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ABSTRACT 

Humans harbour a diverse suite of microorganisms in and on their bodies. These 

microorganisms collectively amount to 10 times more cells than human cells in the body, 

and their combined genomes have more than 100 times more genes than the human 

genome does. Despite our understanding of the composition, diversity, and abundance of 

microorganisms of the human body, it is surprising how little we know about the 

structure and function of the human microbiome. Here, I use network structure to 

describe interactions among human-associated microbiota and the human body by 

exploring differences in structure of human microbiomes across five regions of the body 

and the robustness of these networks to perturbations. My results show that positive 

interactions among microbiota are extremely important in structuring microbiome 

networks and those structural aspects of microbiome networks play a major role in their 

response to perturbations.  
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CHAPTER 1  

 

Introduction 
 
 
1.1 Introduction 

Interest in the human microbiome began with the first observation of dental 

microbiota by Antonie van Leeuenhoek using a microscope in 1676 (Gonzalez et al., 

2011). Since then, scientists have been studying the composition, abundance, and 

diversity of microbiota on and in the human body. My research takes this descriptive 

knowledge to the next level by looking at the structure and function of human-associated 

microbiota from a network perspective. How energy flows through an ecosystem is one 

of the most fundamental ways to view the structure and function of ecological 

communities. By integrating this ecological perspective into research on the human 

microbiome, I will be exploring a potentially powerful new paradigm in human health, 

which views the human organism as a superorganism (or ecosystem). The goal of this 

chapter is to provide the rational for studying structure and function of human 

microbiomes, to provide the necessary background information, and to highlight some of 

the implications of viewing the human microbiome in a network context.  
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In this chapter I present a comprehensive overview of human indigenous 

microbiota focusing on 1) describing functional roles of healthy microbiota in the human 

body, 2) environmental determinants of regional microbial colonization, 3) general 

patterns of species diversity, abundance, and composition for five regions of the human 

body, 4) reviewing previous research on human microbiota, 5) describing common 

bacterial and fungal microbes and 6) reviewing various types of biological networks.  

1.2 Functional roles of microbiota in the human body 

  Human-associated microbiotas perform numerous important functions in the 

human body. The human indigenous microbiota aids in nutrition, contributes to pathogen 

resistance, and plays an adaptive role in functioning of immune systems (Costello et al., 

2009; Wilson, 2008; Dethlefsen et al., 2007, Round et al., 2010). For example, in the 

large bowel of humans, diet-derived substrates such as plant structural material that 

cannot be directly digested by the host must be digested by microbiota through the 

process of fermentation (Tannock, 1999; Roediger, 1980). Microbiota aid in resistance to 

infectious disease by suppressing establishment of pathogenic bacteria, a phenomenon 

known as ‘colonization resistance’(Tannock, 1999; Bohnhoff & Miller, 1962). Microbial 

cells can not only attain extremely high abundances in association with mucosal surfaces 

of the human body without triggering a marked inflammatory or immunological response 

from the host (Tannock, 1999; Kimura et al., 1997) but can also stimulate development of 

the human immune system (Tannock, 1999; Gordon & Pesti, 1971, Round et al., 2010). 

While it is widely acknowledged that microbiota are crucial to maintenance of life 

functions in humans and considerable literature exists on specific functional roles of 

human-associated microbiota, a holistic understanding of the role and function of the 

human microbiome is only beginning to be realized. 
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1.3 Environmental determinants 

 There are four main environmental determinants of microbial colonization in the 

human body: nutritional, physiological, mechanical, and biological. Colonization of 

indigenous microbiota in a region is determined by both the ability of organism to survive 

in specific environment, and the presence of adequate nutritional and physiochemical 

requirements (Gonzalez et al., 2011). Nutritional requirements describe specific nutrients 

microbiota need to optimize fitness, while physiological determinants describe 

environmental conditions microbiota need to survive (e.g., pH, salinity). Survival is also 

determined by ability of organisms to withstand host-defense operating systems 

(biological determinants) and various microbe-removing systems (mechanical 

determinants) such as urination, coughing, and mucus production (Wilson, 2008; Greene 

& Voordouw, 2003).  

1.3.1 Nutritional requirements 

Nutritional requirements of indigenous microbiota consist of a number of 

minerals and organic substrates (Samaranayake, 2006) that include, but are not limited to: 

carbon, oxygen, nitrogen, hydrogen, phosphorus, sulphur, potassium, sodium, calcium, 

magnesium, chlorine, and iron (Wilson, 2008). Small quantities of trace elements are also 

required as co-factors for various enzymes and constituents of proteins and other cell 

components which include: cobalt, zinc, cooper, manganese, and molybdenum (Wilson, 

2008).  There is a huge diversity of  nutrients that bacteria can use as sources for each 

particular element and wide variation in the types of compounds that can serve as an 

energy source (McFarland, 2000) for example amino acids, vitamins, and fatty acids 

(Wilson, 2008).  
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 There are two primary ways in which microbiota obtain nutrients in the human 

body. First, they may obtain them from the host. Host nutrients includes molecules 

excreted and secreted by host’s cells, from interstitial fluid, from dead or dying host cells, 

in the mucous layer, and from the host’s diet (pertaining to the oral cavity and the 

gastrointestinal tract) (Wilson, 2008). Host-derived nutrients that are available differ in 

different regions of the body. Host-derived nutrients are nutrients that are provided by the 

host itself and/or by the host’s diet. For example, on the skin surface, lipids and proteins 

are provided by the host, whereas in the gastrointestinal tract, carbohydrates and proteins 

are provided by the host’s diet (Wilson, 2008). In the respiratory mucosa, mucins and 

proteins are derived from the host’s diet, and in the oral cavity mucins, proteins and 

dietary constituents are derived from the host’s diet (Wilson, 2008).  

Second, once a region has been colonized, molecules produced by microbiota can 

also serve as nutrients. For example, microbiota can receive nutrients from other 

microbiota by secreting or excreting them, or by extracting molecules from dead/dying 

microbiota (Wilson, 2008). Nutrients are often available as complex macromolecules, 

requiring hydrolysis by microbiota to obtain specific nutrients (e.g., elements). For 

example, Streptococcus spp. can use glucose as a carbon and energy source but 

Veillonella spp. cannot. However, Streptococcus spp. produce lactate by degrading 

glucose and Veillonella spp. use lactate as a carbon and energy source (Wilson, 2008).  

1.3.2 Physiochemical determinants 

 Physiochemical determinants are also important in regulating composition of 

microbiota (Wilson, 2008). Because the human body is homeostatically regulated, 

environments that microbiota colonize are relatively constant (Wilson, 2008). The most 
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important physiochemical properties that affect indigenous microbiota of the human body 

are: temperature, pH, redox potential, atmospheric composition, water activity, salinity, 

and light (Wilson, 2008; Corthesy, 2007; Elson & Cong, 2002). Regions of the human 

body differ in homeostatic regulation of these physiological factors. For example, the 

skin experiences more dramatic fluctuations in temperature and humidity compared to 

internal regions (e.g., GIT, respiratory tract) (Li, 2002).  

 Temperature in the human body remains relatively constant around 37°C, whereas 

temperature is around 33°C on the skin and conjunctival surfaces (Marples, 1965).  

Microbiota must be able to tolerate these temperatures in order to colonize.  In contrast to 

temperature, pH varies enormously across body regions ranging from 1-2 to alkaline 

values and plays a major role in species composition in different regions (Wilson M. , 

2008). The stomach, duodenum, caecum, and skin regions are all highly acidic, whereas 

alkaline regions include tear film, the ileum, and subgingival regions of the oral cavity. 

Although pH of body site determines which microbiota are present, microbiota 

themselves also contribute to regional pH (Tannock, 1999; Harder et al., 2007; Hill & 

Marsh, 1990). For example, metabolic activities of microbiota on the skin and the vagina 

play a major role in lowering pH (Wilson, 2008; Tannock, 1999).  

Another major role in determining which microbiota can survive in body regions 

is oxygen content. There are five different groups of microbiota that have specific oxygen 

gradients: 1) Obligate aerobes which require oxygen to grow (e.g., Acinetobacter, 

Moraxella, Micrococcus, Brevibacterium), 2) Capnophiles, aerobes that grow best at CO2 

concentrations between 5-10% (e.g., Neisseria, Haemophilus, Aggregatibacter), 3) 

Obligate anaerobes, that do not grow in the presence of oxygen (e.g., Bacteriodes, 
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Clostridium, Fusobacterium, Eubacterium), 4) Facultative anaerobes, that can grow in 

the presence or absence of oxygen (e.g., Staphylococcus, Streptococcus, Enterococcus), 

and 5) Microaerophiles, which grow best at low concentrations of oxygen (e.g., 

Helicobacter, Lactobacillus, Campylobacter) (Finegold, 2004). At birth, all surfaces of a 

human are aerobic, but once microbial communities become established the consumption 

of oxygen and production of CO2 alters the regional oxygen levels (Wilson, 2008; 

Tannock, 1999). Another physiochemical determinant which is related to oxygen is redox 

potential. Redox potential is used to measure the reducing power of a system and has an 

important influence on the functioning of enzymatic reactions that entail the simultaneous 

oxidation and reduction of compounds (Samaranayake, 2006). The species composition 

of various regions depends on whether the environment has positive or negative redox 

potential (Samaranayake, 2006).   

Water activity (aw) is also a physiochemical determinant of microbe colonization. 

Water activity is the proportion of water available for microbial activity and is 

consistently less that the total amount of water present, since it is affected by the 

concentration of solutes and by the presence of surfaces (Wilson, 2008). Human cells 

require an aw of 0.997 while pure water has an aw of 1.0. Most of the microbiota common 

on the human body require an aw of at least 0.96 for active metabolism and all the regions 

can satisfy this requirement except for regions of the skin (e.g., arm, leg, and palm of 

hand) (Wilson, 2008).  

An additional physiochemical determinant is salt concentration. Most microbiota 

cannot tolerate high salt concentrations, since they cause denaturation of proteins and 

dehydration (Wilson, 2008). The skin is the main region affected by salt concentration 
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since humans sweat which causes high salt content on the skin. Staphylococcus spp. are 

halotolarant microbiota and an example of a microbe that can grow with high salinity and 

thus readily colonizes the skin. In other regions of the body the salt content remains 

relatively stable (Wilson, 2008). The final major physiochemical determinant that is 

important to colonization is exposure to sunlight. Sunlight contains potentially damaging 

ultra-violet radiation and on the human body the skin and eyes are most affected. Little is 

known about the effects of sunlight on microbiota except for in external regions of the 

body (Wilson, 2008; Aly & Maibach, 1977).  

1.3.3 Mechanical determinants 

 Mechanical determinants can have a major influence on microbial colonization. 

Many regions of the human body have mechanics that cause microbiota not attached to a 

mucosal surface to become removed (Wilson, 2008).  For example, in the oral cavity 

chewing, tongue and jaw movements, salivary flow and swallowing are all mechanical 

determinants. Other areas of the human body where mechanical determinants can affect 

microbial colonization are the eye, pharynx, esophagus, stomach, small intestine, large 

intestine, respiratory tract, and teeth (Wilson, 2008).  

1.3.4 Biological determinants  

In the context of the human microbiome, it is important to know the biological 

determinants that affect the composition of microbiota (e.g., hormones), and in turn how 

microbiota affect the human body (e.g., immune response). The immune systems (innate 

and acquired) of humans generate a variety of molecules and activated cells that inhibit 

the growth of microbiota, kill them, prevent their adhesion to epithelium, and neutralize 

the toxins they produce (Albiger, 2007; Beisswenger & Bals, 2005). To make a defensive 
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response against microbial pathogens the innate immune system must first be able to 

differentiate these pathogenic microbes from the indigenous microbes. Research in this 

area has only recently begun and very little is understood about the mechanisms 

underlying the recognition and discriminatory processes (Wilson, 2008). However, we do 

know that recognition is based on “microbe-associated molecular patterns” (MAMPs), 

which human cells use to detect conserved microbial structural components (Wilson, 

2008).  

Although the immune systems’ exact role in the regulation of the indigenous 

microbiota is uncertain, evidence suggests that the indigenous microbiota is able to 

inhibit inflammatory responses (Mazmanian et al., 2008; Clavel & Haller, 2007; Wilson, 

2008). This means that high abundances of microbial cells can exist in association with 

mucosal surfaces without inducing an inflammatory or immunological response from the 

host (Tannock, 1999), while unhealthy microbiota in the same region will (Tannock, 

1999).  For example, Berg & Savage (1972) found that when mice were injected with 

heat-killed cells of E. coli or Bacteroides spp. of murine origin, there were different 

immune responses of the strains on the mice. After 4 days inflammation on the murine 

strains was reduced, but it did not reduce for the E. coli strains. Round et al., (2010) 

stated that “human microbiota has a profound and long lasting effect on the development 

of our immune systems”.  

Another biological determinant that occurs in the human body is the production of 

hormones. Hormones can fluctuate in concentrations which can change the environment 

of many areas in the human body (Wilson, 2008). For example, at puberty hormones 

increase the amount of sebum which leads to dramatic changes in the skin regions. In 
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women, the production of estrogen and progesterone also alters the environment of the 

vagina at different life stages (Wilson, 2008).  

1.4 General patterns of species diversity, abundance, composition  

In this section, I describe general patterns of species diversity, abundance and 

composition for five regions of the human body (Table 1.1; Table 1.2). Understanding 

diversity and species abundance is important because they can relate to function. For 

example, in ecosystems, high diversity increases resistance to invasion, robustness to 

disturbances, and facilitates the efficient use of resources (Cardinale et al., 2002; Chapin 

et al., 2000). Community composition is important because it allows us to understand 

what organisms and organismal interactions make up a community (Gonzalez et al., 

2011). Campbell et al. (2009) defines an ecosystem as a “biological environment 

consisting of all the organisms living in a particular area, as well as all the nonliving 

(abiotic), physical components of the environment with which the organisms interact, 

such as air, soil, water and sunlight”. The functioning of these ecosystems in an 

ecological sense is related to structure. In the context of the human body, regions (e.g., 

GIT, oral cavity) and the associated microbiota can be viewed as ecosystems.  

Differences in the composition of microbial communities in different regions of 

the body and inter-individual variability in regional microbial composition are currently a 

major research focus. For example, Costello et al. (2009) showed that Actinobacteria 

(36.6%), Firmicutes (34.3%), Proteobacteria (11.9%), and Bacteroidetes (9.5%) were the 

most abundant microbiota in the skin, oral cavity, and gut but that each region harboured 

a unique and different microbial community that was relatively similar across people and 

over time.  Other research has suggested that inter-individual differences in microbial 

http://en.wikipedia.org/wiki/Biological
http://en.wikipedia.org/wiki/Natural_environment
http://en.wikipedia.org/wiki/Organisms
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composition are extremely high, and even that each human’s microbiome may be unique 

as a fingerprint (Fierer et al., 2010; Wilson, 2005). 

1.4.1 Skin  

The human skin is a complex habitat. It is one of the largest organs on the body 

due to its surface area and weight (Wilson, 2008). During birth, the skin becomes host to 

resident microbiota. As a habitat, however, skin is highly heterogeneous. Moisture 

content ranges from very dry areas (forearm) to very moist areas (toe-webs). The 

composition of microbial communities on the skin are also heterogeneous and can be 

highly localized (Tannock, 1999). The human skin is made up of three main layers: the 

epidermis (outer layer), dermis (middle layer), and the subcutaneous layer (inner layer). 

The epidermis contains a stratum corneum which consists of dead cells and these cells are 

sloughed off taking microbiota with them. The stratum corneum is replaced every 15 

days (Wilson, 2008). The dermis contains hair follicles, sebaceous glands, and 

sudoriferous (sweat-producing) glands. The subcutaneous layer contains hair, follicles 

and apocrine and eccrine glands. The apocrine glands are associated with hair follicles 

and less common compared to the eccrine glands which are not associated with hair 

follicles (Wilson, 2008). The most common site of microbe colonization in the skin is the 

surface and hair follicles (Tannock, 1999).  

Since there are many different regions for microbiota to inhabit on the skin; 

distinguishing the microbiota present in these areas requires site-specific sequencing. To 

date the most common genera identified in the skin microbiota are: Corynebacterium, 

Staphylococcus, Propionibacterium, Micrococcus, Mallassezia, Brevibacterium, 

Dermabacter, Actinetobacter and Methylobacterium (Wilson, 2008; Tannock, 1999; 
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Chiller et al., 1991). Grice et al., (2008) compared relative abundance of microbiota 

sequenced on human skin in 5 healthy humans. They found that Proteobacteria 

(Pseudomonas spp, Janthinobacteria spp, Alphaproteobacteria spp, 

Gammaproteobacteria spp, and Betaproteobacteria spp.) were the most common, 

making up 85-90% of the total abundance, while Actinobacteria comprised 0-7%, and 

Firmicutes 0-5% (Grice et al., 2008). Skin has a more diverse microbial community than 

the gut or the mouth (Costello et al., 2009; Table 1.1; Table 1.2).  

1.4.2 Eye 

The human eye is made up of several distinct parts that microbiota colonize: the 

cornea, the outermost layer of the eyeball, the sclera which is a clear layer in the front 

and back of the cornea, the conjunctiva, which is a clear layer of skin that covers the 

cornea and lines the eyelid and eyelid margin, the choroid which is a layer of vascular 

tissue behind the eye, the retina which covers three-quarters of the inner surface of the 

eyeball, and the lens of the eye which is covered by a region called the anterior cavity and 

is filled by a liquid called the aqueous humor (Wilson, 2008). In the eye nutrients are 

supplied to the sclera by the choroid, while the aqueous humor supplies nutrients and 

oxygen to the iris, cornea, and the lens (Wilson, 2008). Another region of the eye is a 

region behind the lens called the vitreous humor, which is a clear gel. When a person 

blinks the vitreous humor provides tears to the glands, canals and ducts behind the eye 

called the lacrimal apparatus. Tears provide the eye with lubrication, moistening, 

protective and cleaning functions (Wilson, 2008).   

The conjunctiva of the eye is the only area of the eye that is exposed to the 

environment that does not contain adjacent skin regions. For the conjunctiva and eyelid 
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margin, all the microbiota present is similar to skin species except for Viridians 

streptococcus, Streptococcus pneumoniae, Peptostreptococcus spp., and Haemophilus 

influenza (Wilson, 2008). In culture studies done on the eye, 65% of species ever found 

in the eye can be cultured, although sometimes the eye can be reported as sterile 

(Soudakoff, 1954; Evans et al., 2007). Capriotti et al., (2009) sequenced swabs of 276 

people’s right eyes from Sierra Leone. They found that the most common organisms were 

coagulase-negative Staphylococcus (28.6%), fungus (26.0%), Staphylococcus aureus 

(19.9%), gram negatives other than Pseudomonas/Haemophilus (9.8%), 

Nocardia/Actinomyces (6.5%), and Pseudomonas aeruginosa (6.2%) (Capriotti et al., 

2009). The microbial community of the human eye is not nearly as diverse as other areas 

of the human body, and the abundance these species can range from low (100 colony 

forming units (cfu) to high abundances (5x 104 cfu) (Wilson, 2008) (Table 1.1; Table 

1.2). 

1.4.3 Respiratory tract 

The human respiratory tract is composed of several sections which can be broken 

up into two main regions. The upper respiratory tract includes the nasal cavity, pharynx 

and the larynx. The lower respiratory tract includes the trachea, primary bronchi and the 

lungs (Wilson, 2008). The upper respiratory tract is heavily colonized by microbiota 

while the lower respiratory tract is relatively free of indigenous microbiota although 

small numbers of microbiota have been isolated from these areas (Wilson, 2008; 

Tannock, 1999). Microbiotas colonize the lower respiratory tract during fluid aspiration 

from the upper respiratory tract which can carry concentrations (up to 108cfu/ml) of 

bacteria to the lower respiratory areas (Wilson, 2008). The amount of nutrient that is 
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supplied to the microbiota in the respiratory tract is highly dependent on the area of 

colonization. All of the regions contain a fluid that is on the mucosal surface and has 

plasma transdudate (low protein content, primary cells with mononuclear cells: 

macrophages, lymphocytes and mesothelia cells) (Heffner, 1997). Saliva and food 

flowing through the pharynx may also provide nutrients for microbiota in the pharynx 

(Wilson, 2008). Nutrients can also be provided by the nasal fluid, airway surface liquid, 

and the alveolar lining fluid. Nasal fluid provides microbiota with more than 1000 

different proteins along with other nutrients. The airway surface liquid is produced daily 

and consists mainly of water, mucins and proteins. The alveolar lining fluid is a mixture 

that contains proteins and lipids (Wilson, 2008).  

Since there are many different resources and regions for microbiota to colonize in 

the respiratory tract, wide ranges of microbiota are present in these regions. The most 

common species are: Viridians streptococci, Streptococcus pyogenes, Neisseria spp. 

