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Abstract 

 

Changes in human diet and lifestyle over recent decades have led to the emergence of a 

global type 2 diabetes (T2D) epidemic. With an estimated four-fold increase in prevalence 

over the previous four decades, nearly 600 million people are expected to be affected by the 

disease by 2035, and the associated economic burden to reach staggering levels. Of particular 

interest are Asian populations, who exhibit increased susceptibility to T2D, often 

characterised by distinctive visceral distribution of body fat, associated with fat infiltration 

into key organs such as the liver and pancreas. Current treatment methods have not been 

effective in stemming this unprecedented systemic growth, and development of novel 

therapies has become essential. Growing evidence suggests that the gut microbiota interacts 

with key host metabolic processes and may be implicated in T2D onset; however its precise 

role remains unclear. This thesis utilises 16S rRNA gene-based amplicon sequencing 

(Illumina MiSeq) of faecal samples to investigate the association between T2D and the gut 

microbiota, specifically exploring the gut microbial communities of transgenic mouse models 

as well as humans with prediabetes. Influences from potential prebiotic therapies such as 

dietary flavonol rutin and nuts were further examined in a series of randomised controlled 

trials, and a direct comparison between gut microbiota profiles of prediabetic Asian Chinese 

versus European Caucasian individuals was performed. 

With the exception of transgenic mouse datasets – where both human amylin expression and 

dietary rutin treatment were observed to have a minor but significant effect on gut bacterial 

composition – our findings from prediabetic human datasets generally did not identify a 

significant impact on gut bacterial composition in the context of disease onset or in response 

to prebiotic treatments (over a 3 month period). However, several butyrate-producing bacteria 

were positively associated with decreased fasting plasma glucose (a key marker of T2D risk), 

and in response to nut treatment, with increased alpha diversity. Furthermore, a considerable 

decrease in ubiquity of highly prevalent bacteria was observed in response to disease onset in 

all datasets analysed and key differences between prediabetic Asian Chinese and European 

Caucasian gut microbiota profiles have been characterised. 

This research represents the first community level investigation into gut microbiota response 

to dietary rutin and nut supplementation in the context of T2D onset, and provides new 

insights into their prebiotic potential. 
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1.1 Introducing Type 2 Diabetes Mellitus 

 

1.1.1 The Modern World, Sedentary Lifestyles and Obesity 

 

The past two centuries have seen enormous growth in urbanisation worldwide, with the 

proportion of the global population living in urban areas increasing from 14% to over 50% in 

the 20
th
 century alone 

1
. Along with the rise of computerisation and mechanisation, this 

extraordinary change in our history has led to unprecedented alterations in human dietary and 

exercise patterns 
2
. As societies in developing countries adapt to this change and enjoy the 

benefits of improvements in education, transportation, sanitation, secure nutrition and health 

care, the luxury of having the basic necessities for a comfortable standard of living has 

quickly become accepted as the norm. However, this rapid global industrialisation and 

commercialisation has also opened the door to problems such as social deprivation, pollution, 

poor nutrition, and a generally more sedentary lifestyle 
1–3

. 

Stress and social deprivation have been accompanied by increased smoking and alcohol 

consumption, with air pollution (in the form of vehicle emissions and/or passive smoking) 

further contributing to respiratory problems and associated health issues. Moreover, dietary 

nourishment has depreciated as meals rich in fruits, vegetables, wholegrains, nuts and 

legumes are replaced by highly-processed, quickly-prepared, energy-dense, low-cost foods as 

individuals prioritise convenience and taste over quality. A substantial decrease in physical 

activity has also become apparent as growing utilisation of computers, machines and new 

technologies makes the majority of professions sedentary in nature; even during periods of 

travel, people are now resting on seats 
1–3

. 

Such changes to lifestyle and diet can cause adverse long-term effects on human health 
4,5

. 

One such commonly observed consequence is obesity (Figure 1.1), considered responsible 

for around 4.7 million (i.e. 8% overall) global deaths annually (Figure 1.1C: ‗world‘)  
4
. 

Obesity is categorised by accumulation of excess body fat, with a Body Mass Index (BMI) 

measurement of ≥30 kg/m
2
, as defined by the World Health Organisation (WHO) 

6
. By itself, 

obesity significantly reduces a person‘s life expectancy 
7
 but, more importantly, it can act as a 

precursor for serious conditions such as depression, osteoarthritis, sleep apnoea, certain 

cancers, cardiovascular diseases and type 2 diabetes mellitus (T2D) 
8,9

. Obesity prevalence 

worldwide has nearly tripled since 1975 
6,10,11

 and, as of 2016, it was estimated that globally 
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over 650 million adults (13% of the adult world population) and 124 million children (5% of 

the child world population) are obese, with around 1.9 billion adults (39% of the adult world 

population) being overweight 
6,12

. 

Obesity can trigger ‗metabolic syndrome‘ in individuals via disruption of the body‘s normal 

metabolic pathways 
13

. Metabolic syndrome is diagnosed if an individual has developed any 

two of the following abnormalities along with central obesity: elevated triglycerides, reduced 

levels of high density lipoprotein (HDL) cholesterol, elevated blood pressure or blood 

glucose abnormalities such as impaired glucose tolerance (IGT), hyperglycaemia or 

previously diagnosed T2D 
14

. Metabolic syndrome is a key risk factor for the development of 

T2D 
14

, and as the obesity epidemic continues to become even more prominent in our 

increasingly sedentary world 
15

, T2D is gaining a strong foothold within our communities. 
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Figure 1.1: Summary of the global prevalence of obesity among adults (ages 18+) (A, B) and 

obesity death rates by region (C). Sources: Stanaway J. et al., 2018 
4
; WHO Global Health 

Observatory 2016 
16

. Data available for use under the Creative Commons license (CC BY-

NC-SA 3.0 IGO). 
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1.1.2 T2D: A Worldwide Public Health Crisis 

 

T2D has become a rampant human health problem worldwide and is increasing in prevalence 

17–19
. It accounts for >95% of all diabetes cases 

20
, and is currently the most prevalent 

endocrine/metabolic disease in the world 
21

 (Figure 1.2). In comparison to the 100 million 

T2D cases reported in 1980, over 400 million were reported in 2019 
18,22

, and since 2017, an 

estimated 1.6 million deaths are directly attributed to this disease every year 
22

. In fact, if the 

current trend continues uninhibited, by the year 2035 nearly 600 million global T2D cases are 

expected to occur 
18,23

. Within New Zealand alone, 300,000 people are estimated to be 

affected, with a further 800,000 people (18% of the population) being classed as prediabetic 

24
. Māori and Pacific communities are especially at risk of developing the disease 

24
, and a 

recent report has estimated New Zealand‘s financial burden for management of the disease to 

reach $3.5 billion by 2040 
25

. 

In healthy individuals, the hormones glucagon and insulin are required for balanced 

regulation of carbohydrate, fat and protein metabolism 
26,27

. When the body is in a fasted state 

and there is low blood glucose (hypoglycaemia), the pancreatic α-cells secrete glucagon, 

which induces a catabolic effect in the body in order to increase blood glucose concentration. 

In order to do this, glucagon stimulates breakdown of glycogen stores in the liver into glucose 

(glycogenolysis) and subsequently promotes the release of this glucose into the bloodstream. 

Stored adipose tissue (triglycerides) are also broken down into free fatty acids for cells to use 

as fuel in the interim. Glucagon also activates gluconeogenesis, the conversion of amino 

acids into glucose. Insulin, by contrast, is secreted by pancreatic β-cells following release of 

glucose in the bloodstream after a meal, i.e. during a state of hyperglycaemia. Insulin induces 

an anabolic effect by stimulating the absorption of glucose into fat, liver and skeletal muscle 

cells for use as an immediate energy source and storage as glycogen and fat for future use 
26–

28
. 

Diabetes mellitus is a group of metabolic diseases (type 1, type 2 and gestational) wherein 

each condition is characterised by individuals experiencing prolonged hyperglycaemia 

(defined by a fasting plasma glucose measurement of ≥7 mM) 
22

. If left untreated, patients 

can suffer serious metabolic complications such as diabetic ketoacidosis and hyperosmolar 

hyperglycaemic state 
29

. Over time, damage to the heart, blood vessels, eyes, kidneys and 

nerves is also expected 
22

. 
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The prolonged hyperglycaemia effect in diabetic patients can occur for a number of reasons. 

In type 1 diabetes (T1D), an autoimmune form of the disease 
30

, hyperglycaemia is a direct 

result of deficient insulin production and typically requires patients to be administered insulin 

externally, after every meal. This defect in insulin production is largely thought to be due to 

the host‘s immune system targeting and destroying the insulin-producing pancreatic β-cells, 

but why this occurs is still poorly understood 
22,30

. With T2D, however, the prolonged 

hyperglycaemia initially results not from a deficiency in insulin production, but due to the 

body‘s ineffectual utilisation of the produced insulin (i.e. insulin resistance) 
22

. It is well 

established that insulin resistance is a direct result of obesity and lack of physical activity 

22,31,32
. 

