repeating MOFA. This allowed us to further 

examine treatment-induced variation present across the data sets while controlling for 

seroconversion status. MOFA identified 10 factors for which latent representation explained 59–

80% of the sample heterogeneity in each data modality for each group (Figure 4.18). Factors 1–3 

captured variation related to the seroconversion group of the samples, while factors 4 and 5 

identified RC-specific variation (Figure 4.18). The impact of treatment was apparent in factors 6 

and 7 for both seroconversion study groups and in factor 8 for the seroconverter RCs (Figures 4.19 

& S15). However, inspection of the ‘omics’ features that contributed to the treatment-based 

separation of the RC samples observed in factors 6–8 did not reveal any genera that were associated 

with any particular treatment (Figure 4.20). In contrast, there were clear correlations between 

metabolite concentrations and treatment in factors 6 and 7, particularly treatment with pHMOs. 

MOFA indicated that pHMOs resulted in increased concentrations of acetate, alanine, ethanol, 

histidine, indole, isoleucine, leucine, malonate, phenylalanine, propanol, succinate, thymine, 

trimethylamine, tyrosine, valine, and uracil, while decreasing levels of fumarate, glycolate, 

hypoxanthine, and methylamine (Figure 4.20). These metabolite associations directly overlap with 

those reported in Section 4.2.3. In addition, similar to the previous two-way ANOVAs of the 

metaproteomic data (Section 4.2.4), which took seroconversion group and treatment into account, 

the majority of the proteins identified by MOFA as having the strongest influence on factors 6 and 

7 were negatively correlated with pHMOs-treatment. These proteins were related to a range of 

biological functions, such as transport, translation, biosynthetic processes, and carbohydrate 

metabolism (Table 4.7). Of the 24 unique proteins displayed in Figure 4.20, 7 were previously 
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described (Figure 4.15). Overall, MOFA did not identify any metabolites or proteins exclusively 

correlated with 2’FL treatment.  

 

 

 
Figure 4.15. Heatmap displaying the percentage of variance explained by each factor 

generated by Multi-omics Factor Analysis (MOFA) of the ungrouped ‘omics’ data sets 

collected from the seven regenerated communities (RCs) following treatment with 4 g/L 

pHMOs, 0.5 g/L 2’FL, or no treatment. Metataxonomic data consisted of longitudinal genus-

level absolute abundance profiles normalized using centalized-log ratio. Metabonomic data 

consisted of longitudinal metabolite concentrations normalized by auto scaling. Metaproteomic 

data consisted of label-free quantification intensities of proteins secreted 24 h following treatment 

normalized by log transformation. MOFA was conducted using the R package, MOFA2,204 and 

this plot was generated using the plot_variance_explained function in the MOFA+ tools.
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Figure 4.16. Beeswarm plots of each factor generated by Multi-omics Factor Analysis 

(MOFA) of ungrouped regenerated community (RC) samples distributed by (A) 

seroconversion study group and (B) treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no 

treatment. Samples are ordinated along a one-dimentional axis centred at zero. Samples with 

different signs (+ vs -) indicate opposite phenotypes. MOFA was conducted using the R package, 

MOFA2.204 Factors were extracted using the function, get_factors, of MOFA+ tools and plots were 

created using the R package, ggplot2. 

A 
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Figure 4.17. Characterization of variation captured by factors 1 and 2 generated by Multi-omics Factor Analysis (MOFA) of 

ungrouped regenerated community (RC) samples. (A) Scatter plots displaying the distribution of the 15 highest weighted features in 

the metataxonomics (top), metabonomics (middle), and metaproteomics (bottom) data sets for factor 1. (B) Heatmaps displaying the 

relative proportions of the 15 highest weighted features in the metataxonomics (top), metabonomics (middle), and metaproteomics 

(bottom) data sets for factor 1. (C) Scatter plots displaying the distribution of the 15 highest weighted features in the metataxonomics 

(top), metabonomics (middle), and metaproteomics (bottom) data sets for factor 2. (D) Heatmaps displaying the relative proportions of 

the 15 highest weighted features in the metataxonomics (top), metabonomics (middle), and metaproteomics (bottom) data sets for factor 

2. A positive value in the scatter plots indicates a positive correlation with the factor while a negative value indicates a negative 

correlation with the factor. See Table 4.6 for the protein names, genera of origin, and associated functions of the proteins identified by 

the ungrouped MOFA. MOFA was conducted using the R package, MOFA2,204 and these plots were generated using the plot_weights, 

and plot_data_heatmap functions in the MOFA+ tools. 
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Table 4.6. Highest weighted proteins for factors 1 and 2 identified by Multi-omics Factor Analysis (MOFA) of ungrouped 

regenerated community (RC) samples. Protein IDs are the UniProt protein identifiers that match those listed in Figure 4.17. Protein 

IDs in brackets are the other protein IDs that also matched the protein sequence. Protein names are those associated with the UniProt 

protein identifiers. Biological processes or functions were derived from the Gene Ontology (GO) biological processes or molecular 

functions associated with the protein IDs and are followed by the GO term identifiers in square brackets. 

Factor Protein ID Protein Genera Associated biological process or function [GO ID] 

Factor1 A0A2S4GQS7 Phosphoenolpyruvate carboxykinase  Hungatella gluconeogenesis [GO:0006094] 

Factor1 R5HNE5 
Glyceraldehyde-3-phosphate 

dehydrogenase  
Roseburia glucose metabolic process [GO:0006006] 

Factor1 A0A6M5GHB5 Argininosuccinate lyase Enterocloster lyase activity [GO:0016829] 

Factor1 A0A1E3AYY8 DNA-binding protein  Eisenbergiella chromosome condensation [GO:0030261] 

Factor1 
A0A1E3AL38 

(A0A136Q1S1, 

A9KJL7) 
50S ribosomal protein L7/L12 

Christensenella, 

Eisenbergiella, 

Lachnoclostridium 

translation [GO:0006412] 

Factor1 
A0A1E3AY14 

(N9WZE1, 

A0A6N7S445) 
Class II fructose-1,6-bisphosphate aldolase  

[Clostridium], Eisenbergiella, 

Holdemania 

fructose 1,6-bisphosphate metabolic process 

[GO:0030388]; glycolytic process [GO:0006096] 

Factor1 
A0A0D8J5Q6 

(B0N984, 

A0A1T4VDW4) 
Elongation factor Tu  

Erysipelatoclostridium, 

Intestinibacter, 

Ruthenibacterium 

GTPase activity [GO:0003924]; GTP binding 

[GO:0005525]; translation elongation factor activity 

[GO:0003746] 

Factor1 
A0A0W7TR50 

(F3QMV8)  
Adenylate kinase  

Parasutterella, 

Ruthenibacterium 
AMP salvage [GO:0044209] 

Factor1 A0A0D8J0N5 DNA-binding protein  Ruthenibacterium chromosome condensation [GO:0030261] 

Factor1 A0A6M5G5V6 Phosphoglycerate kinase  Enterocloster glycolytic process [GO:0006096] 

Factor1 C7H861 zf-trcl domain-containing protein Faecalibacterium  

Factor1 C7H3V8 Phosphoglycerate kinase  Faecalibacterium glycolytic process [GO:0006096] 

Factor1 A0A1E3A7I7 Aldehyde-alcohol dehydrogenase  Eisenbergiella 

metal ion binding [GO:0046872]; oxidoreductase 

activity, acting on the CH-OH group of donors, 

NAD or NADP as acceptor [GO:0016616] 

Factor1 

C7H3C9 (C7HSE7, 

A0A081L928, 

D2Q9A9, 

A0A173W449, 

A0A3N0IRG9, 

B0N983, 

Elongation factor G  

Anaerococcus, Bacillus, 

Bifidobacterium, Collinsella, 

Eggerthella, 

Erysipelatoclostridium, 

Faecalibacterium, 

GTPase activity [GO:0003924]; GTP binding 

[GO:0005525]; translation elongation factor activity 

[GO:0003746] 
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A0A6N7SA85, 

B0A6A6, F3QL91) 
Holdemania, Intestinibacter, 

Parasutterella 

Factor1 
C7H5L1 (G9YU57, 

G4KSB6) 
Electron transfer flavoprotein 

Faecalibacterium, 

Flavonifractor, Oscillibacter 
electron transfer activity [GO:0009055] 

Factor2 A0A0D8J2P3 
Glyceraldehyde-3-phosphate 

dehydrogenase  
Ruthenibacterium glucose metabolic process [GO:0006006] 

Factor2 A6L582 Flavodoxin Phocaeicola 
electron transfer activity [GO:0009055]; FMN 

binding [GO:0010181] 

Factor2 E7GHJ9 (Q18BQ3) 5-oxoprolinase subunit A  [Clostridium], Clostridioides carbohydrate metabolic process [GO:0005975] 

Factor2 
A0A0D8J5Q6 

(B0N984, 

A0A1T4VDW4) 
Elongation factor Tu  

Erysipelatoclostridium, 

Intestinibacter, 

Ruthenibacterium 

GTPase activity [GO:0003924]; GTP binding 

[GO:0005525]; translation elongation factor activity 

[GO:0003746] 

Factor2 

A0A413WAL7 

(D4M4Z8, O34425, 

D2Q597, 

A0A3N0IWV6, 

A0A4V2WSV4, 

A0A4R2LL48, 

A9KK22, 

A0A4R3KB20, 

A0A1G5G911) 

Gap Glyceraldehyde 3-phosphate 

dehydrogenase  

[Ruminococcus], Bacillus, 

Bifidobacterium, Eggerthella 

Enterocloster, Extibacter, 

Frisingicoccus, 

Lachnoclostridium, 

Muricomes, Ruminoccocus 

glucose metabolic process [GO:0006006] 

Factor2 
A0A0W7TR50 

(F3QMV8) 
Adenylate kinase  

Parasutterella, 

Ruthenibacterium 
AMP salvage [GO:0044209] 

Factor2 A0A0D8J0N5 DNA-binding protein  Ruthenibacterium chromosome condensation [GO:0030261] 

Factor2 A6L0Y8 Fructose-bisphosphate aldolase Phocaeicola 
fructose 1,6-bisphosphate metabolic process 

[GO:0030388]; glycolytic process [GO:0006096] 

Factor2 A6L7P7 Glucose-6-phosphate isomerase  Phocaeicola 
gluconeogenesis [GO:0006094]; glycolytic process 

[GO:0006096] 

Factor2 I9SLR6 Phosphoenolpyruvate carboxykinase  Bacteroides gluconeogenesis [GO:0006094] 

Factor2 A0A2V3Y2T4 Desulfoferrodoxin  Hungatella 
iron ion binding [GO:0005506]; superoxide 

reductase activity [GO:0050605] 

Factor2 

A0A2V3Y8Z5 

(R5U593, 

B0MJH4, G9YPT6, 

A0A1H7Z137) 

Knotted carbamoyltransferase YgeW 

Anaerostipes, Flavonifractor, 

Hungatella, 

Hydrogenoanaerobacterium 

cellular amino acid metabolic process [GO:0006520] 

Factor2 A6KZ78 Acyl carrier protein  Phocaeicola 
acyl carrier activity [GO:0000036]; 

phosphopantetheine binding [GO:0031177] 

Factor2 A0A2V3Y8G9 
NifU-like protein involved in Fe-S cluster 

formation 
Hungatella  

Factor2 A0A2V3XW09 
ABC-type glycerol-3-phosphate transport 

system substrate-binding protein 
Hungatella  
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Figure 4.18. Heatmap displaying the percentage of variance explained by each factor 

generated by Multi-omics Factor Analysis (MOFA) of the grouped ‘omics’ data sets collected 

from the nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities 

(RCs) following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Metataxonomic 

data consisted of longitudinal genus-level absolute abundance profiles normalized using 

centalized-log ratio. Metabonomic data consisted of longitudinal metabolite concentrations 

normalized by auto scaling. Metaproteomic data consisted of label-free quantification intensities 

of proteins secreted 24 h following treatment normalized by log transformation. MOFA was 

conducted using the R package, MOFA2,204 and this plot was generated using the 

plot_variance_explained function in the MOFA+ tools. 
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Figure 4.19. Beeswarm plots of each factor generated by Multi-omics Factor Analysis 

(MOFA) where regenerated community (RC) samples are distributed by (A) seroconversion 

study group, (B) RC, and (C) treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. 

Samples are ordinated along a one-dimentional axis centred at zero. Samples with different signs 

(+ vs -)  indicate opposite phenotypes. MOFA was conducted using the R package, MOFA2.204  

Factors were extracted using the function, get_factors, of MOFA+ tools and plots were created 

using the R package, ggplot2. 
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Figure 4.20. Characterization of variation captured by factors 6 and 7 generated by Multi-omics Factor Analysis (MOFA) of 

regenerated community (RC) samples grouped by seroconversion study group. (A) Scatter plots displaying the distribution of the 

15 highest weighted features in the metataxonomics (top), metabonomics (middle), and metaproteomics (bottom) data sets for factor 6. 

(B) Heatmaps displaying the relative proportions of the 15 highest weighted features in the metataxonomics (top), metabonomics 

(middle), and metaproteomics (bottom) data sets for factor 6. (C) Scatter plots displaying the distribution of the 15 highest weighted 

features in the metataxonomics (top), metabonomics (middle), and metaproteomics (bottom) data sets for factor 7. (D) Heatmaps 

displaying the relative proportions of the 15 highest weighted features in the metataxonomics (top), metabonomics (middle), and 

metaproteomics (bottom) data sets for factor 7. A positive value in the scatter plots indicates a positive correlation with the factor while 

a negative value indicates a negative correlation with the factor. See Table 4.7 for the protein names, genera of origin, and associated 

functions of the proteins identified by the grouped MOFA. MOFA was conducted using the R package, MOFA2,204 and these plots were 

generated using the plot_weights, and plot_data_heatmap functions in the MOFA+ tools. 
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Table 4.7. Highest weighted proteins for factors 6 and 7 identified by Multi-omics Factor Analysis (MOFA) of regenerated 

community (RC) samples grouped by seroconversion study group. Protein IDs are the UniProt protein identifiers that match those 

listed in Figure 4.20. Protein IDs in brackets are the other protein IDs that also matched the protein sequence. Protein names are those 

associated with the UniProt protein identifiers. Biological processes or functions were derived from the Gene Ontology (GO) biological 

processes or molecular functions associated with the protein IDs and are followed by the GO term identifiers in square brackets. 

Factor Protein IDs Protein Genera 
Associated biological process or function [GO 

ID] 

Factor6 

A0A414B0X1 

(D4M279, 

A0A1G9UM78, 

A0A1Y4HX22, 

B0P7V8, C9L5A4, 

Q8XJW5, 

A0A317RTZ9, 

A0A4R4FES9, 

A0A4R2LIL2, 

A0A1H8DTT8, 

A9KQV0, 

A0A4R3K7K9) 

V-type ATP synthase alpha chain  

[Ruminococcus], 

Acetanaerobacterium, 

Anaeromassilibacillus, 

Anaeromassilibacillus, Blautia, 

Clostridium, Enterocloster, 

Eubacterium, Extibacter, 

Frisingicoccus, 

Hydrogenoanaerobacterium, 

Lachnoclostridium, Muricomes 

plasma membrane ATP synthesis coupled proton 

transport [GO:0042777] 

Factor6 R5UB94 (A6L3H5) 30S ribosomal protein S1 Alistipes, Phocaeicola translation [GO:0006412] 

Factor6 R5UFN0 
Phosphoglycerate dehydrogenase-like 

oxidoreductase 
Alistipes 

NAD binding [GO:0051287]; oxidoreductase 

activity, acting on the CH-OH group of donors, 

NAD or NADP as acceptor [GO:0016616] 

Factor6 R5UFY3 
Quinolinate phosphoribosyltransferase 

[decarboxylating]  
Alistipes NAD biosynthetic process [GO:0009435] 

Factor6 
R5V7E7 

(A0A1M6WRG4) 
Alpha-phosphoglucomutase Alistipes, Anaerotignum carbohydrate metabolic process [GO:0005975] 

Factor6 R5UZN3 Tryptophanase 
Alistipes, Bacteroides, 

Escherichia 

aromatic amino acid family metabolic process 

[GO:0009072] 

Factor6 R5UGI1 Mannose-6-phosphate isomerase  Alistipes carbohydrate metabolic process [GO:0005975] 

Factor6 
R5UXQ4 

(A7AHG4) 
Methionine--tRNA ligase  Parabacteroides methionyl-tRNA aminoacylation [GO:0006431] 

Factor6 R5UVP7 Aminotransferase  Alistipes biosynthetic process [GO:0009058] 

Factor6 A6L115 Mannose-6-phosphate isomerase  Phocaeicola carbohydrate metabolic process [GO:0005975] 

Factor6 A6L050 
2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase  
Phocaeicola 

glucose catabolic process [GO:0006007]; 

glycolytic process [GO:0006096] 
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Factor6 A6L0Y8 Fructose-bisphosphate aldolase Phocaeicola 
fructose 1,6-bisphosphate metabolic process 

[GO:0030388]; glycolytic process [GO:0006096] 

Factor6 

A0A370VC61 

(A0A5P2MHW0, 

V5CVH6, 

A0A447W467) 

Elongation factor G 
Citrobacter, Enterobacter, 

Escherichia, Klebsiella 

GTP binding [GO:0005525]; translation 

elongation factor activity [GO:0003746] 

Factor6 

A0A370VB65 

(A0A415KRE8, 

A0A5P2MBT3, 

V5A797) 

Isocitrate dehydrogenase  
Bacteroides, Citrobacter, 

Enterobacter, Escherichia  

glyoxylate cycle [GO:0006097]; tricarboxylic 

acid cycle [GO:0006099] 

Factor6 R7EKH7 
Phosphoglucomutase/ 

phosphomannomutase 
Bacteroides carbohydrate metabolic process [GO:0005975] 

Factor7 

A0A1E3A269 

(D4M4Z9, 

A0A136Q1X9, 

Q8XKU0, 

A0A4R4FHT4, 

A9KPF9, C4Z0S5, 

A0A4R3KA73, 

A0A0B3VY29) 

Phosphoglycerate kinase  

[Ruminococcus], 

Christensenella, Clostridium, 

Eisenbergiella, 

Extibacter, Lachnoclostridium, 

Lachnospira, Muricomes, 

Terrisporobacter 

glycolytic process [GO:0006096] 

Factor7 

A0A1E3A190 

(E7GP96, 

C7HWG1, 

A0A6I2M4R6, 

I3WKJ9, 

A0A173YFF5, 

A0A386PJ16, 

A0A174AFU4, 

R6MKE5, 

A0A1V8XAB6, 

B0N3R4, 

A0A4R4FB91, 

A0A4R4FCT3, 

A0A6N7S5I4, 

B0AC47, B0ACX5, 

A9KIU5, 

A0A1M4WKR5, 

G4KRE7, 

A0A0M6WUQ8, 

A0A3E3JZP9, 

A0A413J471) 

Carbohydrate ABC transporter ATP-binding 

protein  

[Clostridium], Anaerococcus, 

Bacillus, 

Bifidobacterium, Blautia, 

Clostridium, Collinsella, 

Coprococcus, Eisenbergiella, 

Enterococcus, 

Erysipelatoclostridium, 

Eubacterium, 

Extibacter,Faecalicatena, 

Holdemania, Intestinibacter, 

Lachnoclostridium, 

Lactonifactor, Oscillibacter, 

Roseburia, Sellimonas, 

Tyzzerella 

carbohydrate transport [GO:0008643] 

Factor7 A0A1E3UIF2 ABC transporter substrate-binding protein Eisenbergiella  

Factor7 R5UMH1 3-oxoacyl-[acyl-carrier-protein] synthase 2 Alistipes acyltransferase activity [GO:0016746] 
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Factor7 R5UFN0 
Phosphoglycerate dehydrogenase-like 

oxidoreductase 
Alistipes 

NAD binding [GO:0051287]; oxidoreductase 

activity, acting on the CH-OH group of donors, 

NAD or NADP as acceptor [GO:0016616] 

Factor7 
R5UWT1 

(A0A1M6QF10, 

A0A174KZI2) 
Fructose-1 6-bisphosphate aldolase class II 

Alistipes, Anaerotignum, 

Faecalicatena 

fructose 1,6-bisphosphate metabolic process 

[GO:0030388]; glycolytic process [GO:0006096] 

Factor7 R5UZN3 Tryptophanase 
Alistipes, Bacteroides, 

Escherichia 

aromatic amino acid family metabolic process 

[GO:0009072] 

Factor7 R5V7E7 Alpha-phosphoglucomutase Alistipes, Anaerotignum carbohydrate metabolic process [GO:0005975] 

Factor7 R5UGI1 Mannose-6-phosphate isomerase  Alistipes carbohydrate metabolic process [GO:0005975] 

Factor7 R5UVP7 Aminotransferase  Alistipes biosynthetic process [GO:0009058] 

Factor7 R5UXQ4 Methionine--tRNA ligase  Parabacteroides methionyl-tRNA aminoacylation [GO:0006431] 

Factor7 R5V192 Carboxyl transferase domain protein Alistipes 
ligase activity [GO:0016874]; transferase activity 

[GO:0016740] 

Factor7 R5UE93 dTDP-glucose pyrophosphorylase Alistipes biosynthetic process [GO:0009058] 

Factor7 R5UC05 (A6LCK8) Carboxylase, putative Alistipes, Parabacteroides catalytic activity [GO:0003824] 

Factor7 R5UE46 Thiol peroxidase  Alistipes thioredoxin peroxidase activity [GO:0008379] 
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4.3 Discussion 

Modulation of the gut microbiota with HMOs may be a potential target for the prevention 

of T1D development. However, there is a dearth of information on the ability of HMO structures 

administered outside of the complex matrix of human milk to alter the composition and function 

of the gut microbiota. In this study, we sought to compare the impact of 4 g/L pHMOs and 0.5 g/L 

2’FL on the RCs derived from four nonconverters and three seroconverters. Although the RCs 

were previously distinguished based on their metabolic output (Chapter 3), we reasoned that the 

treatment with HMOs would induce similar changes in taxonomic composition and functional 

activities in the RCs regardless of the seroconversion status of their donor.  

4.3.1 Human milk oligosaccharides were quickly degraded by the regenerated 

communities 

Despite the heterogeneity in taxonomic composition, all seven RCs maintained the capacity 

to degrade the majority of the HMO structures profiled within 12–24 h following treatment. This 

indicates that HMO-utilizing genes are still present in the gut microbiota of infants 18–24 months 

of age (i.e., following weaning). In particular, 2’FL was the most rapidly degraded structure with 

almost 100% consumed by the first collected time point of 3 h. This was observed both when 2’FL 

was administered as part of the pHMOs mixture as well as in insolation. Previously, 2’FL was 

shown to be rapidly degraded in vitro by microbial communities derived from the stool of 

exclusively formula-fed infants already consuming solid foods244,245 as well as healthy adults.246 

In addition, healthy adults supplemented with 2’FL and LNnT experienced increased relative 

abundance of Bifidobacterium, signifying the ability of the adult gut microbiota to utilize these 

HMO structures. In the present study, however, some HMO structures, namely 3-FL, 6’SL, 

DFLac, LNFP III, may have been degraded less efficiently by the RCs, although an accurate 

quantification may have been impeded by overlaps in glycan concentrations of added HMO 

structures versus those that were produced through the degradation of other structures. No 

significant differences were observed in the HMO structure preferences between nonconverter and 

seroconverter RCs. However, S3 exhibited a lesser ability to degrade several structures, including 

DFLNT, LNFP I, and LNnT, compared to the other RCs. This may have been the result of the 

significantly lower diversity of the seroconveter RCs, thereby reducing the repertoire of HMO-

utilizing genes available. This study is limited by a lack of information on the secretor status of 
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the infant donors’ mothers, which would have informed on the types of HMO structures the infants 

were previously exposed to during breastfeeding, and thus the structures that their microbiotas 

were already adapted to utilize.247,248 However, given the ability of the RCs to degrade a range of 

fucosylated structures, we expect the infant donors were born of Se+ and Le+ mothers. 

4.3.2 Taxonomic composition and function of regenerated communities were distinguished 

by seroconversion group regardless of treatment 

Regardless of treatment received, seroconversion status continued to be the strongest 

influencing factor on the composition and function of the RCs. This was apparent in each of the 

multi-omics tools applied as well as was confirmed by MOFA of the ungrouped data. The 

increased sample size used in this experiment, 441 samples (63 per RC), compared to Chapter 3, 

7 samples (1 per FC), also increased the overall power to detect features unique to each 

seroconversion study group. Despite clustering of FC samples by seroconversion group, no genera 

were found to be significantly different in relative abundance in Chapter 3. In the present study, 

application of MaAsLin2 to the longitudinal absolute abundance profiles of the RCs following 

treatment revealed several distinguishing taxa which were verified by the ungrouped MOFA. 

Interestingly, a number of genera positively correlated with the seroconverter RCs are frequently 

considered to be health-promoting microbes, such as Akkermansia, Faecalibacterium, and 

Roseburia, as a result of their SCFA production capabilities, anti-inflammatory properties, and 

inverse relationships with several disease conditions.249 Akkermansia muciniphila, in particular, 

was previously reported to occur in lower abundances in T1D cases relative to controls in both 

mouse and human studies.7,184,250 As a mucus-degrading microbe, A. muciniphila, stimulates the 

increased production of mucus, thereby decreasing passage of antigens across the intestinal 

epithelial barrier and consequently reducing inflammation.251 However, the benefits of A. 

muciniphila may be strain-specific as there are several studies that also demonstrated exacerbation 

of disease by this microbe in mouse models of colitis as well as the pro-inflammatory effects of A. 

muciniphila-derived LPS.252 Furthermore, considerable differences in the composition of the T1D-

associated microbiota have been reported across observational studies, including contradictory 

findings in some cases. As such, the functional output of the RCs may continue to be more 

predictive of the changes occurring in the gut microbiota of T1D progressors. 
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Further to the metabolites identified in Chapter 3, the present study observed lower 

concentrations of the SCFAs, acetate and propionate, in seroconverter RCs compared to 

nonconverter RCs prior to treatment. These findings agree with previous reports of a 

downregulation of pathways related to acetate and propionate production in T1D cases compared 

to controls.181 However, metabolites positively correlated with seroconverter RCs included those 

identified in Chapter 3 in addition to aspartate, dimethylamine, pyroglutamate, and butyrate. 

Increased production of butyrate by the seroconverter RCs was unexpected as this SCFA is well-

known for its anti-inflammatory effects and ability to promote gut barrier function.253 Moreover, 

a reduced abundance of butyrate-producing microbes has been reported by several studies of the 

T1D-associated gut microbiota.184,185 However, SCFAs, acetate, propionate, and butyrate typically 

occur in proportions of 60:20:20 in a healthy gut,254,255 while drastic changes to these ratios have 

been associated with low taxonomic diversity and ‘dysbiosis’ (an aberrant shift in composition) of 

the gut microbiota.256–258 Furthermore, significantly elevated levels of butyrate were previously 

associated with overactive metabolic activity in obese children.257 Although human cohort studies 

have repeatedly identified the insufficient production of butyrate as a characteristic of the T1D-

associated gut microbiota, the impact of excessive butyrate production also requires further study. 

Overall, HMO treatments induced similar changes in the metabolic output of the nonconverter and 

seroconverter RCs. Yet, the seroconversion groups still significantly differed 72 h following 

treatment, albeit with a higher p-value than at 0 h, signifying that the parameters of the experiment 

were not sufficient to ameliorate all seroconverter-associated metabolic features. 