Haemophilus spp. Moraxella spp. Staphylococcus aureus, Streptococci, Corynebacterium 

spp., Propionibacterium spp., Prevotella spp., Porphyromonas spp. Mollicutes and 

Kingella spp. (Wilson, 2008). In the nasal vestibule, microbe abundances can range from 

106 and 107 cfu in each nostril (Glück & Gebbers, 2000; Lina et al., 2003; Wilson, 2008) 

while in the nasophayrnx the density of microbe colonization ranges from 104 to 108 cfu 

(Konno et al., 2006; Wilson, 2008) (Table 1.1; Table 1.2).  

1.4.4 Oral cavity 

The human oral cavity is made up of three main regions; the cheeks (hard and soft 

plates), the tongue, and the teeth. In total the oral cavity has a surface area of around 200 

cm2. The oral cavity has keratinized (hard plate, gingivae), non-karitinized (soft palate, 

http://en.wikipedia.org/wiki/Mononuclear_leukocyte
http://en.wikipedia.org/wiki/Macrophage
http://en.wikipedia.org/wiki/Lymphocyte
http://en.wikipedia.org/wiki/Mesothelia
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cheek, floor of mouth, inside the lips, and the underside of the tongue) and both 

keratinized and non-keratinized areas (tongue) (Wilson, 2008). In the oral cavity the main 

nutrients are provided by the saliva, compounds produced by host cells, host’s diet, 

microbial metabolism, and gingival crevicular fluid. The oral cavity provides a wide 

variety of habitats for microbiota to colonize that differ in environmental selection 

factors. For example, the oral cavity contains both shedding and non-shedding surfaces as 

well as strong mechanical forces. The microbiome of the oral cavity has been extensively 

studied due to ease of access and the prevalence of caries and periodontal disease 

(Wilson, 2008).  

Since the oral cavity is one of the most studied regions of the human body the 

microbiota inhabiting it are well known. The oral cavity alone contains an extremely 

diverse resident bacterial community, consisting of 100-200 species at any one time in 

healthy individuals (Rasiah et al., 2005; Wilson, 2008). Ghannoum et al. (2010) found six 

different fungal species in the oral cavity of healthy individuals. The seven genera 

observed by % frequency across subjects were Candida (75), Cladospororium (65), 

Aureobasidium and Saccharomyces (50), Aspergillus (35), Fusarium (30), and 

Cryptococcus (20) (Ghannoum et al., 2010). Other regions of the human body that have 

fungal microbiota are the gastrointestinal tract and vagina (NIH HMP Working Group et 

al., 2009). The mouth harbours at least six billion bacteria representing more than 700 

phylotypes, but 50% of these phylotypes are still unknown (Aas et al., 2005) (Table 1.1; 

Table 1.2).  



 15 

1.4.5 Gastrointestinal tract  

The human gastrointestinal tract (GIT) is a very complex system made up of 

many functionally distinct regions: esophagus, stomach, small intestine (duodenum, 

jejunum, and ileum), and the large intestine (cecum, colon, and rectum) (Wilson, 2008; 

Tannock, 1999).  Within each region of the GIT the environmental conditions differ.  The 

GIT is basically a tube going from the pharynx to the anus, and has four main layers, 1) 

the mucosa (epithelium surrounded by connective tissue and a thin layer of muscle), 2) 

submucosa (connective tissue), 3) muscularis (muscles), and 4) serosa (connective tissue 

covered by squamous epithelium). The mucosa is the largest surface area on the human 

body that is exposed to the environment (Wilson, 2008). The major problem with 

detecting the microbiota in the GIT is that most of the areas require the individual to go 

under anesthesia or undergo discomfort.  In the GIT the upper regions (stomach, 

duodenum, and jejunum) are colonized by fewer species than the lower regions, likely 

due to strong mechanical forces such as saliva and mucus which travels faster in the 

upper compared to areas lower in the GIT (Wilson, 2008; Tannock, 1999). In the lower 

GIT microbiota receive nutrients from the host diet, mucus, and other microbiota. The 

lower GIT (colon and ileum) provides a suitable habitat for large and diverse microbiota 

(Wilson, 2008).  

It is estimated that the number of microbial cells in the GIT out numbers our body 

cells by a factor of at least 10 (Zoetendal et al., 2008). In the upper GIT lower 

abundances of microbiota (103-105 bacteria) are found relative to the lower GIT (1010-

1011 bacteria) (Mackie et al., 1999). It has been estimated that around 400 species are 

present in the human colon (Mackie et al., 1999; Eckburg et al., 2005). Up to 80% of 
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species found in the colon of the GIT have not yet been cultured and are novel phylotypes 

(Wilson, 2008) (Table 1.1; Table 1.2).  

1.5 Human microbiome studies to date  

The advancement of DNA sequencing has contributed significantly to our 

understanding of the human microbiome. It has been estimated that less than 1 percent of 

bacterial species can be cultured (Staley & Konopka, 1985). The development of 

through-put sequencing and meta-genomics has been a major technological advancement 

and has led to a focus on functional relationships and interactions among communities, 

taxa and genomics (Gonzalez et al., 2011). The scientific community is now poised to 

explore the importance of the human microbiome in human health and disease. Examples 

are provided below (also see Table 1.3-1.7) of studies on the human microbiota for five 

regions (eye, skin, oral cavity, the respiratory tract, and the gastrointestinal system) of the 

body.   

1.6 Common bacterial and fungal taxa 

While many bacterial and fungal taxa are found only in particular regions, a 

number of genera are present in all regions of the human body that are typically 

colonized by microbiota. Bacterial genera common across the human body regions are: 

Stapylococcus, Propionibacterium, Micrococcus, Corynebacterium, Streptococcus, and 

Neisseria. Common fungal species found in the human body are: Candida and 

Malassezia. Listed below are the characteristics of each main genus (Table 1.8).  

1.7 Networks  

 Networks are a series of nodes interconnected by communication paths (Harbeck, 

2000), and are a powerful way to look at the structure of systems. My research focuses on 

creating functional structural networks for the human body called human microbiome 
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networks. Viewing interactions in a system from a network approach provides a highly 

general framework by which to compare systems based on their topology or structure and 

can be used to determine how systems respond to perturbations (Foster et al., 2008).  

Network approaches have been used to explore chemical (e.g., chemical compounds), 

social (e.g., Facebook), economic (e.g., markets), geographic (e.g., GIS), biological (e.g., 

gene-protein) and food webs (Strogatz, 2001; Albert & Barabási 2002). In relation to the 

human body, network approaches have been applied to the genome, proteome, 

metabolome, yeast-protein interactions, disease transmission pathways, and neural 

systems. For example, Vazquez et al., (2003) assembled a protein-protein interaction 

network for the yeast Saccharomyces cerevisae to look at the robustness of the network 

when proteins are deleted or inserted in the network. Villadsen et al. (2011) explored the 

network structure of biochemical reaction networks to understand how raw material of oil 

interacts. Disease transmission networks have been explored for Syphilis (Rothenberg et 

al., 1998a) and HIV (Rothenberg et al., 1998b) to understand the likelihood of 

contracting disease. Lastly, neural networks have been assembled to explore human brain 

function (Kosko & Burgess 1998).   

 Ecological networks are used to describe interactions between species in 

ecosystems (Dunne, 2006). Food-webs, which describe energy flow in communities 

based on predator-prey interactions, are the most common type of ecological network 

(Dunne, 2009). Food web approaches have been used to analyze and measure direct and 

indirect interactions among different species (Dunne, 2009), to explore the roles of 

connectance and species richness on food web structure and stability (Dunne et al., 

2002a), and to explore the consequences of extinctions and how communities collapse 
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(Dunne & Williams, 2009; Dunne et al., 2002a), among others. Of particular interest 

from the standpoint of the human microbiome, network structure can be related to 

function in that the structure of a network affects how robust a network is to perturbations 

(Dunne et al., 2002a) such as broad spectrum antibiotics.  

Network analysis is based on graph theory (Albert & Barabási, 2002; Strogatz, 

2001). In an ecological network, species are represented by vertices (nodes) and 

interactions between species are represented by edges (links) between vertices (Dunne, 

2009). All networks can be characterized by their topological properties (Dunne, 2009). 

In an ecological network topological properties are determined by the number of taxa in 

the network and their interactions. I used seven different topological properties to 

characterize and compare the structure of human microbiome networks (Chapter 2 and 

3): the number of nodes (NS), the number of links (L), the number of links per node 

(L/NS), connectance (L/NS2), clustering coefficients (CC), fraction cannibal (or self-

facilitation), and path length (path). The two most fundamental measures used to 

characterize ecological networks are the number of nodes in the web (NS), and 

connectance (L/NS2), which is the number of links/number of nodes squared (Dunne, 

2009) and is a standard measure of complexity (Williams et al., 2002). Previous studies 

have found that networks that are more highly connected tend to be more robust to node 

loss (Dunne et al., 2002a).  The clustering coefficient (CC) is the probability that two taxa 

linked to the same taxon are also linked. Path length (path) is the mean shortest set of 

links (undirected) between species pairs. These two properties are important as they are 

associated with network redundancy (Dunne, 2009). Fraction cannibal (or self-

facilitation) is the fraction of species that feed on themselves. In the context of the human 
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microbiome networks I term this interaction self-facilitation, which is when one species 

feeds off of the by-products of its own species.  

1.7.1 Differences between predator-prey and facilitative networks 

Food webs are a type of network that only includes consumer resource links 

(negative feeding interactions), while networks can include other types of links both 

trophic and non-trophic (Williams & Martinez, 2000). In human microbiome networks, 

there are two main types of interactions (links) that can occur: consumer-resource 

(negative interactions) and facilitative (positive interactions) (Ings et al., 2009). In 

consumer-resource networks, the links can relate to a wide variety of feeding interactions 

including predator-prey, herbivore-plant, or parasite-host (Dunne, 2009). For example, in 

a predator-prey feeding link, a predator preys on a prey (e.g., wolf on a rabbit). In 

herbivore-plant links, an herbivore feeds on a plant (e.g., horse on a grass), and in 

parasite-host interactions, a parasitoid feeds on a host (parasitic wasp on a terrestrial 

insect). These consumer-resource interactions usually involve consumers that are bigger 

than their resources (Cohen et al., 1993; Brose et al., 2005; Brose et al., 2006) and are 

antagonistic interactions. In the context of the human microbiome networks, consumer-

resource links are represented by microbiota (e.g Bifidobacterium) on the human body 

(consumers) and source-specific nutrients (resource) (e.g., sugars provided by the host`s 

diet).  

The second type of interaction that can occur is a facilitative (positive) one. These 

interactions are commonly known as mutualistic or commensal (Ings et al., 2009). 

Mutualism is when two organisms interact and each individual gains a fitness benefit 

(Breton & Addicott, 1992), while commensalism is when only one side gains a benefit 
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but the other side experience no negative effect (Hooper & Gordon, 2001). Some 

examples of mutualistic and commensal networks in the literature are pollination and 

seed dispersal networks. For example, pollination networks include interactions between 

plants and their animal pollinators, and frugivore networks interactions between plants 

and their animal seed dispersers (Ings et al., 2009).   

In the context of the human microbiome, facilitative interactions can be 

syntrophic or mechanical. Syntrophic facilitative interactions occur when species feed off 

the by-products (source-specific resources the species produce) of other species. For 

example, in the human eye Candida spp. feed on amino acids that are produced by 

Serratia spp., but not Serratia spp. itself. Mechanical facilitative interactions are when a 

micro-organism needs to physically attach to another organism to obtain specific 

resources. For example, in the oral cavity Fusobacterium spp., which form part of the 

plaque surrounding teeth in the oral cavity, physically attach to Neisseria spp., which 

attach directly to the teeth. This is because Fusobacterium spp. lacks the adhesions to 

attach directly to the tooth surface so they fasten indirectly by attaching onto Neisseria 

spp. In chapter 2 and 3, I discuss assembly and comparison of both consumer-resource 

and facilitative networks for regions of the human body.  

1.7.2 Details of how networks were assembled  

Networks were assembled by constructing a data set of all the micro-organisms 

and their source-specific nutrients that have been identified for five regions of the human 

body: the surface of the skin (including hair follicles but excluding genital skin), the 

globe of the eye, the oral cavity (limited to the oral mucosa, tongue, and teeth), the 

gastrointestinal tract (from the esophagus to the rectum), and the respiratory system 
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(including sinuses, trachea, and lungs). These data sets were compiled from primary and 

secondary literature (e.g., Wilson, 2008; Bojar & Holland, 2002; Hayashi et al., 2005). 

Data on species composition is typically provided in the form of species abundance in an 

individual or population and includes both culture-based and sequence-based studies. 

Although data is provided on particular species abundant in the human body regions, not 

enough information is found on the specific metabolic properties of the species; therefore 

species were categorized into genera (Table 1.9). 

I focused specifically on assembling genera lists for healthy humans between the 

ages of 20-40. The microbiota genera lists did not include macro-organisms such as 

hexapods, because they are not as common and have lower abundances on humans 

therefore only micro-organisms were included. We did not include microbiota that are 

only pathogenic and are not found in healthy hosts. Macro-parasites and micro-parasites 

were also excluded.  Predator/prey links for consumer-resource (negative) networks and 

facilitative (positive) links for facilitative networks were assembled for the different 

regions. Since resources can be available from different sources (i.e., glucose in the eye 

microbiome is available from two specific sources: tears and sweat), nutrients from 

different sources were included as they represent different pathways of energy transfer.  

1.7.3 Details on source-specific resources 

In food webs, the bottom trophic level is usually represented by basal resources 

(Dunne, 2009) such as algae or plants. In the context of the human microbiome networks 

the basal resources are source-specific resources. The source-specific resources (i.e., 

resources provided by more than one source) were identified for each region (Table 

1.10). Source-specific resources can either be provided by the host or by other micro-
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organisms (Wilson, 2008). They also can be provided by the host in different ways.  For 

example, in the skin, amino acids secreted as part of the individual’s sweat is 

distinguished from amino acids available directly from the host’s epidermal cells 

(Wilson, 2008). Networks representing microbiome consumer-resource networks will 

have the source-specific resources as their basal trophic level, whereas in the facilitative 

networks the source-specific nutrients are not included as links are made between the 

organisms providing the resource to the other organism. 

1.7.4 Robustness in Networks  

Understanding how structural human microbiome networks respond to node 

removal is important because it allows us to understand the structural properties that 

affect robustness and how the network responds to primary and secondary extinctions. 

Extinction in the context of the human microbiome could be caused by perturbations such 

as the loss of species following broad spectrum antibiotics, or the loss of species from 

pathogens and therefore is of major significance.  

The response to simulated node loss has been examined for a number of network 

types including the internet (Albert et al., 2000) and metabolic and protein networks 

(Jeong et al., 2000). These networks all display highly skewed power-law degree 

distributions, and are extremely sensitive to the loss of highly connected nodes but 

comparatively robust to the loss of randomly chosen nodes (Dunne, 2009). In contrast, 

random networks with Poisson degree distributions, which are relatively unskewed since 

nodes, have similar numbers of connections, exhibit similar responses to loss of highly 

connected and random chosen nodes (Strogatz, 2001). 
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 In food webs, similar patterns have been shown in response to node loss (Solé & 

Montoya, 2001; Dunne et al., 2002a; Dunne et al., 2004), despite the fact that most food 

webs do not display power–law degree distributions. Moreover, loss of high-degree 

nodes results in more rapid fragmentation in the networks (Solé & Montoya, 2001). The 

magnitude of secondary extinctions that occur in networks when species are removed 

depends on the connectance of the networks (Dunne et al. 2002a). For example, when 

removing high-degree nodes (i.e., degree represents the number of edges that a vertices 

has) in a network the fraction of secondary extinctions can be greater or comparable to 

networks that have low-degree nodes removed (Dunne, 2009; Solé & Montoya, 2001). 

Therefore, the nodes (NS) and the connectance (C) of networks are important in 

determining their robustness to node removal.  

In ecological networks, ecologists have used network simulation modeling to 

explore the potential for secondary extinctions in response to perturbations in food webs 

(Srinivasan et al., 2007; Dunne & Williams, 2009; Roopnarine, 2006; Roopnarine et al., 

2007). Secondary extinctions occur when a non-basal species or a cannibalistic species, 

loses all of its prey except for itself. Basal species in networks may experience primary 

species removal but may not experience secondary extinctions. In the context of the 

human microbiome networks, removal simulations can be performed to relate them to 

‘real world’ primary removals and secondary extinctions. Robustness is defined as the 

proportion of primary species removal that leads to approximately 50% total species loss. 

The maximum possible robustness that a network can have is a value of 0.5 and the 

minimum is 1/NS (Dunne et al., 2002a). 

1.8 Thesis outline 
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Links between the compositions of human microbiomes have now been made 

with disease, obesity, and allergies, among others (NIH HMP Working Group et al., 

2009). We now know that our microbiomes play a much larger role in human health and 

disease than has previously been recognized. In Chapter 2, I describe the network 

structure for five regions of the human body. The objective of this research was to 

assemble and compare the topological structure of functional core microbiome networks 

for human-associated micro-organisms for five regions of the adult body: the eye, the oral 

cavity, the skin, the gastrointestinal track (GIT), and the respiratory system and determine 

the robustness of the networks to node loss.   

In Chapter 3, I examine ontogenic and regional patterns in network topology for 

the oral cavity and gastrointestinal tract microbiomes. I assembled networks for the oral 

cavity for different life stages (newborn, child, adolescent, adult, and elderly) and 

networks for four regions of the gastrointestinal tract (esophagus, stomach, small 

intestine, and large intestine) to compare their topology and robustness to node loss.  

In Chapter 4, I used a meta-analysis to determine the efficacy of probiotics on the 

gastrointestinal tract. I conducted a meta-analysis on the efficacy of probiotics on the 

gastrointestinal tract to determine their role in sustaining a healthy microbiota of the gut. 

This meta-analysis was designed to determine whether probiotics are more or less 

effective in the prevention and treatment of eight different gastrointestinal diseases across 

11 species or species mixtures of probiotics. Furthermore, I determined whether factors 

such as patient age, dose, length of treatment, and single vs. multiple probiotic species 

affect efficacy.  
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 Finally, Chapter 5 discusses the strengths and limitations of my research. It also 

emphasizes the relevance of the main results from each chapter in the context of the main 

goal of my research, which was to compare the topological structure of regional 

microbiome networks in the human body.  
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Table 1.1. The species richness, genera richness, and common genera from five regions 
of the human body (skin, eye, oral cavity, gastrointestinal tract, and respiratory tract). The 
regions are shown in the following order: A) skin and eye, B) oral cavity, C) 
gastrointestinal tract and respiratory tract. 
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Table 1.2. The range of abundances for microbiota found in five regions of the human 
body (skin, eye, oral cavity, gastrointestinal tract, and respiratory tract). 
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Table 1.3. Human microbiome studies of the skin, including studies with a specific area 
of focus, and the information and results for the area of focus.  
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Table 1.4. (A, B) Human microbiome studies of the eye, including studies with a specific 
area of focus, and the information and results for the area of focus.  
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Table 1.5 (A, B). Human microbiome studies of the oral cavity, including studies with a 
specific area of focus, and the information and results for the area of focus.  
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Table 1.6 (A, B). Human microbiome studies of the respiratory tract, including studies 
with a specific area of focus, and the information and results for the area of focus.  
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Table 1.7 (A, B). Human microbiome studies of the GIT, including studies with a 
specific area of focus, and the information and results for the area of focus.  
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Table 1.8. Characteristics (region of human body found, genera details e.g. nutrition) of 
common fungal and bacterial genera found on the human body. A) Fungal genera 
(Candida and Malassezia). B) Bacterial genera: I) Staphylococcus and 
Propionibacterium, II) Micrococcus and Corynebacterium, III) Streptococcus and 
Neisseria. 
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Table 1.9. The number of bacteria, fungi, and archean genera are present for five areas of 
the human body (eye, skin, oral cavity, respiratory tract, gastrointestinal tract), and the 
number of species that are present in each region. These numbers are specific to the 
numbers of my microbiome networks. 
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Table 1.10 (A, B). Source-specific resources in five regions of the human body: eye, 
skin, oral cavity, gastrointestinal tract (GIT), and respiratory tract. The resource, resource 
source, and region are included.  
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CHAPTER 2  

 

Network Structure of the Human 
Microbiome 
 
 
 
2.1 Abstract 

The human body contains 10 times more non-human cells than human cells, and 

the human colon has the highest density of microbiota recorded in any habitat of the 

planet. While links have been identified between the composition of the human 

microbiome and obesity, inflammatory bowel disease, cancer, sexually transmitted 

diseases, allergies and asthma, and cardiovascular disease, very little is known about how 

the species on and in our bodies interact. Network approaches, which have been widely 

applied to natural ecosystems, represent a promising approach to describing the complex 

interactions that exist within organisms. I assembled consumer-resource and facilitative 

interaction networks for human-associated microbial species and source-specific nutrients 

for five regions of the human body: eye, skin, oral cavity, respiratory tract, and the 

gastrointestinal tract to compare the topological structure of the networks and their 

robustness to node removal. The networks were composed of 72 bacteria, 1 archaea 

(Methanobrevibacter), and 2 fungal genera (Malassezia and Candida) along with 39 

source-specific nutrients. In total, 115 nodes and 2335 links were summed over all five 
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regions. Across all site-specific networks, 67% of links were facilitative. Complexity, 

defined as connectance of facilitative networks was on average 46% higher than the 

complexity of the consumer-resource networks. The networks were more robust to 

random and least-connected node removals than most-connected node removals. 