Insulin resistance can lead to the onset of T2D by causing pancreatic β-cell degeneration 

through a stochastic effect involving amylin. Amylin is a hormone which is normally co-

secreted with insulin by the pancreatic β-cells at an approximate ratio of 10-100:1 

(insulin:amylin) and functions complementarily to insulin by delaying gastric emptying and 

stimulating satiety, after a meal 
33–35

. Although amylin is vital for carrying the targeted signal 

to the brain and plays a crucial role in metabolic homeostasis, it has the unfortunate tendency 

to misfold and form β-sheet fibrils 
33,34,36–39

. β-sheet fibrils are inherently toxic to the 

pancreatic β-cells and can disrupt normal β-cell architecture 
33,34

. This side-effect of amylin 

production is vastly increased during insulin resistance, wherein pancreatic β-cells tend to 

increase their insulin and amylin secretion to compensate for the condition. While initially 

this strategy is successful, and insulin is functionally recognised due to the increased 

production and secretion rate, eventually the already overworked β-cells are subjected to 

further stress through the amylin-aggregated amyloid fibrils and expire out, resulting in T2D 

33,34,38–50
. Recently, amylin has also been implicated in promotion of neurodegenerative 

diseases such as Alzheimer‘s disease 
51

. 

Another form of diabetes is gestational diabetes, which can temporarily occur in women 

without diabetes during pregnancy. Gestational diabetes affects approximately 3-9% of 

pregnancies worldwide and is thought to be caused in-part by hormonal imbalances, but 

obesity and lack of exercise also play central roles, as is the case with T2D. The incidence of 

gestational diabetes is also thought to increase the risk of T2D onset for the mother and child 

after birth 
22,52

. 
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While there are existing glucose-lowering therapeutic approaches to manage T2D, these do 

not prevent pancreatic damage and have not been effective in slowing the widespread growth 

of this disease 
18,23

. Current treatments offered to patients act only through suppression of the 

metabolic abnormalities embodied in T2D (i.e. hyperglycaemia and insulin resistance) rather 

than targeting the underlying mechanisms which cause the disease 
53

. Even the most widely 

accepted and frequently prescribed antidiabetic treatment worldwide, Metformin, produces its 

anti-hyperglycaemia results mainly by lowering glucose production in the body by inhibition 

of liver gluconeogenesis 
54

.  

 

1.1.3 T2D in Asia and the Asian TOFI Phenotype 

 

Although global attention and concern over the growing obesity and T2D pandemic has been 

primarily focused on countries in developed regions such as North America, Western Europe 

and Oceania, recent investigations have highlighted the profound health predicament it has 

now become in Asia 
55,56

. With modern fast-food varieties gaining worldwide popularity in 

recent years, Asian populations traditionally unfamiliar to non-native diets have rapidly 

adopted the ‗westernised‘ lifestyle 
57

. In fact the development of adverse metabolic health 

issues associated with this lifestyle has been even more prominent in these regions than the 

developed regions of the world; indeed, when assessing metabolic disorder risk profiles, 

individuals of Asian ethnicity had higher susceptibility to obesity, metabolic syndrome and 

T2D relative to individuals of European and Oceanian descent 
58,59

, even when matched by 

gender, age and bodyweight 
60

. 

With an estimated 30% of Chinese adults now being classified as overweight 
55

, 

approximately 80 to 110 million Chinese adults are estimated to have T2D 
55,61,62

, and a 

further 330 to 490 million adults with prediabetes in Mainland China alone  
55,61–63

. By the 

year 2030, the developing countries in Asia are expected to be shouldering the bulk of the 

global healthcare and economic burden associated with obesity and T2D 
64–66

, with overall 

T2D prevalence expected to increase by a further ~70%, in comparison to the ~20% increase 

estimated for developed countries 
67

.  

The ethnicity-dependent difference in predisposition to disease has at least partially been 

explained by Ramachandran and colleagues by the variation in body composition and ectopic 
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fat distribution observed 
68,69

. This TOFI (Thin-Outside Fat-Inside) profile, as first coined by 

Thomas et al., 2012 for its distinctive high distribution of abdominal and visceral adipose 

tissue 
70

, is widespread across Asian populations, at a much higher degree than that detected 

in European populations 
58,59,69

. In fact, this pattern of excess central/visceral fat deposition is 

highly similar to the body fat distribution observed in partial lipodystrophy patients 
71,72

, with 

both phenotypes having analogous predisposition towards lipid storage within critical organs 

such as pancreas and liver, often leading to onset of insulin resistance and T2D pathogenesis 

72–74
.  

Although the underlying mechanisms are poorly understood, the TOFI profile has been found 

to be prevalent across all BMIs in Asian populations and even individuals observed to have 

an overall ‗slim build‘ (i.e. BMI <25 kg/m
2
) are often identified as prone 

58,59,69,70,73–75
. The 

‗adipose tissue overflow‘ hypothesis, as proposed initially by Sniderman and colleagues to 

explain this phenomenon, suggests that the subcutaneous fat storage compartment in Asians 

is inherently smaller in comparison to Europeans, and in situations of energy excess, the 

subcutaneous storage is quickly exhausted, and adiposity can overflow into the 

centralised/visceral adipose tissue compartment 
76

. This hypothesis has been supported by 

several subsequent studies 
59,77,78

, and a recent analysis of comparative data from ethnically 

different populations has shown that the equivalent degree of T2D risk that a BMI of >30 

kg/m
2 

poses for an individual of European descent is expressed in Asians at a BMI of only 

>25.2 kg/m
2
 

79
. WHO data certainly supports this finding, with Asian countries reporting a 

relatively low obesity (Figure 1.1), but high T2D prevalence (Figure 1.2). 

Prolonged exposure to increased pancreatic fat decreases glucose-mediated insulin secretion 

from the β-cells 
80

, and increased hepatic fat content in people of Asian descent decreases 

insulin sensitivity 
81

. Therefore, considering the increased T2D-risk presented by the TOFI 

profile, it is clear that the T2D burden in Asian communities will continue to grow rapidly if 

no viable solutions are presented soon, and more studies specifically targeted towards the 

Asian populations are required for the optimisation and management of disease prevention 

strategies.  
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Figure 1.2: Summary of global adult populations (ages 20-79) with diabetes (A), and the 

overall diabetes prevalences recorded by country in 2017 (B). Source: IDF 2019 Diabetes 

Atlas Ninth Edition 
18

. Data available for use under the Creative Commons license (CC BY-

NC-SA 3.0 IGO). 

A 
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1.2 The Human-Microbe Interaction 

 

Humans are colonised by an extraordinary number of microorganisms. Microbial 

communities inhabit our skin, saliva, oral mucosa, lungs, sinuses, placenta, mammary glands, 

uterus, ovarian follicles, seminal fluid, conjunctiva and gastrointestinal tract, with the latter 

(especially the large intestine) containing by far the highest abundances 
82–85

. For many years, 

the estimated ratio for the number of microbial cells to human cells, per human was 

considered to be 10:1 
82

, but more recent investigations have revised this ratio to 

approximately 1.3:1 
86

. Even with this lowered census, however, the importance of 

microorganisms to human health is unanimously agreed upon by researchers, with the gut 

microbiota in particular commonly referred to as the ‗second human genome‘. 

While ‗microbiota‘ refers to the members of the microbial community, ‗microbiome‘ refers 

to the entire habitat, including all microbes, the combined genetic material of the entire 

community as well as the surrounding environmental conditions 
87

. 16S ribosomal RNA gene 

sequencing and shotgun metagenome sequencing are the most commonly employed 

sequencing approaches in these types of investigations (Figure 1.3). The former involves the 

amplification and sequencing of highly variable regions of bacterial rRNA genes to reveal 

information about microbiota composition and, to some extent, relative bacterial abundances. 

By contrast, shotgun sequencing involves sequencing of randomly sheared fragments of 

metagenomic DNA to reveal the functional potential of genes present within the community. 

Both of these sequencing strategies are often used in conjunction with the Illumina 

sequencing platform, which performs sequencing through a synthesis method wherein 

double-stranded DNA fragments are denatured and replicated, with lasers detecting the 

identity of new nucleotides added. 

In this thesis, I utilised the Illumina sequencing approach to focus specifically on 16S 

ribosomal RNA gene analysis of gut bacterial composition. Although the gut microbiota 

harbours a large variety of microorganisms, including archaea, fungi, protozoa and viruses, it 

is most densely populated by bacteria 
88

. Bacteria have therefore been of particular interest in 

gut microbiota research, and their dominating abundance within the region gives them 

considerable advantage in swaying community responses to external stimuli and interactions 

with host physiology. 
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Figure 1.3: Diagram illustrating the fundamental difference in analyses between 16S rRNA 

gene and shotgun sequencing techniques. Source: West A.G. et al., 2019 
89

. 

 

1.2.1 The Human Gut Microbiota 

 

The human gut microbiota is primarily located in the ileum region of the small bowel and the 

caecum and colon region of the large bowel, being the most hospitable sections of the 

gastrointestinal tract for microbial growth 
90

 (Figure 1.4). Although largely composed of 

bacteria, the gut microbial community also hosts a variety of viruses, archaea and fungi; 

together these form a complex microbial ecosystem encoding approximately 3.3 million non-

redundant genes, surpassing their human gene counterparts by some 150-fold 
21,91

. 
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Figure 1.4: Diagram illustrating the most microbially occupied regions of the gut. 

 

Development of the gut microbiota begins at childbirth when an infant is exposed to the 

maternal vaginal and faecal microbiotas, as well as the external environment. As a child 

grows up and their diet changes from milk to solid foods, this nascent microbial community 

also grows, increasing in abundance and diversity until roughly four years of age, when a 

fully developed and stable ‗adult‘ community profile is reached 
92,93

. 

The gut microbiota is vitally important for many human physiological processes, including 

development of the immune system, enhancement of the intestinal mucosal barrier, regulation 

of bile acid production and acquisition of essential nutrients 
90,94–99

. Indeed, investigations 

with germ-free mice (which do not possess a microbiota) have revealed multiple detrimental 

effects due to the lack of a gut microbial community: not only do the mice show reduced 
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development in gut physiology and the immune system 
100

, but also exhibit gut leakiness 
101

 

and a higher susceptibility to immune disorders and allergies 
102

. 