Next, metaproteomics was applied to the RCs to further characterize the functional 

differences between seroconverter and nonconverter RCs. Focus was placed on the RCs’ 

secretomes, rather than the intracellular proteins, as these products would be among those 

microbially-produced elements with the greatest potential for interaction with the host immune 

system. The RCs secreted proteins with diverse and overlapping functions with nonconverters 

displaying more biochemical pathways related to SCFA production, accounting for the high 

concentrations of acetate and propionate detected by metabonomics. On the other hand, 

seroconverter RCs exhibited significantly increased expression of the known pro-inflammatory 

agent, LPS, by Alistipes. Previously, the early gut microbiota of Finnish and Estonian infants, who 

have a higher incidence of T1D, was shown to produce more LPS than Russian infants, who, in 

turn, have a lower incidence of T1D.173 It was also discovered that microbiota-derived LPS had 
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varying immunomodulatory capabilities depending on subtype. For example, Escherichia coli-

derived LPS (more common in Russian infants) triggered endotoxin tolerance in NOD mice, 

ultimately protecting them from T1D development. In contrast, Phocaeicola dorei-derived LPS 

(more common in Finnish and Estonian infants) failed to induce tolerance, which resulted in 

increased autoimmune activity.173 As increased Alistipes-derived LPS was previously associated 

with elevated intestinal inflammation in hypertensive patients, the role of Alistipes-derived LPS in 

T1D development requires further study. 

4.3.3 Treatment resulted in mild changes in taxonomic composition of the regenerated 

communities 

Although the RCs were not exposed to exogenous sources of microbes during the course 

of the experiment, alterations to their taxonomic diversity as a result of treatment with HMOs were 

primarily considered for two reasons. First, to investigate if any treatment condition resulted in a 

significant loss of taxonomic diversity, or second, to determine if any taxa that were below the 

threshold of detection by metataxonomics at 0 h experienced an increase in abundance to 

detectable levels. However, the RCs maintained approximately the same species richness and 

evenness throughout the experiment regardless of treatment, while nonconverter RCs continued to 

have a significantly higher taxonomic diversity than the seroconverter RCs.  

Although all RCs experienced treatment-induced shifts in their taxonomic composition, 

only a handful of genera surpassed the threshold of significance. Combined analysis of 

longitudinal sampling of the RCs’ demonstrated overall significant increases in the abundance of 

Flavonifractor, Hydrogenoanaerobacterium, Lachnoclostridium, and an unclassified Bacteroidia 

member, along with a significant decrease in Oscillospira, as a result of pHMOs-treatment relative 

to 2’FL and the control. In addition, pHMOs stimulated a significant increase in Faecalibacterium 

abundance and a significant decrease in Sellimonas abundance in seroconverter RCs. In contrast, 

Sellimonas abundance was significantly increased in nonconverter RCs, accompanied by a 

significant decrease of an unclassified Peptococcaceae member compared to the other treatment 

conditions. The increases in abundance reported may have been the result of the primary 

degradation (direct metabolism) and/or secondary degradation (metabolism of the by-products of 

primary degradation) of the HMOs. Considering treatment-based differences in composition at 

each individual time point revealed larger variations 36 h following treatment with pHMOs and 
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2’FL and 60 h following treatment with pHMOs in the nonconverter RCs. These timepoints 

plausibly reflect changes caused by the primary degradation (36 h) and secondary degradation (60 

h) of HMOs. However, further analysis using LEfSe only found a significant pHMOs-induced 

increase in the Parabacteroides genus in nonconverter RCs at 36 h. As research into HMO use by 

any of the aforementioned taxa is scant, associations between their observed proliferation and their 

ability to directly metabolize the structures are limited.  

It is interesting that Sellimonas displayed opposite responses to pHMOs dependent on the 

seroconversion group of the RC donor. Members of this genera contain several carbohydrate active 

enzymes (CAZymes) and previously demonstrated an ability to utilize lactose and several 

monosaccharides as sole carbon sources.259 Classification of Sellimonas to the species level 

resulted in two taxa, Sellimonas intestinalis and an unclassified Sellimonas species. However, 

similar seroconversion group-specific trends were observed for each species, signifying strain-

level, rather than species-level, differences in their ability to utilize HMOs. Oscillospira was also 

previously shown to increase in abundance following the supplementation of NOD mice with 

pHMOs119 as well as human milk disaccharides, fucosyl-α1,3-N-aceylglucosamine (3FN), 

fucosyl-α1,6-N-acetylglucosamine (6FN), and lacto-N-biose (LNB),260 although these findings 

contrast with those of the present study. Lastly, Parabacteroides is a dominant member of the 

breastfed infant gut261 and was shown to increase 4-fold in abundance in mice supplemented with 

2’FL relative to controls.262 However, in the present study, Parabacteroides response to treatment 

was limited to pHMOs in nonconverter RCs. As such, we predict that HMO-utilizing genes may 

be present in only a subset of strains of species of these genera. Overall, there is a clear dearth of 

information regarding the HMO metabolism capabilities of non-bifidobacterial gut-associated 

species, and, furthermore, strain-level differences among species compounds this gap in 

knowledge.   

Treatment-induced changes in composition at the phylum level were largely RC-dependent 

as the abundance of each detected phylum was either positively or negatively correlated with 

pHMOs depending on RC of origin. As a result, any changes in abundance at the phylum-level 

became insignificant following an FDR correction of p-values. However, the B:F ratio did 

significantly vary with treatment, but only in the nonconverter RCs. Treatment with 2’FL 

stimulated a significantly higher B:F ratio compared to control, while pHMOs enhanced the ratio 
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further. This suggested that Bacteroidetes members in the nonconverter RCs proliferated to a much 

greater extent than Firmicutes members as a result of pHMOs-treatment. Similar trends were also 

observed among seroconverter RCs, although the threshold for significance was not achieved. 

These findings contrast those of a previous study that reported a significantly reduced B:F ratio 

following pHMOs-treatment of NOD mice compared to controls.119 These contrasting results are 

possibly related to the relative abundance of Bacteroides spp. in the human-gut derived 

communities studied here compared to those of the NOD mouse study reported by Xiao and 

colleagues, where all of our RCs, except S3, were dominated by Bacteroides (known to be prolific 

utilizers of HMOs82,92 while the NOD mouse microbiomes contained relatively low levels of 

Bacteroides.  

Overall, treatment with 2’FL produced minimal changes to RC taxonomic composition 

compared to the no-treatment control. Previous studies investigating the effect of 2’FL on infant 

microbial communities cultured in bioreactor models reported significant changes in composition 

compared to controls, although with focus largely placed on increases in the Bifidobacterium 

populations.245,263–265 In the present study, bifidobacterial species experienced insignificant 

increases in abundance following pHMOs-treatment in only a subset of RCs and almost no changes 

following 2’FL treatment relative to the control. This upholds previous findings that only some 

infants harbour Bifidobacterium species capable of 2’FL fermentation.86,263,264 Aside from 

bifidobacterial members, treatment with 2’FL reportedly produced only mild changes in 

taxonomic composition in past studies involving in vitro microbial communities. This was true 

regardless of experimental conditions of single or repeated 2’FL treatments, controlled or 

uncontrolled pH, and dose (2–20 g/L 2’FL).86,245,246,263–265 Moreover, 2’FL supplementation 

demonstrated a lower capacity to shift the composition of infant fecal-derived microbial 

communities compared to treatments with lactose and galacto-oligosaccharides (GOS).86 

4.3.4 Pooled human milk oligosaccharides significantly altered the metabolic output of the 

regenerated communities 

Although the metabolic output of the seroconverter and nonconverter RCs differed 

significantly at steady-state, the study groups responded to treatment with HMOs similarly. RCs 

supplemented with pHMOs produced a number of metabolites at higher concentrations than those 

exposed to 2’FL or no treatment. These metabolites included the SCFA, acetate, as well as other 
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organic acids, such as lactate and succinate, which together are the main fermentation products of 

indigestible polysaccharides.5 Gut microbial metabolites benefit the host both as a nutrient source 

and as signalling molecules that alter host cell gene expression.5 SCFAs, in particular, are known 

to stimulate host intestinal epithelial and immune cells to produce anti-inflammatory cytokines 

and induce naïve T cells to differentiate into T regulatory cells.266 Previous studies have also 

reported a significantly elevated production of SCFAs and organic acids in response to 

supplementation with pHMOs119,267 and 2’FL,86,245,246,263,264 although 2’FL in the present study 

yielded results similar to the no-treatment condition. pHMOs also stimulated the production of 

ethanol, likely the end product of carbohydrate fermentation-derived pyruvate, and propanol, 

likely via deoxy sugar fermentation. De novo biosynthesis of a wide range of amino acids was also 

upregulated by pHMOs-treatment increasing their availability for the assembly of proteins and 

other bioactive molecules. Microbial derived amino acids have previously been detected in the 

host plasma and have been incorporated into host proteins in in vivo studies.268 Together, the 

aforementioned acidic by-products of pHMOs fermentation (SCFA, organic acids, amino acids) 

would have lowered the pH of the closed system within which the experiment was conducted, 

thereby replicating the acidic gut environment of breastfed infants.269 Acidification of the gut 

environment creates an inhospitable environment for pathogens, which is another mechanism by 

which HMOs prevent enteric infections in the host.  

 Metabolites significantly downregulated by pHMOs-treatment, compared to 2’FL and the 

control, included metabolites associated with disease such as glycolate and p-cresol. Glycolate is 

a precursor in the production of oxalate, a microbial metabolite positively correlated with 

obesity.270 Higher concentrations of glycolate have also been reported in mice consuming a high-

fat diet.271 In addition, p-cresol is a phenolic compound found to inhibit cell respiration and 

proliferation and decrease gut barrier function in in vitro cultures of colonocytes.272,273 A common 

derivative of p-cresol, p-cresyl sulfate, has also been shown to suppress T helper 1-mediated 

immune responses in mice.274 

4.3.5 Secretome metaproteomics reveals upregulation of certain proteins after 

supplementation with human milk oligosaccharides 

Although the RCs experienced modest changes in taxonomic composition following 

treatment with HMOs, their HMO structure degradation profiles and metabolic responses were 
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pronounced and highly similar to each other. To further investigate the biochemical pathways 

upregulated in response to treatment, we next applied metaproteomics to elucidate the RCs’ 

secretome. Overall, the secretome of RCs treated with 2’FL and the control contained a higher 

diversity of proteins and proteins at higher concentrations compared to those receiving pHMOs. A 

possible explanation for this observation is that the nutrient-rich conditions provided by pHMOs-

treatment sustained the viability of the RC cultures to a greater extent than the relatively nutrient-

poor conditions of the 2’FL and control treatments. As such, RCs receiving 2’FL or no treatment 

may have experienced increased cell death resulting in the subsequent release of intracellular 

proteins into the extracellular space. Alternatively, intracellular proteins may have been present in 

bacteria-secreted extracellular vesicles (BEVs), which are lipid bilayer nanostructures released by 

bacteria as a mechanism of intercellular communication.275 Previously, Bacteroides 

thetaiotamicron cultures were shown to produce BEVs with a higher diversity of proteins under 

nutrient-poor conditions compared to nutrient-rich conditions.276 These BEVs were enriched with 

an array of hydrolase enzymes including GHs, which would, in theory, increase the digestive 

potential of a gut microbiota receiving fewer substrates. However, the increased concentration of 

extracellular proteins in the 2’FL and control samples did not correlate with increased metabolic 

activity as the pHMOs-treated RCs produced higher concentrations of most of the metabolites 

affected by treatment. Many of the proteins involved in the carbohydrate fermentation of the 

pHMOs would have functioned intracellularly, rather than extracellularly or in nutrient-poor 

conditions-induced BEVs, and so may not have been detected in the secretome of pHMOs-treated 

RCs. Regardless, combined analysis of the RCs did reveal the significant upregulation of two 

proteins by pHMOs-supplementation compared to the other treatment conditions, thiol reductase 

thioredoxin (TrxR) and co-chaperonin GroES. TrxR is an antioxidant enzyme known for reducing 

oxidative stress by maintaining intracellular redox homeostasis.277 In addition, TrxR also plays a 

role in regulating transcription factors, deoxynucleotide synthesis, and cell growth.277 In the 

present study, significantly upregulated TrxR was produced by Enterocloster, a genus present in 

all of the RCs, along with insignificant HMO-stimulated increases in thioredoxin produced by a 

range of taxa in all RCs. GroES is the cofactor to bacterial chaperonin, GroEL. In conjunction, 

these proteins facilitate the folding of partially or incorrectly folded proteins into their optimal 

tertiary structure.278 Levels of GroES and GroEL, produced by a variety of taxa, were upregulated 
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in all RCs following HMO treatment. Along with the increased generation of amino acids, the 

presence of GroES and GroEL signify the increased production of proteins in HMO-treated RCs. 

Next, we considered the proteins specifically upregulated by HMOs at a community level 

to account for the large heterogeneity in taxonomic composition of the RCs. Although the protein 

identities varied by RC, their functional outcomes were complementary. In response to HMOs, all 

RCs responded with increased production of proteins related to translocation across the cell 

membrane, carbohydrate catabolism, protein production, DNA replication, and/or cell 

reproduction in concentrations at least ten billion-fold more than the control. Although their 

functions were conserved, all RCs, except S3, increased production of differing proteins in 

response to pHMOs and 2’FL, with pHMOs inducing a larger diversity of proteins. In contrast, S3 

increased a larger diversity of proteins following 2’FL treatment, signifying that S3 RC members 

may have been better adapted to utilizing 2’FL administered as a single structure than the range of 

structures supplied in pHMOs. This is also evident by the larger changes in B:F ratio induced by 

2’FL treatment of S3 compared to pHMOs and the control. As such, 2’FL supplementation could 

be more effective at inducing beneficial compositional and metabolic changes in gut microbiotas 

that have a relatively low B:F ratio and taxonomic diversity compared to a variety of HMO 

structures.  

Studies into the proteomic responses of microbes treated with HMOs have focused on the 

discovery of HMO-transporters and GHs that facilitate the uptake and utilization of the HMO 

structures, respectively. Two strategies of HMO use have been observed: either intact HMO 

structures are imported into the cytoplasm from the extracellular space via ATP-binding cassette 

(ABC) transporters, upon which intracellular GHs degrade the molecules, or cell wall-anchored 

secretory GHs cleave the HMO structures extracellularly into mono- and/or di-saccharides that are 

then transported into the cell.72,78 While the use of oligosaccharide transporters and intracellular 

GHs is evident in B. infantis,73 B. breve,73 certain strains of B. longum79, and Roseburia spp.,96 the 

use of extracellular GHs has been reported in B. bifidum,73 A. muciniphila,83 and Bacteroides spp.82 

In the present study, a range of GHs were detected in the RCs’ secretome and several were 

significantly elevated by the HMO treatments. As the introduction of solid foods would have 

expanded the repertoire of GHs produced by non-Bifidobacterium taxa,279 it was no surprise that 

the GHs upregulated in the RCs were most commonly produced by Bacteroides, Eisenbergiella, 
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and Phocaeicola. However, as GHs usually function intracellularly or anchored to the cell wall, a 

complete understanding of the RCs’ GH capacity can only be attained through further 

characterization of the RCs’ cellular proteomes. 

Investigating the RCs’ secretome has provided some insight into the functional changes 

occurring in the RCs as a result of treatment. However, many of the significantly upregulated 

proteins were considered cytoplasmic or membranous in origin, suggesting that the RCs’ 

secretomes were either substantially diluted by cellular proteins liberated during cell death and/or 

proteins present in BEVs. For finer characterization of secreted proteins, we recommend that, upon 

sample collection, the secreted proteins, cellular proteins, and BEVs should be separated prior to 

cryopreservation. 

4.4 Conclusion 

This study investigated the ability of HMOs to modulate the taxonomic composition and 

function of RCs derived from four nonconverter and three seroconverter infants in order to assess 

the therapeutic potential of HMOs on the T1D-susceptible gut microbiota. HMO treatments 

comprised pHMOs, purified from the combined milk of several women, and 2’FL, the most widely 

used HMO structure for the fortification of infant formula. The use of an in vitro model of the gut 

microbiota permitted extensive evaluation of the microbial responses to treatment using several 

multi-omics tools, namely, metataxonomics, metabonomics, and metaproteomics, while also 

allowing the HMO structure preferences of the RCs to be determined.  

Congruent with previous studies, the RCs derived from weaned infants retained the 

capacity to degrade the diversity of HMO structures detectable by HPLC. In particular, 2’FL was 

the most rapidly consumed structure, both when administered individually and as part of the 

pHMOs mixture. Regardless, the impact of 2’FL on the RCs’ composition and metabolic output 

continuously yielded results similar to the no-treatment condition. On the other hand, pHMOs-

treatment stimulated mild changes in taxonomic composition as well as profound changes to the 

metabolic output of the RCs relative to the control. RCs receiving pHMOs produced significantly 

higher concentrations of health-promoting metabolites, such as SCFAs, while lowering 

concentrations of metabolites associated with disease. Metaproteomics revealed the increased 

concentration of intracellular proteins in the secretome of the RCs receiving 2’FL or no treatment, 
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compared to pHMOs, likely the result of BEVs (released due to nutrient-poor conditions) or lower 

cell viability. Proteins specifically upregulated in response to treatment with HMOs included GHs 

from a range of GH families and genera in addition to proteins with biological functions related to 

carbohydrate metabolism, transcription, translation, production of SCFAs, and cell reproduction. 

Still, a more complete understanding of the proteomic responses of the RCs would require 

individual characterizations of the intracellular proteins, secretome, and purified BEVs. 

Up to 72 h following treatment, the taxonomic composition and metabolic output of the 

RCs were still distinguishable based on the seroconversion status of their donor, indicating that 

the parameters of the experiment were not sufficient for ameliorating all features associated with 

seroconversion. Interestingly, several supposedly health-associated taxa and metabolites, such as 

butyrate, were positively correlated with the seroconverter RCs. In addition, metaproteomics 

identified numerous secreted proteins that differentiated nonconverter and seroconverter RCs, 

including proteins related to the production of Alistipes-derived LPS. As such, more research is 

required to elucidate the role of these ‘omics’ features in T1D disease progression. 
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5 Human milk oligosaccharide utilization by fecal-derived bacteria strains isolated 

from infants at risk of type 1 diabetes 

5.1 Introduction 

The third largest solid component of human milk, after lipids and lactose, is a set of 

structurally diverse, complex carbohydrates known as human milk oligosaccharides (HMOs). The 

concentration of HMOs in human milk varies by lactation stage with colostrum containing the 

highest levels of ~20–23 g/L oligosaccharides and mature milk containing ~12–15 g/L 

oligosaccharides.280 Over 200 HMO structures have been identified to date, all composed of 

various combinations of five monosaccharide building blocks: glucose (Glc), galactose (Gal), N-

acetylglucosamine (GlcNAc), fucose, and sialic acid.65 All HMOs have a lactose (Galβ1-4Glc) 

core, which may be elongated with β1-3 or β1-6 linked Galβ1-GlcNAc (type 1 chain) or Galβ1-

4GlcNAc (type 2 chain), as well as may be decorated with fucose and sialic acid to produce 

molecules of 3 to 22 saccharide units. As HMOs resist digestion by stomach acid as well as 

pancreatic and brush border enzymes, these glycan molecules enter the colon intact, where they 

perform several functions important to infant development. These functions include acting as 

prebiotic substrates for the developing gut microbiota and reducing risk of infection. 

During the period of exclusive breastfeeding, microbes capable of HMO utilization have a 

growth advantage over those lacking this ability.88 To utilize HMOs, microbes must possess the 

genetically encoded membrane transporters and glycoside hydrolases (GHs) necessary for the 

uptake and cleavage of the structures. Research into HMO-utilizing bacteria has largely focused 

on Bifidobacterium species as these are dominant members of the breastfed infant gut,12,15 despite 

the potential contribution of less abundant species to infant health. The few studies investigating 

fermentation of HMOs as a sole carbon source by less abundant taxa, such as species of 

Clostridium, Enterococcus, Escherichia, Klebsiella, Staphylococcus, and Streptococcus, have 

frequently found minimal to no utilization.77,82,87,88,92,95 Moreover, many studies have characterized 

HMO use in single strains of species, overlooking the potential impact of strain-dependent 

variations. However, the diversity of gut bacteria capable of HMO utilization may have been 

underestimated as metagenomic sequencing of stool from 783 infants enrolled in the The 

Environmental Determinants of Diabetes in the Young (TEDDY) birth cohort revealed the 

presence of HMO utilization genes in at least 43 non-Bifidobacterium species.181 
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In Chapter 4, HMOs were found to have varying effects on the species-level composition 

of regenerated communities likely as a result of strain-level differences in HMO utilization 

capabilities. The objective of this study was to evaluate the impact of pHMOs on the growth 

properties of 330 bacterial strains, spanning 157 species, derived from the stool of the community 

donors. Donors were infants with a genetic risk of developing type 1 diabetes (T1D), three of 

whom began producing serum islet autoantibodies following donation and are referred to as 

‘seroconverters’ (designated by ‘S’). The remaining four donors served as healthy controls and are 

henceforth referred to as ‘nonconverters’ (designated by ‘NS’). The HMO structure specificities 

of the bacterial strains were also determined using high-performance liquid chromatography 

(HPLC) with fluorescence detection. Lastly, the growth responses of the strains to supplementation 

with pHMOs were compared between monoculture and community conditions. This study expands 

our knowledge of the diversity of gut-associated microbes capable of HMO metabolism and will 

inform on the strain-level variation present in HMO use. 

5.2 Results 

5.2.1 Growth responses of bacterial strains to pooled human milk oligosaccharides 

The growth properties of 330 bacterial strains, spanning 157 species, were investigated 

following treatment with 15 g/L pHMOs or a no-treatment control in biological triplicate under 

anaerobic, batch fermentation conditions. Assays were performed in diluted complex media, rather 

than minimal media, so that both positive and negative growth effects could be compared to a 

baseline level of growth. Optical density (OD) of the cultures was recorded over a 48-h period and 

used to generate growth curves for each strain. To statistically compare the growth properties of 

the strains, the areas under the curves (AUCs), the maximum growth rate, and the carrying capacity 

(the maximum population that could be supported by the conditions) were calculated. Carrying 

capacity was estimated by modeling growth curves with a logistic regression. As model fit was 

determined to be poor for some curves, the three highest OD readings for each strain replicate was 

used to estimate highest achievable growth under the conditions. 

All growth curves are displayed in Figure S16, while examples of the different types of 

growth curves observed are presented in Figure 5.1. Strains affected by supplementation with 

pHMOs produced several types of growth curves, including logistic growth, diauxic or oscillatory 
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growth, logistic growth followed by death (logistic-decay curves), and flattened curves. Compared 

to controls, pHMOs also induced a longer lag phase for some strains as well as may have resulted 

in a lower carrying capacity. Flattened curves following pHMOs-treatment that were not replicated 

in controls indicated instances of pHMOs-induced growth inhibition.  

Of the 330 strains tested, 193 strains (100 species) produced a significantly larger AUC 

following pHMOs-treatment compared to controls as determined by multiple t-tests (FDR-

adjusted p-value < 0.05) (Table 5.1). The largest fold increases in AUC following supplementation 

with pHMOs were observed for strains of Alistipes onderdonkii, Faecalibacterium prausnitzii, and 

Tyzzerella nexilis, followed by Bifidobacterium spp. Excluding Bifidobacterium members, 

pHMOs significantly increased the AUC of 169 strains (92 species) compared to controls. At the 

phylum level, members of Actinobacteria, Bacteroidetes, and Verrucomicrobia achieved a 

significantly larger fold increase in AUC following pHMOs-treatment relative to controls than 

members of Firmicutes and Proteobacteria. Only the 18 families for which five or more strains 

were assayed were considered for statistical analysis. Of these, Akkermansiaceae, Bacteroidaceae, 

Bifidobacteriaceae, and Rickenellaceae achieved a significantly larger increase in AUC after 

pHMOs-treatment relative to controls. On the other hand, 39 strains (34 species) produced a 

significantly lower AUC following pHMOs-treatment compared to controls (FDR-adjusted p-

value < 0.05). These included the strains whose growth was completely inhibited by pHMOs, in 

addition to those which resulted in a smaller cell population in the presence of HMOs compared 

to controls.  

In total, the logistic regression was well fitted to 191 strains, of which 38 strains (30 

species) experienced a significantly higher growth rate following pHMOs-treatment compared to 

controls, while 59 strains (47 species) experienced a significantly decreased growth rate (FDR-

adjusted p-value < 0.05). Members of Enterococcaceae, in particular, achieved a significantly 

lower rate of cell proliferation following pHMOs treatment relative to controls compared to other 

families assayed. Of the well-fitted strains, carrying capacity was significantly higher for 121 

strains (71 species) after supplementation with pHMOs, but significantly lower for 16 strains (14 

species) (FDR-adjusted p-value < 0.05). Considering the mean highest OD readings (ODh) 

achieved by all strains, pHMOs resulted in a significantly higher ODh for 189 strains (96 species) 
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and a significantly lower ODh for 32 strains (30 species) compared to controls (FDR-adjusted p-

value < 0.05).  
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Figure 5.1. Examples of the types of growth curves produced by bacterial strains during the 48 h following treatment with 15 

g/L pooled human milk oligosaccharides (pHMOs) or no treatment. (A) examples of pHMOs-induced logistic growth; (B) examples 

of pHMOs-induced diauxic or oscillatory growth; (C) examples of pHMOs-induced long lag phase; (D) examples of pHMOs-induced 

low carrying capacity (k); (E) examples of pHMOs-induced decay curves; and (F) examples of pHMOs-induced growth supression. 

Following treatment, strains were incubated at 37°C under anaerobic, batch fermentation conditions in a spectrophotometer which 

recorded optical density (OD600) readings at 30 min intervals for 48 h. OD600 readings were used to generate the growth curves where 

lines represent rolling mean over every three OD600 readings for each replicate. 
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Table 5.1. Fold change in average growth curve metrics and p-values for each of the 330 bacterial strains treated with 15 g/L 

pHMOs or no treatment in triplicate under batch fermentation conditions. Abbreviations: AUC: area under the curve; AUC-f: fold 

change in AUC; r: maximum growth rate; r-f: fold change in r; k: carrying capacity; k-f: fold change in k; ODh: mean of three highest 

optical density readings; ODh-f: fold change in ODh; p-val: false discovery rate (FDR)-adjusted p-value; ns: not significant; and Inf: 

infinity. Values of AUC-f, r-f, k-f, and ODh-f represent the fold change between treatments where a positive value indicates cases where 

pHMOs-treatment resulted in a higher value than the control, while a negative value indicates cases where the no-treatment control 

resulted in a higher value than the pHMOs-treatment (see Figure 2.4 for example calculations). Inf was produced when the denominator 

was 0 when calculating the fold change. P-values were FDR-corrected using the Benjamani-Hochberg method and are shown by 

asterisks: **** p-value < 0.0001, *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05 and are coloured by level of significance 

with the darker blue and green colours indicating a lower p-value. Blue p-values indicate cases where the value of the pHMOs-treated 

condition was larger than the value of the control condition, while green indicates cases where the value of the control condition was 

larger than the value of the pHMOs-treated condition (see Figure 2.4 for further details). 