Facilitative networks were more robust overall than consumer-resource networks or 

composite networks of the human body regional networks. The oral cavity was the most 

robust region for the composite (complete) network. Robustness was driven by node 

richness for the consumer-resource and composite networks, but not for the facilitative 

networks. As connectance decreased, robustness increased for the consumer-resource 

networks. This research represents the first attempt to assemble and compare microbiome 

networks for the human body.  

2.2 Introduction 

There are 10 times more non-human cells in the human body than human cells 

(Turnbaugh et al., 2007), 100 trillion microbial cells in the human gut (Bäckhed et al., 

2005; Ley et al., 2006), and 100,000 million cells per mL in the human colon, the highest 

density of microbiota recorded in any habitat on the planet (Bäckhed et al., 2005; Ley et 

al., 2006). Microbiota colonize the human host during vaginal birth and within the first 

weeks of life and by senescence, 99% of DNA in the human body is non-human (Wilson, 

2008). Inter-individual differences in the composition of microbiota are extremely high 

and it has been suggested that each human‘s microbiome may be as unique as a 

fingerprint, with less than 5% of species shared between any pair of individuals (Wilson, 

2008; Fierer, 2010). Despite the high inter-individual difference in human microbiomes, 

some microbiota, such as Enterobacteriacae spp., Staphylococcus spp., and Streptococcus 
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spp. (Bojar & Holland, 2002; Wilson, 2008), which make-up the core microbiomes, are 

shared by most individuals.  

The functional significance of the human microbiome is currently a major focus 

of research by scientists in a variety of professions or specialties including geneticists, 

immunologists, and ecologists. The National Institute of Health (NIH) recently 

announced the Human Microbiome Project as part of the NIH Roadmap for medical 

research (NIH HMP Working Group et al., 2009). The goal of this project is to sequence 

all microbiota in and on the human body (NIH HMP Working Group et al., 2009). This 

project has resulted in the identification of links between the composition of the human 

microbiome to obesity, inflammatory bowel disease, cancer, sexually transmitted 

diseases, allergies and asthma, and cardiovascular disease (Arumugam et al., 2011; 

Mazmanian et al., 2008; Li et al., 2008; Ley et al., 2006; Ordovas & Mooser, 2006). 

However, to date, the bulk of this research has been descriptive, focusing on identifying 

the composition (microbial diversity and abundances) of different regional microbiomes.  

Because network structure affects function of the human body, a potentially more 

relevant way to characterize the human microbiome is not to just look at species that are 

present, but to look at the topology of the networks that arise when the species are linked 

together into interaction networks. Networks are a powerful way to explore the structure 

of systems and have been used to explore the structure and robustness of a wide variety 

of systems including: power grids, the internet, social networks, contacts between people 

at risk of HIV, and food webs which are networks of predator-prey interactions (Dunne, 

2009). The strength of using a network approach in exploring the structure of ecological 

communities such as human-associated microbiomes is that network approaches can 
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provide relevant information on how a system might, for example, respond to 

disturbances (Foster et al., 2008; Dunne & Williams, 2009). In a human microbiome 

context I could explore how a system will respond to a disturbance, such as the loss of 

species following broad spectrum antibiotics, or how the system would respond to an 

invasion event such as a pathogen (Foster et al., 2008).  

Structural ecological networks, based on predator- prey (negative) and facilitative 

(positive) interactions, were used to describe and compare network topology. Human 

microbiota, like all ecological systems, can be described by both its species composition 

(the identity of bacteria, archea, and fungi that live on and in the human body) and its 

structural topology based on interactions between species (Ings et al., 2009; Dunne, 

2009). Since the human microbiome project began in 2006, considerable effort has been 

expended to assemble comprehensive species lists for regional microbiomes (NIH HMP 

Working Group, 2009). By assembling these species lists into structural networks, I am 

able to explore differences in the topological properties across regions. Structural 

properties of networks, or network topology, can affect many aspects of the dynamics 

and function of systems including temporal stability, resistance to invasions, resilience to 

disturbance, and persistence (Williams & Martinez, 2008; Romanuk et al., 2009; Dunne, 

2009; Solé & Montoya, 2001; Dunne et al., 2002a; Dunne et al., 2002b; Dunne & 

Williams, 2009).  

Microbiome networks are somewhat different from most other networks types 

that are studied. There are two broad classes of energetic links that occur in the 

microbiome: consumer-resource (feeding/negative interactions) links and facilitative 

(positive) interactions. Consumer-resource links include predator-prey, herbivore-plant, 
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and parasite-host interactions (Dunne, 2009). Facilitative links may be syntrophic or 

mechanical. Syntrophic facilitative links, or cross-feeding links, correspond to 

interactions where a species lives off the products of another species (Ings et al., 2009). 

For example, in the human respiratory tract, Brevibacterium spp. feed on sugars from 

Micrococcus spp., but not on Micrococcus spp. itself (Wilson, 2008). Mechanical 

facilitative interactions occur when a micro-organism needs to physically attach to 

another organism to obtain specific resources and thus are indirect energetic links. For 

example, in the oral cavity Fusobacterium spp., which form part of the plaque 

surrounding teeth in the oral cavity, physically attach to Neisseria spp., which attach 

directly to the teeth. This is because Fusobacterium spp. lacks the adhesions to attach 

directly to the tooth surface so they fasten indirectly by attaching onto Neisseria spp 

(Wilson, 2008). 

There are a wide range of topological properties that can be used to describe the 

nodes and links in a network. The main structural properties I used are: the number of 

nodes (NS), number of links (L), number of links/nodes (L/NS), connectance (L/NS2), 

clustering coefficient (CC), self facilitation, and path length (path) (Dunne, 2009; Watts 

& Strogartz, 1998). These properties that have been reported in several comparative, 

model-based studies of structure of biological networks that contain both negative 

(consumer) (Dunne et al., 2008; Dunne et al., 2002b) and positive (facilitative) (Jordano, 

1987; Paine, 1980; Olesen et al., 2007) interactions.   

Since it is very difficult to compile detailed long term empirical data for dynamics 

of many species interactions, research on these interactions usually relies on analytical or 

simulation modeling (Dunne et al., 2008). Ecologists have used network simulation 



 50 

modeling to explore the potential for secondary extinctions in response to perturbations in 

food webs (Srinivasan et al., 2007; Dunne & Williams, 2009; Roopnarine, 2006; 

Roopnarine et al., 2007). Previous studies on removing species from empirical food webs 

have shown that the results of complex link topologies correspond to those of actual 

ecological communities (Sole´ & Montoya, 2001; Dunne et al., 2002a; Allesina & 

Bodini, 2004; Memmott et al., 2004; Srinivasan et al., 2007). Like all networks, human 

microbiome networks can be modeled using removal simulations to relate them to real 

world primary removals and secondary extinctions. Node removals are simulated to 1) 

assess how robust the networks might be to node loss; and 2) to determine whether 

robustness differs among networks (Dunne et al., 2002b; Dunne & Williams, 2009).  

The objective of this chapter is to determine the composition and topological 

structure of the functional  human microbiome for five regions (the eye, the oral cavity, 

the skin, the gastrointestinal track (GIT), and the respiratory system) of the human body 

and to determine the robustness of the networks to node removals (e.g. that might occur 

following the use of antibiotics).  

2.3 Methods 

I constructed a data set of all the micro-organisms and their source-specific 

nutrients that have been identified for five regions of the human body: the surface of the 

skin (including hair follicles but excluding genital skin), the globe of the eye, the oral 

cavity (limited to the oral mucosa, tongue, and teeth), the gastrointestinal tract (from the 

esophagus to the rectum), and the respiratory system (including sinuses, trachea, and 

lungs). These data sets were compiled from primary and secondary literature from 

approximately 150 sources (e.g., Wilson, 2008; Bojar & Holland, 2002; Hayashi et al., 

2002). Data on species composition is typically provided in the form of species 
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abundance in an individual or population from both culture-based and sequence-based 

studies. Although data was provided on particular species abundant in the human body 

regions, not enough information was found on the specific metabolic properties of the 

species; therefore species were aggregated into genera-level nodes. This was done by first 

creating links between species and their source-specific resources, then aggregating the 

links to genera. The types of individuals included in the study were healthy humans 

between the ages of 20 and 40 years, due to the microbiota structure being dependant on 

factors such as age, geography, ethnicity, gender, etc. Macro-organisms and microbiota 

that are only pathenogenic were excluded as well as macro-parasites and micro-parasites.  

Source-specific resources, i.e. resources provided by more than one source, were 

identified for each region. For example, in the skin, amino acids secreted as part of the 

individual’s sweat were distinguished from amino acids available directly from the host’s 

epidermal cells (Wilson, 2005). Predator/prey links for consumer-resource (negative) 

networks and facilitative (positive) links for facilitative networks were assembled for the 

different regions. This was done first by distinguishing the genera, then identifying the 

source-specific resources they use and produce in the five regions of the body. Next, 

consumer-resource and facilitative links between the microbiota were compiled based on 

the source-specific resources they require and produce. For example, in the oral cavity 

Actinomyces spp. feed on proteins provided by the host, this is an example of a 

consumer-resource link (Wilson 2008). An example of a facilitative link in the oral cavity 

is when Actinomyces spp. obtains sugars produced by Propionibacterium spp. (Wilson, 

2008).   
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Three different networks were created based on these links for each of the five 

regions: 1) composite networks (with both consumer-resource and facilitative links), 2) 

consumer-resource networks, and 3) facilitative networks.  Networks for each region 

were analyzed using Network 3D (software written by R. J. Williams).  

Seven different topological properties for the consumer-resource networks and the 

facilitative networks were calculated and compared. number of nodes (NS), the number 

of links (L), the number of links per node (L/NS), connectance (L/NS2), clustering 

coefficient (CC), self facilitation, and path length (path).  The number of nodes represents 

the number of genera in the networks, while the number of links represents the links 

among the genera. Connectance measures complexity in the networks and is the 

proportion of possible links in the network that actually occur, and the clustering 

coefficient is the possibility that two taxa linked to the same taxon are linked (Dunne, 

2009). Self facilitation is when a taxon uses a resource that they themselves produce. Path 

length is a calculation of the mean shortest set of links between nodes (Dunne, 2009).  

To compare the topology of different regional microbiomes I aggregated genera 

that share 100% of their links into functional nodes. These functional nodes represent 

groups of genera and nutrients that contain identical sets of interactions with other nodes. 

In the context of these host microbial networks this leads to aggregation not just of taxa 

with similar links, but aggregation into functional nodes where groups of microbiota all 

perform a similar function. Aggregating nodes based on similar links is a common 

approach used in food-web ecology that minimizes bias due to uneven resolution, 

incomplete sampling effort, or differences in sampling effort across different food-webs 

(Martinez, 1991; Hall & Raffaelli, 1991; Dunne et al., 2005). Topological properties of 
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the composite networks (combined consumer-resource and facilitative), the consumer-

resource networks, as well as, facilitative networks were calculated for each region.  

To determine the magnitude of secondary extinctions (node loss) that results from 

primary node removal, I conducted three sets of node removals. Removal scenarios 

included removing the most connected (mc), least connected (lc), and random (ran) nodes 

to: 1) assess how robust the functional networks were to primary node loss; and 2) to 

determine whether robustness differs across the five microbiomes. For the random 

removals, 1000 iterations were simulated for each regional network. Robustness is 

defined based on the R50, the proportion of nodes that need to be removed to collapse a 

network to 50% of its initial size. Basal species (species with predators but no prey), 

which in this case were source-specific nutrients, were excluded from removals. The 

most connected and least connected nodes at each removal step were determined based 

on the network remaining after all previous primary and secondary extinctions. The 

robustness of the composite networks, the consumer-resource networks, as well as, 

facilitative networks was determined for each region. After the R50 was determined for 

these three scenarios, I used linear regression analysis to examine the relationship 

between R50, and three measures of food web complexity: the number of nodes (NS), 

number of links (L), and connectance (C=L/NS2).   

2.4 Results  

2.4.1 Network topology 

The human microbiota networks included 75 genera: 72 bacteria, two fungi 

(Malassezia and Candida), one archean, Methanobrevibacter (Table 1.4), and 39 source-

specific resources (e.g., proteins, carbohydrates: Table 1.5) for a total of 115 nodes and 

2335 links across all five regions. The composite human microbiome had a functional 
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node richness of NS=107, and 2169 links, and an average of NS=40 across the five 

regional networks (Figure 1, Table 2A). Thirteen nodes were aggregated into functional 

nodes for the composite functional network. The nodes that were aggregated were: 1) 

Aggrebacter spp. and Simonsiella spp., 2) amino acids in sweat and amino acids in host 

epidermal, 3) fatty acids in sebum, in host sweat, and in host epidermis, 4) sugar in diet 

and sugar in saliva, 5) protein from host nasal fluid and protein from the host airway 

surface liquid, 6) protein in mucus and protein in gingival crevicular fluid.   

In the composite functional networks of the five regions, the oral cavity had the 

highest number of links (957), while the eye had the fewest (91) (Table 2.1A). The oral 

cavity also had the highest connectance (0.27), while the GIT had the lowest (0.17) 

(Table 2.1A). The fraction of self-facilitation ranged from 0.19 to 0.29, and the path 

length ranged from 1.63-1.87 in the regional composite networks (Table 2.1A). The 

composite eye network had the largest clustering coefficient (0.59), and the respiratory 

tract (0.39) and GIT (0.4) composite networks had the smallest (Table 2.1A). Visual 

representations of the five regions and their composite, consumer-resource and 

facilitative functional networks are shown in Figures 2.1-2.6. 

For the consumer-resource networks, node richness ranged from NS 20 for the 

eyes to NS 45 for the respiratory network.  Connectance ranged from 0.05 to 0.1, and was 

highest in the eye network. Path length ranged from 2.39 to 2.76 and was highest in the 

oral network. Clustering coefficient and self-facilitation for the regional networks is zero 

(Table 2.1B).  

For the facilitative networks, node richness ranged from 5 for the eye to 47 for the 

oral cavity network.  Connectance ranged from 0.30 to 0.72, and was highest in the eye. 
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Path length ranged from 1.0 to 1.54, and was highest in the GIT. The clustering 

coefficients ranged from 0.45 in the respiratory network to 0.73 in the eye network. The 

fraction of self-facilitation ranged from 0.29 (respiratory tract) to 0.60 (eye) (Table 2.1C).  

Overall, facilitative links dominated the networks for all regions except for the eye. 

In total, facilitative links make-up 67% of the links in the network (Figure 2.7, Table 

2.1B, 2.1C). The oral cavity links had the highest difference between the fractions of 

consumer-resource (7%) versus facilitative links (93%) (Figure 2.7). The eye had the 

lowest difference between the numbers of consumer-resource (68%) versus facilitative 

links (32%), and it was the only region that had a lower fraction of facilitative links than 

consumer-resource links (Figure 2.7).  

As node richness increased, the difference between the fraction of consumer-

resource and the percent facilitative links increased (Figure 2.7). Node richness was 

lowest in the eye, followed by the skin, respiratory tract, GIT and oral cavity for the 

facilitative networks. For the consumer-resource networks node richness was lowest in 

the eye, followed by the skin, GIT, oral, and respiratory tract (Table 2.1B, 2.1C). 

Consumer-resource networks had a higher number of nodes, except for in the oral cavity 

networks, than the facilitative networks. Consumer-resource networks also had higher 

path lengths than the facilitative networks. Facilitative networks had higher connectance 

values, higher clustering coefficients, and higher self-facilitation than the consumer-

resource networks (Table 2.1B, 2.1C). The consumer-resource networks had a mean 

connectance of 7%, while the facilitative networks have a mean connectance of 46%.  
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2.4.2 Node removals 

 When nodes were removed randomly (ran) from the composite regional networks, 

38% of the non-basal nodes needed to be deleted to collapse the networks to 50% of their 

initial size on average, suggesting that the composite microbiomes were robust to random 

node removals. Random deletions triggered the highest number of secondary extinctions 

in the eye, with 24% of primary removals needed to reduce the network to half its initial 

size, followed by the skin (35%), GIT (42%), respiratory tract (44%), and the oral cavity 

(45%). Less than a 13% difference in robustness was observed based on whether 

removals occurred in ascending (least connected= lc) or descending  order (most 

connected= mc) of connectivity for the eye (mc= 19%, lc= 29%), skin (mc= 29%, lc= 

37%), GIT (mc= 32%, lc= 41%), respiratory tract (mc= 34%, lc= 47%), and the oral 

cavity (mc= 44%, lc= 44%). Overall, the oral cavity (ran= 45%, mc= 44%, lc= 44%) was 

the most robust to node removals for the composite networks (Figure 2.8A).  

For the random removal scenario in the consumer-resource regional networks, 

36% of the non-basal nodes needed to be deleted to collapse the networks to 50% of their 

initial size on average, suggesting that the consumer-resource microbiomes were 

generally robust to random node removals. This result is similar to what was observed in 

the composite networks, except that networks with the least connected (lc) removals were 

more robust compared to the networks with most connected (mc) removals for the oral 

cavity (mc= 32%, lc= 41%).  There was less than a 10% difference between the most 

connected and least connected removals for the respiratory tract (mc= 36%, lc= 42%), 

GIT (mc= 31%, lc= 41%), skin (mc= 29%, lc= 37%), and the eye (mc= 15%, lc= 25%) 

regions. Overall, the respiratory tract (ran= 44%, mc= 36%, lc= 42%) was the most 

robust to node removals for the consumer-resource networks (Figure 2.8B). 
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 For the facilitative networks, all of the regions were highly robust across all 

removal scenarios with an average robustness of 44%. When nodes were removed 

randomly from the facilitative regional networks, 45% of the non-basal nodes needed to 

be deleted to collapse the networks to 50% of their initial size on average, suggesting that 

the facilitative networks were highly robust to random node removals. Random deletions 

triggered the highest number of secondary extinctions in the eye, with 36% of primary 

removals needed to reduce the network to half its initial size, followed by the GIT (43%), 

skin (48%), respiratory tract (49%), and the oral cavity (50%). Less than a 6% difference 

in robustness was observed based on whether removals occurred in ascending (least 

connected) or descending order (most connected) of connectivity for the eye (mc= 40%, 

lc= 40%), skin (mc= 40%, lc= 46%), and respiratory tract (mc= 46%, lc= 50%).  In 

contrast, connectivity of node loss strongly affected robustness for the GIT (mc= 32%, 

lc= 46%), and the oral cavity (mc= 34%, lc= 49%) with a difference of more than 14%. 

The respiratory tract was highly robust across all three methods of node removals (ran= 

49%, mc= 46%, lc=50%), while the oral cavity was highly robust to the random (50%) 

and least connected (49%) removals, but was highly susceptible to collapse following 

removal of the most connected nodes (35%)(Figure 2.8C).  

 When comparing the composite, consumer-resource and the facilitative network 

removals, removing the least connected nodes and the nodes randomly led to less 

secondary extinction than removing the most connected nodes except for the eye 

facilitative network (Figure 2.8A, 2.8B, 2.8C). Furthermore, the facilitative networks 

were more robust in general than the corresponding consumer-resource and composite 

networks. However there were two exceptions, first removing most connected taxa in the 
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oral cavity region facilitative network caused more secondary extinctions than in the oral 

cavity consumer-resource and composite network. Second, removing most connected 

taxa in the GIT regions facilitative network caused more secondary extinctions than in 

the GIT consumer-resource and composite networks. The oral cavity (44%) composite 

network was the most robust across all the removal scenarios and the eye (24%) was the 

least, while in the consumer-resource networks, the respiratory tract (40%) was the most 

robust across all the removal scenarios and the eye (21%) was the least.  In the facilitative 

networks, the respiratory tract (49%) was the most robust to node removal across all the 

scenarios and the eye (39%) was the least (Figure 2.8A, 2.8B, 2.8C).  

 Across the three types of networks (composite, consumer-resource, facilitative), 

the robustness of networks under the three removal criteria did not vary significantly with 

the number of links. In contrast, robustness was strongly related to the number of nodes 

and connectance in the composite and consumer-resource networks but not for the 

facilitative networks (Table 2.1). Robustness increased as node richness increased in the 

composite (r2= 0.91, p= 0.01); and consumer-resource networks (r2= 0.87, p= 0.02) 

(Table 2.1). Robustness decreased with increasing connectance in the consumer-resource 

networks (r2= 0.95, p= 0.0049) (Table 2.1). In the facilitative networks, there was no 

significant relationship between the number of nodes, number of links, or connectance to 

the average robustness (Table 2.1).   