 

1.2.2 Gut Microbiota and The Immune System 

 

A stable microbial community has co-evolved with its host and is therefore generally 

composed of mostly commensal and mutualistic microorganisms 
90,94,96

, which are either non-

harmful or beneficial to the host, respectively. While pathogens will also enter our gut, the 

gut microbiota works in conjunction with our immune system to actively defend against any 

such pathogen colonisation, and therefore disruption of the established local ecosystem 

90,94,96
.  

The association between the gut microbial community and the immune system is so well 

integrated that the microbiota is only separated from host immune cells in the lamina propria 

tissue by a single layer of intestinal epithelial cells 
95,103

. This close association is a result of 

the co-development and maturation of the microbiota and intestinal lining during the initial 

four years of a child‘s growth. These initial stages see the intestinal epithelium and its 

secreted mucosal barrier developing in a way that presents a selective advantage for 

‗friendly‘ microorganisms over pathogens. Specifically, as goblet cells in the single layer of 

intestinal epithelial lining secrete the mucosal layer, immune cells in the lamina propria tissue 

also produce anti-microbial proteins in a manner that allows microorganisms to feed on the 

mucosa but concurrently discourages them from feeding so much that they come into close 

proximity with the epithelial barrier itself 
94,95

. This early interaction between the two systems 

establishes a strong communication channel which is primed for rapid reaction against 

pathogenic attacks. 

Mechanisms by which the gut microbiota can inhibit pathogenic colonisation include 

induction of the host immune system response 
90,94,96

, secretion of antimicrobial compounds 

96,104
, and ‗colonisation resistance‘ 

90,94,104
. Colonisation resistance refers to the occupying of 

all available gut ecological niches, such that any new microorganisms must compete with 

existing microbes in order to establish. 
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1.2.3 Gut Microbiota and Metabolism 

 

Often described as our ―hidden metabolic organ‖, the gut microbiota represents the largest 

microbial community in the human body, with human and microbial metabolic pathways 

interacting to maintain metabolic homeostasis 
91,105

. Key metabolic functions of the 

microbiota include synthesis and supply of vitamins such as vitamin K, biotin and folate 
106–

110
, promoting absorption of ions such as magnesium (Mg

2+
), calcium (Ca

2+
) and iron (Fe

2+
) 

106
, promoting absorption and storage of lipids 

111
, metabolism of dietary carcinogens 

106
, as 

well as fermentation and digestion of complex dietary carbohydrates that human enzymes are 

unable to break down and therefore extract nutrients from 
112–114

. 

The digestion aid provided by the gut microbiota is of particular importance, as it allows for 

energy to be harvested from key carbohydrate resources such as resistant starch, dietary fibre, 

oligosaccharides, and other unabsorbed sugars such as lactose (which in cases of lactose 

intolerance can also be non-digestible) and sugar alcohols 
112–114

. Overall, this process 

accounts for ~60-70% of the total energy required by the colon epithelial cells and is 

therefore a significant source of energy and nutrition 
115,116

. Germ-free rodents require a daily 

intake of 30% more calories just to maintain the same weight as their normal microbiota-

containing counterparts 
114,117–120

. 

The gut microbiota is able to ferment these ―indigestible‖ substances and convert them into 

organic fatty acids, also known as short-chain fatty acids (SCFAs), via saccharolytic 

fermentation 
121,122

. The main SCFAs produced are acetic acid, propionic acid and butyric 

acid, but other organic acids such as lactic acid and succinic acid are also released 
121,122

. 

While acetic acid is utilised by myocytes (muscle tissue) for muscle synthesis and propionic 

acid is utilised by hepatocytes (liver tissue) for fat storage, butyric acid is utilised by the 

colonocytes (gut tissue) for the direct generation of ATP, acting as their primary source of 

fuel 
121,123,124

. 

 

1.2.4 Gut Microbiota Enterotypes and Dietary Patterns 

 

The influence of diet on human gut microbiota composition has been studied extensively. In a 

landmark 2011 study 
125

, gut microbial communities from 33 individuals across multiple 
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nationalities led to the identification of three main types of gut ecosystems (so-called 

―enterotypes‖) normally found in healthy humans. Each enterotype was dominated by a 

specific bacterial genus: Bacteroides (and the co-occurring Parabacteroides) in enterotype 1, 

Prevotella (and the co-occurring Desulfovibrio) in enterotype 2, and Ruminococcus (and the 

co-occurring Akkermansia) in enterotype 3 
125

. While factors such as age, bodyweight, gender 

or geographical location did not appear to explain these variations in gut microbial 

composition 
125

, a subsequent study found strong correlations between the enterotypes and 

long-term dietary habits 
126

, and the general associations between different types of bacteria 

and the nutrients they prefer to metabolise have since been established 
127

. 

This classification of the human gut microbiota composition into three main structures 

offered an attractive framework upon which to further build our understanding, however the 

enterotype concept remains highly contentious, with concerns regarding the continuous or 

discrete nature of gut microbiota variation 
128–130

. If a human individual regularly switches 

between different enterotypes, as appears to be the case in chimpanzees 
131

, then the rise of 

intermediate states and blurring of enterotype boundaries should also be possible. Irrespective 

of the utility of the enterotype concept, that long-term dietary habits play a key role in 

determining gut microbial community structure is universally accepted. 

Analyses of dietary patterns have led to the recognition of correlations between nutrients 

delivered to the gut and changes in microbiota composition. For instance, a high lipid and 

protein diet was associated with an increase in Bacteroides genus 
126,127

, while a 

carbohydrate-rich diet increased Prevotella abundances 
126,127

. Other prominent bacteria such 

as members of the Bifidobacterium genus maintained a selective advantage in abundance of 

dietary fibre 
132

, and the mucin degrader Akkermansia muciniphila depend on the hosts‘ 

goblet cell mucous lining secretion for survival 
133

. Butyrate-producing species of Roseburia 

favour the presence of polysaccharides 
127

, and some of the specialist bacteria found in 

Japanese and African populations have also been linked to the presence of seaweed and 

sorghum in the human dietary patterns of these respective regions 
134,135

. 

Although such generalised associations have been made for some specific bacterial species, 

the complexity of the gut microbiota ecosystem is great, and there are many bacteria for 

which population growth is dependent on a combination of nutrients or even the metabolic 

products of another species. As microbes compete with each other for the utilisation of 

available substrates, large and complex networks of metabolite exchange develop, commonly 
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referred to as ―cross-feeding interactions‖, and these are crucial for the maintenance of a 

stable gut microbiota. For example, the many lactic acid-metabolising species of the gut 

capture available environmental oxygen, promoting the anoxic environment and supporting 

the saccharolytic fermentation process (section 1.2.3) of other anaerobes, allowing them 

(lactic acid-metabolising species) to utilise the resulting lactic acid product as their own fuel 

source 
136,137

. Indeed, lactic acid released by species such as Lactobacillus, Enterococcus and 

Bifidobacterium is often imported by lactate consumers such as Anaerostipes caccae and 

Bilophila wadsworthia. Macromolecule degrading bacteria such as Akkermansia muciniphila, 

Bacteroides thetaiotaomicron, Prevotella ruminicola, Bacteroides cellulosilyticus, 

Eubacterium rectale, Faecalibacterium prausnitzii, Roseburia inulinivorans and 

Streptococcus bovis are able to degrade macromolecules such as mucin, pectin, starch, 

cellulose, hemicellulose, inulin and polypeptides, and provide products such as D-arabinose, 

D-glucose, cellobiose, maltose, FOS, XOS, L-serine, L-threonine, cosamine, N-acetyl-

neuraminic acid and sulphate to be used as substrates to themselves and neighbouring 

microbes 
138

. 

 

1.2.5 Gut Microbiota “Dysbiosis” and Disease 

 

The gut microbial community is a complex network of metabolic pathways realised by the 

many different microbial species cohabiting with each other as well as the host. It is an 

ecosystem built on the delicate balance of its composition, through a stochastic maintenance 

of the putative ‗mutualistic‘, ‗commensal‘ and ‗pathogenic‘ member proportions of the 

community. The term ―dysbiosis‖ refers to any observable disruption of this normal balance, 

resulting in a (usually substantial) alteration of microbial community structure or function 

139,140
.  

Although an ‗ideal‘ gut microbiota composition for healthy humans remains unclear 
91

, due to 

the tight integration of the host-gut microbial metabolic network it is not difficult to imagine 

that an imbalance (―dysbiosis‖) within an otherwise ―healthy microbiota‖ would have a 

largely negative consequence for overall host metabolism. Indeed, dysbioses have been 

invoked for conditions such as antibiotic-associated diarrhoea 
141

, inflammatory bowel 

disease 
142,143

, irritable bowel syndrome 
144–147

, colorectal cancer 
148

, cardiovascular disease 

149
, autism spectrum disorder 

150,151
, obesity and T2D 

13,21,152–160
. However, although there is 



17 
 

an abundance of evidence suggesting a correlation between gut microbiota ‗imbalances‘ and 

disease, in most cases it is still unclear whether the disturbance is a result of, or the cause of, 

the disease status 
91

. In spite of this knowledge gap, the model has become popular in recent 

literature 
140,159,161,162

, and due to the high level of complexity presented in gut microbiome 

patterns has been often applied in a broad sense with varying levels of interpretation as to 

what microbial changes the term can refer. This has elicited some words of caution and 

request for a more specific definition 
163,164

. 