Phylum Species Strain 
AUC

-f 

AUC 

p-val 
r-f 

r  

p-val 
k-f 

k  

p-val 
OD-f 

ODh 

p-val 

Actinobacteria 

Actinomyces naeslundii NS0 1 CNA AER 3 ns -4 ** 17 ns 6 ** 

Bifidobacterium adolescentis 
NS0 1 MB AN 4 * -4 * 5 ** 5 ** 

NS1 NB 15 AN 5 **** -1 ** 5 **** 5 **** 

Bifidobacterium animalis 
NS0 1 MRS AN 14 **         7 **** 

NS4 28 MRS AN 29 *         13 * 

Bifidobacterium bifidum 

NS0 6 FAA AN 7 * 4 * 7 * 7 ** 

NS4 1 GAM AN 16 ** 9 *** 7 ** 12 ** 

NS4 10 FAA-NB AN 47 ** 9 * 44 ** 45 ** 

Bifidobacterium breve 

NS0 1 FAA-NB AN 27 ** 3 * 28 ** 25 ** 

NS1 14 FAA AN 65 **         46 ** 

NS4 11 YPD AN 20 *** -1 ns 23 **** 21 **** 

S3 1 CNA AN 2 * -1 ns 2 * 2 * 

S3 2 FAA AN 7 **** 2 ns 7 *** 7 *** 

Bifidobacterium dentium 
NS4 19 GAM AN 4 ** -3 ns 5 ** 4 ** 

S3 4 CNA AN 6 **** 2 * 6 **** 6 **** 

Bifidobacterium longum 

 

NS0 7 FAA AN 9 **** 2 ** 9 **** 8 **** 

NS1 NB 3 AN 7 ** -1 ns 8 ** 8 ** 

NS1 PEC 21 AN 7 ** -1 ** 8 ** 8 ** 

NS4 1 FAA-NB AN 9 ** -1 ns 9 ** 9 ** 
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S2 6 TSA AN 15 ** 2 ns 12 ** 11 *** 

S3 1 FAA(EtOH) AN 4 *** -1 ns 4 *** 3 *** 

S5 14 FCC AN 10 **** -2 ns 10 **** 8 **** 

Bifidobacterium pseudocatenulatum 
NS0 7 TSA AN 2 *** -5 ** 3 ** 3 ** 

NS1 36 MRS AN 21 *** -2 ns 24 *** 13 **** 

Bifidobacterium scardovii NS4 10 CNA AER 76 ** 4 ** 34 ** 39 ** 

Collinsella aerofaciens 

NS0 6 TSA AN -4 **         -3 ** 

NS1 8 GC AN -2 ns 4 * -2 ns -1 ns 

S3 1 FMU AN 5 **         6 ** 

Collinsella intestinalis NS0 2 TSA AN 4 ** -1 ns 5 ** 6 ** 

Collinsella tanakaei NS0 13 TSA AN 4 *** -6 ** 10 **** 7 *** 

Cutibacterium acnes NS4 13 PEC AN 2 ns -3 * 2 ns 2 ns 

Eggerthella lenta 

NS1 43 CNA AN 1 **         1 ns 

NS6 16 MRS AN 2 ** 3 ns 2 ** 1 * 

NS6 6 FAA AN 1 *         -1 ns 

S2 1 FAA AN 1 ns 3 * 1 ns -1 ns 

S2 2 YPD AN 1 ns 3 ns 2 ns 1 * 

S5 18 GAM AN 2 *         2 ** 

Eggerthella timonensis S3 5 GAM AN -1 ns         -1 * 

Gordonibacter pamelaeae NS1 cNB 27 AN 1 ns         -1 ns 

Gordonibacter urolithinfaciens NS4 13 GAM AN 1 **         -1 ns 

Paraeggerthella hongkongensis NS0 3 FAA-NB AN 1 ns         1 ns 

Raoultibacter massiliensis S3 7 CNA AN 1 * 1 ns 1 ** -1 ns 

Schaalia turicensis NS1 3 GC AN 3 *** -3 ** 5 *** 4 *** 

Varibaculum anthropi NS1 26 CNA AN 7 ** -Inf ns 45 ns 8 ** 

Bacteroidetes 

Alistipes finegoldii 

NS1 27 GC AN 5 **** -2 ** 4 ** 4 *** 

NS4 36 FMU AN 2 ns         -1 ns 

NS6 90 TSA AN 23 ***         12 *** 

S2 2 GC AN 3 ***         1 ** 

S5 15 FMU AN 9 *** -8 ns 19 *** 5 ** 

S5 77 SKV AN 13 ****         9 *** 

Alistipes ihumii NS0 11 FAA AN 3 *** 2 ** 2 ns 3 **** 

Alistipes onderdonkii 

NS0 3 GC AN 11 *         8 * 

NS1 cFAA 21 AN 28 ***         13 *** 

NS6 124 FAA AN Inf *         118 ** 

Alistipes shahii 
NS0 1 GC AN 22 ** -12 ns 33 ** 22 ** 

NS6 28 FAA AN 4 ** -1 ns 4 **** 3 * 

Bacteroides caccae NS0 1 CNA AN 12 ** 4 *** -Inf * 12 ** 
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NS1 7 TSA AN 7 **** 4 *** -Inf ns 8 **** 

S2 7 FAA AN 9 ** 4 ** -Inf ns 9 ** 

Bacteroides cellulosilyticus 

NS6 115 SKV AN 1 *         2 * 

NS6 116 NB AN 6 **         2 ** 

NS6 119 PEC AN 2 ns -1 ns -Inf ns 2 ns 

Bacteroides finegoldii NS0 2 SKV AN -2 *** -5 *** -2 ** -2 ** 

Bacteroides fragilis S2 2 FMU AN 21 ***         15 **** 

Bacteroides kribbi 
NS6 130 SKV AN 3 **** -8 ** 14 *** 4 **** 

S5 15 SKV AN 13 **         12 *** 

Bacteroides nordii NS6 1 YPD AN 2 ** -2 ** 1 ** 1 * 

Bacteroides ovatus 

NS0 2 CNA AN -1 ns -1 ns -1 ns 1 * 

NS6 31 PEC AN 4 **** -7 ** 7 **** 6 **** 

S2 11 PEC AN -77 **         -49 ** 

Bacteroides salyersiae NS1 cFMU 24 AN 3 ** -2 ** 2 *** 2 *** 

Bacteroides stercoris 

NS0 6 CNA AN 6 **         4 ** 

NS1 1 CNA AN 6 ** 2 ns 2 ** 2 ** 

NS6 101 BHI AN 4 * 12 *** 2 * 2 ** 

NS6 101 PEC AN 5 *** 2 * 3 *** 3 *** 

Bacteroides thetaiotaomicron NS1 19 TSA AN 6 ** -1 ns 9 *** 8 *** 

Bacteroides uniformis 

NS0 1 FAA AN 5 ns         2 ns 

NS1 cGAM 15 AN 14 **         10 ** 

NS4 41 SKV AN 7 ns         3 ns 

NS4 58 TSA AN 3 **** -3 ** 4 *** 4 **** 

NS6 100 SKV AN 5 ** 3 * 4 ** 5 ** 

NS6 2 FCC AN 2 ** -22 ns 3 *** 3 *** 

NS6 34 NA AN 10 * 2 ns 57 ns 10 ns 

Bacteroides xylanisolvens NS6 127 TSA AN 4 *** -5 ** 6 **** 5 **** 

Parabacteroides distasonis 

NS0 5 CNA AN 1 ns         -1 ns 

NS4 16 GC AN 2 ns         1 ns 

S5 12 TSA AN 6 **         3 *** 

S5 36 SKV AN 11 *** -22 * 30 ** 8 **** 

Parabacteroides merdae 

NS0 5 TSA AN -4 **         -3 *** 

NS1 41 FAA AN 3 *** 1 ns 3 **** 3 *** 

NS6 18 PEC AN 1 ns         -2 ** 

Phocaeicola dorei S2 2 TSA AN 21 ***         19 *** 

Phocaeicola vulgatus 

NS0 4 FAA AN 16 **         13 ** 

NS1 32 TSA AN 3 *** -1 ns 4 ** 4 ** 

NS4 50 TSA AN 5 **         3 ** 
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NS6 101 GAM AN 3 * -1 ns 3 * 3 * 

S2 1 YPD AN 2 * 2 * 2 * 2 ** 

S5 11 FCC AN 3 ** 2 * 3 ** 3 * 

Prevotella copri NS0 1 SKV AN 4 * -3 ** 5 ** 4 ** 

Firmicutes 

[Clostridium] innocuum 

NS4 40 CNA AN 2 **         2 ** 

NS6 8 NB AN 4 ** 4 ns -Inf ns 4 ** 

S2 13 PEC AN 1 ns         2 * 

S3 3 FAA-NB AN -1 **         1 ** 

S5 1 FCC AN -1 ** 2 ** -1 ** -1 ns 

S5 66 YPD AN -1 * 3 ** -1 ** 1 ** 

[Clostridium] scindens 
NS0 2 GC AN 1 ns         -1 ns 

NS6 128 MRS AN -1 ns         2 ** 

[Clostridium] symbiosum 

NS0 3 FAA(EtOH) AN 1 ns 2 * 1 ns 1 ns 

NS1 cEtOH 12 AN 1 *         -1 ns 

NS4 42 FAA(EtOH) AN 1 **         -1 ns 

NS6 106 FAA(EtOH) AN 1 ns         -1 ns 

[Clostridium] symbiosum S2 10 TSA AN 2 * -1 ns 2 * 1 * 

[Desulfotomaculum] guttoideum S5 9 PEC AN -1 *** -1 ns -1 *** -1 * 

[Eubacterium] hallii S5 88 YPD AN 1 ns         1 ns 

[Ruminococcus] gnavus 
S3 2 FAA(EtOH) AN 4 * -1 ns 7 ** 7 ** 

S5 11 FMU AN 7 ** 2 * 11 ** 12 ** 

[Ruminococcus] torques 
NS6 104 FMU AN 1 ns         -1 * 

S5 15 TSA AN -1 ns         -2 ns 

Aminipila butyrica NS6 16 NB AN 2 * 2 ns -Inf ns 2 ns 

Anaerococcus rubeinfantis S3 5 FAA AN -8 ** -1 ns Inf ns -7 ** 

Anaerococcus vaginalis 

NS6 45 GC AN -28 **         -5 *** 

S3 3 GAM AN 1 ns -14 ** 2 **** 1 ** 

S5 27 GAM AN 1 ns 1 * 1 ns 1 ns 

Anaerostipes caccae 

S2 2 BHI AN -1 ns         -1 ns 

S3 6 FAA AN -3 *         -2 ns 

S5 4 FAA AN 2 **         -1 * 

Anaerotruncus colihominis 
S2 5 BHI AN 3 *         4 * 

S5 71 TSA AN 3 **         2 ** 

Bacillus nealsonii S5 60 FMU AER -6 **         -5 ** 

Bacillus subtilis S2 2 PEC AER -1 ns -3 ** 2 * 1 ns 

Bacillus wiedmannii NS4 66 GC AN -3 ** -2 * -2 ** -2 ** 

Blautia faecis NS0 1 FAA(EtOH) AN 13 *         8 ** 

Blautia hominis NS0 9 FAA(EtOH) AN 3 ***         3 *** 
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NS4 40 BHI AN 3 ** -3 ** 5 ** 4 *** 

S3 1 FAA-NB AN 1 ns         2 * 

Blautia luti 
NS0 5 FAA(EtOH) AN -5 ns         -4 ns 

NS1 10 EtOH AN -1 * -3 ** -1 ns -2 * 

Blautia obeum NS6 131 NB AN -2 **         -2 ** 

Blautia producta 
NS1 cEtOH 19 AN 13 ****         9 **** 

NS6 103 TSA AN 13 ns         15 ns 

Butyricicoccus faecihominis NS4 69 TSA AN -1 ns -1 ns Inf ns -1 ns 

Carnobacterium divergens NS0 3 GC AER -1 ns         1 ns 

Catenibacterium mitsuokai NS0 10 TSA AN 2 ns -4 *** 2 * 2 * 

Christensenella hongkongensis 
NS1 TSA 64 AN 1 ns         1 ns 

NS6 58 GC AN 4 **         3 ** 

Clostridioides difficile 
NS4 41 CNA AN 1 **         1 ** 

S2 5 FMU AN 1 ns         1 ns 

Clostridium baratii NS1 EtOH 53 AN 2 *         1 ns 

Clostridium butyricum 
NS0 2 FAA AN -1 ns -1 ns -1 ns 1 ns 

NS4 1 BHI AN -2 * -1 ns -2 * -1 ns 

Clostridium cadaveris NS4 70 FAA(EtOH) AN 1 *** -1 ns 1 *** 1 ns 

Clostridium paraputrificum 

NS1 cEtOH 9 AN 3 ** 1 ns 3 ** 2 ** 

S2 2 FAA(EtOH) AN 5 * -2 ns 5 * 2 * 

S5 1 FAA(EtOH) AN 3 * -2 * 3 * 2 * 

Clostridium perfringens 

NS0 2 FAA(EtOH) AN 3 ** -2 ns 3 *** 2 ** 

NS1 NB 38 AN 2 ** -3 ** 2 *** 2 ** 

NS4 1 FAA(EtOH) AN 2 ** -2 ns 2 ** 2 ** 

Clostridium tertium 

NS1 cYPD 19 AN 2 *** -1 ns -Inf ns 1 * 

NS6 1 TSA AN 1 ns -1 * 1 ns 1 * 

NS6 28A MRS AN -1 ns         -1 ns 

S2 4 PEC AN -1 ns 2 *** -1 ns -1 ns 

S3 9 FAA(EtOH) AN 2 ** 1 ns -Inf ns 1 ns 

Coprobacillus cateniformis 
NS0 1 TSA AN -11 *         -5 * 

S5 3 PEC AN -13 ***         -4 * 

Coprococcus eutactus NS1 EtOH 50 AN 3 ** -7 * 5 **** 3 *** 

Dielma fastidiosa S3 4 GAM AN 2 ns -2 ns 2 * 2 * 

Eisenbergiella massiliensis 

NS4 41 GAM AN -1 ns         2 *** 

NS6 104 NB AN 1 ns 2 ** 1 ns 2 ** 

NS6 105 FMU AN -65 **         -43 ** 

S5 61 MRS AN -1 ns 1 ns 1 ** 1 * 

Eisenbergiella tayi NS1 cEtOH 29 AN 2 *** -1 * 3 **** 3 ** 
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NS6 101 FMU AN 2 ** -42 * 3 ** 2 ** 

S2 4 FMU AN -3 ns         -1 ns 

S3 2 BHI AN 4 **         6 ** 

S5 61 FAA AN -18 **         -10 ** 

Enterocloster aldenense 

NS4 44 YPD AN 1 * 1 ns 1 * 1 * 

NS6 10 ACE AN -1 ns 1 * -1 ns 1 ns 

S2 8 PEC AN 2 * 1 ns 2 * 1 * 

S3 2 GAM AN -1 ns         -1 ns 

S5 4 TSA AN 1 ns 1 ns 1 ns 1 * 

Enterocloster bolteae 

NS1 cEtOH 30 AN 3 ** -3 ** 5 *** 3 *** 

NS6 103 FAA(EtOH) AN 18 ***         21 ** 

NS6 104 FAA(EtOH) AN 1 * 2 ns 2 ns -1 ns 

S2 1 GAM AN -1 ns -2 ns 1 ns -1 ns 

S5 17 FMU AN 3 * 3 ns 3 ** 4 *** 

Enterocloster citroniae 
NS1 cEtOH 1 AN 1 ns -1 ns 1 * 1 * 

S5 52 CNA AN -24 ****         -18 ** 

Enterocloster clostridioforme 

NS0 8 FAA AN 2 ns         -1 ns 

NS4 43 BHI AN 1 ns         -1 ns 

S2 5 FAA(EtOH) AN 2 *         -1 ns 

S3 8 FAA(EtOH) AN -1 ns 1 ns -1 ns -1 ns 

S5 72 TSA AN -1 ns 2 ns 1 ns -1 ns 

Enterocloster lavalense 
NS6 21 BHI AN -1 ns         -1 * 

S5 32 GAM AN -1 ns 8 ns -1 ns 1 ns 

Enterococcus avium 

NS0 3 CNA AER 2 ** -7 ** 3 ** 3 ** 

S2 1 CNA AER 2 ** -12 ** 3 ** 3 ** 

S2 6 PEC AN 4 ** -2 * 4 ** 5 ** 

S5 63 PEC AN 4 ** -2 * 4 ** 4 ** 

Enterococcus faecalis 

NS4 42 CNA AER 7 ****         3 **** 

NS6 5 NA AER 4 **** -8 ns 5 **** 5 **** 

NS6 8 GAM AER 6 **** -14 * 8 **** 7 **** 

Enterococcus hirae 
NS1 cYPD 16 AN 2 **         1 * 

S3 4 BHI AN -1 ns         1 * 

Erysipelatoclostridium ramosum 

NS1 10 GC AN 7 ** 2 * 8 ** 9 ** 

S2 4 FAA(EtOH) AN 5 ** 2 ns 6 *** 5 ** 

S3 4 FAA(EtOH) AN 5 ** -2 ns 6 ** 5 ** 

S5 2 FMU AN 46 *         8 ** 

Erysipelatoclostridium saccharogumia NS1 30 EtOH AN -5 ns 1 ns -2 ns -2 ns 

Extibacter muris S3 6 GC AN -6 *         -2 ns 
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Faecalibacterium prausnitzii 
S2 2 FAA-NB AN Inf **         69 ** 

S3 3 CNA AN Inf **         153 ** 

Faecalicatena contorta NS4 68 GC AN 3 **         3 ** 

Finegoldia magna NS6 25 YPD AN 2 * -3 ns 2 * 2 ** 

Flavonifractor plautii 

NS0 2 FAA-NB AN 1 ** -2 ns 1 ** 1 ns 

NS1 12 EtOH AN 1 ns         -1 ns 

NS1 23 EtOH AN 3 ** -2 ** 3 ** 2 *** 

NS4 40 FAA-NB AN 2 * 3 ns 2 * 1 ** 

NS6 20 GAM AN 14 **         5 ** 

S2 7 TSA AN 1 ns -3 ** 3 ns 2 ns 

S3 1 PEC AN 1 ns 1 ** 1 ns -1 ns 

S5 1 CNA AN 1 ns -3 ** 2 ns 2 ns 

Holdemanella biformis NS0 8 TSA AN -1 *         1 ns 

Holdemania filiformis 
S2 4 CNA AN 1 ** 1 ns 2 ** 2 ** 

S5 41 BHI AN -28 ***         -15 **** 

Hungatella effluvii 

NS0 9 FAA AN 2 ** -2 * 2 *** 1 ns 

NS4 41 YPD AN -1 ** -1 ns -1 * -1 * 

NS6 44 BHI AN 2 **         1 ** 

S2 1 MRS AN 2 * 2 ** 1 ns 2 ** 

S5 6 FAA(EtOH) AN 2 * 2 ** 2 *** 2 ** 

Hungatella hathewayi 
NS6 27 BHI AN 2 ** 1 ns 2 ** 1 ns 

S3 3 BHI AN 3 **** 2 ** 3 **** 2 ** 

Intestinibacillus massiliensis 
NS6 23 MRS AN -2 ns         -2 ns 

S2 6 FMU AN 1 * -2 ** 1 ** 1 ** 

Intestinibacter bartlettii 

NS1 24 EtOH AN -5 ns -5 ns -4 ns -5 * 

NS6 110 GC AN -1 ns         -1 ns 

S2 1 TSA AN 2 *         1 * 

S3 5 CNA AN 38 *         23 ns 

Intestinimonas butyriciproducens NS6 1 FCC AN -3 *         -2 * 

Lachnoclostridium pacaense S5 70 FAA(EtOH) AN 2 ns 2 ns 2 * 2 * 

Lacrimispora celerecrescens 
S2 3 TSA AN 2 ns         1 ns 

S3 2 CNA AN -1 ns 13 ns 1 * 1 ns 

Lacticaseibacillus rhamnosus NS4 1 GAM AER -1 * 1 * -1 * -1 * 

Lactococcus lactis NS0 2 FAA AER 2 * -8 ** 3 ** 3 ** 

Lactonifactor longoviformis 
NS1 40 EtOH AN 2 ns         5 * 

NS6 137 MRS AN 2 ** -3 ns 2 *** 1 ** 

Merdimonas faecis NS4 62 TSA AN -13 **         -10 ** 

Mobilitalea sibirica NS4 70 FMU AN -1 ns         -2 ns 
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Murimonas intestini S3 6 BHI AN -18 ns         -17 ns 

Neglecta timonensis NS4 54 MRS AN 50 **         107 *** 

Oscillibacter ruminantium 

NS4 48 GAM AN 1 ns         2 ns 

NS6 113 FAA AN 2 ns -1 ns 2 * 2 ns 

S5 98 TSA AN 3 *** -1 ns 4 ** 2 ** 

Oscillibacter valericigenes 

NS4 45 FAA AN -2 ns         -1 ns 

S2 3 FAA-NB AN -6 ns         -4 ns 

S5 75 GC AN 4 *         4 ns 

Paeniclostridium sordellii 
NS0 8 FAA(EtOH) AN -1 ns         1 ns 

NS1 EtOH 56 AN 1 ns         1 ns 

Paraclostridium benzoelyticum NS0 1 MOD AN 1 ns 3 ** -1 ns 1 * 

Peptoniphilus coxii NS4 88 FAA AN 1 * 1 ns 2 * 2 * 

Peptoniphilus gorbachii S5 77 GC AN 1 ns 2 * 1 ns 1 ns 

Peptoniphilus harei NS6 41 PEC AN 1 ns 2 ns 1 ns 1 ns 

Peptoniphilus lacrimalis NS4 21 TSA AN 2 ns 1 ns Inf ns 3 ns 

Pseudoflavonifractor phocaeensis 
NS6 104 PEC AN -3 *         1 ns 

NS6 148 TSA AN 3 *** 1 ns 4 **** 4 *** 

Robinsoniella peoriensis S3 2 FAA-NB AN 1 ns         -1 ns 

Roseburia faecis 
S2 5 MRS AN -1 ns -3 ns 3 * 1 ns 

S3 5 FAA(EtOH) AN 2 * -2 ns 2 * 1 * 

Ruminococcus faecis NS0 4 TSA AN -1 ns         -2 ns 

Ruminococcus gauvreauii NS0 7 CNA AN 2 ns         2 * 

Ruthenibacterium lactatiformans S2 7 FMU AN 3 *** -1 ns 3 *** 2 ** 

Sellimonas intestinalis 

NS4 40 TSA AN -1 ** 3 ns -1 ** -1 ns 

NS6 16 FCC AN -22 **         -7 ** 

S2 15a PEC AN -3 ns         -1 ns 

S5 4 FAA-NB AN -2 ** 3 ns -2 ** -1 ns 

Staphylococcus aureus NS4 22 CNA AN -3 ** 3 * -3 ** -1 * 

Staphylococcus capitis S2 1 FMU AER -6 **         -3 ** 

Staphylococcus hominis 

NS1 49 NB AN 1 ns 3 ns -1 ns 1 ns 

NS6 158 CNA AN -4 ns 2 ns -5 ns -4 ns 

S2 1 YPD AER 2 * -2 * 3 ** 2 * 

Staphylococcus pasteuri S3 4 GC AN -2 *         -1 ns 

Staphylococcus petrasii S3 1 TSA AER 1 ns -1 ns 1 ns 1 ns 

Staphylococcus warneri 
NS0 1 GC AER -2 ** 3 ns -2 ** -1 ns 

S5 36 BHI AN 3 *         2 ns 

Streptococcus anginosus NS0 2 CNA AER -1 ns 2 * -1 * -1 ns 

Streptococcus equinus S2 2 CNA AER 4 *** -6 **** 4 *** 4 *** 
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Streptococcus koreensis NS0 1 TSA AER 5 **** -4 ** 5 **** 5 **** 

Streptococcus lutetiensis S2 12 PEC AN 3 **         2 * 

Streptococcus mutans NS1 GC 3 AER -1 * -1 ns -1 * -1 ns 

Streptococcus oralis NS0 2 GC AER 3 ns 2 ns 3 ns 3 ns 

Streptococcus parasanguinis 
NS0 12 TSA AN 2 ** -6 * 2 ** 2 ** 

NS4 11 TSA AER 2 * -6 *** 3 ** 3 ** 

Streptococcus rubneri 

NS0 8 GC AER 7 **** -4 *** 8 **** 9 **** 

NS4 15 FAA-NB AN 4 *** -3 * 5 *** 5 *** 

NS4 4 TSA AN 16 **** 2 * 17 **** 17 **** 

Streptococcus salivarius 

NS0 5 CNA AER 2 ** -13 ** 3 *** 3 ** 

NS1 FAA 3 AER 2 ** -10 ** 3 ** 3 ** 

NS4 10 TSA AER 1 ** -18 ** 2 *** 2 *** 

Streptococcus sanguinis NS0 1 FAA-NB AER -1 ns -2 ns 1 ns 1 ns 

Tyzzerella nexilis 
NS4 41 FMU AN Inf *         89 * 

S2 1 BHI AN 3 ** -3 *** 3 *** 3 ** 

Veillonella dispar 

NS4 23 PEC AN 1 ** 1 ns 1 ** 1 ** 

S2 2 GCNB AN 1 ns -2 * 1 ns 1 ns 

S2 5 FAA AN 2 * -4 ns 2 * 2 * 

Lentisphaerae Victivallis vadensis NS1 cFAA 5 AN 10 *         5 * 

Proteobacteria 

Citrobacter werkmanii NS4 44 MRS AER 1 **         1 ns 

Desulfovibrio desulfuricans NS0 10 FAA AN 2 * 1 ns -1 ns 2 ns 

Enterobacter cloacae NS1 cPEC 2 AER -1 ns         -1 ns 

Enterobacter hormaechei NS1 cGAM 4 AER -1 **         -1 ns 

Enterobacter ludwigii NS1 cFMU 9 AN 2 **         -1 ns 

Enterobacter tabaci NS1 cYPD 6 AN -1 ns -2 * -1 ns -1 ns 

Escherichia fergusonii 

NS0 1 FAA AER 1 * 2 ** 1 * 1 ns 

NS4 4 YPD AER 3 **         1 ** 

NS6 5 GAM AER 2 *         2 ** 

S2 2 YPD AER 2 *         1 *** 

S5 1 FAA AN 2 *         1 ** 

Escherichia marmotae 
NS1 cMRS 12 AN 2 ns         1 * 

NS1 cYPD 10 AN 2 ** -4 ** 2 ** 1 ** 

Klebsiella aerogenes NS1 cFMU 1 AER 1 *         -1 * 

Klebsiella grimontii 
NS1 cFMU 8 AER 1 ns -2 * 1 ns 1 ns 

NS4 62 YPD AN 3 **         2 ** 

Klebsiella oxytoca 
NS1 cPEC 15 AN 2 *         -1 ns 

S2 1 GAM AER 2 *         1 ns 

Klebsiella pneumoniae NS0 4 FAA AER 2 *         1 * 
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Sutterella wadsworthensis 
NS1 cMRS 25 AN 7 ns -1 ns -Inf ns 4 ns 

NS6 13 MRS AN -2 ** 3 ns -2 *** -2 ** 

Verrucomicrobia Akkermansia muciniphila 

NS0 4 GC AN 15 **         8 *** 

NS1 FAA 68 AN 9 ** 2 ns -Inf ns 6 * 

NS6 137 NB AN 2 ** -1 ** 2 *** 2 ** 

S2 8 FMU AN 4 *** -3 * 4 ** 3 ** 

S3 3 FMU AN 16 ** 1 ns -Inf ns 11 ** 
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5.2.2 Human milk oligosaccharide structure specificities of bacterial strains 

To assess the HMO structure preferences of the strains, spent monoculture media collected 

at 0 h and 48 h for each strain were profiled for 19 detectable HMO structures, as well as HMO-

bound sialic acid (Sia), HMO-bound fucose (Fuc), and total detectable HMO structures (SUM) 

(Figure S17). Strains varied widely in their HMO structure specificities with some strains 

demonstrating the ability to metabolize numerous structures, such as members of [Ruminococcus] 

gnavus, Akkermansia muciniphila, Bacteroides spp., and Bif. bifidum (Figure 5.2). On the other 

hand, several taxa, including strains of Bif. breve, Bif. longum, Bif. pseudocatenulatum, 

Eisenbergiella spp., and Flavonifractor plautii, displayed structure-based specificity. DSLNT was 

the most widely metabolized structure, followed by LNFP III, 2’FL, LNnT, and 6’SL. In contrast, 

3-FL was the least preferred structure, followed by DFLNT, LNFP I, and LNFP II. Overall, 

sialylated structures were degraded to a greater extent than fucosylated structures. 