2.5 Discussion 

Studying complex interactions in biological systems and understanding their 

structure and robustness is the goal of systems biology. The ultimate goal of the human 

microbiome project is to develop a ‘super-organism’ theory of human health and disease 

(NIH HMP Working Group, 2009).  
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My analysis of the topological structure of human microbiome networks has 

shown that despite the differences in scale between microbiome networks, and there are 

some surprising topological similarities between consumer-resource microbiome 

networks and composite food webs of whole ecosystems such as similar levels of 

connectance. There are also some potentially fundamental differences between 

microbiome networks and ecosystem food webs. In particular, the inclusion of facilitative 

links in microbiome networks results in extremely high clustering coefficients and 

connectance. Below I discuss similarities and differences in the topology of consumer-

resource microbiome networks and composite food webs and the topological 

consequences of the inclusion of facilitative links in microbiome networks. Lastly, I 

discuss how the topology of microbiome networks affects how robust microbiome 

networks are to perturbations such as node removal and how robustness of microbiome 

networks to perturbations differs from ecosystem food webs and mutualistic networks.  

2.5.1 Consumer-resource/facilitative networks vs. food webs 

Despite the scale-related differences between microbiome networks (organismal) 

and composite food-webs (entire ecosystems), topological properties of human 

microbiome networks showed a number of similarities to the structure of ecosystem food 

webs.  Consumer resource-networks only have two trophic levels, whereas food webs 

(e.g., Little Rock Lake) generally have more than three trophic levels (Williams & 

Martinez, 2000). Microbiome consumer-resource networks have connectance values 

(0.05-0.1) that fall within the range of 16 ecosystem food webs (0.026-0.315), path 

lengths (2.39-2.76) that fall in the ranges of the food webs (1.33-3.74), and links per node 

(1.88-2.34) that fall in the ranges of the food webs (1.59-25.13). These comparisons show 
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that the consumer-resource networks values were at the lower end of the connectance, 

path length, and links per node ranges but were generally similar to the properties 

observed in composite food webs.  Microbiome networks generally had fewer nodes due 

to aggregation of species into genera (20-45) than composite food webs (33-586), and 

lower clustering coefficients for the consumer-resource networks (microbiome networks 

0, food webs 0.02-0.43) (Dunne et al. 2002a).  

The properties of the facilitative microbiome networks can be compared to 

mutualism networks such as networks between plants and their pollinators. When I 

compared 29 mutualistic networks to the facilitative microbiome networks several 

differences were found. First, the number of taxa in plant-pollinator networks (22-952) 

was higher than the number in the facilitative networks (5-47) (Olesen & Jordano, 2002). 

Second, the number of links in mutualistic networks was larger (27-2933) than the 

number of links observed in the microbiome facilitative networks (18-848) (Olesen & 

Jordano, 2002). Third, connectance in mutualistic networks is smaller (0.02-0.29) than in 

facilitative microbiome networks (0.3-0.72). These differences may have arisen as 

facilitative microbiome networks differ from other mutualism networks in the nature of 

the interactions between the taxa. For example, in microbiome facilitative networks, 

facilitative interactions include two types of facilitation (mutualism and commensalism). 

In plant-pollinator networks only mutualistic interactions occur such that both the 

organisms gain fitness (Dash, 2001). In the context of the microbiome networks, 

syntrophic facilitation can be mutualistic or commensal depending on whether the 

microbe gains resources for itself and other micro-organisms or just for other microbiota. 

Furthermore, mechanical interactions occur in the facilitative networks and these 
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represent commensal interactions because one species uses another species to physically 

attach to a substrate.  

2.5.2 Consumer-resource vs. facilitative networks  

There are a number of important differences between consumer-resource 

microbiome networks and facilitative microbiome networks. First, consumer-resource 

microbiome networks contain two trophic levels (microorganisms and their resources) 

while in facilitative networks all nodes are at the same trophic level. Second, the 

facilitative links differ from the consumer-resource links in that they do not represent the 

death of an individual following energy transfer but rather, can be energetic (energy is 

transferred between individuals as is shown by syntrophic links) or non-energetic (links 

occur due to obligate relationships such as mechanical attachment). Consumer-resource 

links show feeding interactions between predator and prey. Therefore there is only one 

type of interaction occurring in consumer-resource networks compared to the two in 

facilitative networks.  

Whether the topology of food webs differs from other ecological networks such as 

mutualism networks is of considerable interest (Ings et al., 2009; Solé & Montoya, 2001; 

Montoya et al., 2006). For example, Ings et al. (2009) compared the number of links and 

species richness for host-parasitoid networks and food webs. They showed that food 

webs have more links for the same number of species than do host-parasitoid networks 

(Ings et al., 2009). Between the topological properties of the consumer-resource 

microbiome networks and the facilitative microbiome networks, five main differences 

were found:  1) as node number increased the fraction of links in consumer-resource 

networks decreased, whereas in the facilitative networks the fraction of links increased 2) 
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Facilitative links dominated the links in the consumer-resource networks, with 67% of 

links representing facilitative interactions. 3) The facilitative networks had a higher mean 

connectance of 40%, compared to the consumer-resource networks. 4) The clustering 

coefficient was zero in the consumer-resource networks and ranged from 0.45 to 0.73 in 

the facilitative networks, suggesting that there is more redundancy in facilitative 

networks. 5) Self facilitation only occurred in the facilitative networks, and was highest 

in the eye region. These results suggest that facilitation between microbial species is an 

important component of the function of microbiome networks. The study of positive 

interactions (facilitation) is receiving increasing attention in ecological research 

(Stachowicz, 2001; Callaway, 1995).  My results suggest that facilitative interactions in 

the microbiome networks are highly complex and must be incorporated to develop an 

understanding of the function of microbiota within the human body.  

2.5.3 Robustness  

 The robustness of microbiome networks to node removal is of particular interest 

as many diseases are treated with broad spectrum antibiotics that reduce abundance and 

diversity of pathogenic microbiota as well as indigenous microbiota (Guarner et al., 2003; 

Tagg & Dierksen, 2003). One main pattern observed related to robustness to node 

removal was that networks are more robust to random and least connected removals than 

most connected removals.  This pattern held for each of the regional composite, 

consumer-resource, and facilitative networks except for the oral composite and the eye 

facilitation networks. Comparing the result to other networks (e.g., food webs), a similar 

trend was observed with removal of most connected nodes generally leading to a greater 

fraction of secondary extinctions than removal of more weakly connected or random 



 63 

nodes (Dunne, 2009; Strogatz, 2001). This could be because when highly connected 

nodes are removed from networks, the average path length tends to increase quickly, and 

the networks rapidly partition into isolated clusters. Therefore, networks are simply more 

disrupted by loss of nodes that are directly connected to an unusually large number of 

nodes (Dunne, 2009).   

2.5.4 Robustness for network types (composite, consumer-resource, facilitative) 

When comparing the mean robustness of the composite, consumer-resource, and 

facilitative network types for the five microbiome networks, I found facilitative networks 

were more robust than consumer-resource and composite networks. Memmott et al. 

(2004) determined the robustness of pollinator networks (mutualistic networks) to node 

removals. The loss of plant diversity associated with removals of pollinators was not as 

extreme as the loss of pollinators, which may be due to the redundancy and the nested 

topology of those networks (Memmott et al., 2004). The results of our node removal 

simulations in the microbiome networks are similar to the plant-pollinator removals in 

that the facilitative networks were more robust than the consumer-resource networks.   

2.5.5 Robustness for regional networks (eye, skin, oral cavity, GIT, respiratory tract) 

Mean robustness was highest for the oral cavity in the composite networks. The 

robustness of the composite networks is particularly important because it includes all the 

interaction types (facilitation and consumer-resource), thus reflecting changes that would 

occur in both facilitative and consumer-resource interactions. Since the oral cavity was 

the most robust to removals for the composite regional networks, in a ‘real world’ context 

this suggests that the oral cavity may be highly robust to perturbations.  This could be due 

to aspects of the environment. For example, the oral cavity is exposed to many pathogen 
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invasions, and it may be structured (network topology of microbiota and source specific 

resources) in a way as to inhibit invasions. The eye was the least robust to node removals 

and robustness of the eye was significantly lower than in the other four network types. 

This was likely a result of the eye having the fewest nodes of all networks.  

2.5.6 Robustness compared to network topology 

Robustness is, in general, strongly related to network topology (Dunne et al., 

2002a). Dunne (2009) stated that from a topological perspective, food webs with more 

densely interconnected taxa are more robust to species loss, because it takes greater 

species loss for consumers to lose all their resources. In the human microbiome context, 

high connectance was not positively related to robustness. The eye region has the highest 

connectance compared to the other regions across all the network types and was the least 

robust. Instead, for the composite and consumer-resource networks robustness increased 

as the number of nodes increased.  Interestingly, robustness increased with decreasing 

connectance (Fig 2.9). This latter result differs from previous analyses of the robustness 

of food webs to primary removals where robustness generally increases with connectance 

(Dunne et al., 2002a; Dunne et al., 2004). One potential reason for this discrepancy lies in 

the range of connectance values of microbiome networks relative to food web networks. 

Connectance in the consumer-resource networks ranged from 0.06-0.1 while in whole 

food-webs connectance typically ranges from around 0.03 to 0.3.  

Robustness to node loss in other ecological networks is strongly dependent on 

connectance, with higher connectance generally leading to high robustness (Dunne et al., 

2002a). This mechanism relates to structure. However from the perspective of 

community succession higher connectance is often a result of a community reaching a 
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climax state, containing both specialists and generalists, and experiencing lower turnover. 

In the human microbiome robustness to node loss is proximally determined by aspects of 

structure. But from an evolutionary standpoint the structure of microbial communities is 

determined by the interplay between ecology and evolution. Thus the ultimate 

determinant of robustness may be linked to environmental conditions in different regions 

and in particular aspects of homeostatic regulation. For example, in a region with only 

minimal mechanical action such as the respiratory tract, community composition is likely 

to better reflect the characteristics of a climax community, where biotic interactions 

become much more important than abiotic conditions after the initial community 

development. Likewise, a region that suffers from strong mechanical action, such as the 

skin, where the upper layer in replaced every 15 days, may be structured more similarly 

to a community at an early succession stage that is experiencing frequent invasions and 

extinctions and thus might have a structure that is optimized for low homoeostatic 

regulation and ease of turnover. 

2.5.7 Final remarks 

Looking at regional human microbiomes from a network approach has a number 

of prospective benefits, even at this early stage of investigation. Mathematical network 

theory is ideal for studying the interactions between species in ecological networks, 

allowing us to understand both normal and disturbed microbial community functions, 

from the standpoint of systems biology (Foster et al., 2008). Systems biology has also 

strong theoretical groundwork relating to potential trade-offs between structural 

robustness, resilience, and redundancy. A homeostatic view related to regulation of the 

internal and external environment and the robustness and resilience of microbial 
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networks has great potential for exploring mechanisms that maintain function in human 

health. Furthermore, a network perspective may also provide the key to developing a 

more complete understanding of diseases. 
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Table 2.1. Structural properties for five regional networks (eye, skin, respiratory tract 
(Resp), gastrointestinal tract (GIT), and oral cavity (oral)) of the human body. A) 
Composite networks, B) Consumer-resource networks, and C) Facilitative networks. The 
structural properties are number of nodes, number of links, links/nodes, connectance, self 
facilitation, path length, and clustering coefficient.  
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Figure 2.1. Visual representations of the complete human, eye, skin, oral cavity, 
respiratory, and gastrointestinal composite networks. Circles represent nodes, with red 
nodes representing source-specific nutrients, and orange and yellow nodes representing 
genera. Links are represented by the green/blue lines between the nodes. Images are from 
Network 3D (software written by R. J. Williams). 

 

 
Figure 2.2. Visual representation of the human eye networks: A) composite, B) 
consumer-resource, C) facilitative. Circles represent nodes, with red nodes representing 
source-specific nutrients, and orange and yellow nodes representing genera for composite 
and consumer-resource networks. For the facilitative network the blue nodes represent 
genera. Links are represented by the green/blue lines between the nodes. Images are from 
Network 3D (software written by R. J. Williams). 
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Figure 2.3. Visual representation of the human oral cavity networks: A) composite, B) 
consumer-resource, C) facilitative. Circles represent nodes, with red nodes representing 
source-specific nutrients, and orange and yellow nodes representing genera for composite 
and consumer-resource networks. For the facilitative network the blue nodes represent 
genera. Links are represented by the green/blue lines between the nodes. Images are from 
Network 3D (software written by R. J. Williams). 

Figure 2.4. Visual representation of the human gastrointestinal networks: A) composite, 
B) consumer-resource, C) facilitative. Circles represent nodes, with red nodes 
representing source-specific nutrients, and orange and yellow nodes representing genera 
for composite and consumer-resource networks. For the facilitative network the blue 
nodes represent genera. Links are represented by the green/blue lines between the nodes. 
Images are from Network 3D (software written by R. J. Williams). 

Figure 2.5. Visual representation of the human skin networks: A) composite, B) 
consumer-resource, C) facilitative. Circles represent nodes, with red nodes representing 
source-specific nutrients, and orange and yellow nodes representing genera for composite 
and consumer-resource networks. For the facilitative network the blue nodes represent 
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genera. Links are represented by the green/blue lines between the nodes. Images are from 
Network 3D (software written by R. J. Williams). 

 

Figure 2.6. Visual representation of the human respiratory tract networks: A) composite, 
B) consumer-resource, C) facilitative. Circles represent nodes, with red nodes 
representing source-specific nutrients, and orange and yellow nodes representing genera 
for composite and consumer-resource networks. For the facilitative network the blue 
nodes represent genera. Links are represented by the green/blue lines between the nodes. 
Images are from Network 3D (software written by R. J. Williams). 

 

Figure 2.7. Regional (eye, skin, gastrointestinal tract (GIT), respiratory tract (Resp), and 
oral cavity) networks verses the percent of links in the total network (composite), to 
compare the difference in consumer-resource and facilitative links in the networks. 
Percent consumer-resource links are shown in white, while percent facilitative links are 
shown in black. The sample size is shown above each bar.  
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Figure 2.8. Robustness of networks to node removals for five different regional networks 
(eye, skin, oral cavity, gastrointestinal tract and the respiratory tract).  Three methods of 
removals are shown, most connected (black), least connected (white) and randomly 
connected (shaded), for each regional network. Three main network types are shown, A) 
composite, B) consumer-resource and C) facilitative networks. 
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Table 2.2. Regression analysis for the composite, consumer-resource (C-R) and 
facilitative (Fac) networks to test if average robustness is driven by either the number of 
nodes, the number of links or the connectance of the networks. Bold indicates significant 
results.  

  

 



 73 

 

CHAPTER 3  

 

Ontogenic and regional patterns in 
network topology of human oral cavity 
and gastrointestinal tract microbiomes 
 
 
 
3.1 Abstract  
 

I assembled consumer-resource, facilitative and composite networks for human-

associated microbial genera and source-specific nutrients for the oral cavity and the 

gastrointestinal tract (GIT) to test whether topology and robustness to node removal 

change ontogenically in the oral cavity and within regions of the GIT. These oral cavity 

networks were assembled for five developmental stages: newborn, child, adolescent, 

adult and elderly. The GIT networks were assembled for four regions: esophagus, 

stomach, small intestine, large intestine. In total, GIT regional networks contained 29 

bacterial genera, 1 archean genus, and 15 source-specific nutrients. Of the 30 total genera 

in the GIT regional networks, only one genus, Streptococcus, was present in all the 

regions. Oral cavity ontogenic networks in total contained 58 bacterial genera, 1 fungi 

genus, and 13 source-specific nutrients. Of the 59 total genera in the oral ontogenic 

networks, seven (Actinomyces, Capnocytophaga, Fusobacterium, Lactobacillus, 
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Peptostreptococcus, Prevotella, and Veillonella) were present at all the ontogenic stages. 

For both the oral ontogenic and the GIT regional networks, facilitative links dominated 

(oral 86%, GIT 64%). Node richness and connectance increased with ontogenic stage in 

the oral cavity and in regions further down the gastrointestinal tract. Further down the 

gastrointestinal tract, node richness increased, as well when the oral ontogenic stages 

increase by age, so did the connectance of the networks. For the GIT regions the small 

and large intestine were more robust on average to node removals, while in the oral 

ontogenic networks the child, adult and elderly networks were more robust. Many 

different biological and developmental factors affected the topological structure of the 

oral ontogenic networks and the GIT regional pattern networks. This research represents 

the first attempt to assemble and compare microbiome networks through developmental 

stages and regional patterns within a specific system.   

 
3.2 Introduction 

Structural ecological networks, based on predator- prey (negative) and facilitative 

(positive) interactions, can be used to describe and compare the network topology of 

ecological systems (Ings et al., 2009). Characterizing human microbiota is complicated 

because the human body contains many unique microbial niches, and for some of the 

niches, the composition of the microbial community is so different across individuals that 

it has been suggested that the composition of certain skin sites could be used in forensic 

identification (Fierer et al., 2010). While this may be true for some regions such as the 

skin, other studies have shown that inter-individual differences in composition can be 

relatively constant when sampling is limited to specific areas (Costello et al., 2009; Grice 

et al., 2008; Caporaso et al., 2011).  
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In addition to microbiome differences across individuals, the composition of 

microbiomes also differs in different regions of the body (Costello et al., 2009). From a 

functional perspective, understanding the composition of microbiomes for different 

regions of the body is important as each region (e.g., GIT, skin) performs specific 

functions. When composition of microbiome communities is compared within regions 

there appears to be much less inter-individual variability. For example, Costello et al., 

(2009) showed that although personalized, our microbiome varies systematically across 

body habitats and time with microbial composition determined primarily by body habitat 

(Costello et al., 2009). Likewise, Grice et al., (2008) found that within the skin, bacterial 

communities are more similar at sites with similar physiology than in spatially adjacent 

sites.  

In Chapter 2, I reported genera-level human microbiome networks associated with 

skin, the eye, the gut, the respiratory system, and the oral cavity. Here I explore two of 

these networks in more detail, asking two main questions. First, how does topology of gut 

microbiomes change spatially in four regions of the gastrointestinal tract (GIT: 

esophagus, stomach, small intestine and large intestine)? Second, how does the topology 

of the oral cavity microbiome change temporally during ontogeny? 

3.2.1 Spatial distributions  

The human body is an ecological landscape, harbouring unique ecosystems which 

arise due to a variety of biotic and abiotic determinants as well as barriers and corridors 

that prevent and facilitate dispersal (Gonzalez et al., 2011). A predominant theory in 

microbial ecology is that “everything is everywhere, but the environment selects” (Baas-

Becking, 1934; O’Malley, 2007). Since dispersal is mostly limitless for microbiota, a 
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realized niche might be controlled by abiotic and biotic factors instead of dispersal ability 

(Gonzalez et al., 2011).  For example, Nemergut et al., (2011) found that micro-

organisms within local habitats were determined by biotic interactions, exhibiting 

specific co-occurrence patterns. In the human GIT, there are several factors that are 

constantly challenging the stability of microbial communities: 1) rapid turnover of 

intestinal epithelium and overlying mucus, 2) peristaltic activity, food molecules, and 

gastric, pancreatic, and biliary secretions, and 3) exposure to transient bacteria from the 

oral cavity and esophagus (Manson et al., 2008).  

Human microbiota in the GIT has received much attention in recent years 

especially in terms of how species composition of the GIT might affect human health. 

The GIT has four main regions that microorganisms colonize: the esophagus, the 

stomach, the small intestine, and the large intestine. Each of these regions has different 

gut functions and thus their microbiomes are likely to differ. Different GIT regions also 

differ in environmental and physiological properties such as pH, transit time of food, 

amount of mucus, bile, peristalsis, and oxygen content (Wilson, 2008); therefore the 

regions microbial compositions likely differ. For example, the pH of the small intestine 

ranges from 5.7 to 6.4, while the stomach has a pH of 1.4 (Wilson, 2008).  To develop a 

greater understanding of the functional differences in gut microbiomes, structural 

networks for each area were assembled and the topological properties across the regions 

of the GIT were compared.   

3.2.2 Ontogenic changes 

 Microbial communities in the human body also change with development. 

Ontogeny, termed by Ernst Haeckel, describes the life history of an individual, including 
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the somatic growth and development from conception to adulthood (Mai et al., 2005). 

Through development, small changes have effects on a wide range organismal 

characteristics, including disease resistance (Round et al., 2008; Waterland & Jirtle, 

2004), behaviour (Fujiwara et al., 1987), and fitness (Dasilao et al., 2002). The 

exploration of ontogenic changes in the microbiome of humans has only begun to be 

explored. In adults, there is evidence that microbiomes are relatively constant. For 

example, Costello et al. (2009) found minimal temporal variability within body habitats 

in adults over one year. However, major ontogenic changes that include hormonal 

changes can be accompanied by major changes in microbial composition. For example, 

Koenig et al., (2011) found microbial diversity in the gut steadily increased from birth 

until two and a half years.   