 

1.2.6 Gut Microbiota Research and Animal Models 

 

Mice have long been used as a substitute for human cohorts in biomedical research due to 

their anatomical, physiological and genetic similarities 
165

. Their relatively inexpensive 

maintenance costs and short generation times provide a significant advantage in functional 

studies, with research and knowledge on their genetics, immunology and gastroenterology 

surpassing that of all other mammalian experimental models 
165

. Moreover, our well-

developed knowledge of mouse genetics allows researchers to genetically modify and create 

new strains of mice that are more representative of human disease 
165

. In gut microbiota 

research, mice offer a customisable model and genotype- and phenotype-modified variants to 

study causality among disease-associated microbiota. 

Although mice have proven to be the most popular animal model of choice in gut microbiota 

research, the gut microbial communities of several other animal models, including pigs 
166–

168
, dogs 

169–172
, macaques 

173
, chimpanzees 

131
, guinea pigs 

174,175
 and rats 

176–180
 have also 

been studied. Indeed, the rat gut microbiota may be more representative of the typical human 

gut microbiota than that of mice 
178,180

, and their humanised germ-free variants produce a 

more robust expression and establishment of inoculated bacteria (obtained from faecal 

microbiotas of human donors) 
179,180

. However, most studies continue to favour mouse 

models, as the utility advantages offered in mouse models, as outlined above, are too 

powerful to be easily discarded in favour of a new animal model that is marginally more 

accurate. Alternatively, chimpanzees, dogs and pigs also have a somewhat more similar gut 

microbial composition to humans, with miniature pig models now also being used in some 

studies 
181,182

. A recent study by Xiao and colleagues noted a number of bacterial genera to be 
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exclusively present in pigs however 
183

, which may diminish their utility potential in future 

studies. 

Sequencing of 16S rRNA genes has revealed that gut microbial communities of both humans 

and mice are generally dominated by two main bacterial phyla, Bacteroidetes and Firmicutes 

162,184,185
. While bacterial communities between the two host species are highly similar at the 

coarse phylum level, they differ much more when inspecting deeper taxonomic 

classifications, with 85% of genera detected in mice not found in humans 
162

. In a 2013 

comparison of gut microbiotas from 88 healthy mice and 128 healthy humans, 80 bacterial 

genera were shared between the two host species 
186

. A similar result of 79 common genera, 

albeit with significant variance in relative abundances, was also observed by Nguyen et al. in 

2015, after conducting a comparative analysis on several mouse studies and four human data 

sets 
165,187–194

. Although their resulting ‗common genera only‘ dataset was of limited size, a 

high abundance of Prevotella, Faecalibacterium and Ruminococcus in humans and of 

Lactobacillus, Alistipes and Turicibacter in mice was observed. Some bacterial genera such 

as Clostridium, Bacteroides and Blautia were detected at similar levels in both hosts 
165

. 

These results are supported by previous studies which demonstrated a high abundance of 

Faecalibacterium in humans 
195,196

 and a low abundance of Prevotella in mice 
197

.  

While utilisation of animal models provides researchers with easily obtainable large sample 

sizes and allows them to design highly precise experiments, with specifically controlled 

environments and diets, there are still limitations. Experimental reproducibility is paramount 

198,199
, but is made significantly more difficult when working with live animals. With analysis 

of datasets from different mouse studies and strains always conveying some level of 

variability at the organism-level, careful consideration of sample sizes, as well as 

methodological differences such as the environment of mouse-housing used and handling of 

the samples, is vital 
200,201

. It is also important to consider that mammals are highly 

influenced by, and dependent on, their circadian rhythm; with many of their physiological, 

metabolic and behavioural processes adapted to their routine feeding timings and diurnal 

cycles 
202–204

. 
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1.2.7 Gut Microbiota, Obesity and T2D Studies 

 

While the cause-or-consequence issue remains unresolved for many gut microbiota-

associated diseases, there is considerable evidence that the gut microbiota contributes to the 

onset of obesity, and therefore T2D, as outlined below. In this context, numerous studies have 

been conducted, making use of techniques such as dietary manipulations, gut microbiota 

transplantations as well as 16S rRNA gene and/or shotgun metagenome sequencing. 

 

1.2.7.1 Gut Microbiota Manipulation/Transplantation Studies 

 

One of the first major faecal microbiota transplantation (FMT) studies in this field was 

conducted by Bäckhed et al. (2004), who managed to colonise the guts of germ-free mice 
118

. 

Subsequently, Turnbaugh and colleagues demonstrated adoption of an obese phenotype in 

germ-free mice after receiving an FMT from obese donors 
153,205

. Looking to improve upon 

the standard mouse model, they even managed to colonise germ-free mice with human faecal 

microbial communities to develop ‗humanised mice‘ 
206

. 

 A further study showed that, in a similar manner to how recipient germ-free mice adopt the 

obese phenotype, they may also adopt a lean phenotype when colonised by the gut microbial 

community from mice that have endured rapid weight loss post-gastric bypass surgery 
177

. All 

of these concepts were then combined by Riduara et al. in 2013, who transplanted human 

faecal microbiota from twin-pairs discordant for obesity into germ-free mice. Consistent with 

previous studies, the recipient mice adopted their respective human donor phenotypes 
207

. 

Very recently, Pérez-Matute et al. (2020) 
208

 successfully performed autologous FMT in high-

fat diet-induced obese mice during a caloric restriction weight loss regimen, using their own 

respective faecal samples which were collected before obesity induction, when the mice were 

still expressing a lean phenotype. They demonstrated that autologous FMT can significantly 

amplify the effects of a caloric restriction induced weight loss, with no significant changes in 

bacterial composition 
208

. 

In the context of FMT in humans, both Vrieze et al. (2012) 
209

 and Kootte et al. (2017) 
210

 

observed significantly improved insulin sensitivity in male metabolic syndrome patients after 

receiving faecal microbiota from healthy, lean donors. Although numerous FMT studies have 
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reported adverse side-effects during treatment of conditions such as IBD, IBS and 

Clostridium difficile infection, with poorly understood causes, investigations focused on BMI 

and metabolic diseases have thus far not reported  such issues 
211

. 

When these key obesity-related FMT studies are considered in conjunction with the evidence 

that germ-free animals seem to be protected against high fat diet-induced obesity and other 

metabolic diseases 
118–120

, there is considerable evidence for the gut microbiota to be playing 

a role in obesity onset. Moreover, the SCFA content (particularly propionic acid) of faeces is 

significantly higher in obese cohorts in comparison to lean cohorts, suggesting a higher 

amount of energy being harvested through the saccharolytic fermentation activity of gut 

microbiotas in obese individuals relative to their lean counterparts 
115,212,213

. 

 

1.2.7.2 Gut Microbiota and Obesity: Key Pilot Studies 

 

In a major early study utilising 16S rRNA gene sequencing in gut microbiota research 

relating to obesity, Ley et al. (2005) investigated the gut microbiotas of genetically-modified 

mice, predisposed to developing obesity (due to leptin deficiency). They showed a significant 

decrease in Bacteroidetes proportions and an increase in Firmicutes proportions in the obese 

mice when compared with their lean counterparts 
185

. In 2006, Turnbaugh et al. expanded on 

these findings, employing a larger sample size and shotgun metagenomic sequencing 

techniques on the caecal microbiota of the same leptin-deficient, obese mice. They too 

observed a similar increase in the Firmicutes:Bacteroidetes ratio as well as a higher 

proportion of Archaea in the obese mice, when compared with their lean counterparts 
153

. 

However, even though these findings are interesting and instigated numerous subsequent 

studies in this field, the prospect of the altered genotype influencing the gut microbial 

composition is a real possibility and should not be discounted. In another study, Ley et al. 

(2006) investigated the gut microbiotas of lean and obese humans and once again observed 

higher proportions of Firmicutes and lower proportions of Bacteroidetes in obese individuals 

when compared to the lean cohorts 
185

. 

Following these preliminary studies, Turnbaugh et al. conducted another key study in 2008, 

this time utilising an obesity mouse model in which disease is induced by diet and not via 

genetic alteration. Even in this mouse model, where a high-fat, ‗western‘ diet was used to 

induce the disease and the genotype of the animal is inconsequential, the 
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Firmicutes:Bacteroidetes ratio in the gut microbiota shifted towards the Firmicutes through a 

specific increase in Mollicutes populations (a sub-group of the Firmicutes phylum), in 

relation to their lean counterparts 
205

. Moreover, similar shifts occurred in the 

Firmicutes:Bacteroidetes ratio in their ‗humanised mice‘ upon changing their diet from low-

fat plant polysaccharide to ‗western‘ 
206

. In support of these results, Hildebrandt et al. (2009) 

and Murphy et al. (2010) showed a significant increase in Firmicutes and decrease in 

Bacteroidetes populations when lean wild-type mice were suddenly switched to a high-fat 

diet from either chow-diet or low-fat diet, respectively 
214,215

. While Hildebrandt et al. also 

observed a marked increase in Proteobacteria populations along with the Firmicutes 

populations, Murphy et al. observed the opposite effect, with a decrease in Proteobacteria 

populations 
214,215

. 

Although all of the studies discussed thus far have consistently revealed an increase in the 

Firmicutes and decrease in the Bacteroidetes populations as a response to a high-fat diet, 

multiple other studies have presented evidence to the contrary. For instance, Duncan et al. 

(2007) analysed the gut microbiota of 19 obese humans during weight loss, with no 

significant change in Firmicutes or Bacteroidetes proportions before and after weight loss 
216

. 