Correlations among the HMO structures degraded by the strains, their calculated fold 

change in growth curve metrics, their growth curve features, their taxonomic classifications at the 

family and phylum levels, and the seroconversion status of their donor were assessed. Noteworthy 

correlations among the HMO structures included significant and strong positive correlations 

between the degradation of the various fucosylated structures (2’FL, LNFP I, LNFP II, DFLNT, 

DFLNH, FLNH) (ρ > 0.69; p-value < 0.001, Spearman correlation coefficient). Among the growth 

curve metrics, a significant but weak correlation was observed between the degradation of LNT 

and AUC (ρ = 0.37; p-value < 0.001, Spearman correlation coefficient) suggesting that strains able 

to metabolize LNT exhibited the largest increases in growth relative to controls. However, there 

were no significant correlations between the preferentially degraded structures and the pHMOs-

induced growth curve features (logistic growth, inhibited growth, or no change relative to the 

control) of the strains as determined by multiple Kruskal-Wallis tests (FDR-adjusted p-value > 

0.05). This was similarly observed when only strains with a significantly increased AUC following 

pHMOs-treatment were evaluated for the types of growth curves produced (logistic-decay, 

logistic-diauxic, logistic with a long lag phase).  

Only the 18 families for which five or more strains were assayed were evaluated for 

significant associations with HMO structures. Akkermansiaceae, Bifidobacteriaceae, and 

Rikenellaceae were significantly correlated with degradation of LNT, while Bacteroidaceae and 
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Clostridiaceae were significantly correlated with degradation of DFLNT as determined by 

multiple Kruskal-Wallis tests (FDR-adjusted p-value > 0.05). In addition, Akkermansiaceae and 

Rikenellaceae were positively associated with FLNH (FDR-adjusted p-value > 0.05). There were 

no significant associations between the types of structures metabolized at the phylum level. Lastly, 

neither the strain donor nor the donor’s seroconversion status impacted the types of HMO 

structures utilized by the strains.  
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Figure 5.2. Percent degradation of human milk oligosaccharide (HMO) structures by select bacterial strains 48 h after treatment 

with 15 g/L pHMOs under batch fermentation conditions and significance of false discovery rate (FDR)-adjusted p-values (pval) 

for growth curve metrics: area under the curve (AUC), maximum growth rate (r), carrying capacity (k), and mean of three 

highest optical density readings (ODh). Following treatment, strains (of indicated closest species match) were incubated at 37°C under 

anaerobic, batch fermentation for 48 h. Samples were collected at 0 h and 48 h for glycoprofiling using high-performance liquid 

chromatography (HPLC). Percent degradation represents the precentage decrease in the concentration of the structure relative to 0 h. 

During the 48 h following treatment, optical density of the cultures were recorded at 30 min intervals and used to generate growth curves 

from which the metrics were calculated. r and k were calculated by fitting a logistic regression to the growth curves. Strains for which 

the growth curve of at least one replicate was poorly fitted as determined by goodness of fit calculation of pseudo-R2, where poor fit 

was considered as R2 < 0.8, were excluded. P-values were FDR-corrected using the Benjamani-Hochberg method and coloured 

according to level of significance. Abbreviations: 2’FL: 2’-fucosyllactose; 3-FL: 3-fucosyllactose; 3’SL: 3’-sialyllactose; 6’SL: 6’-

sialyllactose; DFLac: difucosyllactose; DFLNH: difucosyllacto-N-hexaose; DFLNT: difucosyllacto-N-tetraose; DSLNH: disialyllacto-

N-hexaose; DSLNT: disialyllacto-N-tetraose; FDSLNH: fucodisialyllacto-N-hexaose; FLNH: fucosyllacto-N-hexaose; Fuc: HMO-

bound fucose; LNFP: lacto-N-fucopentaose; LNH: lacto-N-hexaose; LNnT: lacto-N-neotetraose; LNT: lacto-N-tetraose; LSTb: sialyl-

lacto-N-tetraose b; LSTc: sialyl-lacto-N-tetraose c; Sia: HMO-bound sialic acid; SUM: combined detected HMOs. 
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5.2.3 Strain-dependent heterogeneity in human milk oligosaccharide metabolism 

Multiple strains of numerous species were evaluated for HMO utilization, permitting 

investigation into the strain-level heterogeneity present in the ability to utilize HMOs. In total, 251 

strains, belonging to 78 species, were evaluated by k-means clustering207 based on their growth 

curve metrics (pHMOs-induced fold changes in AUC and mean highest achieved OD readings) or 

HMO structure degradation profiles. Strains of the same species that consistently clustered 

together were determined to be homogeneous in their ability to utilize HMOs, while the separate 

clustering of strains of the same species indicated cases of heterogeneity. Overall, a high degree 

of intraspecies variation was observed as 55 species displayed strain-dependent variation in either 

their growth curve features, HMO structure specificities, or both (Figure 5.3).  

Variation in growth responses did not always correspond with differing HMO degradation 

profiles. For example, intraspecies variation was observed in the growth responses of strains of 

Bact. ovatus, Holdemania filiformis, and Sellimonas intestinalis where some strains exhibited 

logistic growth following supplementation with pHMOs while others were inhibited. However, 

HMO degradation profiles were consistent among the strains of these species. In contrast, minimal 

differences were observed in the growth curves produced by strains of some species, including 

Rum. gnavus, Blautia hominis, and Clostridium tertium, but variation arose in their HMO structure 

specificities. Other noteworthy intraspecies variations included the use of 2’FL by only one of the 

seven Bif. longum strains tested. Additionally, while five of the six Clos. innocuum strains and five 

of the six Phocaeicola vulgatus strains showed prolific HMO utilization, one strain of each species 

exhibited only minimal degradation of the detectable HMO structures despite displaying enhanced 

growth following pHMOs-treatment. Lastly, all eight strains of Flav. plautii avidly degraded 

LNFP III and DSLNT, but only one strain substantially utilized LSTc and DSLNH as well. 
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NS4 40 BHI AN

S3 1 FAA-NB AN

NS0 5 FAA(EtOH) AN

NS1 10 EtOH AN

NS1 cEtOH 19 AN

NS6 103 TSA AN

NS1 TSA 64 AN

NS6 58 GC AN

NS4 41 CNA AN

S2 5 FMU AN

NS0 2 FAA AN

NS4 1 BHI AN

NS1 cEtOH 9 AN

S2 2 FAA(EtOH) AN

S5 1 FAA(EtOH) AN

NS0 2 FAA(EtOH) AN

NS1 NB 38 AN

NS4 1 FAA(EtOH) AN

NS1 cYPD 19 AN

NS6 1 TSA AN

NS6 28A MRS AN

S2 4 PEC AN

S3 9 FAA(EtOH) AN

NS0 6 TSA AN

NS1 8 GC AN

S3 1 FMU AN

NS0 1 TSA AN

S5 3 PEC AN

Clostridium perfringens

Blautia luti

Blautia producta

Christensenella 

hongkongensis

Clostridioides difficile

Clostridium butyricum

Clostridium paraputrificum

Bifidobacterium bifidum

Bifidobacterium breve

Bifidobacterium dentium

Bifidobacterium longum

Bifidobacterium 

pseudocatenulatum

Blautia hominis

Coprobacillus 

cateniformis

Clostridium tertium

Collinsella aerofaciens

Bacteroides uniformis

Bifidobacterium 

adolescentis

Bifidobacterium animalis

Phenotype 1

Phenotype 2

Phenotype 3

Phenotype 1

Phenotype 2

Phenotype 3

GC metrics

HMO profiles

Phenotype 1

Phenotype 2

Phenotype 3

Phenotype 1

Phenotype 2

Phenotype 3

GC metrics

HMO profiles
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NS1 43 CNA AN

NS6 16 MRS AN

NS6 6 FAA AN

S2 1 FAA AN

S2 2 YPD AN

S5 18 GAM AN

NS4 41 GAM AN

NS6 104 NB AN

NS6 105 FMU AN

S5 61 MRS AN

NS1 cEtOH 29 AN

NS6 101 FMU AN

S2 4 FMU AN

S3 2 BHI AN

S5 61 FAA AN

NS4 44 YPD AN

NS6 10 ACE AN

S2 8 PEC AN

S3 2 GAM AN

S5 4 TSA AN

NS1 cEtOH 30 AN

NS6 103 FAA(EtOH) AN

NS6 104 FAA(EtOH) AN

S2 1 GAM AN

S5 17 FMU AN

NS1 cEtOH 1 AN

S5 52 CNA AN

NS0 8 FAA AN

NS4 43 BHI AN

S2 5 FAA(EtOH) AN

S3 8 FAA(EtOH) AN

S5 72 TSA AN

NS6 21 BHI AN

S5 32 GAM AN

NS0 3 CNA AER

S2 1 CNA AER

S2 6 PEC AN

S5 63 PEC AN

NS4 42 CNA AER

NS6 5 NA AER

NS6 8 GAM AER

NS1 cYPD 16 AN

S3 4 BHI AN

NS1 10 GC AN

S2 4 FAA(EtOH) AN

S3 4 FAA(EtOH) AN

S5 2 FMU AN

NS0 1 FAA AER

NS4 4 YPD AER

NS6 5 GAM AER

S2 2 YPD AER

S5 1 FAA AN

NS1 cMRS 12 AN

NS1 cYPD 10 AN

S2 2 FAA-NB AN

S3 3 CNA AN

NS0 2 FAA-NB AN

NS1 12 EtOH AN

NS1 23 EtOH AN

NS4 40 FAA-NB AN

NS6 20 GAM AN

S2 7 TSA AN

S3 1 PEC AN

S5 1 CNA AN

S2 4 CNA AN

S5 41 BHI AN

Faecalibacterium 

prausnitzii

Holdemania filiformis

Enterococcus avium

Enterococcus faecalis

Enterococcus hirae

Erysipelatoclostridium 

ramosum

Escherichia fergusonii

Escherichia marmotae

Flavonifractor plautii

Eggerthella lenta

Eisenbergiella 

massiliensis

Eisenbergiella tayi

Enterocloster aldenense

Enterocloster bolteae

Enterocloster citroniae

Enterocloster 

clostridioforme

Enterocloster lavalense
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NS0 9 FAA AN

NS4 41 YPD AN

NS6 44 BHI AN

S2 1 MRS AN

S5 6 FAA(EtOH) AN

NS6 27 BHI AN

S3 3 BHI AN

NS6 23 MRS AN

S2 6 FMU AN

NS1 24 EtOH AN

NS6 110 GC AN

S2 1 TSA AN

S3 5 CNA AN

NS1 cFMU 8 AER

NS4 62 YPD AN

NS1 cPEC 15 AN

S2 1 GAM AER

S2 3 TSA AN

S3 2 CNA AN

NS1 40 EtOH AN

NS6 137 MRS AN

NS4 48 GAM AN

NS6 113 FAA AN

S5 98 TSA AN

NS4 45 FAA AN

S2 3 FAA-NB AN

S5 75 GC AN

NS0 8 FAA(EtOH) AN

NS1 EtOH 56 AN

NS0 5 CNA AN

NS4 16 GC AN

S5 12 TSA AN

S5 36 SKV AN

NS0 5 TSA AN

NS1 41 FAA AN

NS6 18 PEC AN

NS0 4 FAA AN

NS1 32 TSA AN

NS4 50 TSA AN

NS6 101 GAM AN

S2 1 YPD AN

S5 11 FCC AN

NS6 104 PEC AN

NS6 148 TSA AN

S2 5 MRS AN

S3 5 FAA(EtOH) AN

NS4 40 TSA AN

NS6 16 FCC AN

S2 15a PEC AN

S5 4 FAA-NB AN

NS1 49 NB AN

NS6 158 CNA AN

S2 1 YPD AER

NS0 1 GC AER

S5 36 BHI AN

NS0 12 TSA AN

NS4 11 TSA AER

NS0 8 GC AER

NS4 15 FAA-NB AN

NS4 4 TSA AN

NS0 5 CNA AER

NS1 FAA 3 AER

NS4 10 TSA AER

NS1 cMRS 25 AN

NS6 13 MRS AN

NS4 41 FMU AN

S2 1 BHI AN

NS4 23 PEC AN

S2 2 GCNB AN

S2 5 FAA AN

Sutterella wadsworthensis

Tyzzerella nexilis

Veillonella dispar

Sellimonas intestinalis

Staphylococcus hominis

Staphylococcus warneri

Streptococcus 

parasanguinis

Streptococcus rubneri

Streptococcus salivarius

Paeniclostridium sordellii

Parabacteroides 

distasonis

Parabacteroides merdae

Phocaeicola vulgatus

Pseudoflavonifractor 

phocaeensis

Roseburia faecis

Klebsiella grimontii

Klebsiella oxytoca

Lacrimispora 

celerecrescens

Lactonifactor 

longoviformis

Oscillibacter ruminantium

Oscillibacter 

valericigenes

Hungatella effluvii

Hungatella hathewayi

Intestinibacillus 

massiliensis

Intestinibacter bartlettii
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Figure 5.3. Heterogeinity in the utilization of human milk oligosaccharides (HMOs) among 

strains of 78 species as determined by k-means clustering based on their growth curve (GC) 

metrics or HMO structure degradation profiles. GC metrics, pHMOs-induced fold changes in 

AUC and mean highest achieved OD readings, were used to group strains into seven clusters, while 

HMO degradation profiles were used to group strains into eight clusters. Number of clusters in 

each case was determined using the elbow method by plotting the within-cluster sum of squares 

against number of clusters (up to 25 clusters). Strains are coloured by the different phenotypes 

expressed in each method of characterizing HMO use (GC metrics and HMO degradation profiles). 
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5.2.4 Comparing strain behaviour in monocultures and microbial communities 

The strains assayed in this study were isolated from fecal-derived microbial communities, 

which were separately investigated for the impact of HMOs on their taxonomic composition 

(Chapter 4). Communities were treated with 4 g/L pHMOs or no treatment under batch 

fermentation conditions. Resultant changes in composition were evaluated using metataxonomics 

(16S rRNA gene sequencing (V4 region)). The growth responses of the strains treated in 

monocultures were directly compared with the changes in absolute abundance of that species 

(detected by metataxonomics) in its parent community following pHMOs-treatment (Figure S18). 

Only metataxonomic data collected up to 36 h following community treatment was used in this 

analysis. Of the strains tested in monocultures, community data were available for 151 strains. Of 

these, 110 strains were previously found to produce a significantly different AUC between 

pHMOs-treatment and controls when tested in monoculture. The log fold change in AUC between 

the treatments of these strains in monoculture and mixed cultures are compared in Figure 5.4.  

Of the 110 strains significantly affected by pHMOs in monoculture assays, 73 strains 

increased in AUC in both culture conditions following pHMOs-treatment (Figure 5.4A). These 

included strains of a wide diversity of genera, such as Akkermansia, Alistipes, Bacteroides, 

Bifidobacterium, Blautia, Clostridium, Enterococcus, Faecalibacterium, Flavonifractor, and 

Tyzzerella. In particular, pHMOs substantially enhanced the AUC of bifidobacterial strains when 

treated in a community. On the other hand, the AUC of 6 strains were lowered by pHMOs-

treatment compared to controls under both culture conditions (Figure 5.4B). These included single 

strains of Bact. ovatus, Eisenbergiella spp., and Selim. intestinalis that were previously noted to 

be inhibited by pHMOs. Eleven strains displayed a significantly diminished AUC in monoculture, 

although they proliferated following pHMOs-treatment of the source community. Of these strains, 

the most striking differences included the 9-fold increase in AUC following pHMOs-treatment of 

Clos. innocuum (S3 community), and 5-fold increases in Bact. finegoldii (NS0 community) and 

Clos. butyricum (NS4 community) (Figure 5.4C). In addition, there were also 28 strains which 

demonstrated an ability to proliferate following pHMOs-treatment that was exclusive to 

monoculture, as their community growth in the presence of HMOs was lower than controls (Figure 

5.4D). These included a wide range of taxa, such as strains of Akker. muciniphila, Alistipes spp., 

and Bif. longum, among others. Lastly, of the 151 strains with overlapping data between 
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monoculture and community treatment experiments, 41 strains were not significantly affected by 

treatment in monoculture assays. These are compared to their community equivalents in Figure 

5.5. Notably, single strains of Bact. uniformis, Clos. tertium, and Robinsoniella peoriensis 

correlated with a considerable increase in AUC in their source communities following pHMOs-

treatment compared to controls, despite insignificant changes under monoculture conditions.  

No significant correlations were found between the HMO structures degraded by the strains 

in monoculture assays and the fold change in AUC following treatment of their corresponding 

species in the communities, as determined by a Spearman rank correlation test. Furthermore, no 

HMO structures were associated with the various combinations of growth responses of strains 

between monoculture and mixed culture (i.e., enhanced growth in both conditions, suppressed 

growth in both conditions, enhanced growth in one condition but suppressed growth in the other). 
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[Clostridium] innocuum NS4 40 CNA AN

NS4 42 FAA(EtOH) AN

S2 10 TSA AN

NS1 FAA 68 AN

NS6 137 NB AN

S2 8 FMU AN

S3 3 FMU AN

NS1 27 GC AN

S5 15 FMU AN

S5 77 SKV AN

Alistipes onderdonkii NS6 124 FAA AN

Alistipes shahii NS0 1 GC AN

S5 4 FAA AN

NS0 1 CNA AN

NS1 7 TSA AN

S2 7 FAA AN

NS6 130 SKV AN

S5 15 SKV AN

Bacteroides nordii NS6 1 YPD AN

Bacteroides ovatus NS6 31 PEC AN

Bacteroides salyersiae NS1 cFMU 24 AN

NS0 6 CNA AN

NS6 101 BHI AN

NS6 101 PEC AN

Bacteroides thetaiotaomicron NS1 19 TSA AN

NS4 58 TSA AN

NS6 100 SKV AN

NS6 2 FCC AN

NS6 34 NA AN

Bacteroides xylanisolvens NS6 127 TSA AN

Bifidobacterium animalis NS4 28 MRS AN

NS0 6 FAA AN

NS4 10 FAA-NB AN

Bifidobacterium dentium S3 4 CNA AN

NS0 7 FAA AN

NS4 1 FAA-NB AN

S3 1 FAA(EtOH) AN

[Clostridium] symbiosum

Akkermansia muciniphila

Alistipes finegoldii

Bifidobacterium longum

Bifidobacterium bifidum

Bacteroides uniformis

Bacteroides stercoris

Bacteroides kribbi

Anaerostipes caccae
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Blautia faecis NS0 1 FAA(EtOH) AN

NS0 9 FAA(EtOH) AN

NS4 40 BHI AN

Blautia producta NS1 cEtOH 19 AN

Clostridium cadaveris NS4 70 FAA(EtOH) AN

Clostridium tertium S3 9 FAA(EtOH) AN

Eisenbergiella tayi S3 2 BHI AN

NS0 3 CNA AER

S2 1 CNA AER

S2 6 PEC AN

Erysipelatoclostridium ramosumS3 4 FAA(EtOH) AN

S2 2 FAA-NB AN

S3 3 CNA AN

NS0 2 FAA-NB AN

NS1 23 EtOH AN

NS4 40 FAA-NB AN

NS6 20 GAM AN

Gordonibacter urolithinfaciens NS4 13 GAM AN

NS0 9 FAA AN

NS6 44 BHI AN

S2 1 MRS AN

S5 6 FAA(EtOH) AN

Hungatella hathewayi S3 3 BHI AN

Intestinibacillus massiliensis S2 6 FMU AN

Intestinibacter bartlettii S3 5 CNA AN

Klebsiella aerogenes NS1 cFMU 1 AER

S5 12 TSA AN

S5 36 SKV AN

Parabacteroides merdae NS1 41 FAA AN

Phocaeicola dorei S2 2 TSA AN

NS0 4 FAA AN

NS4 50 TSA AN

NS6 101 GAM AN

S2 1 YPD AN

S5 11 FCC AN

Tyzzerella nexilis NS4 41 FMU AN

Flavonifractor plautii

Hungatella effluvii

Parabacteroides distasonis

Phocaeicola vulgatus

Blautia hominis

Enterococcus avium

Faecalibacterium prausnitzii
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Bacteroides ovatus S2 11 PEC AN

Eisenbergiella massiliensis NS6 105 FMU AN

Eisenbergiella tayi S5 61 FAA AN

Intestinimonas butyriciproducensNS6 1 FCC AN

Merdimonas faecis NS4 62 TSA AN

Sellimonas intestinalis S5 4 FAA-NB AN
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[Clostridium] symbiosum NS1 cEtOH 12 AN

Akkermansia muciniphila NS0 4 GC AN

NS6 90 TSA AN

S2 2 GC AN

Alistipes ihumii NS0 11 FAA AN

Alistipes onderdonkii NS1 cFAA 21 AN

Bacteroides fragilis S2 2 FMU AN

S2 6 TSA AN

S5 14 FCC AN

Christensenella hongkongensis NS6 58 GC AN

Clostridium paraputrificum S5 1 FAA(EtOH) AN

Clostridium tertium NS1 cYPD 19 AN

NS1 cEtOH 29 AN

NS6 101 FMU AN

Enterococcus avium S5 63 PEC AN

Faecalicatena contorta NS4 68 GC AN

Lactonifactor longoviformis NS6 137 MRS AN

Peptoniphilus coxii NS4 88 FAA AN

Ruthenibacterium lactatiformansS2 7 FMU AN

Tyzzerella nexilis S2 1 BHI AN

Eisenbergiella tayi

Bifidobacterium longum

Alistipes finegoldii

Spec
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s
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M
on

oc
ultu

re
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[Clostridium] innocuum S3 3 FAA-NB AN

Anaerostipes caccae S3 6 FAA AN

Bacteroides finegoldii NS0 2 SKV AN

Clostridium butyricum NS4 1 BHI AN

Enterocloster citroniae S5 52 CNA AN

Extibacter muris S3 6 GC AN

Hungatella effluvii NS4 41 YPD AN

Parabacteroides merdae NS0 5 TSA AN

NS4 40 TSA AN

NS6 16 FCC AN

Sutterella wadsworthensis NS6 13 MRS AN

Sellimonas intestinalis
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Figure 5.4. Comparison of the log-fold increase in the mean area under the curves (AUCs) produced by the bacterial strains 

following treatment with pHMOs or no treatment in monocultures or microbial communities (showing only strains that 

produced a significantly different AUC following pHMOs-treatment relative to the control in monoculture assays). (A) Strains 

that displayed enhanced growth following pHMOs-treatment relative to controls under both culture conditions. (B) Strains that displayed 

diminished growth following pHMOs-treatment relative to controls under both culture conditions. (C) Strains that displayed diminished 

growth following pHMOs-treatment relative to controls in monocultures but enhanced growth in communities. (D) Strains that displayed 

enhanced growth following pHMOs-treatment relative to controls in monocultures but diminished growth in communities. (E) The 

growth curves of four strains in each culture condition showing the various combinations of growth responses between monoculture 

(orange strip) and mixed culture (grey strip). Monoculture assays were conducted by treating bacterial strains with 15 g/L pHMOs or a 

no-treatment control in triplicate under anaerobic, batch fermentation conditions at 37°C. Optical density (OD600) readings were 

collected at 30 min intervals for 48 h and used to generate the growth curves from which the AUC was calculated and the mean among 

replicates determined. Significantly different AUCs in monoculture assays were determined using multiple t-tests with p-values false 

discovery rate (FDR)-corrected using the Benjamani-Hochberg method. Steady-state microbial communities were treated with 4 g/L 

pHMOs or a no-treatment control in triplicate under anaerobic, batch fermentation conditions. Communities were incubated at 37°C for 

36 h. Samples were collected every 12 h for metataxonomics (16S rRNA gene sequencing (V4 region)). Values are coloured according 

to the treatment condition that resulted in the larger AUC. Blue represents cases where pHMOs-treatment resulted in a larger AUC than 

the control, while green represents cases where pHMOs-treatment resulted in a lower AUC than the control. 
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NS0 2 GC AN

NS6 128 MRS AN

NS0 3 FAA(EtOH) AN

NS6 106 FAA(EtOH) AN

NS6 104 FMU AN

S5 15 TSA AN

Alistipes finegoldii NS4 36 FMU AN

Anaerococcus vaginalis S3 3 GAM AN

Anaerostipes caccae S2 2 BHI AN

Bacteroides ovatus NS0 2 CNA AN

NS0 1 FAA AN

NS4 41 SKV AN

Blautia hominis S3 1 FAA-NB AN

Blautia producta NS6 103 TSA AN

Christensenella hongkongensis NS1 TSA 64 AN

Clostridium butyricum NS0 2 FAA AN

NS6 1 TSA AN

NS6 28A MRS AN

S2 4 PEC AN

Eggerthella timonensis S3 5 GAM AN

Clostridium tertium

Bacteroides uniformis

[Ruminococcus] torques

[Clostridium] symbiosum

[Clostridium] scindens

Spec
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Stra
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NS4 41 GAM AN

NS6 104 NB AN

S5 61 MRS AN

Eisenbergiella tayi S2 4 FMU AN

Enterobacter cloacae NS1 cPEC 2 AER

Enterocloster citroniae NS1 cEtOH 1 AN

NS1 12 EtOH AN

S2 7 TSA AN

S3 1 PEC AN

S5 1 CNA AN

Intestinibacillus massiliensis NS6 23 MRS AN

Lactonifactor longoviformis NS1 40 EtOH AN

Murimonas intestini S3 6 BHI AN

NS0 5 CNA AN

NS4 16 GC AN

Parabacteroides merdae NS6 18 PEC AN

Robinsoniella peoriensis S3 2 FAA-NB AN

Roseburia faecis S2 5 MRS AN

Ruminococcus gauvreauii NS0 7 CNA AN

Sellimonas intestinalis S2 15a PEC AN

Sutterella wadsworthensis NS1 cMRS 25 AN

Parabacteroides distasonis

Flavonifractor plautii

Eisenbergiella massiliensis
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Figure 5.5. Comparison of the log-fold increase in the mean area under the curves (AUCs) produced by the bacterial strains 

following treatment with pHMOs or no treatment in monocultures or microbial communities (showing only strains that did not 

produce a significantly different AUC following pHMOs-treatment relative to controls in monoculture assays). Monoculture 

assays were conducted by treating bacterial strains with 15 g/L pHMOs or a no-treatment control in triplicate. Following treatment, 

strains were incubated at 37°C under anaerobic, batch fermentation conditions in a spectrophotometer which recorded optical density 

(OD600) readings at 30 min intervals for 48 h. OD600 readings were used to generate the growth curves from which the AUC was 

calculated and the mean among replicates determined. Significantly different AUCs in monoculture assays were determined using 

multiple t-tests with p-values false discovery rate (FDR)-corrected using the Benjamani-Hochberg method. Steady-state microbial 

communities were treated with 4 g/L pHMOs or a no-treatment control in triplicate under anaerobic, batch fermentation conditions. 