The oral cavity contains a very diverse resident bacterial community, consisting 

of 100-200 species at any one time in healthy adult individuals (Rasiah et al., 2005; 

Wilson, 2008). Humans are gnotobiotic in the womb, or 100% human (Tlaskalová-

Hogenová et al., 2004). The development of a complex community of oral microbiota 

begins within eight hours after birth (Percival, 2009). Differences in our oral microbiota 

have been related to a variety of diseases, including root caries (Preza et al., 2009) and 

periodontitis (Kurata et al., 2008); thus the composition of the oral microbiome is an 

active area of research, especially in dentistry.  

The particular combination of microbial species and the resource environment 

that exists at any one time in a human host is an intricate association determined by a 

broad range of environmental and physiological determinants. In the oral cavity, there are 

various mechanical (e.g., chewing), nutritional (e.g., gingival crevicular fluid), and 
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physiochemical determinants (e.g., pH) that affect whether microbial colonization occurs. 

Ontogenic changes, such as the eruption of teeth, hormonal changes, and continual 

exposure to different microbiota can also affect which species become established in and 

on human hosts (Gusberti et al., 1990; Percival, 2009). For example, the hard surface of 

teeth provides a niche that Streptococcus and Actinomyces species typically inhabit 

(Percival, 2009); thus tooth eruption is a major determinant of whether or not particular 

species will be present in the oral cavity. Similarly, hormonal changes during puberty 

directly and indirectly affect oral microbiota by increasing the permeability of blood 

vessels to the gingival and periodontum, consequently altering the suitability of the 

environment for particular microbiota (Gusberti et al., 1990). 

The objective of this chapter is to assemble and compare structural networks for 

four regions of the gut and five ontogenic stages of life for the oral cavity and to 

determine how robust they are to node removals. I assembled four subset regions of the 

GIT, the esophagus, the stomach, the small intestine, and the large intestine to compare 

their topological properties and their robustness. I further assembled five networks for the 

oral cavity based on major ontogenic changes including: colonization after birth, 

emergence of teeth, puberty, and a weakened immune system associated with old age. 

These networks provide a basis from which to explore the nature and patterns of disease 

associated with ontogenic changes and spatial differences within a specific region.  

3.3 Methods  

I assembled a data set of all the micro-organisms and their source-specific 

nutrients that have been identified for two regions of the human body: the oral cavity 

(limited to the oral mucosa, tongue, and teeth), and the gastrointestinal tract (from 

esophagus to rectum). The oral cavity data sets were categorized into five ontogenic 
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stages. The five life stages included: newborns (birth to one year of age), child (one year 

to seven years), adolescent (seven to seventeen years of age), adult (seventeen to ~60 

years of age), and the elderly (~60 years of age and above). The gastrointestinal tract data 

set was categorized spatially into four main regions: the esophagus, the stomach, the 

small intestine (duodenum, jejunum, ileum), and the large intestine (cecum, colon). These 

data sets were compiled from primary and secondary literature from approximately 70 

sources (e.g., Wilson, 2008; Bojar & Holland, 2002; Hayashi et al., 2002). Data on 

species composition was compiled from culture-based and sequence-based studies that 

typically report species abundance in an individual or a population. To date there has not 

been enough research on the metabolic properties of specific species to assemble species 

specific networks, thus species were aggregated into genera-level nodes. These taxa lists 

were used to assemble consumer-resource, facilitative, and composite networks (i.e., 

combined consumer-resource and facilitative networks). For the GIT networks data on 

species composition was included for an age range of 20-40 years, and data was only 

included if the genera had been cultured or sequenced from healthy humans. For all of the 

networks, macro-organisms, macro- and micro-parasites, and pathogenic microbiota were 

excluded. 

For each network, source-specific resources, i.e. resources provided by more than 

one source, were identified.  For example, in the oral cavity glucose can be secreted as 

part of the gingival crevicular fluid, as part of the saliva, or can be obtained directly from 

food obtained by the host (Wilson, 2008). Each of these three sources was considered a 

separate source. For the oral cavity networks, although they had microhabitat taxa 

differences, I included all the taxa as part of the oral cavity microbiota. Although the oral 
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cavity consists of a series of sub-networks, genera were aggregated across these sub-

networks due to the migration of genera from one sub-network to another, as a result of 

mechanical perturbations (i.e., swallowing, chewing, and movement of saliva). For 

example, Simonsiella that only inhabit the hard palate and Rothia that live on the teeth 

both use sugars (Holt et al., 1994; Brown et al., 1969) that could come from any number 

of species (e.g. Candida) that add to this resource pool (Wilson, 2008). For the GIT 

networks, the microhabitats were not aggregated to determine the structural differences 

across the GIT regions.  

For the oral cavity and the GIT networks, predator/prey links for consumer-

resource (negative) networks and facilitative (positive) links for facilitative networks 

were assembled. To do this, genera were distinguished, and then the source-specific 

resources they use and produce were identified. Subsequently, consumer-resource and 

facilitative links between the microbiota were compiled based on the source-specific 

resources they require and produce. For example, in the GIT Bifidobacterium spp. feed 

on carbohydrates provided by the host; this is an example of a consumer-resource link 

(Wilson, 2008). An example of a facilitative link in the GIT is when Clostridium spp. 

obtains amino acids produced by Prevotella spp. (Wilson, 2008).  

Three different networks were assembled based on these links for the oral cavity 

and the GIT: 1) composite networks (with both consumer-resource and facilitative links), 

2) consumer-resource networks, and 3) facilitative networks.  Networks for each region 

were analyzed using Network 3D (software written by R. J. Williams). Seven different 

topological properties were calculated and compared for the composite, consumer-

resource and the facilitative networks: number of nodes (NS), the number of links (L), the 
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number of links per node (L/NS), connectance (L/NS2), clustering coefficient (CC), self 

facilitation, and path length (path).  

Nodes were aggregated, based on 100% similarity in their links, to compare the 

topology of the networks. These aggregated nodes represent functional nodes, each with 

its own unique function. This type of aggregation is a common approach used in food-

web ecology because it minimizes bias due to: uneven resolution, incomplete sampling 

effort, or differences in sampling effort across different food-webs (Martinez, 1991; Hall 

& Raffaelli, 1991; Dunne et al., 2005). Topological properties of the composite networks 

(combined consumer-resource and facilitative), the consumer-resource networks, as well 

as, facilitative networks were calculated for each oral ontogenic network, and each GIT 

spatial network.  

Node removals were simulated in order to determine the response of the networks 

to primary species loss, in terms of secondary extinctions. Nodes were sequentially 

removed based on three criteria, including the removal of the most connected (mc), least 

connected (lc), and random (ran; 1000 iterations) nodes to: 1) assess how robust the 

functional composite networks were to primary node loss; and 2) to determine whether 

robustness differs spatially and temporally. Robustness is defined based on the R50, the 

proportion of nodes that need to be removed to collapse a network to 50% of its initial 

size (Dunne, 2009). Basal species (species with predators but no prey), which in this case 

were source-specific nutrients, were excluded from the removals. The robustness of the 

composite ontogenic oral networks and the composite GIT spatial networks were 

determined for each region. Separate comparisons were made between the spatial 
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networks and the ontogenic oral networks in their robustness to removals using t-tests for 

robustness. 

3.4 Results 

3.4.1 Spatial networks (GIT) 

I constructed four GIT microbiome networks for each region of the GIT: 

esophagus, stomach, small intestine, and large intestine (Figure 3.1). In total, the GIT 

microbiome networks contained 29 bacterial genera, 1 archea genus, and 15 source-

specific nutrients. Of the 30 total genera, only Streptococcus was present in all regions. 

Topological properties for the 100% aggregated GIT spatial networks are shown in Table 

3.1. The number of genera present at each spatial stage was 6 for the esophagus, 13 for 

the stomach, 17 for the small intestine, and 18 for the large intestine (Table 3.2).   

 In the composite functional networks of the four regions, node richness ranged 

from NS 12 to NS 29, and the large intestine network had the highest (L 178), while the 

esophagus network had the fewest (L 24). The number of nodes, and number of links, 

increased from the esophagus, stomach, small intestine, large intestine, (Table 3.1A). The 

small intestine network had the highest connectance (0.22), while the esophagus had the 

lowest (0.17). The fraction of self-facilitation ranged from 0.08 to 0.29, and the path 

length ranged from 1.71 to 1.83 (Table 3.1A). The clustering coefficient for the 

composite spatial networks ranged from 0.31 to 0.50 (Table 3.1A). Visual representations 

of the composite networks are shown in Figure 3.1.  

 In the consumer-resource spatial networks, node richness ranged from 11 in the 

esophagus to 26 in the stomach and small intestine (Table 3.1B). Connectance ranged 

from 0.06 to 0.09, and was highest in the esophagus. Path length ranged from 2.0 to 2.7 
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and was highest in the small intestine network. The number of links was highest in the 

small intestine (44) and lowest in the esophagus (11) (Table 3.1B).   

 In the facilitative networks, the large intestine network had the highest number of 

nodes (20), and the esophagus had the lowest number (5) (Table 3.1C). Connectance 

ranged from 0.33 to 0.54, and was highest in the stomach. Path length ranged from 1.20 

to 1.46, and clustering coefficient ranged from 0.41 to 0.61 (Table 3.1C). The fraction of 

self facilitation was highest in the stomach (0.50) and lowest in the esophagus (0.20) 

(Table 3.1C).  

 Facilitative links dominated all networks for the four regions. In total 65% of the 

links in the networks were facilitative links. The consumer-resource networks had a mean 

connectance of 7%, while the facilitative networks had a mean connectance of 41%. 

Consumer-resource networks had higher path lengths, while the facilitative networks had 

higher clustering coefficients and fraction of self facilitation (Table 3.1).  

When nodes were removed randomly (ran) from the composite GIT spatial 

networks, 36% of the non-basal nodes needed to be deleted to collapse the networks to 

50% of their initial size on average, suggesting that the composite GIT spatial 

microbiome networks were generally robust to node removals of the networks (Figure 

3.2). Random deletions triggered the highest number of secondary extinctions in the 

esophagus (26%), followed by the stomach (31%), small intestine (39%), and large 

intestine (40%) (Figure 3.2). Less than a 16% difference in robustness was observed 

based on whether removals occurred in ascending (least connected=lc) or descending 

order (most connected=mc) of connectivity for the esophagus (mc= 17%, lc= 33%), 
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stomach (mc= 31%, lc= 35%), small intestine (mc= 32%, lc= 42%), and large intestine 

(mc= 31%, lc= 45%). 

 Overall, the large intestine (ran= 40%, mc=31%, lc= 45%) was the most robust to 

node removals. Average robustness of the large intestine network was 39%, and differed 

by 14% between random, most and least connected removals (Figure 3.2). The large 

intestine and esophagus had a significant difference in their mean robustness (t=15.13, p= 

0.004) and the small intestine and esophagus had a significant difference in their means 

(t= 7.29, p= 0.018). The large (mean robustness 39%) and small (mean robustness 38%) 

intestine were more robust compared to the esophagus (mean robustness 25%) (Figure 

3.2).  

3.4.2 Temporal networks (Oral cavity) 

I constructed five oral microbiome networks for each ontogenic stage: newborn, 

child, adolescent, adult, and elderly (Figure 3.3).  In total, the microbiome networks 

contained 58 bacterial genera, 1 fungi genus, and 13 source-specific nutrients. Of the 59 

total genera, only seven were  present at all ontogenic stages: Actinomyces, 

Capnocytophaga, Fusobacterium, Lactobacillus, Peptostreptococcus, Prevotella, and 

Veillonella. Topological properties for the trophic ontogenic networks are shown in Table 

3.3. The number of genera present at each ontogenic stage was 13 for the newborns, 36 

for children, 14 for adolescents, 41 for adults, and 40 for elderly (Table 3.4).    

In the composite functional networks of the five ontogenic stages, node richness 

ranged from 18 to 59, and the adult had the highest number of links (957), while the 

newborn had the fewest (84) (Table, 3.3A). The elderly had the highest connectance 

(0.31), while the newborn and child had the lowest (0.23). The fraction of self-facilitation 
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ranged from 0.19 to 0.26, and the path length ranged from 1.52 to 1.75 in the oral 

ontogenic networks (Table 3.3A). The clustering coefficient for the composite ontogenic 

networks ranged from 0.43 to 0.47 (Table 3.3A). Visual representations of the composite 

networks are shown in Figure 3.3.  

 In the consumer-resource ontogenic networks, node richness ranged from 16 in 

the newborn to 34 in the adult (Table 3.3B). Connectance ranged from 0.06 to 0.09, and 

was highest in newborns. Path length ranged from 2.26 to 2.83 and was highest in 

children. The number of links was highest in adults (64), and lowest in the newborn, and 

adolescent (24) (Table 3.3B).   

 In the facilitative networks, adults had the highest number of nodes (47), and 

newborns had the lowest (13) (Table 3.3C). Connectance ranged from 0.31 to 0.44, and 

was highest in the elderly. Path length ranged from 1.33 to 1.44, and clustering 

coefficient ranged from 0.48 to 0.55 (Table 3.3C). The fraction of self facilitation was 

highest in the newborn (0.38) and lowest in the elderly (0.27) (Table 3.3C).  

 Topological properties of the oral ontogenetic consumer-resource and the 

facilitative networks, facilitative links dominated the networks for the five life stages. In 

total facilitative links made up 86% of the links in the networks. The consumer-resource 

networks had a mean connectance of 7%, while the facilitative networks had a mean 

connectance of 39%. Consumer-resource networks had higher path lengths, while the 

facilitative networks had higher clustering coefficients and fraction cannibal (Table 3.3A, 

B, C).  

When nodes were removed randomly (ran) from the composite oral ontogenetic 

networks, 43% of the non-basal nodes needed to be deleted to collapse the networks to 
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50% of their initial size on average, suggesting that the composite oral ontogenetic 

microbiome networks were generally robust to node removals (Figure 3.4). Random 

deletions triggered the highest number of secondary extinctions in the newborn (37%), 

followed by the adolescent (41%), child (43%), adult (45%), and elderly (47%) (Figure 

3.4). Less than a 11% difference in robustness was observed based on whether removals 

occurred in ascending (least connected=lc) or descending order (most connected=mc) of 

connectivity for the newborn (mc= 33%, lc= 44%), child (mc= 42%, lc= 40%), 

adolescent (mc= 33%, lc= 43%), adult (mc= 44%, lc= 44%), and elderly (mc= 43%, lc= 

50%). Overall, the elderly network (ran=47%, mc=43%, lc= 50%) was the most robust to 

node removals. Average robustness of the elderly network was 47%, and differed by 7% 

between random, most and least connected (Figure 3.4). When comparing the mean 

robustness across oral life stages, I found that the elderly and adolescent networks had a 

significant difference in their means (t=6.3, p= 0.02) and the elderly and newborn 

networks had a significant difference in their means (t= 6.1, p= 0.03).  The elderly 

network (mean robustness 47%) was significantly more robust than the adolescent (mean 

robustness 39%) and the newborn networks (mean robustness 38%) (Figure 3.4).  

3.4.3 Ontogenic vs. regional patterns 

 I discovered several trends in the ontogenic and regional networks. First, the number 

of links and nodes increased further down the GIT. A linear increase was not observed in 

the ontogenic (temporal) networks, due to the oral adolescent life stage network having a 

smaller number of nodes and links compared to the child and adult (Figure 3.5 A, B). 

Second, connectance in the oral ontogenic networks increased with life stage. There was 

a trend towards an increase in connectance as the networks went further down the GIT 
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(Figure 3.5 C). Thirdly, the path length across the ontogenic and GIT regional networks, 

path length decreased with life stage in the oral ontogenic networks, while in the GIT 

networks path length remained relatively stable (Figure 3.5 E). No ontogenic or spatial 

trends were found for self-facilitation or the clustering coefficient (Figure 3.5 D, F).  

3.5 Discussion  

The objective of this research was to assemble and compare the structural 

properties and robustness of microbial networks at five oral ontogenic stages and for four 

regions of the gastrointestinal tract. The ultimate goal of the Human Microbiome Project 

is to apply a ‘super-organism’ theory to human health and disease. The approach to this 

goal should not only involve identification of species, but also the links between them 

and the emergent properties of the resulting networks. Topological properties such as 

connectance, clustering coefficients, and path lengths have been linked to the robustness 

of networks to disturbance and their resistance to invasion (Watts, 2002; Romanuk et al., 

2009). Alteration in our oral microbiota has been linked with various diseases and hence 

the composition of the oral microbiome is an active area of research, particularly in 

dentistry. Specific oral microbial species are associated with dental caries, periodontitis, 

cardiovascular diseases, osteomyelitis in children, aspiration pneumonia, and preterm low 

birth weight (Aas et al., 2005). The oral microbiota can also be used as a diagnostic 

marker for cancer (Lazarevic et al., 2009). Changes in our GIT microbiota are of 

particular interest because they have been linked to many diseases including: Irritable 

Bowel Syndrome, Crohn’s disease, and Ulcerative Colitis (Manson et al., 2008; Knight et 

al., 2008). Furthermore, scientists have also linked GIT microbiota to obesity (Turnbaugh 

et al., 2009). Alterations in the gut flora have emerged as a leading mechanism for the 

increased prevalence of certain GIT diseases (Isolauri et al., 2001, Sanderson et al., 1993, 
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Carol et al., 1998). Recently, it has been hypothesized that a disturbance in a whole 

microbial community may cause a disease, rather than an invasion of a single organism 

(Lazarevic et al., 2009) but relatively little is known about the healthy microbiomes of 

humans (Aas et al., 2005).   

Most knowledge of the human microbiome has come from 16S rRNA studies due 

to the fact that 20% to 60% of human-associated microbiota cannot be cultured (Peterson 

et al., 2009). The oral cavity differs from most body sites by having a higher proportion 

of culturable research on oral microbiomes, and thus has a longer research history than 

other regional microbiomes. Two of the most common infections in humans (caries and 

periodontal diseases) are caused by oral microbiota, and these infections have been 

heavily investigated for many years (Wilson, 2008). Samples of oral microbiota are also 

relatively simple to obtain as sampling the oral microbiota does not cause discomfort or 

embarrassment (Wilson, 2008).  

In contrast, the GIT microbiome is much more difficult to sample. Sampling some 

regions of the GIT requires anesthesia and can lead to discomfort (Wilson, 2008; Rajilić-

Stojanović et al., 2007). Since the application of molecular techniques, scientists have 

discovered that the GIT microbiota is significantly more complex than previously 

thought, and that only fractions of the bacteria living in the GIT have been cultured (Suau 

et al., 1999).  

A number of potentially informative trends were observed in how topology 

changes ontogenically in the oral cavity and spatially within the GIT. In particular, the 

number of nodes and links increases further down the GIT and connectance increases as 

life stage increases for the ontogenic networks. Below I discuss how ontogenic network 
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structure correlates to the developmental factors, and how biological factors affect the 

structure of the GIT regional pattern networks. Lastly, I discuss how the topology of 

microbiome networks affects how robust microbiome networks are to perturbations such 

as node removal and how robustness of microbiome networks to perturbations differs for 

regional pattern networks and for ontogenic networks.  

Facilitative links dominated both the oral ontogenic and the spatial GIT networks 

(facilitative: oral 86%, GIT 64%; consumer-resource: oral 14%, GIT 35%). Average 

connectance was higher for the facilitative (oral 39%, GIT 41%) networks than the 

consumer-resource networks (oral and GIT 7%). Facilitative links are an important 

component of microbiome interaction networks and outnumber consumer-resource 

interactions by a factor of 6 and 2.  