Similarly, among 98 human subjects (comprised of 52 African Americans and 46 Caucasian 

Americans), no significant associations between the Firmicutes:Bacteroidetes ratio and the 

BMI of the cohorts could be made 
217

. Turnbaugh et al. (2009) also conducted a thorough 

investigation of the gut microbial composition in 154 human females, consisting of 31 

monozygotic and 23 dizygotic twin pairs of similar phenotypes and their mothers (if 

available). While their results did detect a decreased proportion of Bacteroidetes populations 

along with a slight increase in Actinobacteria in the obese cohorts, no significant differences 

in Firmicutes populations were observed 
154

. Another study, by Schwiertz et al. (2010), 

analysed the gut microbial composition of 98 human subjects, comprising 30 lean, 35 

overweight and 33 obese cohorts. Their results revealed a general abundance of members 

from both Firmicutes as well as Bacteroidetes phyla, and surprisingly members from the 

Bacteroides genus (phylum Bacteroidetes) were found in greater numbers in the overweight 

group when compared with the lean and obese cohorts 
115

. Correspondingly, in a 2014 study, 

David et al. presented evidence for alteration of human gut microbial composition from only 

a short-term but substantial change in diet. After giving 11 human subjects a controlled diet 

made of either entirely animal or plant products for 5 days, they observed a significant 
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increase in Bacteroidetes and decrease in Firmicutes abundance to be associated with an 

animal-based diet, and the opposite to be true with a plant-based diet 
218

.  

 

1.2.7.3 Gut Microbiota and T2D: Key Pilot Studies 

 

A well-described symptom of metabolic diseases like obesity and T2D is low-grade 

inflammation. In a notable 2007 study, Cani et al. investigated the triggering factor for this 

symptom and fed a high-fat diet to wild-type mice for 4 weeks, inducing insulin resistance 

and a significantly altered gut microbiota composition, with the Firmicutes:Bacteroidetes 

ratio increasing. Bacterial lipopolysaccharide (endotoxin) in the blood was greatly increased 

during the ‗fed‘ rather than ‗fasted state‘, an effect labelled ‗metabolic endotoxemia‘. The 

presence of these endotoxins in the blood was considered a primary cause of the 

inflammation. Moreover, the high-fat diet increased proportions of lipopolysaccharide-

containing microorganisms in the gut, thus further contributing to the metabolic endotoxemia 

219
. Subsequent mouse studies by the same group showed that antibiotic treatment 

220
 and 

prebiotic 
221

 interventions, which affect gut microbiota composition as well as metabolic 

endotoxemia, can reduce weight gain, improve insulin sensitivity and decrease inflammation, 

possibly through a reduction in intestinal permeability 
220,221

. In addition, the 

Firmicutes:Bacteroidetes ratio decreased in the prebiotic-treated group 
221

. 

In support of these results, Everard et al. (2011) fed genetically as well as diet-induced obese 

and diabetic mice with a controlled prebiotic diet and observed not only a decrease in weight 

gain, oxidative stress, systemic inflammation and improved glucose tolerance, but also a 

significant decrease in the Firmicutes:Bacteroidetes ratio and a large increase in the 

abundance of several distinct taxa 
222

. In the context of humans, Larsen et al. (2010) analysed 

gut microbiota dysbiosis between healthy and T2D human males, detecting a significantly 

higher abundance of Bacteroidetes and Proteobacteria with a lower abundance of Firmicutes 

in diseased subjects when compared with their healthy counterparts. However, while a 

significant correlation between differences in gut microbiota composition could be made with 

the diabetes status of the subjects, no such association could be made with BMI, indicating 

that changes occurring in gut microbial composition during T2D onset are not necessarily 

similar to those occurring during weight gain 
156

. 



23 
 

Amar et al. (2011) demonstrated increased intestinal permeability with insulin resistance by 

orally administering fluorescently-labelled Escherichia coli to groups of mice fed with either 

a regular chow diet or a high-fat diet for 4 weeks, and observing the concentration of these 

bacteria in the blood 
223

. This phenomenon has also recently been observed in healthy human 

females, where increased visceral adiposity and liver fat content were positively correlated 

with impaired gut barrier function, thus potentially contributing to increased intestinal 

permeability 
224

. A possible research target for further understanding this phenomenon lies in 

the endocannabinoid (eCB) signalling system known for its involvement in modulating 

insulin release 
225

 and the maintenance of gut wall integrity 
226–228

. While research into this 

mechanism is still in its early stages, it is understood that the system can become disrupted by 

a high-fat diet as well as some mucin-degrading gut microbes such as A. muciniphila, which 

are able to interfere with its function 
229

. 

In accordance with this concept, Qin et al. (2012) analysed the gut microbiotas of 345 human 

subjects, with A. muciniphila enriched in T2D cohorts relative to healthy individuals 
21

. 

Although an opposite effect was reported in a subsequent study by Zhang et al. (2013), where 

diabetic and glucose-intolerant cohorts were found to be harbouring a decreased abundance 

of A. muciniphila in comparison to their healthy counterparts, the discrepancy may be due to 

their diabetic cohort being severely limited by sample size (n=13) 
157

. Interestingly, although 

both of these studies confirmed enterotypes to be present within the gut microbial 

communities of their cohorts, they could not find any significant association between the 

enterotypes and T2D. 

Besides metabolic endotoxemia, increased intestinal permeability and oxidative stress 
161,230

, 

another important factor characterising the low-grade inflammation of these diseases is the 

high concentrations of fatty acids and pro-inflammatory cytokines being produced from the 

increased visceral adipose tissue content into the blood circulation 
231

. Exacerbating this 

problem, it is also well established that T2D patients have reduced levels of gut microbes 

with anti-inflammatory capabilities, such as the depletion of butyrate-producing Clostridium 

species, Faecalibacterium prausnitzii, Eubacterium rectale, Roseburia inulinivorans and R. 

intestinalis, as well as an enrichment of opportunistic pathogens 
21,158,159,232

. 
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1.2.7.4 Gut Microbiota, Disease, Diet and Lifestyle: Current Events 

 

Since these earlier investigations of dietary modification, the enormous therapeutic potential 

of prebiotics has been recognised 
233,234

. Indeed, many recent investigations have taken 

advantage of the convenience offered by this approach and have tested a variety of 

compounds to selectively promote the proliferation of ‗beneficial‘ gut microbes and obtain a 

health benefit. Plant polyphenols 
235–246

 and dietary fibre 
247–254

 in particular have garnered 

significant research interest as potential prebiotics, with dietary fibre associated with 

improvements in weight loss 
255

, glucose metabolism 
256

 and increases in intestinal 

Prevotella:Bacteroides ratio 
256

. Inulin has also been demonstrated to specifically increase 

Bifidobacterium, Anaerostipes and decrease Bilophila populations 
257

. Other substrates tested 

include resistant starch and other non-digestible carbohydrates 
258

. 

Large-scale, cross-sectional investigations on healthy humans have also recently been 

conducted. A positive correlation between diet and the variation observed in the microbiota 

among individuals has been confirmed 
259,260

, albeit the percentage of microbiota variation 

explained after adjustment for the nonredundant covariates has been quite low. In an analysis 

of 3948 Belgian and Dutch gut microbiotas, Falony et al. observed an increased abundance of 

Lachnospiraceae in participants with a preference for dark chocolate, as well as an 

association of a cluster of seven genera, including Bacteroides and Parabacteroides, with 

participants that had reduced microbiota diversity and a preference for white, low fibre bread 

259
. Incidentally, this combination of genera also designates the aforementioned human 

enterotype 1 
125

. 

Interestingly, Zhernakova et al. reported an overall phylum ratio of 63.7% Firmicutes to 8.1% 

Bacteroidetes among 1135 Dutch participants, and unlike Falony et al., 2016 they also note a 

higher abundance of Actinobacteria in comparison to Bacteroidetes 
260

. This inter-study 

contradiction, however, could be attributed to differences in their bioinformatics pipelines 

and statistical methodologies employed. Buttermilk (i.e. sour milk with low-fat content) was 

linked to high microbiota diversity, in contrast to high-fat (whole) milk. Red wine 

consumption was also associated with an increased abundance of Faecalibacterium 

prausnitzii, which is known for its anti-inflammatory properties 
260

. A high carbohydrate 

intake was further linked with low microbial diversity, positively correlated with 

bifidobacteria and negatively correlated with Lactobacillus, Streptococcus and Roseburia 

spp. 
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Lifestyle factors such as physical activity have also been robustly linked with intestinal 

microbiota composition 
261–263

. Corroborating Everard and colleague‘s 2013 study 
264

, 

Akkermansia muciniphila is enriched in athletes and highly active individuals 
261,262

. Barton 

and colleagues further reported increased SCFA production in athletes, with high levels of 

acetate correlating with increased Roseburia spp. abundance, propionate with high protein 

intake and butyrate with high intake of dietary fibre 
261

. Moreover, Clarke et al. also noted the 

Bacteroidetes phylum to be less abundant in athletes, in contrast to Firmicutes, which were 

enriched 
262

. Petersen et al. reported a strong correlation between Prevotella abundance and 

time spent exercising in their cyclist cohort 
263

. 

With regards to T2D, several bacterial taxa have now been associated with disease onset. 

While members of genera such as Bifidobacterium 
265–278

, Akkermansia 
157,264,279

, Roseburia 

156–158,266,277,280,281
, Faecalibacterium 

157,158,265,277,280,282–284
 and Bacteroides 

157,266,285–287
 have 

been observed to be down-regulated in individuals with T2D, members from Ruminococcus 

157,266,280,288,289
, Fusobacterium 

265,271,273
 and Blautia 

157,285,290–292
 are often enriched in the 

disease. However, there have also been opposing reports from some studies showing 

Ruminococcus 
273,277

, Fusobacterium 
284

 and Blautia 
288,293

 to be negatively associated with 

T2D, and at least some of these conflicting results may be due to the T2D treatments that 

some participants were undergoing, for example metformin 
273,293

 and/or bariatric surgeries 

277,288
. Indeed, metformin in particular has antibiotic properties 

260
 and a strong impact on gut 

microbiota composition 
273,281

. 