Communities were incubated at 37°C for 36 h. Samples were collected every 12 h for metataxonomics (16S rRNA gene sequencing (V4 

region)). Values are coloured according to the treatment condition that resulted in the larger AUC. Blue represents cases where pHMOs-

treatment resulted in a larger AUC than the control, while green represents cases where pHMOs-treatment resulted in a lower AUC than 

the control.
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5.3 Discussion 

5.3.1 Various growth strategies were employed by bacterial strains when supplemented 

with human milk oligosaccharides 

In this study, 330 bacterial strains derived from infant gut microbiota samples were 

assessed for their ability to interact with HMOs. In response to treatment, strains produced several 

types of growth curves. Strains of fast replicating species that proliferated following pHMOs-

supplementation, such as Bifidobacterium spp., produced logistic growth curves where they 

entered the stationary phase around 12 h post-treatment. Strains of slower replicating species 

reached stationary phase later, including strains of Akker. muciniphila around 24–36 h, or of 

Alistipes spp., which were still in the exponential growth phase at 48 h. For some strains, treatment 

with pHMOs induced a longer lag phase of minimal growth compared to controls. These strains 

preferentially utilized HMOs over the carbon sources available in the base medium, likely as 

HMOs presented a more energetically favourable resource, however, production of the necessary 

HMO utilization machinery required more time than for the control medium. Diauxic growth was 

another HMO utilization strategy observed among some strains, whereby exponential growth 

occurred in two phases interrupted by a second lag phase. Diauxic growth results from a dual-

resource environment where strains metabolize the most favourable resource first before switching 

on the genes required to metabolize the second-best resource.281 Following supplementation with 

pHMOs, such strains may have switched between HMO structures and/or the carbohydrates of the 

base medium. Several taxa also produced logistic-decay curves where the exponential phase of 

growth was immediately followed by a death phase with either a very short stationary phase in 

between or none at all. This type of curve was either observed following both treatments or was 

exclusive to one treatment, most commonly the pHMOs-treatment. The death phase is typically 

caused by the depletion of nutrients and/or the accumulation of toxic products. For the strains 

where decay curves were exclusive to pHMOs-treatment, the accumulation of acidic HMO 

fermentation by-products, such as short-chain fatty acids (SCFAs), may have created an intolerable 

environment. 

For the majority of HMO utilizers, the presence of HMOs allowed the strains to attain a 

larger cell population than without. However, there were select strains that entered the stationary 

phase at a lower OD after HMO-supplementation compared to controls. For these strains, it is 
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unclear if it was the metabolism of HMOs or simply the presence of the structures that resulted in 

the ability to sustain a smaller cell population. Furthermore, there were 17 strains (1 Actinobacteria 

member, 2 Bacteroidetes members, and 14 Firmicutes members) which experienced complete 

growth suppression in the presence of HMOs. HMOs have been shown to play an important role 

in protecting breastfed infants from enteric infections. Aside from allowing commensal microbes 

capable of HMO utilization to outcompete opportunistic pathogens,88 HMOs prevent invasion of 

host tissues by acting as soluble decoy receptors that pathogens and toxins may recognize and 

bind.98,99 Recent evidence has indicated that HMOs may directly suppress or inhibit growth of 

pathogenic bacteria, including strains of Streptococcus agalactiae (Group B Streptococcus (GBS)) 

and Acinetobacter baumannii.93,94,111 The proposed mechanism of action was increased bacterial 

membrane permeability, which augmented the action of various antibiotics. Since no antibiotics 

were used in the present study, it is interesting to speculate that a novel and specific antimicrobial 

mechanism of action driven by HMOs may be at play against certain strains, which would require 

further study. 

5.3.2 Strains of Bifidobacterium spp. proliferated following treatment with human milk 

oligosaccharides  

The strains tested in this study included 24 strains belonging to eight Bifidobacterium 

species. Bifidobacteria are enriched in the breastfed infant gut, reportedly occupying 50–90% 

relative abundance.12,15 HMO use among several members of this genera has been well-

characterized with strains of Bif. infantis, in particular, displaying prolific usage of the structures 

as a result of its highly conserved, so-called ‘HMO gene cluster’ containing several ATP-binding 

cassette-type (ABC) transporters and intracellular GHs necessary for HMO utilization.72,78 As 

such, it was not surprising that all bifidobacterial strains tested significantly proliferated following 

treatment with pHMOs relative to controls. All but one strain, Bif. breve S3 1 CNA AN, exhibited 

logistic growth and attained stationary phase 12–24 h post-treatment. Consistent with previous 

findings, the bifidobacterial strains degraded a range of HMO structures with strains of Bif. bifidum 

metabolizing the widest variety of structures.77,282 Among the remaining bifidobacterial strains, 

LNT and 6’SL were preferentially degraded by strains of Bif. breve, Bif. longum, and Bif. 

pseudocatenulatum, while only one strain of Bif. longum was capable of 2’FL degradation. 

Interestingly, some bifidobacterial strains, e.g., Bif. animalis NS4 28 MRS AN, Bif. breve S3 1 
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CNA AN, and Bif. dentium S3 4 CNA AN, displayed only a mild ability to degrade the detectable 

HMO structures despite their significant increases in growth following pHMOs-treatment. One 

possible explanation for this observation is the exploitation of other, potentially more complex 

HMO structures by these strains beyond those detected in this study. 

5.3.3 A wide diversity of bacterial strains was impacted by human milk oligosaccharides 

Aside from members of Bifidobacterium, pHMOs significantly altered the growth 

responses of 234 strains, representing 126 species, of which only 19 species had been previously 

investigated for HMO use. Overall, the growth of 196 strains, accounting for 104 species, was 

enhanced by the presence of HMOs, as determined by significant increases in the AUC and/or the 

maximum cell density achieved. In agreement with past studies,77,82,83,92,95,283 strains experiencing 

enhanced growth included Akker. muciniphila, Bacteroides spp., Clos. perfringens, Enterococcus 

faecalis, Faec. prausnitzii, Phoc. vulgatus, and Strep. lutetiensis. However, there were several 

instances where our observations were incongruous with previous reports. In the present study, all 

strains of Enterobacter ludwigii, Klebsiella oxytoca, K. pneumoniae, Lactococcus lactis and 

Veillonella dispar demonstrated increased growth following pHMOs-treatment. In contrast, when 

grown in media with 2’FL, 6’SL, or LNnT as the sole carbon sources, K. oxytoca and K. 

pneumoniae failed to proliferate,88 while the growth of L. lactis in media containing 2’FL, 3-FL, 

or DFlac as the sole carbon sources was also inhibited.77 However, the HMO degradation profiles 

of these taxa indicate only mild breakdown (< 30%) of a single HMO structure, FDSLNH, 

suggesting that the individual structures tested in the past experiments may have been insufficient 

for promoting growth of these taxa.  

In contrast to our findings, Yen95 reported a lack of growth of Enterobacter ludwigii and 

V. dispar following supplementation with pHMOs. While strains of these species proliferated in 

the presence of HMOs in our study, they displayed poor consumption of the detectable HMO 

structures. As a result, their enhanced growth following treatment with pHMOs may have been 

caused by the utilization of undetected HMOs present in the pHMOs mixture or by non-catabolic 

interactions with the structures. Such interactions were previously observed by Hunt et al.284 where 

breastmilk isolates of Staphylococcus aureus and Staphylococcus epidermis attained greater 

maximum growth in the presence of glucose and HMOs despite evidence that the HMO structures 

were only minimally degraded. Moreover, substitution of glucose for lactose or the exclusion of 
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HMOs diminished the growth of the Staph. aureus and Staph. epidermis strains compared to when 

cultured in the presence of both substrates. While the mechanism of action has yet to be elucidated, 

it is likely that HMOs promote growth of other bacterial species in a non-catabolic manner, which 

may also account for the increased growth of K. oxytoca and K. pneumoniae previously described. 

5.3.4 Bacterial strains displayed varying human milk oligosaccharide structure-based 

specificities 

Based on their HMO degradation profiles, strains either exhibited prolific usage of a range 

of HMO structures or structure-based specificity where only one or a few structures were 

optimized. The ability to utilize HMOs depends on the repertoire of oligosaccharide transporters 

and GHs available to a strain that facilitate the uptake and cleavage of the structures. Research into 

HMO-related GHs has largely focused on characterizing those produced by Bifidobacterium spp., 

as a result of their versatile usage of HMO structures. Consistent with the literature, strains of Bif. 

bifidum in the present study were able to degrade almost all detectable HMO structures as a result 

of their diversity of cell-wall anchored, extracellular GHs.282 On the other hand, the remaining 

bifidobacterial strains demonstrated structure-based specificity with the most common structure 

being LNT, which was in agreement with findings of a previous study where strains of Bif. breve, 

Bif. longum, and Bif. pseudocatenulatum displayed a propensity to utilize LNT, LNnT, and/or 

lacto-N-biose (LNB) over other types of HMOs.282 Use of other HMO structures, such as 2’FL, 3-

FL, and LNFP I/II/III, by strains of Bif. breve and Bif. longum is reportedly limited to select strains, 

consistent with our observation that only one strain of Bif. longum metabolized 2’FL. 

Metagenomic analysis of the gut microbiota of older infants consuming solid food 

previously revealed the contribution of HMO-related GHs from Proteobacteria and Bacteroidetes 

members, which would account for the prolific HMO usage observed among members of the 

Bacteroides, Parabacteroides, and Phocaeicola in the present study.279 However, the Bact. 

thetaiotaomicron strain tested was limited to degrading only a single HMO structure, 2’FL, despite 

previous reports that strains of this species can express up to 67 HMO-related GHs following 

HMO-treatment, signifying the presence of intraspecies variation in HMO utilization.82 Several 

members of Firmicutes were also capable of HMO utilization, including members of 

[Ruminococcus] and Tyzzerella. Previous analysis of the genomes and proteomes of Rum. gnavus 

strains indicated the presence of several mucin-specific GHs with the potential to also degrade 
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HMOs.285 However, direct metabolism of HMOs by members of this genus has not been confirmed 

until now. Lastly, Akker. muciniphila was previously shown to upregulate 19 HMO-related GHs 

in the presence of human milk,83 which would explain the degradation of the broad range of 

structures observed in the present study. 

Overall, degradation of the fucosylated HMO structures by the strains was significantly 

and positively correlated, likely as a result of enzyme promiscuity among the fucosidases 

expressed by the strains. Cleavage of HMO fucosidic linkages are performed by two types of 

fucosidase enzymes. First, the 1,2-α-L-fucosidase of the GH95 family, which may recognize and 

cleave at antigen H disaccharide linkages, and second, the 1,3-1,4-α-L-fucosidase of the GH29 

family, which is active against fucoside linkages adjacent to branched galactose monomers such 

as those in LNFP II and III.282 These enzymes have varying degrees of activities and substrate 

specificities depending on their strain of origin. 1,2-α-L-fucosidases isolated from bifidobacterial 

strains are highly active against 2’FL and LNFP I, moderately active against DFLac and LNDFH 

I, and modestly active against 3-FL.286,287 On the other hand, only one of the three GH29 α-L-

fucosidases expressed by Lacticaseibacillus casei BL23 showed moderate activity against 2’FL, 

while all three lacked activity against 3-FL.288 Furthermore, two GH29 and two GH95 α-L-

fucosidases were identified in the proteome of the Akker. muciniphila type strain.83 Of these, only 

one GH29 enzyme was tested for and demonstrated moderate activity against 2’FL, while the 

activities and specificities against other fucosylated HMOs has yet to be determined. Although 

there is a lack of information available on the identities, activities, and specificities of the HMO-

related fucosidases, as well as other HMO-active enzymes, from non-Bifidobacterium species, the 

HMO degradation results of the present study offers unique insight into the GH activities of the 

strains evaluated.  

The most widely degraded HMO structure was the double-sialylated, non-fucosylated 

structure, DSLNT. Higher concentrations of DSLNT in human milk have been inversely correlated 

with development of necrotizing enterocolitis (NEC) in preterm infants,289 while administering 

this structure to neonatal rat models of NEC reduced disease incidence.189 However, it has yet to 

be elucidated if DSLNT functions by modifying host factors, such as altering immune cell 

populations, or through modulation of the gut microbiota, or both. There has been a paucity of 

information on the diversity of bacteria capable of DSLNT metabolism until now. Despite being 
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one of the most abundant structures produced by all lactating women, with an average 

concentration of 0.38 g/L in mature milk,290 DSLNT is not among the synthetic HMO structures 

currently used to fortify infant formula as it is not yet available commercially.243  

5.3.5 Potentially pathogenic bacterial strains also utilize human milk oligosaccharides 

As previously mentioned, HMOs have been shown to directly inhibit the growth of certain 

pathogenic organisms.93,94,111 As such, we were interested in assessing the impact of HMOs on 

strains of disease-associated species. A number of the taxa for which representative strains were 

assayed are included in the ESKAPE list of multi-drug resistant pathogens, e.g., Staph. aureus, 

Klebsiella spp., and Enterobacter spp.291 In the present study, the Staph. aureus strain tested 

showed minimal degradation of the detectable HMO structures while producing a logistic-decay 

curve. As such, it is likely that while this strain consumed the carbohydrates in the basal medium, 

the presence of HMOs induced a death phase that was absent in the control condition. These 

observations contrast those of past studies that have either reported the non-catabolic proliferation 

of Staph. aureus in the presence of HMOs compared to controls95,284 or no significant differences 

between HMO-treatment and the control condition.94 As previously noted in Section 5.3.3, our 

observations on the increased growth of strains of Klebsiella spp. and Enterobacter spp. also 

deviated from reports in the literature.88,95 As such, there is likely intraspecies variation in the 

effect of HMOs on the growth of Staph. aureus, Klebsiella spp., and Enterobacter spp. Other 

potential pathogens investigated include strains of Clostridioides difficile, Clos. perfringens, and 

Veillonella spp., which exhibited varying degrees of HMO utilization and growth promotion in the 

presence of HMOs, although also affected by intraspecies variation. However, none of the 

aforementioned taxa experienced growth inhibition in the presence of HMOs. 

The strains of the present study were isolated from seven infants with a genetic 

predisposition for T1D, three of whom subsequently seroconverted and four of whom were healthy 

controls. Previously, Vatanen et al.173 proposed that in infants at risk of T1D, HMOs select for 

taxa such as Phocaeicola spp. and Bacteroides spp. whose lipopolysaccharide (LPS) fails to trigger 

endotoxin tolerance. However, no overall significant differences in the HMO-utilization abilities 

of strains isolated from seroconverters and nonconverters were observed. Moreover, HMOs were 

not differentially utilized by strains of taxa previously associated with T1D development, such as 

Rum. gnavus,139 Phocaeicola,172 and Alistipes (Chapter 4). These results indicate that HMOs 
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interact with a wide diversity of species, including those reportedly beneficial to human health as 

well as potential pathogens. 

5.3.6 Strain-level heterogeneity in HMO utilization is a common feature among gut 

bacteria 

A high degree of intraspecies variation was observed in this work as more than half of the 

species for which multiple strains were tested displayed strain-dependent heterogeneity in their 

growth responses to pHMOs-treatment and/or their HMO structure specificities. There were 

several taxa for which some strains exhibited versatile HMO use and growth enhancement while 

others displayed minimal to no HMO use and/or growth inhibition. The few previous studies that 

assessed intraspecies variation in HMO use reported similar findings following separate treatments 

with 2’FL, 3-FL, and DFLac,77 as well as with pHMOs,95 although fewer species than the present 

study were investigated. The ‘pan-genome’ of a species represents the complete collection of genes 

present across the strains of that species. Previous pan-genome analysis of gut-derived bacteria 

showed that Bacteroidetes members contained relatively large and open pan-genomes, while 

Firmicutes members were less variable, and Actinobacteria members contained relatively closed 

pan-genomes.292 Regardless, studies of the Bif. longum pan-genome still demonstrated substantial 

intraspecies genetic diversity in carbohydrate metabolic capabilities including for the utilization 

of 2’FL and 3-FL.293 As such, strain-level heterogeneity in HMO metabolism is a common feature 

among members of the infant gut microbiota and a characteristic which should be contemplated 

when considering the use of HMOs for therapeutic applications, such as the supplementation of 

infant formula. 

5.3.7 Monoculture versus community growth of strains in response to human milk 

oligosaccharides did not always correlate 

The growth response to supplementation with pHMOs was consistent between treatment 

in monoculture and a mixed species community for the majority of strains for which overlapping 

data was available. Among the strains whose growth was enhanced by HMOs in both culture 

conditions, strains of Bif. bifidum and Bif. longum markedly proliferated in the communities, 

demonstrating their superior ability to assimilate HMOs regardless of nutrient competition. Aside 

from Bifidobacterium species, a broad diversity of strains also retained their ability to proliferate 
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following HMO-treatment of mixed cultures. In addition, several taxa for which growth was 

unaffected or significantly supressed by HMOs in axenic cultures expanded in abundance 

following HMO-treatment of the communities. This finding indicated that the inhibitory effect of 

HMOs seen in monoculture for some strains was likely lost in an ecosystem setting, possibly as a 

result of the rapid metabolism of the growth-inhibitory structures by the other species in the 

community. Furthermore, the observed increase in growth of some of these strains may be the 

outcome of direct metabolism of HMO structures, cross-feeding of HMO degradants, or a 

combination thereof. Cross-feeding is a resource-sharing behaviour where microbes capable of the 

extracellular cleavage of HMOs liberate mono- and/or oligosaccharides for use by other taxa. End 

products of HMO fermentation, such as acetate and lactate, may also act as substrates for other 

microbes. Such trophic relationships have been observed in mixed cultures of Bifidobacterium 

species with variable HMO utilization capabilities when cultivated in the presence of 2’FL and 

LNnT.294 Similarly, the growth of a strain of Anaerostipes caccae that was incapable of HMO 

metabolism was increased compared to controls when cultured with Bif. infantis in an pHMO-

containing medium.295 Anaer. caccae reportedly consumed HMO-derived monosaccharides, 

acetate, and lactate produced by Bif. infantis. Lastly, growth enhancement in mixed cultures may 

also result from non-trophic relationships. For example, the growth of both HMO-degrading Bif. 

infantis and HMO-non-user Faec. prausnitzii strains was promoted when co-cultured with 6’SL, 

despite evidence that a cross-feeding relationship was absent.283 It was hypothesized that the 

presence of Faec. prausnitzii upregulated sialidase expression in Bif. infantis, although further 

studies are needed to confirm this theory. A number of strains that significantly increased in growth 

following pHMOs-treatment in monoculture were inhibited by the same treatment when in a 

community. As such, it is likely that the ability of these strains to access and assimilate HMOs 

were hindered by the presence of other taxa, possibly because competitively they are at a 

disadvantage for utilizing specific HMOs, for example, if other taxa within the consortium can 

more quickly upregulate the necessary genes to do so. Alternatively, these strains may have 

succumbed to antimicrobials produced by other proliferating species in the communities. Further 

research is required to disentangle the trophic and antagonistic relationships at play that 

differentiate a microbe’s ability to utilize HMOs when cultured in isolation compared to as part of 

a community.   
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5.4 Conclusion 

Various HMO structures are increasingly being used for the fortification of infant formula 

despite a limited understanding of the diversity of gut bacteria capable of interacting with and 

metabolizing these structures. Prior to this study, direct HMO utilization was reported in only 32 

non-Bifidobacterium species. Therefore, we have appreciably expanded this number after 

observing HMO-induced growth enhancement of 94 non-Bifidobacterium species that have not 

been previously reported in the literature. Furthermore, HMOs were shown to enhance the growth 

of species associated with human health as well as potential pathogens. As such, greater 

consideration must be given to the impact of HMOs on low-abundance microbes which may also 

influence the developing gut microbiota and subsequently infant health. With specific regard to 

T1D, strains isolated from nonconverter and seroconverter infants displayed an equal ability to 

assimilate HMOs, signifying that these structures may be favourable for modulating the T1D-

susceptible gut microbiota.  

In addition to the broad range of species tested, this study was also distinguished from 

previous studies by the extensive HMO profiling conducted on the assayed strains, which has 

provided unique insight into the varying degrees of structure-based specificities present in strains 

of the infant gut microbiota. Furthermore, we identified DSLNT as the most widely degraded 

HMO structure, despite not being among the synthetic HMO structures currently used to fortify 

infant formula. Lastly, this study has highlighted the need for greater consideration of the 

intraspecies variation in the ability to utilize HMOs as well as the contrasting behaviours strains 

may exhibit when studied in isolation compared to as a member of a microbial community when 

considering the therapeutic application of HMOs.  
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6 Summary, conclusion, and future directions 

The incidence of type 1 diabetes (T1D) is rapidly increasing worldwide at a rate that cannot 

solely be explained by inherited susceptibility. As such, there is a need to identify early biomarkers 

of T1D progression that may be targeted for prevention of disease. Although changes to the 

composition of the gut microbiota have been widely associated with T1D development, T1D-

promoting species have yet to be consistently identified. Consequently, the functional output of 

the gut microbiota may be used to distinguish healthy infants, referred to as ‘nonconverters’ (NS), 

from T1D-progressing infants, referred to as ‘seroconverters’ (S). Simultaneously, human milk 

oligosaccharides (HMOs) are suspected of being an anti-diabetic component of human milk, 

although their impact on the gut microbiota of infants at risk of T1D has yet to be characterized. 

Given the gaps in knowledge regarding the functional output of the T1D-associated gut microbiota 

as well as the uninvestigated therapeutic potential of HMOs in modulating these microbial 

communities, this thesis sought to investigate two hypotheses: (1) the seroconverter gut microbiota 

can be distinguished from the nonconverter gut microbiota on the basis of their metabolic output; 

and (2) treating the T1D-associated gut microbiota with HMOs will induce beneficial changes to 

their taxonomic composition and functional output. To address these hypotheses, four main 

objectives were outlined for contrasting the fecal-derived microbial communities from 

nonconverter and seroconverter infants as well as for evaluating the impact of HMOs on these 

communities.  

6.1 Summary of research findings 

6.1.1 Development of a reproducible in vitro model of the infant type 1 diabetes-susceptible 

gut microbiota 

Continuous, single-stage bioreactors, designed to mimic the conditions of the human distal 

colon, successfully propagated fecal-derived microbial communities (FCs) from four 

nonconverters and three seroconverters (Figures 2.2A–D). By the fifth day following inoculation, 

FCs achieved a compositional and metabolic steady-state that lasted until bioreactor shutdown 16–

23 days later. At steady-state, FCs effectively recapitulated the taxonomic diversity and 

composition of the donors’ stool while purportedly removing or reducing the influence of 

nonviable and transient taxa present in the stool. Isolation of bacterial strains from the FCs 
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augmented taxonomic characterization of the FCs by revealing a large amount of diversity that 

would have otherwise gone underrepresented by the sole application of metataxonomics (16S 

rRNA gene sequencing). Isolated strains were also used to assemble defined communities (DCs), 

which were compared to regenerated communities (RCs) seeded from steady-state FC culture, for 

their ability to reproduce features of their parent FC (Figure 2.2E). This was necessary as donated 

stool was expended during inoculation of the FCs and so, development of an alternative model 

was essential for subsequent experimentation. While both DCs and RCs reproduced the taxonomic 

composition of the most abundant genera of their parent FC, as well as demonstrated a high degree 

of reproducibility between replicate vessels, RCs had a superior ability to emulate the parent FC’s 

taxonomic diversity and metabolic output. As such, subsequent experiments involving microbial 

communities were conducted on RCs. 

6.1.2 Contrasting the fecal-derived microbial communities of nonconverter and 

seroconverter infants 

The use of an in vitro model of the infant donors’ gut microbiotas permitted extensive 

evaluation of the bacterial taxonomic composition, metabolic output, and secreted proteins. 

Comparative analysis of the nonconverter and seroconverter communities (FCs/donor = 1; 

RCs/donor = 63) identified several features unique to the T1D-associated gut microbiota. 

Seroconverter communities contained a significantly lower taxonomic diversity and fewer 

functional groups than the nonconverter communities, which were congruous with previous 

findings.169,172,181,185 Interestingly, seroconverter RCs were positively correlated with a number of 

taxa expected to be beneficial to human health, including Bifidobacterium, Akkermansia, 

Faecalibacterium, and Roseburia (Table 4.1). At the phylum level, seroconverter RCs contained 

a significantly lower Bacteroidetes–Firmicutes ratio than nonconverter RCs, which contrasts the 

observations of some studies of the T1D-associated gut microbiota.169,170,184,185 Nonconverter 

communities were also distinguished from seroconverter communities by the increased production 

of short-chain fatty acids (SCFAs), acetate, propionate, and valerate, accompanied by significantly 

lower levels of butyrate among other metabolites. Finally, numerous secreted proteins were 

exclusively upregulated in the seroconverter RCs, including proteins related to the production of 

Alistipes-derived LPS (Table 4.3). 
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6.1.3 Assessing the impact of pooled human milk oligosaccharides and 2’-fucosyllactose on 

nonconverter and seroconverter regenerated communities 

In order to assess the therapeutic potential of HMOs on the T1D-susceptible gut 

microbiota, nonconverter and seroconverter RCs were treated with either HMOs combined from 

the milk of several lactating women, referred to as pooled HMOs (pHMOs), or 2’-fucosyllactose 

(2’FL), the HMO structure most commonly used for the fortification of infant formula milk (Figure 

2.3). All RCs degraded a wide diversity of the 19 detectable HMO structures with 2’FL being the 

most rapidly consumed structure, both when administered individually and as part of the pHMOs 

mixture. Relative to the control, pHMOs stimulated mild changes in RC taxonomic composition, 

but profound changes to their metabolic output. Pooled HMOs resulted in significantly higher 

concentrations of health-promoting metabolites, such as SCFAs, while lowering concentrations of 

metabolites associated with disease. Conversely, 2’FL continuously yielded results similar to the 

no-treatment condition.  

Extracellular proteins specifically upregulated in response to treatment with HMOs 

included proteins with diverse biological functions related to carbohydrate metabolism, 

transcription, translation, production of SCFAs, and cell reproduction. However, treatment with 

2’FL or no treatment increased the presence of proteins that typically function intracellularly in 

the extracellular space, compared to pHMOs, plausibly the result of bacteria-secreted extracellular 

vesicles (BEVs; released due to nutrient-poor conditions)276 or lower cell viability (causing the 

release of intracellular components). There were no significant differences in the types of HMO 

structures consumed between nonconverter and seroconverter RCs, although seroconversion-

status continued to significantly differentiate the taxonomic composition, metabolic output, and 

secretome of the RCs regardless of treatment. This would suggest that single treatments of pHMOs 

and 2’FL under the conditions of this experiment were insufficient for ameliorating all 

seroconversion-associated features. 

6.1.4 Evaluating the growth responses and structure specificities of 330 bacterial strains 

treated with human milk oligosaccharides 

Monoculture treatment of 330 bacterial strains, spanning 157 species, with pHMOs (Figure 

2.4) resulted in the HMO-enhanced growth of 94 non-Bifidobacterium species that have not been 

previously reported in the literature, inclusive of species previously associated with health and 
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disease, including T1D. However, HMO utilization did not distinguish strains isolated from 

nonconverter and seroconverter infants. Some strains presented diminished growth in the presence 

of HMOs compared to controls, including single strains of 17 species that displayed complete 

growth inhibition. Overall, strains demonstrated varying degrees of HMO structure-based 

specificities with DSLNT being the most widely degraded. Considering both growth responses 

and HMO degradation profiles, a large amount of intraspecies variation was observed as more than 

half of the species for which multiple strains were tested exhibited strain-dependent heterogeneity. 

Lastly, some strains for which both monoculture and RC data were available displayed differing 

growth responses to pHMOs-treatment depending on the culture condition, likely due to a variety 

of reasons, including the influence of cross-feeding within a mixed species community. 