An interesting trend was an increase in the number of nodes and links from the 

esophagus to the large intestine. This increase in node richness and links could be due to 

many physiological factors such as peristalsis of the host’s food slowing down further 

down the GIT, and the pH becoming more desirable for the microbiota colonizing in the 

small and large intestine.  In the oral ontogenic networks there was also a trend in that as 

nodes and links increased, networks increased in developmental stages. This trend in 

node and link increases could be related to biological factors, such as hormones, teeth 

shedding, etc. Another interesting trend is that connectance increases with age suggesting 

an increase in complexity of the interactions with age. Moreover, in the GIT regional 

pattern networks the same trend was observed with the exception of the small intestine.  
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3.5.1 Ontogenic patterns in the oral microbiome 

Humans undergo many changes throughout their ontogeny that can be associated 

with changes in the oral microbiome. Newborns go through many major events that lead 

to changes in the oral microbiome. Firstly, as early as eight hours after birth, microbes 

begin to inhabit the human body. The identity of the microbiota that initially colonize an 

infant depend on several different variables, including the mode of delivery (e.g., vaginal 

or cesarean; Kelly et al., 2007), the mother’s microbial community, the immediate 

environmental conditions, and early feeding practices (e.g., breast-feeding vs. formula-

feeding; Salminen & Isolauri, 2006).  Secondly, tooth eruption occurs around six months 

of age (Percival, 2009). In the context of the oral microbiome this is an import stage 

because the hard, non-shedding surface of the teeth provides a new microhabitat 

necessary for certain species to survive (Wilson, 2008). Although data is not available on 

variability in microbial communities in the oral cavity from birth to one year, there is on 

the GIT. In the GIT, bacterial species become established approximately one week, and 

the microbiota remains relatively stable until an adult-like equilibrium state is reached by 

the end of the first year (Mshvildadze et al., 2008). This study showed an increase in 

tooth-associated genera (e.g., Abiotrophia, Enterococcus, Haemophilus, Neisseria; 

Wilson, 2008) after the newborn stage, the large difference in total genera between 

newborns and adults does not demonstrate a relatively stable adult-like equilibrium at the 

end of the first year of life. This could be due to the oral microbiome having more 

ontogenic stages than the GIT, such as gain and loss of teeth (Wilson, 2008).  

During the child ontogenetic stage, the microbiotas remain relatively stable once 

teeth have emerged, although shedding teeth does occur (Wilson, 2008). I found a clear 

increase in the number of nodes ontogenically from 19 in the newborns (as teeth emerge), 
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to 47 in children, to 59 in adults for the composite networks. The largest increase 

occurred from newborns to children, with an addition of 28 genera. From children to 

adult only 12 genera were added. The similarity between children and adults was 

unexpected as hormonal changes associated with puberty were expected to lead to 

somewhat different microbiomes. It has previously been shown that children have a 

higher diversity of anaerobic bacteria compared to newborns since the occurrence of 

anaerobic bacteria has increased from 18-40% to over 90% after the age of five (Percival, 

2009). This expected increase in the diversity of anaerobic bacteria during childhood was 

not observed in the composite networks. Both newborns and children have six of the 21 

anaerobic species of the composite network, although the identity of the six genera 

differed between ontogenic stages. 

Adolescents represent a second important ontogenic stage as hormones begin to 

surge during this developmental stage. Hormones augment the permeability of blood 

vessels of the gums and perdiodontum, altering the chemical microhabitat for microbiota 

(Wilson, 2008). Gusberti et al., (1990) showed that microbiota of dental plaque react 

directly in response of increased concentrations of hormones in oral fluids. The fact that 

the oral microbiotas are affected by the increase of hormones in the oral fluid was 

observed in adolescent networks. The number of nodes decreased rapidly from the 

children network (47) to the adolescent network (21). Furthermore, this was the first 

developmental stage in which the genus Campylobacter occurred, meaning that the 

hormones may have affected colonization of Campylobacter spp.   

Once established, the adult oral microbiome remains relatively stable over time in 

healthy individuals (Percival, 2009). The adult microbiomes maintain the human immune 
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system by providing a barrier against the colonization of pathogenic species. 

Nonetheless, as adults age there are several physiological changes that occur which can 

collapse the homeostatic relationship between the host and its microbiome (Percival, 

2009). Elderly humans are at risk for many changes in their oral microbiome. As humans 

age increases, tooth loss occurs and this can deplete a critical microhabitat for certain 

genera within the oral cavity (Wilson, 2008). To restore this microhabitat, dentures can 

be used, but there are several downfalls in that they decrease salivary flow which is 

already occurring in elderly people due to the natural aging process, and the effect of 

increased medications which generally cause dry mouth (Percival, 2009). Decreased 

salivary flow is linked to decreases in the supply of nutrients and the flow of innate 

antimicrobial substances which normally prevent colonization of potential pathogens. In 

support of this I found that Candida only occurred in the adult and elderly ontogenic 

stages. The reason adults could have Candida spp. is because some adults lose their teeth 

earlier and rely on dentures.  

Diet is another factor that affects the maintenance of the oral host-microbial 

homeostatic relationship during adulthood.  Elderly people tend to change their diet from 

when they were adults, and switch from hard, fiber-rich foods (fruits and vegetables) to 

softer and easier to swallow foods like sugary carbohydrates. The increased sugar intake 

directly impacts which microbiota can colonize the oral cavity, and the decrease of fruits 

and vegetables indirectly influences microbial populations because of lowered vitamins 

and minerals which normally protect against immunodeficiency and infection (Percival, 

2009).  
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3.5.2 Spatial networks (GIT microbiome) 

 In the human body, different regions of the GIT differ in their functions therefore 

their microbiomes differ. While the human GIT is an open system, physiological 

conditions differ among regions (Manson et al., 2008). In the esophagus the lumen differs 

from other regions of the GIT, because it is a passage way and only contains material for 

short periods of time (Wilson, 2008). The mucus in the esophagus and the esophagus 

itself are the only areas where microbiota can colonize. Since the esophagus is close to 

the oral cavity the microbial community composition could be similar however, we found 

that the esophagus lacks many of the genera indigenous to the oral cavity, and has a much 

smaller diversity (6). The esophagus microbiome is thus distinctively different from the 

oral cavity microbiome (Wilson, 2008). In the regional GIT composite networks the 

esophagus had the smallest number of nodes (12), links (24), and connectance (0.17) 

(Table 3.1). The low diversity of genera in the esophagus was expected as nutrients 

provided by the host diet are moving fast through the esophagus from peristalsis, and 

there are only two areas were the microbiota can colonize (the mucus and esophageal 

wall).  

In the stomach the prevalence and diversity of microbiota is influenced by several 

factors, including pH, redox potential, mucin secretion and nutrient availability (Manson 

et al., 2008). The stomach microbiome networks only contained 13 genera. This low 

diversity could be due to low pH, swift peristalsis, and gastric juice (Manson et al., 2008). 

Furthermore many microbiota from the human diet can colonize in the human stomach 

and persist over long periods of time (Wilson, 2008) therefore identifying the indigenous 

microbiota of the stomach is difficult to distinguish. Furthermore, in the stomach gastric 

juices and microbiota break down food  into specific molecules, whereas in the 
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esophagus, since peristalsis is very fast, not nearly as much food is degraded. This could 

explain why the number of genera increases from the esophagus to the stomach.  

The small intestine is composed of the duodenum, the jejunum, and the ileum. 

The GIT small intestine network included all studies of indigenous microbiota found in 

these three main regions. The duodenum and the jejunum make up the upper region of the 

small intestine, while the ileum makes up the lower region (Wilson, 2008). There are 

several physiological differences in these regions such as, 1) the pH which is lower in the 

upper small intestine, 2) the upper region having high bile concentrations, and 3) 

peristalsis being quicker in the upper regions compared to the lower regions (Manson et 

al., 2008). Since there are different physiological differences in the upper and lower small 

intestine regions it would make sense to separate them, but it was not possible to obtain 

community composition data on these separate areas. The small intestine composite 

network (28) had a similar number of nodes as the large intestine (29) composite 

network, although the composition differed. The small intestine and the large intestine 

only shared ten genera. Compositional differences (and the 10 genera in common) are 

likely due to physiological factors as the upper small intestine is physiologically different 

from the large intestine, yet the lower region of the small intestine (ileum), is similar to 

the upper region of the large intestine. For example, the lower small intestine and the 

large intestine both have slower peristalsis, the content of the bile acid is reduced and pH 

rises, and it is largely anaerobic (Wilson, 2008, Manson, 2008).  

The robustness to node removal of the spatial GIT networks is of particular 

importance as many diseases are treated with antibiotics to reduce the abundance of 

pathogenic microbiota while they also reduce the abundance and diversity of the 
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indigenous microbiome. The large intestine was more robust to node removal compared 

to the other networks, and the small intestine was the second most robust. The reason 

these two networks were more robust was likely due to the fact that the genera diversity 

is much higher for these networks compared to the esophagus and stomach networks. 

Furthermore, since the large intestine harbours the majority of the micro-organisms in the 

GIT and achieves the highest cell densities recorded from any ecosystem (Whitman et al., 

1998), I would predict that it would be the most robust area of the GIT.  

3.5.3 Summary  

 The data presented in this paper suggests that due to biotic and abiotic factors the 

difference in microbial community composition can differ ontogenically in the oral cavity 

and regionally within the GIT. Understanding how human microbiomes change spatially 

within body regions and with ontogeny is important to understanding the functions of 

human-associated microbial communities. My results show that there are some consistent 

changes with age in topology, associated with increased complexity. Changes with region 

along the GIT are associated with increased node richness, links, and higher connectance 

consistent with the increased functional importance of lower verses higher regions in 

terms of digestion.  
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Figure 3.1. Visual representation of the composite 100% aggregated networks for four 
regions of the gastrointestinal tract (stomach, esophagus, small intestine, and large 
intestine). Circles represent nodes, with red nodes representing source-specific nutrients, 
and orange and yellow nodes representing genera. Links are represented by the 
green/blue lines between the nodes. Images from Network 3D (software written by R. J. 
Williams).
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Table 3.1. Structural properties for four regional networks of the gastrointestinal tract 
(esophagus, stomach, small intestine, and large intestine) of the human body. A) 
Composite networks, B) Consumer-resource networks, and C) Facilitative networks. The 
structural properties are number of nodes, number of links, links/nodes, connectance, self 
facilitation, path length, and clustering coefficient. 
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Table 3.2. List of genera in the four (esophagus, stomach, small intestine, large intestine) 
gastrointestinal networks. 
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Figure 3.2. Robustness, R50 to node removal for most (black), least (white), and random 
(shaded) connected nodes for each of the composite gastrointestinal networks (large 
intestine, small intestine, stomach and esophagus).  
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Figure 3.3. Visual representation of the composite 100% aggregated networks for five 
ontogenic life stages of the oral cavity (newborn, children, adolescent, adult, and elderly). 
Circles represent nodes, with red nodes representing source-specific nutrients, and orange 
and yellow nodes representing genera. Links are represented by the green/blue lines 
between the nodes. Images from Network 3D (software written by R. J. Williams). 
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Table 3.3. Structural properties for five ontogenic life stage networks of the oral cavity 
(newborn, child, adolescent, adult, elderly) of the human body. A) Composite networks, 
B) Consumer-resource networks, and C) Facilitative networks. The structural properties 
are number of nodes (NS), number of links (L), links/ nodes (L/NS), connectance 
(L/NS2), self facilitation, path length, and clustering coefficient (CC). 
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Table 3.4. List of genera in five ontogenic (newborn, child, adolescent, adult, and 
elderly) oral cavity networks; A) A-N, B) P-W. 
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Figure 3.4. Robustness, R50 to node removal for most (black), least (white), and random 
(shaded) connected nodes for each of the composite oral cavity ontogenic networks 
(newborn, child, adolescent, adult, elderly). 
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Figure 3.5. Differences in network topology between the ontogenic oral cavity composite 
networks (newborn, child, adolescent, adult and elderly), and the GIT regional pattern 
networks (esophagus, stomach, small intestine, and large intestine). Six topological 
properties are shown: A) Number of nodes, B) Number of links, C) Connectance, D) Self 
facilitation, E) Path length, and F) Clustering coefficient. The oral ontogenic networks 
are represented by a triangle (black), and the GIT regional pattern networks are 
represented by a square (shaded).  
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CHAPTER 4  

 

A Meta-analysis of Probiotic Efficacy 
for Gastrointestinal Diseases 
 
 
 
4.1 Abstract 

Meta-analyses on the effects of probiotics on specific gastrointestinal diseases 

have generally shown positive effects on disease prevention and treatment; however, it is 

not clear whether different common gastrointestinal diseases are affected in similar 

manners by probiotics. I reviewed randomized controlled trials in humans that used a 

specified probiotic in the treatment or prevention of Pouchitis, Infectious diarrhea, 

Irritable Bowel Syndrome, Helicobacter pylori, Clostridium difficile Disease, Antibiotic-

Associated Diarrhea, Traveler’s Diarrhea, or Necrotizing Enterocolitis. Random effects 

models were used to evaluate efficacy as pooled relative risks across the eight diseases as 

well as across probiotic species, single vs. multiple species, patient ages, dosages, and 

length of treatment. Probiotics had a positive significant effect across all eight 

gastrointestinal diseases with a relative risk of 0.58 (95% (CI) 0.51-0.65). Six of the eight 

diseases: Pouchitis, Infectious diarrhea, Irritable Bowel Syndrome, Helicobacter pylori, 

Clostridium difficile Disease, and Antibiotic Associated Diarrhea, had positive significant 

effects. There were no significant differences in efficacy among disease groups. Of the 11 

probiotic species and species mixtures, eight had positive significant effects whereas 
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Lactobacillus acidophilus, Lactobacillus plantarum, and Bifidobacterium infantis did not. 

Across all diseases and probiotic species, positive significant effects were observed for 

all age groups, single vs. multiple species, length of treatment, and doses except for the 

dose 1-9 x 1011, 1012 CFU/day.  Probiotics are generally beneficial in treatment and 

prevention of gastrointestinal diseases. Efficacy was not observed for Traveler’s Diarrhea 

or Necrotizing Enterocolitis or for the probiotic species L. acidophilus, L. plantarum, and 

B. infantis. 

4.2 Introduction 

The efficacy of using probiotics in the prevention and treatment of gastrointestinal 

diseases has received considerable attention in recent years (McFarland, 2006; Sazawal et 

al., 2006; Tong et al., 2007; McFarland & Dublin, 2008; Hoveyda et al., 2009). In 

western civilization, there has been an increase in gut-related health problems, such as 

autoimmune and inflammatory diseases (Isolauri, 2001). Changes in the gut flora have 

emerged as a leading mechanism for the increased prevalence of certain gastrointestinal 

diseases (Isolauri, 2001; Sanderson & Walker, 1993; Carol et al., 1998). Due to improved 

hygiene and nutrition, the western human diet contains several thousand times less 

bacteria than pre-industrialized diets (Isolauri, 2001; Bengmark, 1998). This is partially 

due to the use of processed and sterile foods that contain artificial sweeteners and 

preservatives, rather than fresh fruits and vegetables (Soutar, et al., 1997), or foods 

containing important microbiota for anti-inflammatory processes (Sütas et al., 1996; Pessi 

et al., 1999). The functional composition of the gut flora also differs in species 

composition, the dominance of certain genera, and the diversity of microbiota. Therefore, 

probiotics are thought to be essential in boosting healthy microbiota communities in the 

GI tract. 
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Probiotics, which are products or preparations containing sufficient amounts of 

viable microorganisms to alter a host’s microbiota communities (Johnston et al., 2006), 

are thought to exert beneficial effects by providing protective barriers, enhancing immune 

responses, and clearing pathogens in the gastrointestinal tract (McFarland, 2000; Qumar, 

et al., 2001; Elmer, 2001). Meta-analyses or clinical trials on the efficacy of probiotics 

have been conducted for a number of common gastrointestinal diseases including 

Irritable Bowel Syndrome (IBS) (Hoveyda et al., 2009), Helicobacter pylori infection 

(HPP) (Tong et al., 2007), Necrotizing Enterocolitis (NEC) (Deshpande et al., 2007), 

Pouchitis (Pouch) (Elahi et al., 2007), Antibiotic-Associated diarrhea (AAD) (Hawrelak, 

et al., 2005), Clostridium difficile Disease (CDD) (Dendukuri et al., 2005), Infectious 

diarrhea (ID) (Sazawal et al., 2006), and Traveller’s diarrhea (TD) (Sazawal et al., 2006). 

These studies have shown that probiotics have significant effects on the prevention (e.g., 

Sazawal et al., 2006) and treatment (e.g., Dendukuri et al., 2005) of gastrointestinal 

disease. While numerous meta-analyses have been performed on the use of probiotics in 

the prevention and treatment of specific diseases (e.g., Tong et al., 2007; Hoveyda, et al., 

2009; Sanderson & Walker, 1993), to my knowledge, a meta-analysis comparing the 

efficacy of probiotics across various diseases has not been conducted. Comparing the 

relative efficacy of different probiotic treatment across diseases is one potential way to 

determine common mechanisms of action of probiotics and isolate specific consequences 

of gastrointestinal disease that can be effectively treated with probiotics.  

Here I report on a meta-analysis explicitly designed to determine whether 

probiotics are more or less effective in the prevention and treatment of eight different 

gastrointestinal diseases across 11 species or species mixtures of probiotics: VSL#3, 
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Lactobacillus rhamnosus GG (LGG), Sacharomyces boulardii, Bifidobacterium infantis, 

Lactobacillus acidophilus, Lactobacillus casei, Clostridium butyricum, Enterococcus 

faecum, Lactobacillus plantarium, Bifidobacterium lactis, and Lactobacillus acidophilus 

combined with Bifidobacterium infantis. We further assessed whether factors such as 

patient age, dose, length of treatment, and single vs. multiple probiotic species affect 

efficacy.  

Probiotics have been used to prevent and treat a wide range of GIT diseases. The 

GIT diseases considered here can be grouped into those associated with diarrhea: AAD, 

CDD, ID, TD; verses those associated with destruction or inflammation of tissues in the 

stomach, large intestine, ileal reservoir, or bowel: NEC, Pouch, and HPP; verses 

abdominal pain, flatulence, and irregular bowel movements: IBS. Diarrhea is responsible 

for 4% of deaths worldwide (Sazawal et al., 2006) and is often associated with 

subsequent infections (McFarland, 2006). Diarrhea is caused by pathogenic bacteria or 

viruses (Bezkorovainy, 2001), and in the case of TD, amoebas and many other 

protozoan’s (Sazawal et al., 2006) in either the small or large intestine.  Impaired 

intestinal absorption is caused by diarrhea and can lead to malnutrition (Sazawal et al., 

2006). The etiology of re-occurring and chronic inflammation in the gastrointestinal tract 

is not definitive (Santosa et al., 2006). Nevertheless, evidence suggests that an imbalance 

of intestinal bacteria may commence and perpetuate the inflammation that characterizes 

the gastrointestinal diseases related to chronic and re-occurring inflammation (Saarela et 

al., 2002; Sartor, 1995; Rath, 2003). Furthermore, pathogenic bacteria can invade tight 

junctions between epithelial cells and disturb the barrier function of the gut, resulting in 

translocation of pathogenic bacteria that leads to an inflammatory immune response 



 110 

(Sakaguchi et al., 2002). IBS affects 11% to 14% of the North American population 

(Nobaek et al., 2000; Thompson, 1986; Mimura, 2004) and is the most common 

diagnosis across gastroenterological disorders. IBS etiology is still unclear but may 

include behavioural factors, genetic susceptibility, and stress (Verdu & Collins, 2004). 

Although the cause has still not been fully explained, the increase in flatulence is 

suspected to be a result of disturbed intestinal microbial population (Saarela et al., 2002; 

Lin, 2004). 

Previous studies have shown probiotic efficacy in treating diarrhea-related, 

inflammation-related, and IBS symptoms (Hilton et al., 1997; Mimura et al., 2004; 

Halpern et al., 1996, consecutively). The primary active mechanisms of probiotics are 

modification of the gut microbiota (Isolauri, 2001), stabilization of the indigenous 

microbiota (Isolauri et al., 1994), reductions in the duration of retrovirus shedding 

(Saavedra et al., 1994), and a reduction in gut permeability which is caused by retrovirus 

infection (Isolauri et al., 1993). In diarrhea-related diseases, probiotics may induce a 

general immune response, in addition to increasing IgA antibodies against rotaviruses 

(Fric, 2002; Marteau, 2001a). In inflammatory diseases, probiotics are thought to 

decrease disease activity and promote remission (Hart et al., 2003). Reductions in 

inflammation are thought to occur by decreasing pathogenic bacterial growth through the 

enhancement of barrier functions, which prevent the invasion of tight junctions by 

lowering gut pH and by stimulating non-specific and specific immune responses (Hart et 

al., 2003). IBS has been correlated with a lower amount of Lactobacilli spp. and 

Bifidobacterium spp. colonies and an increase in anaerobic Clostridium spp. which has 

taken the place of anaerobic Bifidobacterium spp. and Bacteriodes spp. (Lin, 2004; Sen et 
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al., 2002). Therefore, there are links between humans consuming lactose and sucrose with 

an onset of IBS (Lin, 2004), which is thought to be caused by providing the pathogenic 

microbial population with a nutritional source (Lin, 2004). As a result, probiotics such as 

L. plantarum (Niedzielin et al., 2001) and Enterococcus faecum (Gade & Thorn, 1989) 

have been used to treat IBS because they compete for the same food source. In IBS 

probiotics are thought to modify and stabilize the indigenous microbiota (Isolauri et al., 

2004). Not all these mechanisms of action will apply to all the GIT diseases considered 

here, thus by comparing probiotic efficacy across diseases it may be possible to assess the 

specific functional responses by which probiotics are operating. 