The Lactobacillus genus has been the subject of some contention, with numerous studies 

281,294–304
 finding various members of the genus to be decreased in T2D, including studies 

conducted on mice 
305–315

. By contrast, other studies have reported Lactobacillus to be 

increased in T2D 
158,266,271,272,281,284,316

, and at least one mouse 
317

 and some human 
318–321

 

studies did not report any significant change. Moreover, from the studies demonstrating it to 

be negatively correlated with T2D, Bifidobacterium was frequently found to be decreased in 

abundance together with Lactobacillus 
294–299,301

, suggesting that the two taxa may 

complement each other and work in a collaborative manner. 

In summary, although it is widely agreed that gut microbiota changes occur during onset of 

the disease, there is contradictory information regarding the direction in which taxonomic 

ratios shift at the phylum level 
322

. Certainly, the underlying mechanisms driving this change 

are not yet well understood. While Philippot et al. (2010) 
323

 have conveyed the importance 
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of phylum-level taxonomic information for establishing ecological coherence, Harris et al. 

(2012) 
324

 also proposed that differences at phylum level only may not be universally true for 

all obesity cases, and that deeper taxonomic classifications might play an equally important 

role 
324

. Additionally, the bacterial diversity of the gut microbiota may potentially be of more 

relevance than the ratio of the two dominant phyla, as several studies have shown a 

significant decrease in species richness in obese gut microbiotas when compared with 

healthy, in both mice as well as humans 
13,135,154,194,205,325

. In fact, an increase in bacterial 

diversity has also been observed in individuals experiencing significant weight loss after 

bariatric surgery 
326

. Indeed, a higher bacterial diversity may be linked to a more resilient and 

functionally capable microbiota. Furthermore, it is well-established that BMI, although easily 

calculated, is not the most accurate evaluation for body composition, and this could 

potentially contribute to the observed discrepancies. 

 

1.3 Potential Therapeutic Avenues for T2D 

 

As discussed in section 1.2.7.4, there is considerable therapeutic potential in regulating the 

gut microbiota through targeted prebiotics/dietary interventions. Among the numerous 

investigations conducted into identifying ideal compounds for prevention of pancreatic islet 

amyloid fibril formation 
33,36,38,48,237,238,327–334

, the powerful antioxidant properties of plant 

polyphenols 
50,335–337

, and the high dietary fibre and protein content found in nuts, have 

shown great potential 
247–254

. 

 

1.3.1 Polyphenols and Rutin  

 

Commonly found in citrus fruits and vegetables (e.g. apple skin, raw onion, green tea, cocoa 

powder and blueberries), plant polyphenols are recognised for their antidiabetic properties 

235,236,239–246
. Quercetin, and its glycoside form rutin in particular have been shown to have a 

strong capacity for preventing pancreatic islet hA aggregation in a T2D transgenic mouse 

model, as well as significantly improving survival and glycaemic control 
237,238

.  
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1.3.2 Nut Protein and Dietary Fibre 

 

Tree nuts are a highly nutritious source of dietary fibre, plant protein and unsaturated fats 

247,338
. Clinical trials have provided considerable evidence associating tree nut dietary 

supplementation with improved metabolic health, particularly decreasing T2D symptoms 

such as hyperglycaemia, insulin resistance, low-grade inflammation and oxidative stress 
247–

254
. 

 

1.4 Thesis Objectives 

 

The overarching aim of this thesis is to investigate the role of the gut microbiota in type 

2 diabetes. This includes an investigation of the effect of oral rutin treatment on the gut 

microbiota of transgenic mice as they develop obesity and T2D. I further investigate the 

effect of oral rutin treatment, as well as tree nut-derived dietary fibre and protein treatment, 

on the gut microbiota of prediabetic humans. Moreover, as a third component, I compare the 

gut microbiota profiles of Asian prediabetic-TOFI individuals, with prediabetic individuals of 

European descent. 

 

The thesis is therefore composed of four key studies: 

 Study 1 (Chapter 2): 16S rRNA gene-based analysis of transgenic mouse model faecal 

samples obtained from Aitken and colleagues 
237

 to characterise changes occurring in 

gut bacterial community structure in response to rutin and placebo treatment over the 

course of obesity and T2D onset. 

 Study 2 (Chapter 3): an analysis of prediabetic human faecal samples collected from a 

3-month dietary intervention clinical trial 
339

 to characterise changes in gut bacterial 

community structure in response to rutin and placebo treatment over the course of the 

intervention period. Additionally, a comparison of oral delivery systems is performed, 

identifying potential differences in gut microbiota response to encapsulated rutin 

versus rutin within a food matrix. 
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 Study 3 (Chapter 4): a 16S rRNA gene-based analysis of Asian prediabetic-TOFI 

human faecal samples collected from a 3-month dietary intervention clinical trial 

(L.W. Lu, 2021, pers. commun.) to characterise changes in gut bacterial community 

structure in response to nut dietary fibre and protein versus cereal carbohydrate 

treatments over the course of the intervention period. 

 Study 4 (Chapter 5): Comparative analysis of 16S rRNA prediabetic European faecal 

sample sequence data obtained from the PREVIEW clinical trial 
340

 with the Asian 

prediabetic-TOFI data derived in Study 3, to characterise changes in gut bacterial 

community structure between the two phenotypes. 
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Chapter 2 

The Gut Microbiota of T2D and Obese Transgenic Mouse 

Models, and Dietary Rutin Supplementation 

___________________________________________________________________________ 
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2.1 Introduction 

 

As a common precursor to the development of insulin resistance, obesity plays a key role in 

the onset of type 2 diabetes (T2D) 
22,31,32,341

. Although it is still unclear whether the 

alterations in gut microbiota commonly associated with metabolic disorders are a cause or 

consequence of disease, the interaction of obesity and T2D with gut ecology is widely 

acknowledged 
21,161,185,231,259,260,322,342

. Certainly, the gut microbiota plays a prominent role in 

regulating host metabolic homeostasis 
110,111,113,114,343

, and is developed through adaptations 

to diet and lifestyle factors. However, developing a keener understanding of the interplay 

between the host-microbe interaction and disease is complicated by the extensive inter-

individual variation in humans 
344

. Indeed, extraordinarily tight control and matching of cases 

and controls is required to fully account for the myriad of social, demographic and lifestyle 

factors obscuring potential relationships 
345

. This predicament is often circumvented by 

utilising animal models such as mice, which offer advantages such as customisability, short 

generation times, and the ability to precisely design investigations with a securely controlled 

environment and diet 
165

. While these benefits are convenient, they do come at a cost, as 

bacterial communities between mice and humans, while similar at the coarse phylum level, 

do differ substantially at the genus level 
162

. Moreover, the rate of disease progression and 

response to disease may not be similar in different biological systems. 

In humans, the central mechanism through which insulin resistance is translated into T2D 

pathogenesis is closely linked with defective pancreatic islet β-cell function 
346–350

. Indeed, 

toxic pancreatic islet amyloid formation is elevated during insulin resistance and is a primary 

cause of β-cell degeneration 
33–39,336,351–354

. Human amylin (hA), a small protein that is co-

secreted with insulin by β-cells, can spontaneously misfold and aggregate into amyloid 

structures and makes up the main component of this cytotoxic islet amyloid 
36,37,45,48,353,355–357

. 

Notably, recent in vitro analyses have demonstrated hA to trigger β-cell apoptosis in cultured 

cells as well as in ex-vivo islets 
237,238

. This misregulation of hA has therefore been identified 

as a key mediating mechanism of T2D onset, and its suppression a potential route to solve 

this seemingly intractable problem 
349

. 

Among the numerous investigations into identification and development of anti-diabetic 

compounds that may suppress pancreatic amyloidosis and β-cell degeneration 

33,36,39,48,237,238,327–334
, the antibiotic tetracycline 

33,329,333,334
 and plant flavonols 

237,238,328,330,358–
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361
 have particularly presented favourable results. Recently, Aitken et al. (2017) utilised time-

dependent thioflavin-T spectroscopy and ion-mobility mass spectrometry to screen potential 

compounds specifically capable of suppressing the misfolding of hA, and identified dietary 

flavonol rutin as an ideal candidate 
237,238

. With strong antioxidant properties and a highly 

similar chemical structure to tetracycline, in vitro analyses of the flavonol demonstrated 

suppression of misfolding of rutin-bound hA as well as disaggregation of previously formed 

hA oligomers 
237,238

. Since orthologous murine amylin does not exhibit the misregulation 

observed in hA, a well-established, unique T2D transgenic mouse model (L13) expressing hA 

362
 was utilised to perform in vivo analyses of the compound‘s anti-diabetic activity; their 

findings showed oral rutin treatment to significantly improve glycaemic control and mouse 

survival 
237,238

. Furthermore, as an oral treatment, rutin did not exhibit the negative side-

effects commonly observed with tetracycline treatment 
237,238

. 