6.2 Conclusion 

Extensive multi-omics characterization of microbial communities derived from 

nonconverter and seroconverter infants identified several taxonomic, metabolic, and proteomic 

features significantly correlated with T1D progression. As such, the hypothesis that the gut 

microbiotas of nonconverters and seroconverters may be distinguished on the basis of their 

metabolic output has been confirmed. Treatment of both nonconverter and seroconverter RCs with 

pHMOs stimulated the increased expression of health-associated metabolites, such as SCFA, while 

lowering the concentration of disease-promoting metabolites and reducing the secretion of 

intracellular proteins as were observed in the control condition. Additionally, nonconverter and 

seroconverter RCs, as well as their isolated bacterial strains, did not significantly differ in their 

ability to degrade HMOs. Still, single HMO treatments failed to induce substantial changes in 

taxonomic composition of the RCs or ameliorate all seroconverter-associated features. Moreover, 

the results of 2’FL treatment of the RCs deviated only minimally from those of the control 

condition. As such, the hypothesis that HMOs may be used to stimulate beneficial changes to the 

T1D-associated gut microbiota has been partially confirmed.  

Overall, this study has appreciably expanded the current knowledge on the T1D-associated 

gut microbiota and the role that HMOs may play in enhancing T1D-progressor health. 

Furthermore, by characterizing HMO utilization in the largest collection of gut-derived bacteria 

compared to any prior study, we have proven that HMOs interact with a substantially wider 

diversity of species than was previously recognized. Synthetic HMOs are becoming increasingly 
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commercially available, resulting in the production of HMO-fortified products such as infant 

formula milk. Although these products have been shown to improve various aspects of infant 

health, before they can be accurately marketed as able to promote microbiota function, greater 

consideration should first be given to the efficacy of using single structures, as our study has 

demonstrated the inadequacy of 2’FL in modulating the infant gut microbiota in comparison to 

pHMOs. Moreover, while results of studies involving single strains grown in pure cultures may be 

used to approximate the behaviour of taxa in the gut, it should also be recognized that strains can 

exhibit differing (including contrasting) growth responses to substrates when cultured in a 

microbial community. Likewise, there exists substantial strain-dependent variation in the ability 

to utilize HMOs, even among strains of well-known HMO users such as Bifidobacterium spp. 

Ultimately, results of single strain tests should not be extrapolated to all strains of that species.  

6.3 Directions for further research 

Next steps in investigating the role of the gut microbiota in T1D development could include 

the colonization of gnotobiotic non-obese diabetic (NOD) mice with microbes extracted from the 

steady-state culture of the nonconverter and seroconverter FCs. Evaluations of the overall health, 

mucosal immune function, and islet autoimmunity of the mice may reveal the earlier development 

and/or higher incidence of T1D among mice receiving seroconverter communities. Such findings 

would strongly support a causative role of the gut microbiota in T1D development. Furthermore, 

these mice could be treated with pHMOs as well as combinations of synthetic HMO structures to 

characterize their anti-diabetic potential in vivo.  

In the current study, several strains displayed complete growth inhibition in the presence 

of HMOs. Characterization of this novel and specific antimicrobial activity of HMOs would 

contribute considerably to our understanding of their anti-infective properties. Minimum 

inhibitory concentration (MIC) assays would inform on the lowest HMO dose needed for growth 

inhibition while metabolic and proteomic profiling would identify the pathways upregulated by 

the strains in the presence of HMOs. These findings may help to identify the cellular processes 

most affected by HMOs and contribute to discerning the mechanism(s) of action.  
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8 Supplementary Tables 

Table S1. Selective and non-selective media types used to isolate microbial strains from fecal-

derived microbial community culture. Aliquots of culture were serially diluted and 100μL of 

dilutions, 10-4, 10-5, 10-6 and 10-7, were spread plated on the media types. Plates were then 

incubated at 37°C under aerobic and anaerobic conditions for one week.  

Media Target 

Fastidious Anaerobic Agar (FAA) supplemented with 

5% defibrinated sheep’s blood 

Non-selective; enriches for fastidious anaerobic 

organisms  

Fastidious Anaerobic Agar (FMU) supplemented with 

5% defibrinated sheep’s blood and 4 g/L mucin 

Non-selective; enriches for fastidious anaerobic 

organisms that utilize mucin 

Fastidious Anaerobic Agar without sheep’s blood (FAA-

NB) 

Non-selective; enriches for fastidious anaerobic 

organisms 

Fastidious Anaerobic Agar without sheep’s blood 

supplemented with 0.02% pectin (PEC) 

Non-selective; enriches for fastidious anaerobic 

organisms that utilize pectin 

Fastidious Anaerobic Agar without sheep’s blood, 

supplemented with 5 g/L starch, 5 g/L pectin, 4 g/L 

mucin, 3 g/L dextrose and 0.9 g/L inulin (FCC) 

Non-selective; enriches for fastidious anaerobic 

organisms that utilize complex carbohydrates 

Brain Heart Infusion (BHI) 
Non-selective; enriches for fastidious anaerobic 

organisms 

Tryptic Soy Agar (TSA) Non-selective; promotes growth of all organisms  

Yeast-extract Peptone Dextrose Agar (YPD) Non-selective; promotes growth of yeasts 

GC agar supplemented with 5% defibrinated sheep’s 

blood 
Non-selective; enriches fastidious anaerobic organisms 

Gifu Anaerobic Media Agar (GAM) 

Non-selective; promotes growth of anaerobic 

organisms, especially for streptococci, pneumococci 

and meningococci 

Nutrient Agar (NA) 
Non-selective; promotes growth of wide selection of 

non-fastidious organisms 

Yeast-extract Casitone and Fatty-Acid (YCFA) 
Non-selective; promotes growth of organisms that 

depend on presence of fatty acids for growth 

Columbia Agar with colistin, nalidixic acid and blood 

(CNA) 
Selective for Gram positive cocci  

Schaedler’s agar with Kanamycin and Vancomycin and 

supplemented with 5% defibrinated sheep’s blood 

(SKV) 

Selective for Gram negative organisms  

De Man, Rogosa, Sharpe Agar (MRS) Selective for lactic acid bacteria  

Ethanol shock before plating on FAA  Selective for spore-forming bacteria  
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Table S2. Bacterial strains isolated from the fecal-derived microbial communities 

representing four nonconverters (NS) and three seroconverters (S). Coverage (Cov) and 

identity (ID) were obtained following NCBI blast alignments to the closest match in 16S rRNA 

gene sequence reference database. Abbreviations: Seq: sequence. 

Phylum Family 
Species of closest 

match 
Strain 

Seq. 

length 

Cov. 

(%) 

ID 

(%) 

Actinobacteria Actinomycetaceae Actinomyces naeslundii NS0 1 CNA AER 683 100 99.85 

Arcanobacterium 

pluranimalium 
NS1 58 TSA AN 645 100.16 96.28 

Schaalia turicensis NS1 3 GC AN 700 100.14 99 

Varibaculum anthropi NS1 26 CNA AN 669 100 99.1 

Bifidobacteriaceae Bifidobacterium 

adolescentis 

NS0 1 MB AN 663 100 99.85 

NS1 NB 15 AN 690 100 99.86 

Bifidobacterium animalis NS0 1 MRS AN 659 100 99.85 

NS4 28 MRS AN 655 100 100 

Bifidobacterium bifidum NS0 6 FAA AN 660 100 100 

NS4 1 GAM AN 659 100 99.39 

NS4 10 FAA-NB AN 631 100 99.52 

Bifidobacterium breve NS0 1 FAA-NB AN 652 100 100 

NS1 14 FAA AN 692 100.14 99.57 

NS4 11 YPD AN 665 100.45 98.8 

S3 1 BHI AN 668 100 98.35 

S3 1 CNA AN 647 100 97.84 

S3 2 FAA AN 698 100.14 99.28 

Bifidobacterium dentium NS4 19 GAM AN 651 100 100 

S3 4 CNA AN 669 100 99.4 

Bifidobacterium longum NS0 7 FAA AN 658 100 99.85 

NS1 NB 3 AN 681 100 99.27 

NS1 PEC 21 AN 652 100 99.85 

NS4 1 FAA-NB AN 666 100 99.85 

S2 6 TSA AN 659 100 99.85 

S3 1 FAA(EtOH) AN 681 100.15 99.12 

S5 14 FCC AN 688 100 99.71 

Bifidobacterium 

pseudocatenulatum 
NS0 7 TSA AN 649 100 100 

NS1 36 MRS AN 644 100 100 

S5 12 FMU AN 657 100 100 

Bifidobacterium 

scardovii 
NS4 10 CNA AER 643 100 98.91 

Coriobacteriaceae Collinsella aerofaciens NS0 6 TSA AN 633 100 99.05 

NS1 8 GC AN 644 100 99.22 

S3 1 FMU AN 647 100 100 

S3 3 TSA AN 492 79.27 86.41 

Collinsella intestinalis NS0 2 TSA AN 637 100 100 

Collinsella tanakaei NS0 13 TSA AN 655 100 98.02 

Corynebacteriaceae Corynebacterium 

auriscanis 
NS4 41 CNA AER 668 100 98.65 

Corynebacterium 

thomssenii 
S5 72 FCC AER 671 100 100 

Eggerthellaceae Eggerthella lenta NS1 43 CNA AN 651 100 99.85 

NS6 16 MRS AN 633 100 98.89 

NS6 6 FAA AN 608 100 99.01 

S2 1 FAA AN 653 100 100 
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S2 2 YPD AN 634 100 99.84 

S5 18 GAM AN 629 100 100 

Eggerthella timonensis S3 1 TSA AN 661 100 98.62 

S3 4 TSA AN 662 100 98.92 

S3 5 GAM AN 646 100.15 98.61 

Gordonibacter 

pamelaeae 
NS1 cNB 27 AN 646 100 99.85 

Gordonibacter 

urolithinfaciens 
NS4 13 GAM AN 646 100.31 98.77 

Paraeggerthella 

hongkongensis 
NS0 3 FAA-NB AN 676 100 99.56 

Raoultibacter 

massiliensis 
S3 7 CNA AN 662 100.45 95.64 

Micrococcaceae Arthrobacter bambusae NS0 2 FAA-NB AER 656 100 99.7 

Kocuria arsenatis NS0 1 MRS AER 652 100 99.69 

Micrococcus aloeverae NS0 4 GC AER 648 100 99.85 

NS1 cBHI 1 AER 664 100 99.4 

NS4 4 PEC AER 655 100 99.24 

NS6 102 CNA AER 637 100 98.59 

S5 31 FCC AER 533 100 99.06 

Micrococcus yunnanensis NS0 2 MRS AER 658 100 100 

Propionibacteriaceae Cutibacterium acnes NS4 13 PEC AN 675 100 100 

Bacteroidetes Bacteroidaceae Bacteroides caccae NS0 1 CNA AN 672 100 99.55 

NS1 7 TSA AN 702 100 99.43 

NS1 PEC 20 AN 696 100 99.71 

S2 7 FAA AN 671 100 99.85 

Bacteroides 

cellulosilyticus 
NS6 115 SKV AN 657 100 99.54 

NS6 116 NB AN 605 100 100 

NS6 119 PEC AN 658 100 99.24 

Bacteroides dorei S2 2 TSA AN 675 100 99.85 

Bacteroides finegoldii NS0 2 SKV AN 673 100 99.55 

Bacteroides fragilis NS1 NB 6 AN 704 100 99.72 

S2 2 FMU AN 681 100 99.85 

Bacteroides kribbi NS6 130 SKV AN 679 100 99.71 

S5 10 FCC AN 646 100 99.07 

S5 15 SKV AN 607 100 98.68 

Bacteroides nordii NS6 1 YPD AN 670 100 97.91 

Bacteroides ovatus NS0 2 CNA AN 670 100 100 

NS6 31 PEC AN 679 100 100 

S2 11 PEC AN 651 100 97.54 

Bacteroides salyersiae NS1 cFMU 24 AN 701 100.14 99 

Bacteroides stercoris NS0 6 CNA AN 634 100 99.53 

NS1 1 CNA AN 703 100 99.72 

NS6 101 BHI AN 651 100.15 98.93 

NS6 101 PEC AN 692 100 99.71 

Bacteroides 

thetaiotaomicron 
NS1 19 TSA AN 703 100 99.15 

Bacteroides uniformis NS0 1 FAA AN 670 100 99.85 

NS1 cGAM 15 AN 691 100 99.57 

NS4 41 SKV AN 649 100 99.54 

NS4 58 TSA AN 416 100 99.04 

NS6 100 SKV AN 672 100 98.96 

NS6 2 FCC AN 670 100 99.7 

NS6 34 NA AN 698 100 100 

Bacteroides xylanisolvens NS6 127 TSA AN 670 100 99.55 
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Phocaeicola vulgatus NS0 4 FAA AN 687 100 99.85 

NS1 32 TSA AN 692 100 100 

NS4 42 FMU AN 677 100 99.41 

NS4 50 TSA AN 671 100 99.85 

NS6 101 GAM AN 668 100 99.85 

S2 1 YPD AN 689 100 99.13 

S5 11 FCC AN 648 100 98.15 

S5 82 ACE AN 684 100 95.47 

Porphyromonadaceae Porphyromonas somerae NS1 2 FAA AN 707 100 99.15 

Prevotellaceae Prevotella copri NS0 1 SKV AN 677 100 98.52 

Rikenellaceae Alistipes finegoldii NS1 27 GC AN 671 100 99.55 

NS4 36 FMU AN 580 100 99.14 

NS6 90 TSA AN 673 100 99.41 

S2 2 GC AN 631 100 100 

S5 15 FMU AN 621 100 99.68 

S5 77 SKV AN 659 100 99.54 

Alistipes ihumii NS0 11 FAA AN 667 100 99.25 

Alistipes onderdonkii NS0 3 GC AN 672 100 99.11 

NS1 cFAA 21 AN 667 100 100 

NS6 124 FAA AN 666 100 98.8 

Alistipes shahii NS0 1 GC AN 670 100 99.85 

NS6 28 FAA AN 672 100 99.7 

Tidjanibacter 

massiliensis 
NS1 FAA 67 AN 689 100 99.85 

Tannerellaceae Parabacteroides 

distasonis 
NS0 5 CNA AN 668 100 99.25 

NS1 PEC 10 AN 694 100.14 99.28 

NS4 16 GC AN 658 100 98.94 

S3 2 GC AN 657 100 99.09 

S5 12 TSA AN 653 100 98.93 

S5 36 SKV AN 575 100.17 97.22 

Parabacteroides merdae NS0 5 TSA AN 700 100.14 99.29 

NS1 41 FAA AN 583 100 100 

NS6 18 PEC AN 486 100 99.59 

Firmicutes Acidaminococcaceae Phascolarctobacterium 

faecium 

NS6 109 GAM AN 682 100 99.85 

NS6 51 GC AN 682 100 99.85 

Bacillaceae Bacillus flexus S5 60 ACE AER 681 100 99.56 

Bacillus galliciensis S5 62 ACE AER 694 100 100 

Bacillus 

halosaccharovorans 
S3 4 TSA AER 702 100 99.29 

Bacillus nealsonii S5 60 FMU AER 704 100 99.72 

Bacillus oceanisediminis S5 61 ACE AER 648 100 99.69 

Bacillus subtilis S2 2 PEC AER 676 100 100 

Bacillus wiedmannii NS4 66 GC AN 703 100 99.86 

Carnobacteriaceae Carnobacterium 

divergens 
NS0 3 GC AER 684 100.15 99.85 

Christensenellaceae Christensenella 

hongkongensis 
NS1 TSA 64 AN 682 100 98.97 

NS6 58 GC AN 624 100 100 

Christensenella minuta NS4 47 BHI AN 1376 100 92.04 

Clostridiaceae Clostridium baratii NS1 EtOH 53 AN 672 100 99.7 

Clostridium butyricum NS0 2 FAA AN 654 100 99.08 

NS4 1 BHI AN 683 100 97.8 

Clostridium cadaveris NS4 70 FAA(EtOH) AN 653 100 99.85 

Clostridium disporicum NS1 EtOH 55 AN 689 100 99.42 

Clostridium 

paraputrificum 
NS1 cEtOH 9 AN 650 100 100 

S2 2 FAA(EtOH) AN 658 100 99.39 
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S5 1 FAA(EtOH) AN 657 100 100 

Clostridium perfringens NS0 2 FAA(EtOH) AN 643 100 99.22 

NS1 NB 38 AN 679 100.15 99.41 

NS4 1 FAA(EtOH) AN 655 100 100 

Clostridium saudiense NS1 45 EtOH AN 643 100 100 

Clostridium tertium NS1 cYPD 19 AN 650 100 100 

NS6 1 TSA AN 622 100 100 

NS6 13 BHI AN 651 100 100 

NS6 28A MRS AN 650 100 100 

NS6 28B B MRS AN 651 100 100 

S2 4 PEC AN 658 100 99.24 

S3 9 FAA(EtOH) AN 657 100 99.7 

Paraclostridium 

benzoelyticum 
NS0 1 MOD AN 656 100 99.7 

Coprobacillaceae Catenibacterium 

mitsuokai 
NS0 10 TSA AN 698 100 97.99 

Enterococcaceae Enterococcus avium NS0 3 CNA AER 679 100 100 

S2 1 CNA AER 646 100 99.69 

S2 6 PEC AN 685 100 99.56 

S5 63 PEC AN 655 100 100 

Enterococcus faecalis NS4 42 CNA AER 701 100 100 

NS6 5 NA AER 677 100 100 

NS6 8 GAM AER 656 100 99.24 

Enterococcus hirae NS1 cYPD 16 AN 709 100 99.15 

S3 4 BHI AN 701 100 100 

Erysipelotrichaceae Coprobacillus 

cateniformis 

NS0 1 TSA AN 687 100.15 99.27 

S5 3 PEC AN 693 100.14 99.28 

Dielma fastidiosa S3 4 GAM AN 646 100 99.69 

Erysipelatoclostridium 

ramosum 
NS1 10 GC AN 671 100 100 

S2 4 FAA(EtOH) AN 671 100 100 

S3 4 FAA(EtOH) AN 698 100 100 

S5 2 FMU AN 696 100 100 

Holdemanella biformis NS0 8 TSA AN 682 100 98.09 

Holdemania filiformis S2 4 CNA AN 658 100 100 

S5 41 BHI AN 675 100 99.11 

Holdemania massiliensis S3 6 CNA AN 662 100 100 

Eubacteriaceae Intestinibacillus 

massiliensis 
NS6 23 MRS AN 643 100 97.98 

S2 6 FMU AN 594 100 97.14 

Eubacteriales Family 

XIII. Incertae Sedis 

Aminipila butyrica 
NS6 16 NB AN 646 100.31 94.29 

Family_XI Anaerococcus 

rubeinfantis 
S3 5 FAA AN 671 100.15 98.81 

Anaerococcus vaginalis NS6 45 GC AN 635 100 99.84 

S3 3 GAM AN 657 100 99.24 

S5 27 GAM AN 624 100 100 

Finegoldia magna NS6 25 YPD AN 639 100 99.84 

Peptoniphilus coxii NS4 88 FAA AN 679 100 98.53 

Peptoniphilus gorbachii S5 77 GC AN 623 100.16 99.84 

Peptoniphilus grossensis NS4 21 FAA AN 678 100 100 

Peptoniphilus harei NS6 41 PEC AN 644 100 100 

Peptoniphilus lacrimalis NS4 21 TSA AN 636 100 100 

Lachnospiraceae [Clostridium] innocuum NS4 40 CNA AN 615 100 99.02 

NS6 8 NB AN 625 100 99.52 

S2 13 PEC AN 573 100 96.34 

S3 3 FAA-NB AN 650 100 98.92 
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S3 5 GC AN 613 100 99.02 

S5 1 FCC AN 692 100 99.42 

S5 10 SKV AN 685 100 97.81 

S5 66 YPD AN 644 100 98.76 

[Clostridium] 

saccharogumia 
NS1 30 EtOH AN 687 100 99.71 

[Clostridium] scindens NS0 2 GC AN 681 100 99.41 

NS6 128 MRS AN 617 100 99.84 

[Clostridium] symbiosum NS0 3 FAA(EtOH) AN 644 100 98.29 

NS1 cEtOH 12 AN 682 100.15 96.63 

NS4 42 FAA(EtOH) AN 666 100 97.75 

NS4 52 TSA AN 664 99.7 98.32 

NS6 106 FAA(EtOH) AN 649 100 98.31 

S2 10 TSA AN 646 100 98.3 

[Eubacterium] hallii S5 88 YPD AN 629 100 98.89 

[Ruminococcus] gnavus S3 2 FAA(EtOH) AN 629 100 99.84 

S5 11 FMU AN 634 100 100 

[Ruminococcus] torques NS6 104 FMU AN 656 100 99.09 

S5 15 TSA AN 676 100 99.26 

Anaerostipes caccae S2 2 BHI AN 633 100.16 98.9 

S3 6 FAA AN 642 100.16 99.22 

S5 4 FAA AN 633 100.16 99.84 

Anaerotignum 

aminivorans 
S5 43 FAA AN 676 100 96.75 

Blautia caecimuris NS4 40 FMU AN 645 100.16 99.38 

Blautia faecis NS0 1 FAA(EtOH) AN 656 100 100 

Blautia hominis NS0 9 FAA(EtOH) AN 653 100 99.54 

NS4 40 BHI AN 647 100 99.69 

S3 1 FAA-NB AN 578 100 97.75 

Blautia luti NS0 5 FAA(EtOH) AN 614 100 99.67 

NS1 10 EtOH AN 626 100.16 99.36 

Blautia obeum NS6 131 NB AN 635 100 99.69 

Blautia producta NS1 cEtOH 19 AN 650 100 100 

NS6 103 TSA AN 644 100 100 

NS6 3 TSA AN 654 100 99.85 

Blautia wexlerae NS1 18 EtOH AN 652 100.15 98.47 

Coprococcus eutactus NS1 EtOH 50 AN 682 100 99.12 

Eisenbergiella 

massiliensis 

NS4 41 GAM AN 633 100.16 99.37 

NS6 104 NB AN 648 100 99.85 

NS6 105 FMU AN 659 100 99.24 

S5 61 MRS AN 642 100 99.38 

Eisenbergiella tayi NS1 cEtOH 29 AN 647 100 99.23 

NS6 101 FMU AN 634 100 100 

S2 4 FMU AN 634 100 99.84 

S3 2 BHI AN 634 100 100 

S5 61 FAA AN 636 100 100 

Enterocloster aldenense NS4 44 YPD AN 631 100 99.84 

NS6 10 ACE AN 651 100 99.85 

S2 8 PEC AN 628 100 97.13 

S3 2 GAM AN 632 100 99.53 

S5 4 TSA AN 637 100 99.53 

S5 68 FMU AN 683 100 99.41 

Enterocloster bolteae NS1 cEtOH 30 AN 659 100 99.85 

NS6 103 FAA(EtOH) AN 658 100 100 

NS6 104 FAA(EtOH) AN 657 100 99.85 
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S2 1 GAM AN 665 100 99.7 

S5 17 FMU AN 682 100 100 

Enterocloster citroniae NS1 cEtOH 1 AN 651 100 99.54 

S5 52 CNA AN 647 100 99.85 

S5 61 BHI AN 634 100 94.48 

Enterocloster 

clostridioforme 
NS0 8 FAA AN 673 100.15 99.26 

NS4 43 BHI AN 675 100.15 99.85 

S2 5 FAA(EtOH) AN 663 100.15 99.7 

S3 8 FAA(EtOH) AN 630 100 100 

S5 72 TSA AN 635 100 100 

Enterocloster lavalense NS6 21 BHI AN 651 100 99.85 

S5 32 GAM AN 648 100 99.69 

Extibacter muris S3 6 GC AN 628 100 99.36 

Faecalicatena contorta NS4 68 GC AN 675 100.15 99.41 

NS6 104 FCC AN 542 100 95.84 

Hungatella effluvii NS0 9 FAA AN 640 100 99.53 

NS4 41 YPD AN 634 100 99.68 

NS6 44 BHI AN 634 100 99.68 

S2 1 MRS AN 516 100 99.42 

S5 6 FAA(EtOH) AN 633 100 99.68 

S5 9 GAM AN 627 100 97.45 

Hungatella hathewayi NS6 27 BHI AN 633 100 100 

S3 3 BHI AN 641 100 100 

Lachnoclostridium 

pacaense 
S5 70 FAA(EtOH) AN 633 100 95.89 

Lachnotalea glycerini NS6 134 FCC AN 635 100 96.07 

Lacrimispora 

celerecrescens 
S2 3 TSA AN 631 100.16 96.36 

S3 2 CNA AN 629 100.16 98.25 

S3 4 FAA AN 631 100.16 96.36 

Lactobacillus rhamnosus NS4 1 GAM AER 677 100 100 

Lactonifactor 

longoviformis 
NS1 40 EtOH AN 680 100.15 99.85 

NS6 137 MRS AN 649 100 96.15 

Merdimonas faecis NS4 62 TSA AN 646 100 100 

Mobilitalea sibirica NS4 70 FMU AN 678 100.44 95.01 

Murimonas intestini S3 6 BHI AN 675 100 99.7 

Robinsoniella peoriensis S3 2 FAA-NB AN 652 100.31 98.78 

Roseburia faecis S2 5 MRS AN 658 100 97.11 

S3 5 FAA(EtOH) AN 677 100.15 99.26 

Sellimonas intestinalis NS4 40 TSA AN 663 100 100 

NS6 16 FCC AN 642 100 98.91 

S2 15a PEC AN 689 100 99.27 

S2 2 GAM AN 650 100 100 

S5 4 FAA-NB AN 670 100 99.1 

Tyzzerella nexilis NS4 41 FMU AN 633 100 98.89 

S2 1 BHI AN 645 100.16 98.76 

Oscillospiraceae Pseudoflavonifractor 

phocaeensis 

NS0 4 FAA(EtOH) AN 658 100 96.96 

NS1 EtOH 49 AN 633 100 98.1 

NS4 9 FAA(EtOH) AN 688 100 96.95 

NS6 104 PEC AN 635 100 97.64 

NS6 115 BHI AN 662 100 97.73 

NS6 148 TSA AN 635 100 97.64 

Ruthenibacterium 

lactatiformans 

NS4 43 FMU AN 651 100 100 

S2 7 FMU AN 665 100 100 

S5 42 FCC AN 650 100 100 
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Peptococcaceae [Desulfotomaculum] 

guttoideum 
S5 9 PEC AN 666 100 97 

Peptostreptococcaceae Clostridioides difficile NS4 41 CNA AN 651 100 100 

S2 5 FMU AN 649 100 100 

Intestinibacter bartlettii NS1 24 EtOH AN 682 100 98.68 

NS6 110 GC AN 626 100 99.68 

S2 1 TSA AN 657 100 99.85 

S3 5 CNA AN 625 100 99.84 

Paeniclostridium 

sordellii 
NS0 8 FAA(EtOH) AN 635 100.16 97.64 

NS1 EtOH 56 AN 675 100 99.7 

Ruminococcaceae Anaeromassilibacillus 

senegalensis 
NS1 EtOH 48 AN 650 100 95.08 

Anaerotruncus 

colihominis 
S2 5 BHI AN 647 100 99.38 

S5 71 TSA AN 626 100 100 

Butyricicoccus 

faecihominis 
NS4 69 TSA AN 678 100.29 97.21 

Faecalibacterium 

prausnitzii 

S2 2 FAA-NB AN 673 100.45 97.34 

S3 3 CNA AN 632 100 98.58 

Flavonifractor plautii NS0 2 FAA-NB AN 651 100 100 

NS0 6 FAA(EtOH) AN 653 100 99.85 

NS1 12 EtOH AN 662 100 100 

NS1 23 EtOH AN 655 100 99.85 

NS4 40 FAA-NB AN 642 100 100 

NS6 20 GAM AN 648 100.15 99.85 

S2 3 FAA(EtOH) AN 654 100 98.01 

S2 7 TSA AN 604 100 99.67 

S3 1 PEC AN 565 100 98.76 

S5 1 CNA AN 656 100 99.7 

Intestinimonas 

butyriciproducens 

NS1 39 EtOH AN 600 100.17 99.17 

NS6 1 FCC AN 662 100.15 99.85 

NS6 13 PEC AN 662 100 99.7 

S5 101 TSA AN 682 100.29 99.42 

Neglecta timonensis NS4 54 MRS AN 591 100.17 96.96 

Oscillibacter 

ruminantium 
NS4 48 GAM AN 637 100 96.23 

NS6 113 FAA AN 654 100 96.33 

S5 98 TSA AN 660 100 96.06 

Oscillibacter 

valericigenes 

NS4 45 FAA AN 1417 100 93.6 

S2 3 FAA-NB AN 1476 100 94.66 

S3 7 TSA AN 1417 100 92.46 

S5 75 GC AN 1407 100 95.1 

Ruminococcus albus NS1 EtOH 1 AN 661 100 95.16 

Ruminococcus faecis NS0 4 TSA AN 657 100 99.09 

Ruminococcus gauvreauii NS0 7 CNA AN 653 100 97.4 

Ruminococcus lactaris NS1 20 EtOH AN 680 100.15 97.36 

Staphylococcaceae Staphylococcus aureus NS4 22 CNA AN 673 100 99.7 

Staphylococcus capitis S2 1 FMU AER 681 100 100 

Staphylococcus hominis NS1 49 NB AN 678 100 99.85 

NS6 158 CNA AN 683 100 99.85 

S2 1 YPD AER 696 100.14 99.86 

Staphylococcus pasteuri S3 4 GC AN 684 100 99.85 

Staphylococcus petrasii S3 1 TSA AER 687 100 99.56 

S3 2 TSA AN 673 100 99.85 

Staphylococcus warneri NS0 1 GC AER 709 100 99.86 

S5 36 BHI AN 673 100 100 

Streptococcaceae Lactococcus lactis NS0 2 FAA AER 690 100 99.85 
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Streptococcus anginosus NS0 2 CNA AER 669 100 100 