The efficacy of probiotic treatment is also highly dependent on the genus, species, 

and even the strain of bacteria used (Van Neil, 2005). For example, not all lactic acid 

bacteria have probiotic effects (Vanderhoof, 2000).  In the case of Traveler’s diarrhea, 

acidophilus strain LB was found to be effective (Boulloche et al., 1994), whereas other 

strains of Lactobacillus acidophilus spp. were not (Katelaris et al., 1995). Also, different 

probiotics may confer different degrees of benefit depending on the condition. For 

example, McFarland (2006) found that 3 types of probiotics (Saccharomyces boulardii, 

Lactobacillus rhamnosus GG and probiotic mixtures) significantly reduced the 

development of AAD, while in the treatment of CDD only Saccharomyces boulardii was 

effective (Mcfarland, 2006).   

Ontogenic changes in the composition of the gut microbiota might also affect 

efficacy of probiotics (Sanderson et al., 1993; Perin, 1997; Salminen et al., 1998; Simon 

& Gorbach, 1986). For example, in the colon of breast-fed infants prior to weaning, the 

fecal microbiota is dominated by Bifidobacterium spp., while in adults Bifidobacterium 
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spp. are only minor constituents (Wilson, 2008). Likewise, the colon of elderly 

individuals has decreased proportions of Veillonella spp. and Bifidobacteria spp., but 

increased proportions of Clostridia spp., Lactobacilli spp., and Enterobacteria spp. 

(Wilson, 2008). Ontogenic differences such as these suggest that efficacy of probiotic-use 

and potentially overall outcome may differ based on age. A number of studies have 

shown that probiotic efficacy can differ in infants, children, and adults (Bezkorovainy, 

2001; Tannock, 1997; Benno & Mitsuoka, 1992; Ling et al., 1994). While the 

administration of probiotics to both infants and adults results in changes of the microbiota 

present in the feces and the metabolic activity of the microbiota (Bezkorovainy, 2001), a 

number of studies have shown greater differences between adults and children in the 

composition of their fecal microbiota communities than exist within a cohort (Tannock, 

1997; Benno & Mitsuoka, 1992; Ling, 1994), suggesting strong ontogenic differences. 

For acute diarrhea, higher doses of probiotics have been shown to be more 

effective than lower doses (Van Neil, 2002). Whether dose is an important determinant of 

efficacy, however, has not been considered for most GIT diseases. The question of 

appropriate dose is not generally considered when evaluating probiotic efficacy, 

generally due to the very high standard dosages, which range from 12 million to 3 billion 

(1.2 x 106 cfu or 3 x 1011 cfu). However, studies that have considered dose level have 

reported mixed effects (Floch, 2003). Van Neil (2002) has shown that dose is important 

in efficacy while Bezkorovainy (2001) has shown that dose does not affect treatment 

outcome, as long as it is over the sufficient amount (several billion).   

Given the complex ecology of the gastrointestinal tract, probiotics containing 

multiple species have been predicted to be more effective than single species probiotics 
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(Saavedra, 2001). Multiple species probiotics might be more effective than single species 

probiotics if additive effects occur due to synergisms or facilitation amoung species 

(Timmerman et al., 2004). For example different strains of genera Lactobacillus, 

Lactococcus, Streptococcus, and Bifidobacterium can facilitate growth and metabolic 

activity in each other (Timmerman et al., 2004; Sodini et al., 2000). Few studies have 

directly tested whether efficacy differs between single and multiple strain probiotics (but 

see: Sodini et al., 2000; Pivetaeu et al., 2000; Looijesteijn et al., 2001). Floch (2001) has 

shown that in the treatment of Inflammatory Bowel Disease single and multiple species 

probiotics do not differ in efficacy.  

The objectives of this meta-analysis were to: (i) determine the overall effect of 

probiotics on diseases of the gastrointestinal tract that have previously been shown to be 

affected by probiotics, (ii) determine whether certain diseases respond to probiotics more 

than others (iii) determine whether different species and species combinations differed in 

their overall effect size, and to (iv) determine whether efficacy differs based on dosage, 

length of treatment, and age group. 

 

4.3 Method 

4.3.1 Search strategy and study selection 

I conducted a literature search for randomized controlled efficacy trials in humans 

for probiotics used in the prevention and treatment of gastrointestinal disease. I searched 

Pubmed, Medline, Google Scholar, Embase, Biological Abstracts and Science Direct 

from1970 to Jan 2011, using the following search terms: probiotics, probiotic, meta-

analysis, Helicobacter pylori Diarrhea, Pouchitis, Antibiotic Associated Diarrhea, 

Irritable Bowel Syndrome, Travellers Diarrhea, Clostridium difficle Disease, Necrotising 
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Enterocolitis, Infectious Diarrhea, yogurt, Lactobacillus, Bifidobacterium, 

Saccharomyces, Streptococcus, Enterococcus, and gastrointestinal diseases. Searches 

were not restricted by language and secondary searches were conducted by reference 

lists, authors and reviews. Excluded trials included case reports or case series, trials of 

unspecified probiotics, trials on prebiotics, trials with inconsistent outcome measures, 

trials with no specific disease being studied, and trials on animals other than humans. 

Eligibility criteria included randomized controlled trials published in peer-reviewed 

journals, humans with gastrointestinal disease (AAD, CDD, HPP, IBS, ID, NE, Pouch, 

TD), and studies that compared probiotic therapy with placebo or no therapy. After 

excluding trials that did not fit the criteria, a total of 84 suitable trials were identified for 

analysis spanning 10,351 patients, 11 probiotic species or mixtures, and eight diseases. 

Of the 84 suitable trials that are analyzed in this meta-analysis, 79 have been cited in 

meta-analyses on their specific disease (McFarland, 2006; Sazawal et al., 2006; Tong et 

al., 2007; McFarland & Dublin, 2008; Hoveyda et al., 2009; Johnston et al., 2006; 

Deshpande et al., 2007; Elahi et al., 2007; Dendukuri et al., 2005) (Figure 4.1, Figure 

4.2). 

4.3.2 Outcome Assessment 

 The primary outcome assessed was the efficacy of treatment and prevention of 

GI disease with probiotics compared to the control. In this paper, I use prevention and 

treatment interchangeably when discussing the effects of probiotics across all diseases as 

for some diseases (i.e., CDD; Dendukuri et al., 2005) probiotics are effective in both 

prevention and treatment. For other diseases, probiotics only have efficacy in either 

prevention or treatment and this is noted in this discussion of specific diseases. For 
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example, probiotics are used in the prevention of diarrhea (Wenus et al., 2008) and in the 

treatment of IBS (McFarland & Dublin, 2008). 

4.3.3 Data extraction and risk of bias  

From each paper we extracted information related to disease, probiotic species, 

the dose amount, treatment length, age group, number of trials, number of patients 

receiving the probiotic or the control, and the number of patients that improved following 

probiotic/control. A few studies had multiple probiotic treatments with a common control 

group and were analyzed separately. 

I searched the literature and assessed inclusion criteria and quality of trials. Each 

included study was assessed using a 5-point Jaded scale (Jaded et al., 1996) based on 

randomization, concealment of allocation, blinding of investigators, including outcome 

assessors, and completeness of follow-up. Inconsistencies were resolved by discussion 

with the authors. Weights for the meta-analysis are based on sample sizes.  

4.3.4 Data synthesis and statistical analysis  

A random effects meta-analysis was conducted with inverse variance weighting 

using the software MIX version 2.0 Pro (Bax, 2010). For each paper the relative risk ratio 

(RR), which is the ratio of the probability of the event occurring in the probiotic 

treatment versus the control group (Sistrom & Garvan), was calculated along with 95% 

confidence intervals, and summary statistics. Overall RR, heterogeneity (I2), z-values, 

and p-values were computed across all studies and for each comparison. If significant 

heterogeneity (I2) occurred (p < 0.05) studies were analyzed using a random effects 

model with a pooled relative risk. If the studies were not significant (p> 0.05) they were 

analyzed using a fixed effect model with a pooled relative risk. Effect sizes (RR values) 

http://en.wikipedia.org/wiki/Ratio
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that were <1 favoured the probiotic while effect sizes that were >1 favoured the placebo. 

If the 95% confidence intervals of effect sizes do not overlap, the RR is considered 

significantly different. Publication bias was assessed by funnel plot asymmetry (Egger et 

al., 1997). Risk ratios were plotted against the standard error of the risk ratio of each 

study to identify asymmetry in the distribution of trials. Potential publication bias is 

suggested when there is a gap in the funnel plot. Begg’s regression test was also used to 

assess potential publication bias (Begg & Mazumdar, 1994). The Failsafe N-Method 

defined as, “the number of new, unpublished, or un-retrieved non-significant or "null 

result" studies that would be required to exist to lower the significance of a meta-analysis 

to some specified level” (Egger & Davey, 1995) was also used for bias analysis.  

Six different factors were included in the meta-analysis: the disease treated with 

probiotics (AAD, CDD, IBS, ID, TD, NEC, Pouch, and HPP), the type of probiotic used 

(VSL#3, LGG, S. boulardii, B. infantis, L. acidophilus, L. casei, C. butyricum, E. faecum, 

L. plantarium, B. lactis and L. acidophilus combined with B. infantis, the dose of the 

probiotic ( 1-9 x 1011, 1012 CFU/day; 1-5.5 x 106, 107, 108 CFU/day; 1-9 x 109 CFU/day; 

1-5 x 1010 CFU/day), the amount of time the probiotic was administered for (9-240 

weeks, 5-8, 3-4, 1-2 ), the age group of the subjects receiving probiotics (infants (0-3yr), 

children (3≤18yr), adults(>18yr)) and single versus multiple species of probiotics.  

 
 
4.4 Results  

4.4.1 Overview of included studies 

The literature search yielded 2,420 citations, of which 220 were screened and 80 

were assessed for eligibility. Of these, 6 were excluded for various reasons (Figure 4.1), 
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leaving 74 studies that met the inclusion criteria. Therefore, 84 peer-reviewed trials were 

included in the meta-analysis. All trials included in this meta-analysis had a Jaded quality 

score of 3 or more, except for 4 of them which had a score of 2 due to unavailable 

information. The median number of patients per trial was 88.5 ranging from 15-756. In 

total, 10,351 subjects were included in the studies. Of the 84 trials, 31 (37%) found a 

significant reduction of GI diseases in the probiotic-treated patients compared with the 

control patients. 53 trials did not reject the null hypothesis of no difference in the 

incidence of GI disease for probiotic verses controls. The pooled estimate of efficacy of 

probiotics in prevention or treatment of disease yielded a relative risk of 0.58 (95% CI 

0.51-0.65; p<0.001) and a heterogeneity (I2) of 61.24% (95% CI 51-69; X² p<0.001) 

showing that across all diseases and probiotic species, probiotics were effective in the 

treatment and prevention of GI diseases (Figure 4.2).   

4.4.2 Effect by disease 

Within the eight diseases considered, Pouchitis (n= 4; RR= 0.17; 95% CI 0.10-

0.30), AAD (n= 27; RR= 0.43; 95% CI 0.32-0.56), ID (n= 3; RR= 0.35; 95% CI 0.13-

0.97), IBS (n=16; RR= 0.77; 95% CI 0.65-0.92), HPP (n= 13; RR= 0.70; 95% CI 0.54-

0.91), and CDD (n= 6; RR= 0.60; 95% CI 0.41- 0.86) yielded significant effect sizes 

(Figure 3A). Significant effect sizes were not observed for probiotics for the diseases TD 

(n= 6; RR= 0.92; 95% CI 0.79-1.05) and NEC (n=9; RR= 0.54; 95% CI 0.23-1.24) 

(Figure 4.3A). Efficacy for Pouchitis was significantly greater than for TD, IBS, HPP, 

CDD, and AAD. When comparing the diseases that cause diarrhea to those that cause 

tissue damage/inflammation and to IBS, no significant effect was found (Figure 4.3A).  
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4.4.3 Effect by probiotic species 

Across all diseases, eight probiotics had significant effect sizes including: VSL #3 

which contains viable lyophilized bacteria of four species of Lactobacillus (L. casei, L. 

plantarum, L. acidophilus, and L. delbrueckii subsp. bulgaricus), three species of 

Bifidobacterium (B. longum, B.breve, and B. infantis), and one species of Streptococcus 

salivarius subsp. (n=3; RR= 0.17; 95% CI 0.09-0.33), E. faecium (n= 2; RR= 0.29; 95% 

CI 0.13-0.64), C. butyricum (n= 2; RR= 0.18; 95% CI 0.09-0.37), L. acidophilus 

combined with B. infantis (n= 3; RR= 0.37; 95% CI 0.17-0.83), B. lactis (n= 3; RR= 

0.59; 95% CI 0.38-0.92), LGG (n= 14; RR= 0.54; 95% CI 0.39-0.75), L. casei (n= 3; 

RR= 0.42; 95% CI 0.24-0.76) and S. boulardii (n= 11; RR= 0.46; 95% CI 0.34-0.60) 

(Figure 3B).  The other three probiotic species (L. acidophilus, L. plantarum, and B. 

infantis) did not have significant efficacy (Figure 4.3B). S. boulardii showed significantly 

higher efficacy than L. plantarum and B. infantis. C. butyricum had significantly higher 

efficacy from the species L. plantarum, L. acidophilus, LGG, L. plantarum and B. 

infantis. VSL #3 had significantly higher efficacy than the species S. boulardii, B. 

infantis, L. plantarum, LGG, B. lactis, and L. acidophilus (Figure 4.3B).   As L. 

acidophilus is one of the most common probiotics we further considered whether 

differences in efficacy were observed based on particular strains. We found that when 

analyzed alone, L. acidophilis LB did show significant efficacy (RR= 0.40 95% CI 0.20-

0.82) and L. acidophilus with no strain specified did not have a significant effect (RR= 

1.17 95% CI 0.85-1.62). 
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4.4.4 Effects of age  

Across all diseases and probiotic species, significant efficacy was observed for all 

of the age groups studied (infants (n=9; RR= 0.41; 95% CI 0.27-0.62, children (n= 14; 

RR= 0.36; 95% CI 0.24-0.55), and adults (n= 53; RR= 0.64; 95% CI 0.55-0.74) (Figure 

4.4A). None of the age groups were significantly different from each other (Figure 4.4A).   

4.4.5 Effects of dose 

Across all diseases and probiotics species, significant efficacy was observed for 

three doses: 1-5 x 1010 CFU/day (n=20; RR= 0.51; 95% CI 0.39-0.65) , 1-5.5 x 106, 107, 

108 CFU/day (n=12; RR= 0.60; 95% CI 0.42-0.85), and 1-9 x 109 CFU/day (n=25; RR= 

0.61; 95% CI 0.49-0.75) (Figure 4B). One dose (1-9 x 1011, 1012 CFU/day, n=7; RR= 

0.73; 95% CI 0.46-1.15) did not have significant efficacy (Figure 4.4B). None of the dose 

groups were significantly different from each other (Figure 4.4B) 

4.4.6 Effect of treatment length probiotic was administered 

Subgroup analysis for length of treatment showed significant efficacy for all of 

the four groups; 1-2 weeks (n=30; RR= 0.53; 95% CI= 0.42-0.68), 3-4 weeks (n=21; 

RR= 0.78; 95% CI 0.68-0.89), 5-8 weeks (n=18; RR= 0.64; 95% CI= 0.51-0.82), and 9-

240 weeks (n=7; RR= 0.27; 95% CI 0.14-0.54). The longest treatment period (9-240 

weeks) had significantly higher efficacy than the  3-4 week treatment length group 

(Figure 4.4C).  

4.4.7 Effects of single vs. multiple species 

No significant difference between single and multiple species was observed 

(single species n= 51; RR= 0.73; 95% CI 0.68-0.79, multiple species n= 33; RR= 0.63; 

95% CI 0.53-0.76) (Figure 4.4D).  
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 4.4.8 Publication bias 

The funnel plot had an asymmetrical distribution (Figure 4.5). The Egger regression test 

(p>0.0001) and the Begg rank correlation test (p>0.0001) showed significant evidence of 

publication bias. However, using the fail-safe N method, I estimated that a total of 3,657 

missing studies that would bring the p-value greater than alpha, were required to overturn 

significance of the current results. The trim and fill method was used to correct for 

publication bias and yielded an overall effect size of 0.73 (95% CI 0.63-0.83), compared 

to the uncorrected overall effect size of 0.58 (95% CI 0.51-0.65). 

4.5 Discussion  

Across all 11 probiotic species and the eight different gastrointestinal diseases we 

found a significant effect of probiotics on prevention and treatment of gastrointestinal 

disease with a RR = 0.58 (95% CI 0.51-0.65). TD and NEC did not respond to probiotics 

and the species L. acidophilus, L. plantarum, and B. infantis showed no efficacy. 

Previous meta-analyses that focused on efficacy of probiotics in the prevention or 

treatment of specific diseases have reported similar results. For example Johnston et al. 

(2006) reported a significant effect size (RR= 0.43 95% CI 0.25-0.75) for AAD disease, 

McFarland & Dublin (2008) reported a significant effect size (RR= 0.78 95% CI 0.62- 

0.94) for IBS disease, and Elahi et al. (2007) reported a significant effect size (OR= 0.04 

95% CI 0.01-0.14, p< 0.0001) for Pouchitis.   

Pouchitis (RR= 0.17 95 % CI 0.10-0.30) had the greatest effect size of all the 

diseases analyzed and efficacy of probiotic treatment for Pouchitis was significantly 

different than TD, IBS, HPP, CDD, and AAD. Pouchitis occurs in 50% of patients with 

ulcerative colitis after undergoing ileal pouch anal anastomosis (IPAA) (Blumberg & 

Beck, 2002). Pouchitis is caused by inflammation of the ileal pouch that is caused 
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directly (toxins or invasions in the anal mucosa) or indirectly (changes in fatty acids and 

bile salts) (Kmiot et al., 1993). A previous meta-analysis on the prevention of Pouchitis 

in patients that have undergone IPAA surgery showed that probiotics have a positive 

effect on the prevention of Pouchitis (Elahi et al., 2007). Recent evidence proposes that 

bacteria play a primary pathogenic role in causing inflammation in patients with 

Pouchitis (Sandborn, 1994; Keighley, 1996; Nicholls & Banerjee, 1998). Ruseler-van 

Embden (1994) found that individuals with Pouchitis have fewer Lactobacilli and 

Bifidobacterium. Efficacy of probiotic treatment in Pouchitis was significantly higher 

than efficacy for TD, IBS, HPP, CDD, and AAD (Figure 4.3A). The high efficacy of 

probiotics we observed in the treatment of Pouchitis may be due to a number of factors 

related to trial design. For example, treatment of Pouchitis was limited to VSL #3 and 

LGG and the patients in Pouchitis trials were all adults.  

AAD, ID, IBS, HPP, and CDD also had effect sizes that were significant with 

confidence intervals below one. AAD is present when an individual has three or more 

abnormally loose bowel movements over a twenty-four hour period following antibiotic 

use (D'Souza et al., 2002). HPP colonization is a common health problem, especially in 

developing countries (Cats et al., 2003; Tong et al., 2007), that causes chronic low-level 

inflammation in the stomach lining and duodenum leading to the development of gastric 

and duodenal ulcers, as well as stomach cancer (Olson & Maier, 2002). When treating 

HPP, patients are prescribed antibiotics which results in some individuals developing 

AAD. CDD, which is also associated with antibiotic use, occurs mostly in older adults, 

and usually only occurs in hospitalized patients (McFarland, 1998). Probiotics are 

thought to restore equilibrium in the gastrointestinal tract and protect against C. difficile 
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colonization. AAD, HPP colonization, and CDD are associated with antibiotic treatment 

(Tong et al., 2007; McFarland & Dublin, 2008). Probiotics are thought to be a useful 

treatment in these diseases as they occur in part from alterations of the intestinal 

microbiota (McFarland & Dublin, 2008). ID is a type of acute diarrhea that impairs 

intestinal absorption of nutrients and can lead to malnutrition (Sazawal et al., 2006). IBS 

leads to abdominal pain, bloating, diarrhea, constipation, and flatulence due to motor and 

sensory dysfunction of the gastrointestinal tract (McFarland & Dublin, 2008). 

Our observation of significant efficacy for AAD, ID, IBS, HPP, and CDD support 

other recent meta-analyses on specific GIT diseases. McFarland (2006) showed that AAD 

is preventable by probiotics; McFarland & Dublin (2008) demonstrated that probiotics 

have a significant effect on the improvement of IBS, and Tong et al. (2007) suggested 

that probiotics could be effective in increasing eradication rates during anti-H. pylori 

therapy. Tong et al. (2007) showed that H. pylori eradication rates were 83.6% for 

patients with probiotics and 74.8% for patients without, and thus suggested that larger 

trials were needed to confirm a significant effect. Probiotics have also been shown to 

have significant efficacy for CDD (McFarland, 2006). Our result for ID represents the 

first meta-analysis of probiotic use in ID treatment as only single trials (e.g., Weizman et 

al., 2005) have previously been conducted.  