In addition to the L13 mice, Aitken et al. (2017) 
237,238

 also possess a unique obese transgenic 

mouse model (L44). Both of these mouse lines were developed by Wong et al. (2008) 
362

, and 

closely resemble T2D and obesity in humans. Although Aitken et al. (2017) 
237,238

 did not 

employ rutin treatment on L44 mice, we have been able to access faecal samples collected 

from both of these mouse lines (as well as matched non-transgenic control mice) over the 

course of their longitudinal study. With the link between gut microbiota composition, disease 

onset and glycaemic improvements offered by rutin treatment in mind, we hypothesised that 

the mouse gut microbiota would shift in response to disease progression in both mouse lines, 

and that any metabolic health improvements, as experienced by L13 mice in response to rutin 

treatment, would be further reflected in their gut microbiota profiles. We therefore aimed to 

compare gut microbiota profiles of these mice over time, with a further comparison of the 

rutin versus water treatment in L13 mice. We describe here the change in gut bacterial 

community profiles in both of these mouse lines as well as matched non-transgenic (NT) 

control mice, over the course of their respective disease progression. 
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2.2 Materials and Methods 

 

2.2.1 Mouse Models 

 

Both L13 and L44 hemizygous mouse lines were developed by Wong et al. (2008) 
362

. The 

L13 mice synthesize and overexpress wild-type hA, which aggregates together and causes 

T2D onset 
33

, whereas the L44 mice synthesize and overexpress a synthetic analogue of hA, 

[
25,28,29

triprolyl]-hA, which does not aggregate but does cause obesity, insulin resistance, 

leptin resistance and low adiponectin 
359

. 

The in vivo investigations identifying the anti-diabetic activity of rutin in transgenic mice 

were performed by Aitken et al. (2017) 
237,238

. Male FVB/n transgenic and matched control 

mice were co-housed from 21 days of age (i.e. weaning), under a controlled environment 

with a 12-hour light/day cycle, and were fed standard rodent chow (Teklad TB 2018; Harlan, 

Madison, WI) and water ad libitum. Rutin (0.5 mg/mL, pH 7.6-8.0 in 18 MΩ/cm water) was 

added to the drinking water of rutin-treated L13 mice and their respective matched NT 

littermate-controls, with all other mice treated with pure water only (18 MΩ/cm) 
237,238

. 

Handling of mice and study protocols was approved by the University of Auckland Animal 

Ethics Committee and performed in accordance with the NZ Animal Welfare Act (1999), the 

UK Animals (Scientific Procedures) Act 1986, and associated guidelines 
237,238

. 

 

2.2.2 Study Design 

 

This study comprises three main cohorts: obese cohort, untreated T2D cohort and rutin-

treated T2D cohort. Each cohort is composed of a transgenic group of mice (i.e. L44 in the 

obese cohort and L13 in both T2D cohorts), which develop their respective metabolic disease 

as they age, and a matched NT control group of mice, which do not develop any such human 

disease throughout their lifespan. Only the rutin-treated T2D cohort had rutin added to their 

drinking water. 
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2.2.3 Sample Collection 

 

All of the samples analysed in this study were collected by Aitken et al. (2017) 
237,238

 over the 

course of their longitudinal study. As disease progression was measured in terms of time 

passed, faecal samples were collected from the mice in the obese cohort at the approximate 

ages of 50 days, 75 days, 100 days, 150 days and 200 days, whereas samples were collected 

from mice in the T2D cohorts at the approximate ages of 50 days and 100 days, with further 

samples collected post-T2D and post-polydipsia onset. Disease onset was defined by the 

change-point time at which blood glucose (T2D onset) and fluid intake (polydipsia onset) 

accelerated from baseline measurements. All samples were stored in a -80℃ freezer prior to 

DNA extraction. 

Unfortunately, sometimes mice would perish before faecal samples could be collected for all 

time points, or would simply not defecate in a timely manner, resulting in several faecal 

samples not getting collected at various time points and exclusion of some mice. 

 

2.2.4 DNA Extraction 

 

Genomic DNA was extracted from faecal samples using the MoBio PowerSoil® DNA 

Isolation Kit, which utilises repeated bead-beating. All samples were handled inside a PC2 

Class II biosafety hood until addition of the MoBio kit bead and lysis solutions, after which 

the protocol was continued at a PC1 laboratory lab bench as any viable microorganisms 

would have been lysed. Reagents, buffers and 96-well PowerSoil®-htp Plates provided by 

MoBio were utilised in conjunction with their extraction protocol and sheets of sterilised foil 

were used to seal the plates in order to limit risk of cross-contamination. A Qiagen 

TissueLyser II (Retsch) was used at a frequency of 30 Hz, for two cycles of 2 min to break 

the cells instead of a 96-Well Plate Shaker (MoBio Catalog# 11996) at a frequency of 20 Hz, 

for two cycles of 10 min, as suggested by the protocol. Negative DNA extractions containing 

250 µL of sterile water instead of 0.25 g faecal sample (individual sample weight was 

estimated by volume) were also carried out to test for potential contamination. All extractions 

were subsequently analysed on a Nanodrop 3300 fluorospectrometer (Nanodrop 

Technologies Inc., Wilmington, USA) to determine DNA quality and concentration. 
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2.2.5 Bacterial Community Sequencing 

 

Bacterial community structure was analysed by PCR amplification then sequencing of the 

highly variable V3-V4 region of the 16S rRNA gene. KAPA High Fidelity HotStart 

Readymix PCR Kit (Kapa Biosystems®) was utilised for this amplification, with ~15 ng of 

template genomic DNA used per reaction. Labelled with Illumina MiSeq-compatible 

adaptors, the primer pair with optimal overall coverage and phylum-level spectrum 341F (5‘-

CCTACGGGNGGCWGCAG-3‘) and 785R (5‘-GACTACHVGGGTATCTAATCC-3‘) 
363

 

was used with the following thermocycling conditions: Initial denaturation and activation of 

enzymes at 95℃ for 3 min, followed by 25 cycles of denaturation (95℃ for 30 s), annealing 

(55℃ for 30 s) and elongation (72℃ for 30 s), with a final extension of 72℃ for 10 min. 

PCR products were also electrophoresed on 1% (w/v) agarose gels with SYBR Safe nucleic 

acid stain (Invitrogen Co., USA) to ensure correct amplicon size. Negative PCR controls, in 

which nuclease-free H2O was used instead of template DNA, as well as amplifications of 

eluates from the negative DNA extractions, did not produce any visible DNA products. 

Randomly selected negative controls were nonetheless sequenced even if no product was 

visible on an agarose gel. 

Amplified PCR products were further purified using AMPure magnetic beads (Beckman-

Coulter Inc., USA) in accordance with manufacturer instructions, and quantified using Qubit 

dsDNA high-sensitivity kit (Invitrogen Co., USA). DNA concentrations of the purified 

samples were standardised and submitted to the sequencing provider (Auckland Genomics 

Ltd) for Illumina MiSeq sequencing (2 x 300 bp chemistry). 

 

2.2.6 Bioinformatics 

 

A bioinformatics pipeline 
364

 compatible with software package USEARCH 
365

 was utilised 

to join the raw pairs of sequence reads, trim away primer-binding regions, quality filter and 

study the merged sequences 
366

. The sequence reads were further error-corrected and zero-

radius operational taxonomic units (zOTUs) of 100% similarity were generated 
367

. Non-

target sequences (such as mouse sequences) were removed and the SILVA v123 database 

used to assign taxonomy to each zOTU 
368,369

. All unassigned sequences were manually 

checked via BLAST nucleotide search and any sequences producing non-target (i.e. not 
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bacteria) hits were removed 
370

. The sequence depth of each sample was rarefied to 2548 

reads to ensure an even number of sequences would be compared for each sample during 

downstream statistical analysis. All negative control samples sequenced (n = 56) produced a 

negligible number of sequence reads (30.2 ± 53.4) and were summarily discarded during the 

quality filtration steps of the pipeline. 

 

2.2.7 Statistical Analysis  

 

The statistical environment R was used for all analyses 
371

, and a p-value <0.05 was 

considered to be statistically significant. 

Unpaired t-tests were utilised to determine the significance of average taxa abundance change 

in the volcano plots. The raw p-values calculated were further adjusted with the application 

of false discovery rate (FDR <0.05). 

A 3-way analysis of variance (ANOVA) using type 3 sums of squares was applied on the 

complete dataset to test the response of alpha diversity to the interaction between 3 key 

variables (mouse treatment, mouse transgenic status, mouse age at time of sample collection). 

One-way ANOVA was employed to compare alpha diversity within cohorts, and 95% 

confidence intervals were used to construct error bars.  

Bray-Curtis dissimilarity was utilised for the non-metric multidimensional scaling (nMDS) 

visualisation of bacterial community shift in mice between baseline to final timepoint. Due to 

several samples not collected at various time points, the significance of this change was 

unable to be determined. A permutational analysis of variance (PERMANOVA) was further 

performed with 9999 unrestricted permutations of the raw data to determine significance of 

bacterial community variation, however due to samples missing at various time points, 

repeated measures could not be accounted for. 

 

2.3 Results 

 

The three mouse cohorts investigated in this study had comparable sample sizes (obese 

cohort = 45; untreated T2D cohort = 43; rutin-treated T2D cohort = 31). Although measures 
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were taken to have matched NT control mice for the transgenic mice in each cohort, the 

sample collection process was encumbered by unexpected difficulties and the distribution of 

mouse faecal samples by transgenic state within each cohort was ultimately skewed towards 

transgenic mice (obese cohort = 14NT:31L44; untreated T2D cohort = 15NT:28L13; rutin-

treated T2D cohort = 11NT:20L13). As sample collection was conceded at several time 

points, some of the analyses presented here have been limited by the inconsistent repeated 

measures of individual mice and reduced sample sizes available. 

Phylum- and zOTU-level taxa abundances in the faecal samples from each cohort are 

presented in Figure 2.1. Overall, based on average relative abundances (ARA), a similar 

distribution of phyla was observed across the mice from all cohorts, and Bacteroidetes (80.5 

± 12.7% standard deviation) were substantially overrepresented in comparison to Firmicutes 

(12.8 ± 8.8%), irrespective of mouse transgenic state, disease progression or rutin treatment. 