NS1 16 FAA AN 676 96.6 100 

Streptococcus equinus S2 2 CNA AER 668 100 97.9 

Streptococcus koreensis NS0 1 TSA AER 668 100 99.25 

Streptococcus lutetiensis S2 1 PEC AER 731 100 99.27 

S2 12 PEC AN 679 100 98.23 

Streptococcus mutans NS1 GC 3 AER 706 100 99.58 

Streptococcus oralis NS0 2 GC AER 641 100 99.38 

Streptococcus 

parasanguinis 

NS0 12 TSA AN 686 100 100 

NS4 11 TSA AER 663 100 100 

Streptococcus rubneri NS0 8 GC AER 668 100 99.55 

NS4 15 FAA-NB AN 673 100 99.41 

NS4 4 TSA AN 663 100 100 

Streptococcus salivarius NS0 5 CNA AER 686 100 100 

NS1 FAA 3 AER 708 100 99.58 

NS4 10 TSA AER 685 100 100 

Streptococcus sanguinis NS0 1 FAA-NB AER 675 100 99.85 

Veillonellaceae Dialister 

propionicifaciens 
NS1 FAA 69 AN 708 100 99.15 

Veillonella dispar NS4 23 PEC AN 706 100 99.29 

S2 2 GCNB AN 703 100 99.43 

S2 5 FAA AN 690 100 97.25 

Lentisphaerae Victivallaceae Victivallis vadensis NS1 cFAA 5 AN 652 100 98.77 

Proteobacteria Burkholderiaceae Paraburkholderia 

fungorum 
S3 1 CNA AER 690 100 100 

Parasutterella 

excrementihominis 

NS6 100 GAM AN 680 100 95 

S2 1 SKV AN 689 100 98.98 

S2 2 SKV AN 689 100 98.84 

Sutterella 

wadsworthensis 
NS1 cFAA 39 AN 659 100 100 

NS1 cMRS 25 AN 662 100 99.55 

NS6 13 MRS AN 692 100 99.86 

Campylobacteraceae Campylobacter hominis NS1 36 GC AN 681 100 99.71 

Campylobacter 

ureolyticus 
NS4 46 GC AN 684 100 99.85 

Desulfovibrionaceae Desulfovibrio 

desulfuricans 
NS0 10 FAA AN 1456 100 91.33 

Enterobacteriaceae Citrobacter werkmanii NS4 44 MRS AER 707 100 99.86 

Enterobacter cloacae NS1 cPEC 2 AER 664 100 99.25 

Enterobacter hormaechei NS1 cGAM 4 AER 679 100 99.41 

NS1 cPEC 5 AN 705 100 99.01 

NS1 MRS 1 AER 683 100 99.27 

Enterobacter ludwigii NS1 cFMU 9 AN 710 100 99.3 

Enterobacter tabaci NS1 cYPD 6 AN 717 100 98.61 

Escherichia fergusonii NS0 1 FAA AER 679 100 99.71 

NS4 4 YPD AER 627 100 98.56 

NS6 5 GAM AER 664 100 99.85 

S2 2 YPD AER 646 100 99.23 

S5 1 FAA AN 707 100 100 

Escherichia marmotae NS0 2 TSA AER 677 100 99.26 

NS1 cMRS 12 AN 707 100 99.29 

NS1 cYPD 10 AN 678 100 99.41 

Klebsiella aerogenes NS1 cFMU 1 AER 700 100 98.71 

Klebsiella grimontii NS1 cFMU 8 AER 693 100 98.56 

NS4 62 YPD AN 713 100 99.16 

Klebsiella oxytoca NS1 cPEC 15 AN 652 100 99.85 
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S2 1 GAM AER 514 100 98.05 

Klebsiella pneumoniae NS0 4 FAA AER 677 100 99.7 

Klebsiella variicola NS1 cYPD 10 AER 707 100 99.86 

NS1 MRS 2 AER 679 100 99.12 

Verrucomicrobia Akkermansiaceae Akkermansia muciniphila NS0 4 GC AN 654 100 96.48 

NS1 FAA 68 AN 679 100.15 99.71 

NS6 137 NB AN 655 100 99.24 

S2 8 FMU AN 652 100 100 

S3 3 FMU AN 645 100 100 
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Table S3. Proteins produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) 24 h 

following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment that significantly differed between the seroconversion 

study groups as determined by multiple two-way analyses of variance (ANOVAs) with a false-discovery rate (FDR)-adjusted p-

values < 0.001. Protein IDs are the UniProt protein identifiers that were matched to the protein sequence. Biological processes or 

functions were derived from the Gene Ontology (GO) biological processes or molecular functions associated with the protein IDs and 

are followed by the GO term identifiers in square brackets. Proteins were identified and quantified using mass spectrometry. Label-free 

quantification intensities were normalized by log transformation prior to statistical analyses. P-values were FDR-corrected using the 

Benjamani-Hochberg method and are shown by asterisks: *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, or ns: not significant. 

Seroconver-

sion group 

with 

positive 

correlation 

Protein IDs Protein name Genera 

Fold 

difference 

between 

groups 

FDR-

adjusted 

p-value 

Associated biological process or 

function [GO ID] 

NS A0A3E3K543 Chaperonin GroEL  Sellimonas 3.96e+13 *** protein refolding [GO:0042026] 

NS R5C6K7 Formate--tetrahydrofolate ligase  Blautia 1.80e+13 *** 
tetrahydrofolate interconversion 

[GO:0035999] 

NS A0A5B3GE05 
Class II fructose-1,6-

bisphosphate aldolase 
Alistipes 9.27e+12 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

NS A0A656Q190 Uncharacterized protein  8.13e+12 ***  

NS A0A5B3GGQ1 Phosphoglycerate kinase  Alistipes 8.03e+12 *** glycolytic process [GO:0006096] 

NS 

R5BXC1, 

A0A4R4FL80, 

A0A413JD28, 

A0A413JD28 

Co-chaperonin GroES  
Blautia, Extibacter, 

Frisingicoccus, Tyzzerella 
7.81e+12 *** protein folding [GO:0006457] 

NS 
R7EHB6, 

A0A134AI46 
Enolase  Peptoniphilus 6.97e+12 *** glycolytic process [GO:0006096] 

NS A0A656Q0Q0 Tetratricopeptide repeat protein Alistipes 6.96e+12 *** signal 

NS A0A656Q7E7 Uncharacterized protein  6.55e+12 ***  

NS 
R5C641, 

A0A494WRL4 
Triosephosphate isomerase  Blautia, Clostridium 6.50e+12 *** 

gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS A0A1Y3R3A1 50S ribosomal protein L7/L12 Alistipes 6.48e+12 *** translation [GO:0006412] 

NS A0A1Y3R1B7 Methylmalonyl-CoA epimerase  Alistipes 6.39e+12 *** 
methylmalonyl-CoA epimerase activity 

[GO:0004493] 

NS A0A136Q2N2 Chaperonin GroEL  Christensenella 5.59e+12 *** protein refolding [GO:0042026] 
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NS 
A0A1G5FJB3, 

K1JSC7 
Chaperonin GroEL  Ruminococcus, Sutterella 5.48e+12 *** protein refolding [GO:0042026] 

NS E7GIT5 
Acyl-CoA dehydrogenase C-

terminal domain protein 
[Clostridium], Coprococcus 5.11e+12 ***  

NS B0N9B8 Chaperonin GroEL  Clostridium 5.05e+12 *** protein refolding [GO:0042026] 

NS A0A5B3GT07 
3-oxoacyl-[acyl-carrier-protein] 

synthase 2  
Alistipes 4.85e+12 *** 

fatty acid biosynthetic process 

[GO:0006633] 

NS R7EMW0 Uncharacterized protein Bacteroides 4.59e+12 *** signal 

NS A0A5B3GDV2 Fumarate hydratase class I  Alistipes 4.55e+12 *** 
generation of precursor metabolites and 

energy [GO:0006091] 

NS C4IK85 Uncharacterized protein Clostridium 3.77e+12 ***  

NS A7AG30 Phosphoglycerate kinase  Parabacteroides 3.32e+12 *** glycolytic process [GO:0006096] 

NS 
R7EEK3, 

G5H855 
Adenylosuccinate synthetase  Alistipes, Bacteroides 3.28e+12 *** 

'de novo' AMP biosynthetic process 

[GO:0044208] 

NS R7ESJ4 Glucose-6-phosphate isomerase  Bacteroides 3.24e+12 *** 
gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS 
A0A1Y3QX45, 

B6WVH7 

Glyceraldehyde-3-phosphate 

dehydrogenase  
Alistipes, Desulfovibrio 3.17e+12 *** 

glucose metabolic process 

[GO:0006006] 

NS 
R5BY15, 

A0A2S4GJB2 

Formimidoyltetrahydrofolate 

cyclodeaminase 
Blautia, Lactonifactor 3.13e+12 *** catalytic activity [GO:0003824] 

NS R7EFQ4 Uncharacterized protein Bacteroides 2.94e+12 ***  

NS A0A2S4GGL8 50S ribosomal protein L7/L12 Blautia 2.92e+12 *** translation [GO:0006412] 

NS 

A0A1Z2XVP5, 

C4IC49, 

A0A1M4TYI8, 

A0A3E3K3D7 

Fucose isomerase 
Acutalibacter, Clostridium, 

Lactonifactor, Sellimonas 
2.76e+12 *** 

fucose metabolic process 

[GO:0006004] 

NS 
R7EPI2, 

A0A076IUH2 
50S ribosomal protein L7/L12 Bacteroides, Phocaeicola 2.76e+12 *** translation [GO:0006412] 

NS A0A2S4GGY0 Uncharacterized protein  2.71e+12 ***  

NS A0A3S4IML7 
Glyceraldehyde-3-phosphate 

dehydrogenase  
Klebsiella 2.70e+12 *** 

glucose metabolic process 

[GO:0006006] 

NS A0A1Y3QS02 Uncharacterized protein Alistipes 2.70e+12 ***  

NS A0A656Q6X2 Uncharacterized protein  2.68e+12 ***  

NS 

A0A6I2MED7, 

A0A108TB49, 

A0A377RBX2, 

A6L1R8 

Isocitrate dehydrogenase  
Bacillus, Bacteroides, 

Klebsiella, Phocaeicola 
2.67e+12 *** 

glyoxylate cycle [GO:0006097]; 

tricarboxylic acid cycle [GO:0006099] 

NS A0A2S4GHF0 Uncharacterized protein  2.51e+12 ***  
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NS C4IEL2 Glucose-6-phosphate isomerase  Clostridium 2.44e+12 *** 
gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS A0A370V7C3 Inorganic pyrophosphatase  Escherichia 2.42e+12 *** 
phosphate-containing compound 

metabolic process [GO:0006796] 

NS 
A0A174ARH2, 

A0A3E3K4X4 

FeS cluster assembly scaffold 

protein NifU 
Faecalicatena 2.41e+12 ***  

NS 

A0A1Z2XUK7, 

G9YSZ3, 

A0A4R2LVF4, 

A0A1M5A7L5, 

A0A1G5ACL6 

A0A0W7TS19 

NADH peroxidase / Ferritin-

like diiron domain-containing 

protein / Rubrerythrin  

Acutalibacter, 

Flavonifractor, 

Frisingicoccus, 

Lactonifactor 

2.39e+12 ***  

NS R7EG91 Uncharacterized protein Bacteroides 2.22e+12 *** ligase activity [GO:0016874] 

NS A0A1G5ACL6 Triosephosphate isomerase  
Ruminococcus, 

Ruthenibacterium 
2.16e+12 *** 

gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS 
R7EK61, 

A0A4Q5HVS0 
Enolase  Bacteroides, Peptoniphilus 1.92e+12 *** glycolytic process [GO:0006096] 

NS R7EPA4 Outer membrane protein Bacteroides 1.85e+12 *** unfolded protein binding [GO:0051082] 

NS R7EK01 
Malonyl CoA-acyl carrier 

protein transacylase  
Phocaeicola 1.82e+12 *** 

[acyl-carrier-protein] S-

malonyltransferase activity 

[GO:0004314] 

NS R7EC47 Chaperonin GroEL  , Phocaeicola 1.74e+12 *** protein refolding [GO:0042026] 

NS 
A0A108T1T6, 

A0A2S6HTT1 
Gluconate 5-dehydrogenase  Bacteroides, Hungatella 1.68e+12 *** 

gluconate 5-dehydrogenase activity 

[GO:0008874] 

NS 
R7EQK9, 

A0A6I5A8M0 
Methylmalonyl-CoA mutase Bacteroides, Citrobacter 1.67e+12 *** 

cobalamin binding [GO:0031419]; 

metal ion binding [GO:0046872]; 

methylmalonyl-CoA mutase activity 

[GO:0004494] 

NS 
B0NJ79, 

A0A2S6HRM3 

Phosphoenolpyruvate 

carboxykinase  
Clostridium, Hungatella 1.59e+12 *** gluconeogenesis [GO:0006094] 

NS R7EFF9 Tetratricopeptide repeat protein Bacteroides 1.42e+12 *** signal 

NS R7EDG9 Uncharacterized protein Bacteroides 1.39e+12 *** nucleotide binding [GO:0000166] 

NS 
R7EQK7, 

A0A076IW52 
Malate dehydrogenase  Bacteroides, Phocaeicola 1.25e+12 *** 

carbohydrate metabolic process 

[GO:0005975]; carboxylic acid 

metabolic process [GO:0019752]; 

tricarboxylic acid cycle [GO:0006099] 

NS R7ECU1 Acyl dehydratase  Bacteroides 1.21e+12 *** 
enoyl-CoA hydratase activity 

[GO:0004300] 

NS R7EDE5 Phosphoglycerate kinase  Bacteroides 1.14e+12 *** glycolytic process [GO:0006096] 
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NS 
R7EP66, 

A6L3X3 
Protease Do Bacteroides, Phocaeicola 1.12e+12 *** 

aminopeptidase activity [GO:0004177]; 

serine-type endopeptidase activity 

[GO:0004252] 

NS A0A2S4GUB9 Uncharacterized protein  1.12e+12 ***  

NS R7EDJ8 Insulinase family protein  Bacteroides, Phocaeicola 9.91e+11 *** metal ion binding [GO:0046872] 

NS R7EGG9 Dipeptidyl-peptidase  Bacteroides 7.17e+11 *** peptide catabolic process [GO:0043171] 

NS R7EP42 Succinate CoA transferase Bacteroides 6.87e+11 *** 

acetate metabolic process 

[GO:0006083]; acetyl-CoA metabolic 

process [GO:0006084]; propionate 

metabolic process, methylcitrate cycle 

[GO:0019679] 

NS 
R7ESR2, 

A6L9K8 

2,3-bisphosphoglycerate-

dependent phosphoglycerate 

mutase  

Bacteroides, Phocaeicola 2.28e+11 *** 
gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

NS R7EF26 GGGtGRT protein Bacteroides 1.17e+02 ***  

NS I9H706 Malate dehydrogenase  Bacteroides 7.59e+01 *** 

carbohydrate metabolic process 

[GO:0005975]; carboxylic acid 

metabolic process [GO:0019752]; 

tricarboxylic acid cycle [GO:0006099] 

NS 
R5C8V6, 

A0A1M4ZSJ1 

CO-methylating acetyl-CoA 

synthase  
Blautia, Lactonifactor 4.47e+01 *** 

acetyl-CoA metabolic process 

[GO:0006084] 

NS A0A174QBI0 
Phosphoenolpyruvate 

carboxykinase  
Bacteroides 2.48e+01 *** gluconeogenesis [GO:0006094] 

NS A6L3A8 Uncharacterized protein 

Anaerostipes, 

Erysipelatoclostridium, 

Phocaeicola 

2.18e+01 ***  

NS 
C7HRV9, 

A0A2V3XZZ4 
Chaperonin GroEL  Anaerococcus, Hungatella 1.32e+01 *** protein refolding [GO:0042026] 

NS A0A414AU23 Rubrerythrin  Enterocloster 1.01e+01 *** 
iron ion binding [GO:0005506]; 

oxidoreductase activity [GO:0016491] 

NS A0A1M4SMQ6 

Methylmalonyl-CoA mutase C-

terminal domain-containing 

protein/methyltransferase 

cognate corrinoid proteins 

Lactonifactor 8.61 *** methylation [GO:0032259] 

NS A0A2S4GJX0 
Corrinoid/iron-sulfur protein 

small subunit 
Blautia 7.26 ***  

NS R7EEE4 Acyl carrier protein  Bacteroides 6.80 *** 
lipid A biosynthetic process 

[GO:0009245] 

NS 
R5TPH1, 

A0A1G9UM78, 

A0A1Y4HX22, 

V-type ATP synthase alpha 

chain  

[Ruminococcus], 

Acetanaerobacterium, 
5.94 *** 

plasma membrane ATP synthesis 

coupled proton transport [GO:0042777] 
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B0P7V8, 

C9L5A4, 

B0NBM5, 

A0A414B0X1, 

A0A317RTZ9, 

A0A4R4FES9, 

A0A4R2LIL2, 

A0A1H8DTT8, 

A9KQV0, 

A0A4R3K7K9 

Anaeromassilibacillus, 

Anaeromassilibacillus, 

Blautia, Clostridium, 

Enterocloster, Eubacterium, 

Extibacter, Frisingicoccus, 

Hydrogenoanaerobacterium, 

Lachnoclostridium, 

Muricomes 

NS 
R5UK00, 

A6KZ07 

Phosphoenolpyruvate 

carboxykinase  
Alistipes, Phocaeicola 1.39 *** gluconeogenesis [GO:0006094] 

S A0A0D8J2P3 
Glyceraldehyde-3-phosphate 

dehydrogenase  
Ruthenibacterium 5.93e+13 *** 

glucose metabolic process 

[GO:0006006] 

S A0A0D8J1G7 Desulfoferrodoxin  Ruthenibacterium 2.75e+13 *** 

iron ion binding [GO:0005506]; 

superoxide reductase activity 

[GO:0050605] 

S 
A0A386PJE7, 

C7H5K7 
Acetyl-CoA C-acetyltransferase 

Clostridium, 

Faecalibacterium 
1.75e+13 *** 

acyltransferase activity, transferring 

groups other than amino-acyl groups 

[GO:0016747] 

S C7H3V8 Phosphoglycerate kinase  
Faecalibacterium, 

Lachnospira 
1.55e+13 *** glycolytic process [GO:0006096] 

S 
F3QMV8, 

A0A0W7TR50 
Adenylate kinase  

Parasutterella, 

Ruthenibacterium 
1.34e+13 *** AMP salvage [GO:0044209] 

S A0A1E3A7I7 
Aldehyde-alcohol 

dehydrogenase  
Eisenbergiella 1.14e+13 *** 

metal ion binding [GO:0046872]; 

oxidoreductase activity, acting on the 

CH-OH group of donors, NAD or 

NADP as acceptor [GO:0016616] 

S C7H5K8 
3-hydroxybutyryl-CoA 

dehydratase  
Faecalibacterium 1.08e+13 *** 

3-hydroxybutyryl-CoA dehydratase 

activity [GO:0003859] 

S 
A0A1Y4H850, 

A0A0D8J1M5 
50S ribosomal protein L7/L12 

Anaerofilum, 

Ruthenibacterium 
9.56e+12 *** translation [GO:0006412] 

S 
A0A1Y4I3F7, 

A0A1E3APG6 
Acyl-CoA dehydrogenase 

Anaeromassilibacillus, 

Eisenbergiella 
7.23e+12 *** 

acyl-CoA dehydrogenase activity 

[GO:0003995]; flavin adenine 

dinucleotide binding [GO:0050660] 

S C7H861 
zf-trcl domain-containing 

protein 
Faecalibacterium 6.94e+12 ***  

S C7H5R7 Rubredoxin Faecalibacterium 6.72e+12 *** 
iron ion binding [GO:0005506]; 

oxidoreductase activity [GO:0016491] 

S A0A0D8J0Y9 
Phosphoenolpyruvate 

carboxykinase [GTP]  
Ruthenibacterium 6.54e+12 *** gluconeogenesis [GO:0006094] 

S C7H9C9 Uncharacterized protein Faecalibacterium 6.00e+12 ***  
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S 

B0MEJ1, 

C7H9L4, 

A0A1Y4HBN4, 

C7H254 

Fructose-1,6-bisphosphate 

aldolase, class II  

Anaerostipes, 

Faecalibacterium  
5.71e+12 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

S A0A0D8IX44 Ribosome-recycling factor  Ruthenibacterium 5.25e+12 *** translational termination [GO:0006415] 

S C7H254 
4-hydroxy-3-methylbut-2-enyl 

diphosphate reductase  

Anaerofilum, 

Faecalibacterium 
4.85e+12 *** 

dimethylallyl diphosphate biosynthetic 

process [GO:0050992]; isopentenyl 

diphosphate biosynthetic process, 

methylerythritol 4-phosphate pathway 

[GO:0019288]; terpenoid biosynthetic 

process [GO:0016114] 

S R5V2V4 Uncharacterized protein Alistipes 4.78e+12 ***  

S 

A0A1Y4H8C3, 

A0A173YLY7, 

A0A3N0IWJ8, 

C7H1V2, 

G9YPH0 

Pyruvate synthase 

Anaerofilum, Collinsella, 

Eggerthealla, 

Faecalibacterium, 

Flavonifractor 

4.70e+12 *** electron transport chain [GO:0022900] 

S 
R8W1G6, 

A0A134AKT0 
Elongation factor Tu  

Butyricicoccus, 

Peptoniphilus 
4.22e+12 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S A0A6L6LMY6 Elongation factor Ts  Ruthenibacterium 4.10e+12 *** 
translation elongation factor activity 

[GO:0003746] 

S A0A0D8J4Q4 Nitrogen fixation protein NifU Ruthenibacterium 3.70e+12 ***  

S C7H9C8 Uncharacterized protein Faecalibacterium 3.69e+12 ***  

S 

C7HSE7, 

A0A081L928, 

D2Q9A9, 

A0A173W449, 

A0A3N0IRG9, 

B0N983, 

C7H3C9, 

A0A6N7SA85, 

B0A6A6, 

F3QL91, 

C7H5L1, 

G9YU57, 

G4KSB6 

Elongation factor G  

Anaerococcus, Bacillus, 

Bifidobacterium, 

Collinsella, Eggerthella, 

Erysipelatoclostridium, 

Faecalibacterium, 

Holdemania, Intestinibacter, 

Parasutterella 

3.63e+12 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S A0A1E3AG79 Ribosome-recycling factor  Eisenbergiella 3.46e+12 *** translational termination [GO:0006415] 

S C7H5L1 Electron transfer flavoprotein 
Faecalibacterium, 

Flavonifractor, Oscillibacter 
3.33e+12 *** electron transfer activity [GO:0009055] 
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S A0A0D8J4H3 
Class II fructose-1,6-

bisphosphate aldolase  
Ruthenibacterium 2.92e+12 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

S A0A6M5GHB5 Argininosuccinate lyase [Clostridium], Enterocloster 2.87e+12 *** lyase activity [GO:0016829] 

S B0MI33 Rubredoxin Anaerostipes 2.42e+12 *** 
iron ion binding [GO:0005506]; 

oxidoreductase activity [GO:0016491] 

S A0A1E3AMI4 30S ribosomal protein S1 Eisenbergiella 2.39e+12 *** nucleic acid binding [GO:0003676] 

S 
A0A173YJ32, 

A7AEI1 

Serine 

hydroxymethyltransferase  

Bacteroides, 

Parabacteroides 
2.10e+12 *** 

glycine biosynthetic process from serine 

[GO:0019264]; methylation 

[GO:0032259]; tetrahydrofolate 

interconversion [GO:0035999] 

S 

D4M296, 

A0A173YHN1, 

Q8G7B3, 

C7H350, 

C4Z297, 

A6L8P2, 

A0A134AB27, 

N6W5J2, 

W1TQJ7 

ATP synthase subunit beta  

[Ruminococcus], 

Bacteroides, 

Bifidobacteirum, 

Faecalibacterium, 

Lachnospira, 

Parabacteroides, 

Peptoniphilus, Schaalia, 

Varibaculum 

1.73e+12 ***  

S A0A1E3ULB0 
DUF4867 domain-containing 

protein 
Eisenbergiella 1.71e+12 ***  

S 
R8W5F8, 

A0A1H8ACY9, 

A0A0W7TSE2 
Elongation factor G  

Butyricicoccus, 

Hydrogenoanaerobacterium, 

Ruthenibacterium 

1.66e+12 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S 
A0A174NJZ3, 
A7ABV1  

Phosphoribosylaminoimidazole-

succinocarboxamide synthase  

Bacteroides, 

Parabacteroides 
1.66e+12 *** 

'de novo' IMP biosynthetic process 

[GO:0006189] 

S R5UG62 6-phosphofructokinase Alistipes 1.66e+12 *** 
fructose 6-phosphate metabolic process 

[GO:0006002] 

S 
R5V9J1, 

A6LCK4 
Galactokinase Alistipes, Parabacteroides 1.61e+12 *** 

galactose metabolic process 

[GO:0006012] 

S 
E7GHR2, 

A0A6N2RZQ3 
Glycine reductase  [Clostridium], Enterocloster 1.55e+12 *** 

fatty acid biosynthetic process 

[GO:0006633] 

S 
A0A1H8CL27, 

A0A0D8J1L0 
GGGtGRT protein 

Hydrogenoanaerobacterium, 

Ruthenibacterium 
1.47e+12 ***  

S 
C7H251, 

A0A2V3XZI9, 

A0A413J1J5 

Deoxyribose-phosphate 

aldolase  

Faecalibacterim, 

Hungatella, Tyzzerella 
1.31e+12 *** 

carbohydrate catabolic process 

[GO:0016052]; deoxyribonucleotide 

catabolic process [GO:0009264]; 

deoxyribose phosphate catabolic 

process [GO:0046386] 
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S A0A2V3XW42 Lactaldehyde reductase Hungatella 1.30e+12 *** 

metal ion binding [GO:0046872]; 

oxidoreductase activity, acting on the 

CH-OH group of donors, NAD or 

NADP as acceptor [GO:0016616] 