Two of the GIT diseases considered here, TD and NEC, showed no significant 

response to probiotics. TD is a type of acute diarrhea that impairs intestinal absorption of 

nutrients and can lead to malnutrition (Sazawal et al., 2006). Traveller’s diarrhea is 

typically caused by amoebae (Goodgame, 2003) and is treated with antibiotics that also 

lead to diarrhea. Our results support previous studies by Pozo-Olano et al. (1978) and 
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Katelaris et al. (1995) who both found probiotics to have no effect in people suffering 

with Traveller’s diarrhea. In contrast, Hilton et al. (1997) showed that LGG can reduce 

the risk of developing diarrhea by 3.9% per day.  

NEC was the only other gastrointestinal disease that did not show a significant 

effect for treatment with probiotics. NEC is a gastrointestinal disease that is a major issue 

in preterm (<28 weeks gestation) neonates and involves infection and inflammation that 

causes destruction of the bowel or part of the bowel (2007). NEC only affects 1% to 5% 

of neonatal intensive care unit (NICU) admissions, but it is common worldwide and is the 

most serious disorder among hospitalized preterm infants. A possible explanation is that 

NEC occurs mostly in infants and infants do not have their immune system or their 

microbial communities fully established (Wilson, 2008). Our results, based on ten 

studies, differ from those of Deshpande et al. (2007) who showed that probiotics 

significantly reduce the risk of NEC (RR= 0.36 95% CI 0.20-0.65) in preterm neonates, 

however they suggested that probiotics needed to be assessed in larger trails to determine 

their short and long term effects in the treatment of NEC. Our meta-analysis improves on 

their meta-analysis by adding three studies.  

I initially hypothesized that probiotic use might be more efficacious in some 

broad types of GI diseases than in others due to the mechanisms of action of the disease. 

Specifically, there might be differences in efficacy related to diarrheal production versus 

inflammation or destruction of tissue, verses abdominal pain, flatulence and irregular 

bowel movements (IBS). I found no support for this hypothesis. AAD, CDD, ID, and TD 

are related to diarrhea and NEC, Pouch and HPP are related to inflammation/destruction 

of tissue. IBS is characterized by abdominal pain, increased flatulence and irregular 
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bowel movements. None of these groups differed significantly in probiotic efficacy and 

all disease showed significant effects except for NEC and TD, which are related to 

inflammation and diarrhea respectively. 

 Previous studies have focused on the effect of one to two species of probiotics 

(e.g., Cindoruk et al., 2007; Ruszcynski et al., 2008; Hawrelak et al., 2005) in the 

prevention of specific GI diseases.  Of the 11 probiotics considered, VSL #3 (RR= 0.17 

95% CI 0.09-0.33) and C. butyricum (RR= 0.18 95% CI 0.09-0.37) had the most 

significant effect sizes (Figure 4.3B). The high statistical efficacy for these probiotics 

could be due to the small number of patients analyzed compared to the other probiotics. 

For example, C. butyricum had 207 patients and VSL #3 had 116 patients which are 

small compared to LGG with 2782 patients. Higher efficacy for these species could also 

be related to their use in diseases that also showed high prevention/treatability with 

probiotics (e.g., AAD, HPP, Pouchitis), unlike species that are widely used across many 

different GI diseases, such as LGG, which is used in the prevention or treatment of TD, 

Pouchitis, CD, AAD, HPP, NEC, and IBS. LGG is used widely in clinical trials because 

of its beneficial effects on intestinal immunity (Pozo-Olano et al., 1978). Furthermore, 

LGG inhibits growth of Esherichia coli, Streptococcus, C. difficile, Bacteriodes fragilis 

and Salmonella by producing an antimicrobial substance (Gorbach, 1996). S. boulardii, 

E. faecum, B. lactis, LGG, L. casei, and L. acidophilis combined with B. infantis also 

showed significant efficacy in the treatment and prevention of GI disease. Our results 

support recent findings by McFarland et al. (1994), who showed that S. boulardii 

prevented AAD and by Orrhage et al. (1994), which showed that the combination of L. 

acidophilus and Bifidobacterium reduced the fecal counts of clostridia in CDD. 
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L. acidophilis, L. plantarum, and B. infantis did not have significant effect sizes, 

showing that they are not effective in the treatment of the GI diseases considered here. In 

this meta-analysis, all species of L. acidophilus were first analyzed together. This 

included strain LB, a common probiotic as well as unspecific strains. L. acidophilus 

(strain LB) is a heat-stabilized strain also known as LacteÂol Fort (Boulloche et al., 

1994). In some previous studies, LacteÂol Fort (L. acidophilus LB) was effective in the 

treatment of acute diarrhea, reducing duration and severity (Boulloche et al., 1994; 

Bodilis, 1983) and in IBS (Halpern et al., 1996).  In the treatment of HPP, inactive L. 

acidophilus showed an in vitro inhibitory effect on the attachment of H. pylori to gastric 

epithelial cell lines (Canducci et al., 2000). In other studies L. acidophilus has not had 

significant effects. For example, Katelaris et al., (1995) found no protection of TD with 

L. acidophilus and Witsell et al., (1995) found no effect of L. acidophilus on AAD.  Our 

results suggest that when taken without other species, L. acidophilus is not significantly 

effective in preventing/treating GI disease (RR= 0.82 95% CI 0.47- 1.43). This result 

may be due to the strains L. acidophilus LB and L. acidophilus analyzed together and 

strain dependency could have an effect on the efficacy of GI disease. When analyzed 

alone, L. acidophilis LB did show significant efficacy (RR= 0.40 95% CI 0.20-0.82) and 

L. acidophilus with no strain specified did not have a significant effect (RR= 1.17 95% 

CI 0.85-1.62). Future studies should compare and report effects of different strains of L. 

acidophilus on GI diseases. Sazawal et al., (2006) found that prevention did not vary 

significantly for the probiotic species S. boulardii, LGG, L. acidophilus, or L. bulgaricus. 

In my meta-analysis L. plantarum and B. infantis also had no overall effect on GI disease. 

Similar negative results for L. plantarum have been previously found in the treatment of 
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IBS (Simren et al., 2006; Nobaek et al., 2000; Niedzielin et al., 2001). In contrast, L. 

plantarum has efficacy in the prevention of CDD (Wult et al., 2003). Additional studies 

across GI diseases need to be conducted to assess the specific diseases that respond to L. 

plantarum. We also found that B. infantis had no significant effect. There were very few 

trials available in the literature for this species (n= 3) (Wult et al., 2003) and additional 

studies should be done to test efficacy.  

Probiotics may be given to patients as either single or multiple species. While 

some studies use one probiotic species e.g. B. infantis (Whorwell et al., 2006) others used 

multiple strains e.g. VSL #3 (Gionchetti et al., 2000; Gionchetti et al., 2003; Mimura et 

al., 2004). We found no significant difference between the efficacies of single or multiple 

species (Figure 4D).  Instead, as discussed above, the particular strain used is key to 

efficacy. Since most studies only included the species of probiotic (e.g., L. acidophilus) 

used, it is critical for future studies to identify the exact probiotic strain.   

It has been previously suggested that patient age may be a factor in probiotic 

efficacy (Sazawal et al., 2006; Tong et al., 2007; Hoveyda, et al., 2009). Efficacy may 

differ by age group due to factors such as the development of the GI and differences in 

hormones and immunology (Wilson, 2008). My results showed no difference in efficacy 

by age group with all age groups (infants, children, and adults) showing significant effect 

sizes with the use of probiotics for the prevention of GI disease (Figure 4.4A). Similar 

results have been reported by Tong et al. (2007) who showed that child and adult age 

group sub-analyses were both significant for HPP. Likewise, Sazawal et al., (2006) 

showed significant results for both children and adults for the prevention of acute 

diarrhea. A potential difference in the efficacy of probiotics in treating GI is an area 
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where additional studies are needed. Very few trials have been conducted on infants 

(n=9) or children (n=14) relative to adults (n=53). For example, Hoveyda et al., (2009) 

concluded that IBS was preventable for adults, but could not assess efficacy in children 

due to the lack of studies.  

Another factor that has been previously considered in probiotic efficacy is dosage. 

Our results showed that three of the four dosage levels were significant in treating 

disease. Only the dose 1-9 x 1011, 1012 CFU/day, which was the largest treatment dose, 

did not show a significant effect size. However, this result was likely due to the smaller 

sample size (n=7) relative to the sample sizes of the other doses (n= 20, 25, and 12), 

which contributed to a larger 95% CI. Whorwell et al. (2006) studied the probiotic B. 

infantis (strain 35624) at three different dosage strengths 106, 108, and 1010 and found 1 x 

1010 CFU (for four weeks) was most effective. The dosages tested in the studies analyzed 

here all were well above the minimum in commercial preparations, which typically 

contain more than 1 billion bacterial units (Cremonini et al., 2002a). Correct dosage for 

specific diseases has been an area of some debate. For example, Bezkorovainy (2001) 

suggested that several billion organisms should be introduced into an organism since not 

all of the bacteria will reach target areas due to pH and salinity levels in the esophagus 

and stomach which can reduce colony size (Wilson, 2008). Our results suggest that 

dosage has relatively minor effects. 

In the past, it has been suggested that the treatment length in which patients 

received the probiotic could be a factor in the treatment or prevention of disease and 

longer studies should be implemented (McFarland & Dublin, 2008; Hoveyda et al., 

2009). To my knowledge, this is the only meta-analysis that has examined efficacy 
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according to the length of treatment.  My results show no significant effect of treatment 

length on efficacy (Figure 4.4C). Taking probiotics for even a week is sufficient in 

preventing and treating GI disease.  

In conclusion, our meta-analysis containing 74 studies, 84 trials and 10,351 

patients shows that in general, probiotics are beneficial in treatment and prevention of GI 

diseases. The only GI diseases in which significant effect sizes were not observed were 

TD and NEC. This may be due to the low number of studies conducted on these diseases, 

or in the case of TD, the underlying mechanism of disease, which is often not bacterial. 

Of the 11 species or species mixtures only L. acidophilus, L. plantarum and B. infantis 

showed no efficacy however, for L. acidophilus, it was found that the strain LB was 

highly effective. No differences in efficacy were observed for age group or length of 

treatment or for single vs. multiple species. The highest dosage considered (1-9 x 1011, 

1012 CFU/day) did not show a significant effect size however, due to the small sample 

size, this result may be spurious. When choosing probiotics, the type of disease 

(treated/prevented) and probiotic species (strain) used are the most important factors to 

take into consideration. 
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Figure 4.1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-
Analyses) flow diagram showing an overview of the study selection process. 
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Figure 4.2. The effect size (risk ratio) for the overall effects of probiotics in the 
prevention and treatment of gastrointestinal (GI) diseases including the 95% confidence 
intervals. The author, date, measure (risk ratio (95% CI), and p value are shown. Larger 
data points have larger samples. Risk ratios below one favor the probiotic while risk 
ratios above one favor the placebo. The red line represents the mean relative risk for the 
84 trials.   
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Figure 4.3. (A) The effect size (risk ratio) including the 95% confidence intervals for the 
total events of Antibiotic-associated diarrhea (AAD), Clostridium difficile disease 
(CDD), Helicobacter pylori positive (HPP), Irritable bowel syndrome (IBS), Infectious 
diarrhea (ID), Necrotizing Enterocolitis (NE), Traveler’s diarrhea (TD), and Pouchitis 
during which probiotics were taken. (B) The effect size (relative risk) including 95% 
confidence intervals for the type of probiotic species that were used to treat and prevent 
gastrointestinal disease. Risk ratios below one favor the probiotic while risk ratios above 
one favor the placebo.  
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Figure 4.4. (A) The effect size (risk ratio) including the 95% confidence intervals for the 
age groups that had taken the probiotic vs. the controls. Age groups included were: adults 
(>18yr), children (3≤18yr) and infants (0-3yr). (B) The effect size (risk ratio) including 
the 95% confidence intervals for dose of probiotic. The doses that were included were: 1-
9 x 1011, 1012 CFU/day; 1-5.5 x 106, 107, 108 CFU/day; 1-9 x 109 CFU/day; 1-5 x 1010 
CFU/day. (C) The effect size (risk ratio) including the 95% confidence intervals for 
treatment length. Treatment lengths that were included were: 1-2 weeks, 3-4 weeks, 5-8 
weeks and 9-240 weeks. (D) The effect size (risk ratio) including the 95% confidence 
intervals for multiple or single species of probiotics. Probiotics that contain more than 
one species were considered multiple species, while probiotics only administered as one 
species were considered single species. Risk ratios below one favor the probiotic while 
risk ratios above one favor the placebo. 
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Figure 4.5. Funnel plot asymmetry used to determine publication bias. Log of the risk 
ratios were plotted against the standard error of the risk ratio of each study to identify 
asymmetry in the distribution of trials. Gaps in the funnel plot suggest potential 
publication bias. The synthesis estimate (outer lines) and the 0.01 limit are shown to 
distinguish asymmetry. 
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CHAPTER 5  

 

Conclusion 
 

 

Linking the human microbiome to human health is the goal of many specialists. 

The importance of human-associated microbiota in human health is increasingly being 

recognized as links have been made between the composition of human microbiomes and 

disease, obesity, and sexually transmitted infections. The goals of my research were too 

1) assemble and compare network structure for five regions of the human body, 2) 

compare how robust these networks were to node removals, 3) determine whether there 

were significant changes in the topology of the oral cavity microbiomes through 

development and aging, 4) compare within-region spatial changes in the topology of 

gastrointestinal microbiomes, and 5) compare the efficacy of probiotics in the treatment 

and prevention of gastrointestinal disease. Here, I summarize the major results and 

conclusions of my findings.  

 

5.1 Network structure and robustness of five regions of the human body 

The first part of my research (Chapter 2) yielded three important results for which 

there are important theoretical and applied implications. First, to date the networks presented 

here represent the first to attempt to include two types of interactions: consumer-resource 

(negative) and facilitative (positive interactions) in energetic interaction networks. While the 
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importance of facilitative interactions in ecosystem networks has long been recognized, 

positive interactions between species have only recently been included in analyses of 

ecological networks. When positive interactions have been included, links between species 

have been limited to these interactions; thus to date ecological networks that include the full 

suite of interactions among species have not been assembled. One of the major consequences 

of this lack of inclusion of positive interactions in ecological networks is that the relative 

importance of facilitative vs. consumer-resource interaction is largely unknown. My 

results show that facilitative links are a very important component of organismal based 

energetic networks and dominate the networks of most human microbiomes. The high 

proportion of facilitative links has two potentially important consequences on network 

function, particularly with perturbations. First, a relatively diverse microbiome appears 

essential for function. Two-thirds of the links between microbiota in the composite 

networks were facilitative, suggesting that positive interactions among microbiota are 

more important, at least by proportion, than negative energetic links. Once a complete 

microbial community becomes established, the species rely on each other for nutrients (at 

least in terms of numbers) more than they rely on source-specific nutrients from the host. 

Second, loss of species in networks would affect both consumer-resource and facilitative 

interactions, although maybe not equivalently. The consequences of differences in 

connectivity for taxa based on consumer-resource vs. facilitative links in terms of 

secondary species loss in networks, with both types of interactions are unknown. For 

example, a genus can differ significantly in the number of links it has in a consumer-

resource versus a facilitative network and thus removal of the most connected species in a 

consumer-resource versus a facilitative network could lead to very different outcomes. 
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I found that the structure of functional networks is very different from the 

structure of consumer-resource networks. The extremely high connectance and clustering 

coefficients suggest high redundancy for facilitative interactions, a redundancy that 

translated into increased robustness to node loss in the facilitative networks. It may be 

that facilitative links provide different and potentially even more essential nutrients to 

many microbiotas than are provided from host nutrients.  

My research has also shown that robustness is strongly related to network 

topology (structure). Node richness and connectance were the primary drivers of 

robustness for microbiome networks. From an evolutionary perspective the structure of 

microbial communities is determined by the interplay between ecology and evolution. 

Consequently, the definitive determinant of robustness may be linked to environmental 

conditions in different regions and in particular aspects of homeostatic regulation that 

affect structure and function. For example, the oral cavity composite network was the 

most robust to node removal, which in a ‘real world’ context could be due to aspects of 

the environment that contribute to high species turnover, such as high rates of pathogen 

invasions.  

5.2 Structure and robustness of ontogenic and regional networks 
   

Understanding how human microbiomes change spatially within body regions and 

with ontogeny is important to understanding the functions of human-associated microbial 

communities. The second part of my research, Chapter 3, yielded two main results. First, 

there are some consistent changes in topology with age associated with increased 

complexity. Changes with region along the GIT are associated with increased node 

richness, links, and higher connectance consistent with the increased functional 
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importance of lower versus higher regions in terms of digestion. Node richness and 

connectance increased with ontogenic stage in the oral cavity and in regions further down 

the gastrointestinal tract. 

Second, for the GIT regions, the small and large intestine were more robust on 

average to node removals, while in the oral ontogenic networks, the child, adult and 

elderly networks were more robust. While the significance of these trends is as yet 

unknown, they suggest that broad structural differences even at the level of genera can be 

observed through developmental stages and within sub-regions of specific systems.   

5.3 Efficacy of probiotics on gastrointestinal disease 

The third part of my research, Chapter 4, used meta-analysis to determine whether 

efficacy of probiotic-use differed across gastrointestinal diseases and different probiotics. 

Across eleven probiotic species and eight different gastrointestinal diseases I found a 

significant effect of probiotics on the prevention and treatment of gastrointestinal disease, 

except for the diseases Traveler’s Diarrhea and Necrotizing Enterocolitis.  

Three probiotic strains did not show efficacy towards gastrointestinal disease: L. 

acidophilus, L. plantarum, and B. infantis. This functional analysis of the role of 

probiotics on the treatment and prevention of gastrointestinal diseases showed that 

microbiota have widespread and strong effects on gastrointestinal health and may aid in 

determining the mechanisms by which probiotics act on the gastrointestinal tract. 

5.4 Limitations 

There are a number of factors that should be taken into account that may limit the 

applicability and interpretations of my results. A key limitation is that the microbiome 

networks presented here are resolved to the level of genera and not to the species level, 

which would be the ideal level of resolution. Resolving to species level is not possible at 
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this time due to limited pyrosequencing and lack of information on biochemistry for 

many species. Since the advancement of sequencing (pyrosequencing, metagenomic 

sequencing), many new species have been found in and on the human body, but their 

interactions in/on the body are unknown. New sequencing research must not only focus 

on finding new species but also on understanding the physiology and biology of these 

organisms. Although this is a limitation, by aggregating the nodes into genera that share 

100% of their links the nodes represent functional groups of bacteria. In addition, 

analysis of nodes at the genera level minimizes bias due to uneven resolution and 

incomplete sampling effort. 

The second potential limitation is that the nodes are binary and do not include 

information on relative abundance. Two issues are important to take into consideration 

here. First, species composition varies widely across humans based on a multitude of 

factors including age, sex, region etc. Relative abundances would likely differ even more 

across individuals than species composition thus assembling a ‘realistic’ relative 

abundance network for the human microbiome would be a major caricature of actual 

patterns. Second, data on relative abundance does not yet exist in the literature. Future 

pyrosequencing studies reporting abundance and prevalence will greatly improve the data 

situation for relative abundances.  

Another limitation is that the links between the nodes identified in the different 

regions could have been described at an even finer level of regional detail than we have 

attempted here. For example, pyrosequencing in the gastrointestinal tract has shown that 

species composition differs depending on the area (e.g., esophagus, large intestine). 

Therefore, more highly resolved networks for sub-sets of the “regions” used here are 
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needed. This was performed in Chapter 3 with the spatial networks of the gastrointestinal 

networks but for the other regions (eye, skin, respiratory tract, oral cavity) not enough 

studies have been done to increase spatial resolution. 

Lastly, models incorporating both consumer-resource and facilitative links have 

not yet been developed. Models that accurately predict the topological patterns in human 

microbiomes, similar to the niche model that has been developed for food-webs, are 

needed (Williams & Martinez, 2000; Dunne et al., 2009).   

 Even with these limitations, looking at regional human microbiomes from a 

network approach has a number of prospective benefits, even at this early stage of 

investigation. Mathematical network theory is ideal for studying the interactions between 

species in ecological networks, allowing us to understand both normal and disturbed 

microbial community functions, from the standpoint of systems biology (Foster et al., 

2008).   

5.5 Conclusion 

It was my initial goal and true interest to conduct research that advanced both the 

theory of food web ecology and human health. The findings described in this thesis 

provide a strong empirical basis for the incorporation of facilitative interactions into food 

webs and have major implications for human health. Our bodies contain a diverse and 

complex microbial community that differs in structure regionally as well as with age. The 

consequences of these differences in structure are as yet unknown however, the use of a 

network perspective to view the structure of microbial communities has shown that 

differences in structure between regions can affect the response of our microbial 

communities to perturbations and thus may one day contribute to a systems view of the 

dynamics of human health and disease.  
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