S C7H8H6 
Peptidyl-prolyl cis-trans 

isomerase  
Faecalibacterium 1.29e+12 *** protein folding [GO:0006457] 

S A0A1E3UDI4 
GatB/YqeY domain-containing 

protein  
Eisenbergiella 1.28e+12 *** 

carbon-nitrogen ligase activity, with 

glutamine as amido-N-donor 

[GO:0016884] 

S R5UGW5 Cold shock-like protein CspE Alistipes 1.25e+12 *** nucleic acid binding [GO:0003676] 

S A0A3E3JZG3 
Pyrrolidone-carboxylate 

peptidase  
Sellimonas 1.12e+12 *** 

pyroglutamyl-peptidase activity 

[GO:0016920] 

S 
A0A1E3AX62, 

A0A0M6WHT2, 

A0A3E3JZV2 
Phosphoglucomutase  

Eisenbergiella, Roseburia, 

Sellimonas 
1.12e+12 *** 

carbohydrate metabolic process 

[GO:0005975] 

S A0A6M5GM61 
C_GCAxxG_C_C family 

protein 
Enterocloster 1.11e+12 ***  

S 
R5UEF3, 

S0KNN2 

HIT family hydrolase 

diadenosine tetraphosphate 

hydrolase / Histidine triad 

protein 

Alistipes, Enterococcus 1.09e+12 *** catalytic activity [GO:0003824] 

S A0A0D8J6K9 Chaperonin GroEL  Ruthenibacterium 1.08e+12 *** protein refolding [GO:0042026] 

S R5UAI2 Uncharacterized protein Alistipes 9.96e+11 *** signal 

S A0A1E3UIX7 
ABC transporter substrate-

binding protein 
Eisenbergiella 9.92e+11 *** signal 

S A0A3E2WCD7 Uncharacterized protein Enterocloster 9.89e+11 ***  

S R5UJU7 
Tetracycline resistance protein 

TetQ 
Alistipes 9.49e+11 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S A0A174V079 
V-type ATP synthase alpha 

chain  
Bacteroides 8.42e+11 *** 

plasma membrane ATP synthesis 

coupled proton transport [GO:0042777] 

S C7H5Y8 Glucose-6-phosphate isomerase  Faecalibacterium 8.40e+11 *** 
gluconeogenesis [GO:0006094]; 

glycolytic process [GO:0006096] 

S A0A414AMM8 
4Fe-4S dicluster domain-

containing protein  
Enterocloster 7.83e+11 *** 

4 iron, 4 sulfur cluster binding 

[GO:0051539]; ferredoxin hydrogenase 

activity [GO:0008901]; iron ion binding 

[GO:0005506] 

S 
R8W4R1, 

G4KP92 

zf-trcl domain-containing 

protein 

Butyricicoccus, 

Oscillibacter 
7.57e+11 ***  
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S 

E7GII5, 

R5UF02, 

C4Z3C1, 

A6LC38 

3-oxoacyl-[acyl-carrier-protein] 

reductase  

[Clostridium], Alistipes, 

Lachnospira, 

Parabacteroides 

7.38e+11 *** 
fatty acid biosynthetic process 

[GO:0006633] 

S C7H4L0 Phosphate acetyltransferase  Faecalibacterium 7.22e+11 *** 
phosphate acetyltransferase activity 

[GO:0008959] 

S 

A0A1Y4H978, 

A0A1Y4HS44, 

C9L763, 

A0A136Q1X7, 

A0A1E3A344, 

G5IKB3, 

A9KPF4 

2,3-bisphosphoglycerate-

independent phosphoglycerate 

mutase  

Anaerofilum, 

Anaeromassilibacillus, 

Blautia, Christensenella, 

Eisenbergiella, Hungatella, 

Lachnoclostridium 

7.04e+11 *** 

glucose catabolic process 

[GO:0006007]; glycolytic process 

[GO:0006096] 

S R5V0E9 Phosphoserine aminotransferase  Alistipes 6.93e+11 *** 

L-serine biosynthetic process 

[GO:0006564]; pyridoxine biosynthetic 

process [GO:0008615] 

S R5UMF2 
3-deoxy-8-phosphooctulonate 

synthase  
Alistipes 6.19e+11 *** 

lipopolysaccharide biosynthetic process 

[GO:0009103] 

S 
E7GHR7, 

A0A6M5GF25 

Glycine reductase complex 

selenoprotein B  

[Clostridium], 

Enterocloster, Enterococcus 
5.88e+11 *** 

glycine reductase activity 

[GO:0030699] 

S R5ULM1 Phosphorylase family Alistipes 5.26e+11 *** 
nucleoside metabolic process 

[GO:0009116] 

S 
E7GR55, 

B0M9M9, 

A0A1E3APB7 

Acryloyl-CoA reductase 

electron transfer subunit beta  

[Clostridium], Anaerostipes, 

Eisenbergiella 
3.65e+11 *** 

electron transfer activity [GO:0009055]; 

flavin adenine dinucleotide binding 

[GO:0050660] 

S 
A0A386PC56, 

A0A0W7TUH4 

Pyruvate, orthophosphate 

dikinase  

Clostridium, 

Ruthenibacterium 
3.61e+11 *** 

pyruvate metabolic process 

[GO:0006090] 

S 

B0MHE9, 

A0A174FAG1, 

A0A3E3HWB0, 

A0A414B158, 

A0A4R4FC89, 

A0A3E3K3J2 

Elongation factor G  

Anaerostipes, Blautia, 

Eisenbergiella, Entercloster, 

Extibacter, Sellimonas 

3.46e+11 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S 

A0A1Y4H353, 

C7H5B8, 

A0A6N7S8X4, 

B0A7R8 

Chaperonin GroEL  

Anaerofilum, 

Faecalibacterium, 

Holdemania, Intestinibacter 

3.16e+11 *** protein refolding [GO:0042026] 

S R5UXL7 Alpha-galactosidase  Alistipes 2.78e+11 *** 
carbohydrate catabolic process 

[GO:0016052] 

S A0A0D8J0N5 DNA-binding protein  Ruthenibacterium 1.99e+03 *** 
chromosome condensation 

[GO:0030261] 

S R5UEE0 Aminomethyltransferase  Alistipes 3.72e+02 *** 

glycine decarboxylation via glycine 

cleavage system [GO:0019464]; 

methylation [GO:0032259] 



 

 

246 

 

S 
D4M550, 

A0A1E3A5S7, 

A0A413JDG2 
Cold shock protein CspA  

[Ruminococcus], 

Eisenbergiella, Tyzzerella 
1.17e+02 *** nucleic acid binding [GO:0003676] 

S R5V0T3 
2-oxoacid:acceptor 

oxidoreductase alpha subunit 
Alistipes 7.19e+01 *** 

oxidoreductase activity, acting on the 

aldehyde or oxo group of donors 

[GO:0016903] 

S R5UF57 Methylglyoxal synthase  Alistipes 6.33e+01 *** 
methylglyoxal biosynthetic process 

[GO:0019242] 

S A0A1E3AYY8 DNA-binding protein  Eisenbergiella 6.04e+01 *** 
chromosome condensation 

[GO:0030261] 

S 
B0N984, 

A0A1T4VDW4, 

A0A0D8J5Q6 
Elongation factor Tu  

Intestinibacter, 

Ruthenibacterium 
5.62e+01 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S A0A0W7TRI3 Phosphoglycerate kinase  Ruthenibacterium 5.55e+01 *** glycolytic process [GO:0006096] 

S A0A6N2V1P9 NADH peroxidase  Enterocloster 4.37e+01 *** 
iron ion binding [GO:0005506]; NADH 

peroxidase activity [GO:0016692] 

S A0A1E3A944 Cold shock protein 1  Eisenbergiella 4.14e+01 *** nucleic acid binding [GO:0003676] 

S A0A2V3Y1Y3 
Putative cold-shock DNA-

binding protein 
Hungatella 3.99e+01 *** DNA binding [GO:0003677] 

S 
A0A423UJZ7, 

A0A134ACF2 
Pyruvate synthase 

Gordonibacter, 

Peptoniphilus 
3.47e+01 *** electron transport chain [GO:0022900] 

S A0A1E3A7I0 Thioredoxin Eisenbergiella 3.26e+01 *** 
glycerol ether metabolic process 

[GO:0006662] 

S G4KWD7 Chaperonin GroEL  Oscillibacter 3.07e+01 *** protein refolding [GO:0042026] 

S A0A6M5G5V6 Phosphoglycerate kinase  Enterocloster 2.66e+01 *** glycolytic process [GO:0006096] 

S 

D4M4Z8, 

O34425, 

D2Q597, 

A0A3N0IWV6, 

A0A413WAL7, 

A0A4V2WSV4, 

A0A4R2LL48, 

A9KK22, 

A0A4R3KB20, 

A0A1G5G911 

Glyceraldehyde-3-phosphate 

dehydrogenase  

[Ruminococcus], Bacillus, 

Bifidobacterium, 

Eggerthella Enterocloster, 

Extibacter, Frisingicoccus, 

Lachnoclostridium, 

Muricomes, Ruminoccocus 

2.63e+01 *** 
glucose metabolic process 

[GO:0006006] 

S 
A0A136Q1S1, 

A0A1E3AL38, 

A9KJL7 
50S ribosomal protein L7/L12 

Christensenella, 

Eisenbergiella, 

Lachnoclostridium 

2.16e+01 *** translation [GO:0006412] 

S R5UFN0 

Phosphoglycerate 

dehydrogenase-like 

oxidoreductase 

Alistipes 2.15e+01 *** 
NAD binding [GO:0051287]; 

oxidoreductase activity, acting on the 
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CH-OH group of donors, NAD or 

NADP as acceptor [GO:0016616] 

S R5UE41 
V-type ATP synthase alpha 

chain  
Alistipes 2.04e+01 *** 

plasma membrane ATP synthesis 

coupled proton transport [GO:0042777] 

S 
N9WZE1, 

A0A1E3AY14, 

A0A6N7S445 

Class II fructose-1,6-

bisphosphate aldolase  

[Clostridium], 

Eisenbergiella, Holdemania 
2.01e+01 *** 

fructose 1,6-bisphosphate metabolic 

process [GO:0030388]; glycolytic 

process [GO:0006096] 

S 
B0MGD3, 

A0A174UC78, 

B0N8F9 

Glyceraldehyde-3-phosphate 

dehydrogenase  
Clostridium 1.73e+01 *** 

glucose metabolic process 

[GO:0006006] 

S R5V4G1 
Glycine cleavage system H 

protein 
Alistipes 1.69e+01 *** 

glycine decarboxylation via glycine 

cleavage system [GO:0019464] 

S 
R5TND5, 

A0A174DR88, 

A0A1E3A286 

Propanediol utilization protein 

pduA / BMC domain-

containing protein / 

Ethanolamine utilization protein 

EutM  

[Ruminococcus], Blautia, 

Eisenbergiella 
1.41e+01 ***  

S A0A1E3A3D1 Molecular chaperone Hsp90 Eisenbergiella 1.35e+01 ***  

S 

R5BSN9, 

Q8XFP8, 

A0A413WGJ0, 

C4Z2R9, 

A0A1M4VZE8, 

A0A4R3KD68 

Elongation factor Tu  

Blautia, Clostridium, 

Enterocloster, Lachnospira, 

Lactonifactor, Muricomes 

1.34e+01 *** 

GTPase activity [GO:0003924]; GTP 

binding [GO:0005525]; translation 

elongation factor activity 

[GO:0003746] 

S R5UW56 Outer membrane protein Alistipes 1.28e+01 *** unfolded protein binding [GO:0051082] 

S 

E7GK97, 

B0NEZ2, 

A0A174KJ28, 

A0A2V3Y495, 

A0A4R1QTY0, 

A0A0M6WNY6, 

A0A413J5S5 

Ribosome-recycling factor  

[Clostridium], Clostridium, 

Faecalicatena, Hungatella, 

Kineothrix, Roseburia, 

Tyzzerella 

1.19e+01 *** translational termination [GO:0006415] 

S C7H312 Pyruvate, phosphate dikinase  Faecalibacterium 1.11e+01 *** 
pyruvate metabolic process 

[GO:0006090] 

S R5UBD4 
Ribosomal subunit interface 

protein 
Alistipes 1.05e+01 *** 

primary metabolic process 

[GO:0044238]; regulation of translation 

[GO:0006417] 

S 
E7GR53, 

R6MFP8 

Acyl-CoA dehydrogenase C-

terminal domain protein 
Coprococcus 9.22 *** 

acyl-CoA dehydrogenase activity 

[GO:0003995]; flavin adenine 

dinucleotide binding [GO:0050660] 

S 
C7H3Y3, 

C4Z0S6 

Glyceraldehyde-3-phosphate 

dehydrogenase  
Lachnospira 8.33 *** 

glucose metabolic process 

[GO:0006006] 
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S 
A0A1E3AN00, 

A0A3E3K5H4 
Co-chaperonin GroES  Eisenbergiella, Sellimonas 8.18 *** protein folding [GO:0006457] 

S A0A1E3AGG3 
Bacterial extracellular solute-

binding protein 
Eisenbergiella 7.83 *** signal 

S A0A0S2W6G3 
(S)-2-hydroxy-acid oxidase 

chain D 
Intestinimonas 7.54 *** 

FAD binding [GO:0071949]; 

oxidoreductase activity [GO:0016491] 

S A0A6M5GG93 
Carbohydrate ABC transporter 

substrate-binding protein 
Enterocloster 6.87 *** signal 

S A0A1G5IID6 Glycosidase Ruminococcus 5.41 *** 
cellulose catabolic process 

[GO:0030245] 

S 

R6LPX8, 

A0A412Z2E8, 

C4Z7K2, 

R5I0J7, 

A0A413JA82 

Glycerol kinase  

Coprococcus, Enterocloster, 

Lachnospira, Roseburia, 

Tyzzerella, 

5.21 *** 

glycerol-3-phosphate metabolic process 

[GO:0006072]; glycerol catabolic 

process [GO:0019563] 

S A0A1E3AYT6 Rubrerythrin Eisenbergiella 5.18 *** 
iron ion binding [GO:0005506]; 

oxidoreductase activity [GO:0016491] 

S R5UE75 Superoxide dismutase  Alistipes 4.62 *** 

metal ion binding [GO:0046872]; 

superoxide dismutase activity 

[GO:0004784] 

S 
A0A412Z822, 

A0A4R2LG55, 

C4Z3Q0 

Cold shock domain-containing 

protein  

Enterocloster, 

Frisingicoccus, Lachnospira 
4.29 *** nucleic acid binding [GO:0003676] 

S 

R5UFR5, 

A0A1Z2XLW9, 

C7HVS7, 

C9L5A3, 

A0A386PK65, 

A0A3E2WHC8, 

A0A414B0U8, 

S0RXB9, 

A0A174M6V0, 

A0A1H8DTW4, 

A0A1G5GWI5, 

A0A3E3K3H3 

V-type ATP synthase beta chain  

[Ruminococcus], 

Acutalibacter, 

Anaerococcus, Blautia, 

Clostridium, Enterocloster, 

Faecalicatena, 

Hydrogenoanaerobacterium, 

Ruminococcus, Sellimonas 

3.26 *** 
plasma membrane ATP synthesis 

coupled proton transport [GO:0042777] 

S A0A1E3ULJ5 Nucleotidyl transferase  Eisenbergiella 2.63 *** biosynthetic process [GO:0009058] 

S 

B1CB75, 

R8W4Y1, 

A0A1E3APD5, 

A0A317S0U4 

Acetyl-CoA acetyltransferase  

Anaerofustis, 

Butyricicoccus, 

Eisenbergiella, Eubacterium  

2.57 *** 
acetyl-CoA C-acetyltransferase activity 

[GO:0003985] 

S 

A0A1Y4I1T6, 

B0MGS2, 

A0A1E3AN58, 

A9KRB9 

Fucose isomerase 

Anaeromassilibacillus, 

Anaerostipes, 

Eisenbergiella, 

Lachnoclostridium 

2.18 *** 
fucose metabolic process 

[GO:0006004] 
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S A0A1E3A1K5 Aldose 1-epimerase  Eisenbergiella 1.45 *** 
hexose metabolic process 

[GO:0019318] 

S A0A1E3A5Z9 Chaperonin GroEL  Eisenbergiella 1.06 *** protein refolding [GO:0042026] 
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9 Supplementary Figures 

 

 

Figure S1. Bacteroidetes–Firmicutes ratio among sample types for each fecal community: 

D1: Day 1; FC: fecal community at steady-state; RC: regenerated community at steady-state. 

All FCs and the NS0 RC were fed adult chemostat media while all other RCs were fed infant 

chemostat media. Only NS0 RC Vessel 1 presented. 

 

 

 

 

 



 

 

251 

 

 

 

 

Figure S2. Shared taxa among the NS1 fecal community (FC; vessel = 1), regenerated 

communities (RC; vessels = 1), and defined communities (DC; vessels = 3) at steady-state. 

(A) Communities stratified by phylum. (B) Communities stratified by genus. (C) Relative 

abundance of shared genera among the communities; DC represents the average relative 

abundance among DC Vessels 1, 2, and 3. (D) Numbers of shared genera among the communities; 

DC represents the average relative abundance among DC Vessels 1, 2, and 3. 
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Figure S3. Heatmap with two-way hierarchical clustering of the metabolites produced by the 

NS1 microbial community types at three steady-state time points. Metabolites were identified 

and quantified using 1D 1H nuclear magnetic resonance spectroscopy (NMR). Metabolite 

concentrations were normalized across the communities based on Z-scores. Hierarchical clustering 

was performed using the R package, stat, to incorporate Euclidean distances and the Ward 

clustering algorithm.  

Z-score 
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Figure S4. Shared taxa between the fecal communities (FCs) and their regenerated communities (RCs). (A) Communities stratified 

by phylum. (B) Communities stratified by the 50 most abundant genera. All FCs and the NS0 RC were fed adult chemostat media while 

all other RCs were fed infant chemostat media. Only NS0 RC Vessel 1 shown.  
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Figure S5. Alpha-diversity and beta-diversity metrics of the fecal communities (FCs) and their regenerated communities (RCs).  

(A) Shannon diversity and Chao1 richness metrics from species-level microbial profiling of the communities. (B) Unweighted and 

weighted UniFrac Principal Coordinates Analysis (PCoA) of the species-level microbial profiling the FCs; explained variance shown in 

brackets. Taxa were identified by metataxonomics (16S rRNA gene sequencing (V4 region)). Read counts were normalized using a 

centralized-log ratio before metrics were calculated with the R package, phyloseq. All FCs and the NS0 RC were fed adult chemostat 

media while all other RCs were fed infant chemostat media. Only NS0 RC Vessel 1 shown. 

A 
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Figure S6. Boxplots of the concentration of the short-chain fatty acids (SCFAs) produced by 

the nonconverter (NS; n = 4) and seroconverter (S; n = 3) fecal communities at steady-state. 

SCFAs were identified and quantified using 1D 1H nuclear magnetic resonance spectroscopy 

(NMR). P-values were false-discovery rate (FDR)-corrected using the Benjamani-Hochberg 

method.  
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Figure S7. Structure of select human milk oligosaccharides (HMOs). Adapted from Kunz et 

al.66 Abbreviations: 2’FL: 2’-fucosyllactose; 3-FL: 3-fucosyllactose; 3’SL: 3’-sialyllactose; 6’SL: 

6’-sialyllactose; DFLac: difucosyllactose; DFLNHa: difucosyllacto-N-hexaose a; DFLNHc: 

difucosyllacto-N-hexaose c; DFLNT: difucosyllacto-N-tetraose; DSLNT: disialyllacto-N-

tetraose; FDSLNH: fucodisialyllacto-N-hexaose; FLNH: fucosyllacto-N-hexaose; LNFP: lacto-N-

fucopentaose; LNH: lacto-N-hexaose; LNnT: lacto-N-neotetraose; LNT: lacto-N-tetraose; LSTa: 

sialyl-lacto-N-tetraose a; LSTb: sialyl-lacto-N-tetraose b; LSTc: sialyl-lacto-N-tetraose c. 
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Figure S8. High-performance liquid chromatography (HPLC) chromatogram of pooled 

human milk oligosaccharides (HMOs) showing separation and peaks of 19 detectable 

structures. Image credit: Annalee Furst. Abbreviations: 2’FL: 2’-fucosyllactose; 3-FL: 3-

fucosyllactose; 3’SL: 3’-sialyllactose; 6’SL: 6’-sialyllactose; DFLac: difucosyllactose; DFLNH: 

difucosyllacto-N-hexaose; DFLNT: difucosyllacto-N-tetraose; DSLNH: disialyllacto-N-hexaose; 

DSLNT: disialyllacto-N-tetraose; FDSLNH: fucodisialyllacto-N-hexaose; FLNH: fucosyllacto-N-

hexaose; Fuc: HMO-bound fucose; LNFP: lacto-N-fucopentaose; LNH: lacto-N-hexaose; LNnT: 

lacto-N-neotetraose; LNT: lacto-N-tetraose; LSTb: sialyl-lacto-N-tetraose b; LSTc: sialyl-lacto-

N-tetraose c; Sia: HMO-bound sialic acid. 
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Figure S9. Variation in cell density (CFU/mL) during the 72 h following treatment of the 

nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated communities (RCs) with 

4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. CFU/mL of each sample was estimated using flow 

cytometry on a fluorescence activated cell sorter (FACS) running in analytical mode. 

Abbreviations: NS: nonconverter; S: seroconverter; CFU: colony-forming units.  
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Figure S10. Change in absolute abundance (CFU/mL) of the three species in the nonconverter (NS; n = 4) regenerated 

communities (RCs) identified by the sliding_spliner function of the R package, splinectomeR,197 as substantially varying as a 

result of treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Taxa were identified by metataxonomics (16S rRNA gene 

sequencing (V4 region)) and absolute abundance profiles were produced by adjusting read counts to cell counts of each sample. 
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Figure S11. Absolute abundance (CFU/mL) of select genera 36 h following treatment of 

regenerated communities (RCs) with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Taxa were 

identified by metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance 

profiles were produced by adjusting read counts to cell counts of each sample. 
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Figure S12. Absolute abundance (CFU/mL) of select genera 60 h following treatment of 

regenerated communities (RCs) with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Taxa were 

identified by metataxonomics (16S rRNA gene sequencing (V4 region)) and absolute abundance 

profiles were produced by adjusting read counts to cell counts of each sample. 
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Figure S13. Concentration of metabolites produced by the nonconverter (NS; n = 4) and seroconverter (S; n = 3) regenerated 

communities (RCs) following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or no treatment. Metabolites were identified and quantified 

by 1D 1H nuclear magnetic resonance spectroscopy (NMR). 
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Figure S14. Pairwise scatterplot matrices of the five factors generated by Multi-omics Factor Analysis (MOFA) of the ungrouped 

‘omics’ data sets collected from the seven regenerated communities (RCs) following treatment with 4 g/L pHMOs, 0.5 g/L 2’FL, or 

no treatment. (A) Samples are coloured by seroconversion study group. (B) Samples are coloured by treatment received. Samples are 

ordinated along a one-dimentional axis centred at zero. Metataxonomic data consisted of longitudinal genus-level absolute abundance 

profiles normalized using centalized-log ratio. Metabonomic data consisted of longitudinal metabolite concentrations normalized by auto 

scaling. Metaproteomic data consisted of label-free quantification intensities of proteins secreted 24 h following treatment normalized by 

log transformation. MOFA was conducted using the R package, MOFA2.204 Factors were extracted using the function, get_factors, of 

MOFA+ tool and plots were created using the R package, ggally.  
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Figure S15. Pairwise scatterplot matrix of the ten factors generated by Multi-omics Factor 

Analysis (MOFA) of the ‘omics’ data sets collected from the seven regenerated communities 

(RCs), grouped by seroconversion status of the donor, following treatment with 4 g/L 

pHMOs, 0.5 g/L 2’FL, or no treatment. Samples are ordinated along a one-dimentional axis 

centred at zero. Metataxonomic data consisted of longitudinal genus-level absolute abundance 

profiles normalized using centalized-log ratio. Metabonomic data consisted of longitudinal 

metabolite concentrations normalized by auto scaling. Metaproteomic data consisted of label-free 

quantification intensities of proteins secreted 24 h following treatment normalized by log 

transformation. MOFA was conducted using the R package, MOFA2.204 Factors were extracted 

using the function, get_factors, of MOFA+ tool and plot was created using the R package, ggally. 
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Figure S16. Growth curves produced by 330 bacterial strains, spanning 157 species, during the 48 h following treatment with 15 g/L 

pooled human milk oligosaccharides (pHMOs) or no treatment. Following treatment, strains were incubated at 37°C under anaerobic, 

batch fermentation conditions in a spectrophotometer which recorded optical density (OD600) readings at 30 min intervals for 48 h. OD600 

readings were used to generate the growth curves where lines represent rolling mean over every three OD600 readings for each replicate. 
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NS0 1 FAA-NB AN
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Figure S17. Percent degradation of human milk oligosaccharide (HMO) structures by bacterial strains 48 h after treatment with 

15 g/L pHMOs under batch fermentation conditions and significance of false discovery rate (FDR)-adjusted p-values (pval) for 

growth curve metrics: area under the curve (AUC), maximum growth rate (r), carrying capacity (k), and mean of three highest 

optical density readings (ODh). Following treatment, strains were incubated at 37°C under anaerobic, batch fermentation for 48 h. 

Samples were collected at 0 h and 48 h for glycoprofiling using high-performance liquid chromatography (HPLC). Percent degradation 

represents the precentage decrease in the concentration of the structure relative to 0 h. During the 48 h following treatment, optical 

density (OD600) of the cultures were recording at 30 min intervals and used to generate growth curves from which the metrics were 

calculated. r and k were calculated by fitting a logistic regression to the growth curves. Strains for which the growth curve of at least 

one replicate was poorly fitted as determined by goodness of fit calculation of pseudo-R2, where poor fit was considered as R2 < 0.8, 

were excluded. P-values were FDR-corrected using the Benjamani-Hochberg method and coloured according to level of significance. 

Abbreviations: 2’FL: 2’-fucosyllactose; 3-FL: 3-fucosyllactose; 3’SL: 3’-sialyllactose; 6’SL: 6’-sialyllactose; DFLac: difucosyllactose; 

DFLNH: difucosyllacto-N-hexaose; DFLNT: difucosyllacto-N-tetraose; DSLNH: disialyllacto-N-hexaose; DSLNT: disialyllacto-N-

tetraose; FDSLNH: fucodisialyllacto-N-hexaose; FLNH: fucosyllacto-N-hexaose; Fuc: HMO-bound fucose; LNFP: lacto-N-

fucopentaose; LNH: lacto-N-hexaose; LNnT: lacto-N-neotetraose; LNT: lacto-N-tetraose; LSTb: sialyl-lacto-N-tetraose b; LSTc: sialyl-

lacto-N-tetraose c; Sia: HMO-bound sialic acid; SUM: combined detected HMOs. 
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Figure S18. Growth curves of the 151 bacterial strains for which overlapping data was available for growth under both 

monoculture (orange strip) and mixed culture (grey strip) conditions following treatment with pHMOs or no treatment. 

Monoculture assays were conducted by treating bacterial strains with 15 g/L pHMOs or a no-treatment control in triplicate under anaerobic, 

batch fermentation conditions at 37°C. Optical density (OD600) readings were collected at 30 min intervals for 48 h and used to generate 

the growth curves with orange strips. Steady-state microbial communities were treated with 4 g/L pHMOs or a no-treatment control in 

triplicate under anaerobic, batch fermentation conditions. Communities were incubated at 37°C for 36 h. Samples were collected every 12 

h for metataxonomics (16S rRNA gene sequencing (V4 region)). 

 

 

 

 

 