Verrucomicrobia (2.7 ± 8.5%) and Proteobacteria (1.2 ± 2%) were also observed at lower 

abundances. At the zOTU-level, members of the Muribaculaceae (also known as S24-7) 

(71.4 ± 12.9%) family were particularly dominant, with some members from the 

Lactobacillus, Odoribacter, Akkermansia as well as Bacteroides genera also detected at ≥1% 

ARA. 

Average gut bacterial alpha diversity parameter measures were compared within each 

disease-associated mouse cohort across time, transgenic state and treatment using 3-way 

ANOVA (Figure 2.2), and no significant effect was detected for any of these factors. Beta 

diversity was further visualised with a Bray-Curtis dissimilarity-based nMDS plot (Figure 

2.3), however no clear separation between clusters of mouse transgenic state or consistent 

trajectories for mouse disease progression (age) or treatment (T2D cohort only) were 

recognised. A difference in dispersion was observed between the transgenic groups in the 

obese cohort, however, with the L44 mice presenting a larger spread of microbiota change.  

Significance of gut bacterial community variation was also tested for each cohort using 

PERMANOVA (Table 2.1), and although no significant interaction effects were revealed in 

either disease-associated cohort, mouse transgenic state (p = 0.0091; r
2
 = 0.0163) and rutin 

treatment (p = 0.0336; r
2
 = 0.0142) were found to have a minor, but significant effect in the 

T2D cohort. Disease progression (i.e. mouse age at time of sample collection) also had a 

significant effect in both cohorts (obese cohort: p = 0.0048; r
2
 = 0.0795; T2D cohort: p = 

0.0042; r
2
 = 0.035), however as this effect was not a result of an interaction effect between 
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mouse age and mouse transgenic state, the effect cannot be interpreted to be limited to 

transgenic (or NT) mice and is conceivably due to samples missing at various time points. 

Stable ―core‖ members of the mouse gut bacterial communities were identified based on their 

average prevalence within each cohort (Figure 2.4). As the ―core microbiota‖ is lacking a 

formal definition in the literature 
372

, a minimum of 90% average prevalence threshold was 

applied to separate the core microbiota from peripheral taxa prone to change. Members of the 

Muribaculaceae family made up the majority of core microbiota members across all mouse 

cohorts, with few other taxa in trace amounts. Generally, NT mice maintained a larger group 

of core members in all of the cohorts in comparison to their transgenic counterparts. In the 

obese cohort, members of the taxa Muribaculaceae, Ruminoclostridium, Enterorhabdus, 

Lachnospiraceae, Lactobacillus, Alistipes, Odoribacter and Helicobacter were shared by the 

core microbiotas of mice from either transgenic strain, with Lactobacillus (2 zOTUs) further 

present in the core microbiotas of L44 mice, as well as Desulfovibrio, Lachnospiraceae (3 

zOTUs) and Muribaculaceae (3 zOTUs) in the core microbiotas of NT control mice. 

Similarly, in the H2O-treated T2D cohort, members of Muribaculaceae, Lactobacillus and 

Lachnospiraceae were observed across the core microbiotas of both transgenic strains, with 

Muribaculaceae (2 zOTUs) additionally identified in the L13 core microbiotas, along with 

Enterorhabdus, Anaeroplasma, Bacteroides, Alistipes, Porphyromonadaceae, 

Ruminoclostridium, Lachnospiraceae and Muribaculaceae (10 zOTUs) in the core 

microbiotas of NT control mice. In the rutin-treated T2D cohort, members of 

Muribaculaceae, Enterorhabdus, Lachnospiraceae, Odoribacter, Alistipes, 

Porphyromonadaceae and Anaeroplasma were seen in the core microbiotas of either 

transgenic strain, together with additional Odoribacter found in the L13 core microbiotas, 

and Parasutterella, Helicobacter, Ruminoclostridium, Lachnospiraceae and Muribaculaceae 

(7 zOTUs) in the core microbiotas of NT control mice. 

Finally, volcano plots were utilised to plot the average magnitude of abundance change of 

individual zOTUs against their statistical significance for identification of taxa of interest 

(Figure 2.5). Once again, members of the Muribaculaceae family made up the bulk of 

resulting taxa across all mouse cohorts. Other taxa of interest include Odoribacter, 

Lactobacillus, Alistipes (3 zOTUs), Prevotellaceae, Porphyromonadaceae, Desulfovibrio, 

Turicibacter, Lachnospiraceae and Candidatus Arthromitus for the obese cohort; 

Lactobacillus (3 zOTUs), Lachnospiraceae, Enterorhabdus, Desulfovibrio and Candidatus 

Arthromitus for the untreated T2D cohort; and Lachnospiraceae, Porphyromoneadaceae, 
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Enterorhabdus and Candidatus Arthromitus for the rutin-treated T2D cohort. Interestingly, 

the number of taxa undergoing significant abundance change over time was highest in the 

obese cohort (33 zOTUs), followed by the untreated T2D cohort (12 zOTUs), and finally the 

rutin-treated T2D cohort (6 zOTUs). 

 

 

Table 2.1: Results from permutational analysis of variance (PERMANOVA), to test 

significance of bacterial community variation within our samples. 

  Variable(s) tested  R
2 

p-val  

Obese 

Cohort 

Transgenic state 0.015 0.391  

Mouse age 0.080 0.005 * 

Transgenic state:Mouse age 0.029 1.000  

T2D 

Cohorts 

Transgenic state 0.016 0.009 * 

Treatment 0.014 0.034 * 

Mouse age 0.035 0.004 * 

Transgenic state:Treatment 0.003 1.000  

Transgenic state:Mouse age 0.009 1.000  

Treatment:Mouse age 0.013 1.000  

Transgenic state:Treatment:Mouse age 0.013 1.000  
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Figure 2.1: Phylum-

level (A, C, E) and 

zOTU-level (B, D, F) 

gut bacterial community 

composition of mice 

from the obese cohort 

(A, B), untreated T2D 

cohort (C, D) and rutin-

treated T2D cohort (E, 

F) are presented at 

various time points of 

sample collection. 

Individual mice are 

presented on the x-axes 

by their names, and are 

organised by the 

number of faecal 

samples donated over 

the duration of their 

life. Legends are 

presented for phylum-

level (A), and zOTU-

level (B) taxa. zOTUs 

with ≥1% overall 16S 

rRNA gene relative 

sequence abundance are 

shown, with all 

remaining zOTUs 

grouped together in 

―Other‖. Time points 

with missing values are 

due to faecal samples 

not being collected. 
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Figure 2.2: Mean alpha diversity parameters compared over time in different treatment and disease-associated mouse cohorts. Error bars are based on 95% 

confidence intervals. P-values per cohort are determined via one-way ANOVA and two-way ANOVA was utilised to determine p-values per interaction 

between cohorts. (A) Average number of observed zOTUs for each cohort. (B) Average log2_Shannon diversity index for each cohort. 
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Figure 2.3: Visualisation of 

bacterial community beta 

diversity using non-metric 

multidimensional scaling (nMDS) 

of the bacterial community shift in 

mice over time, based on Bray-

Curtis dissimilarity. Samples from 

mice in the obese cohort are 

presented in (A) and T2D cohorts 

in (B). Non-transgenic control 

mice are presented in red and 

transgenic mice in blue. Vector 

arrows link linear time points to 

each other, and length of arrow 

represents the magnitude of 

change occurring. 
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Figure 2.4: Determining ―core members‖ of the microbiota. zOTUs are distributed within the disease-

associated cohorts, based on average prevalence and relative sequence abundance across all time points. 

zOTUs with ≥90% prevalence in either of the cohorts are highlighted (NT mice only = red; transgenic mice 

only = blue; both cohorts = purple), with all remaining zOTUs grouped together in ―Other‖. Core zOTUs are 

highlighted within obese cohort (A), untreated T2D cohort (B) and rutin-treated T2D cohort (C). 



51 
 



52 
 



53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Volcano plots comparing the average magnitude of abundance change (log2 fold change) of individual zOTUs against their statistical significance 

(-log10 adjusted p-val). Raw p-values were calculated using unpaired t-tests, and further adjusted using FDR < 0.05. Data are presented separately for each 

linear jump in time, from the obese cohort (A), untreated T2D cohort (B) and rutin-treated T2D cohort (C). 
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2.4 Discussion 

 

The key hypothesis of this study was that disease progression of obesity and T2D would have 

an impact on the gut bacterial community structure of L44 and L13 mice, respectively. 

Moreover, we hypothesised that the metabolic health improvements observed in L13 mice in 

response to rutin treatment by Aitken et al. (2017) 
237,238

 would be reflected in the gut 

microbial community of these mice and a measurable change in its bacterial composition 

would be apparent. To address these points of interest, we examined the gut bacterial profiles 

of L44 and L13 mice (as well as their matched NT controls) over the course of their 

respective disease progression and rutin treatment (L13 and their matched NT controls only). 

Although gut microbiota analyses were carried out on all available faecal samples, numerous 

samples from various time points of all cohorts were unavailable for investigation due to 

complications during sample collection (see section 2.2.3). This unfortunate circumstance 

thus resulted in the datasets becoming having reduced sample sizes within cohorts, limiting 

the statistical power of the applied analyses. Indeed, repeated measures could not be 

accounted for with confidence, which has been a significant limitation to the study.  

In the context of disease progression, our findings show a general lack of significant change 

in gut bacterial composition over time. Even though a significant effect on the gut microbiota 

was observed as a result of mouse age (Table 2.1), since the effect was not a result of an 

interaction between mouse age and mouse transgenic state, the effect cannot be interpreted to 

be limited to transgenic (or NT) mice and is likely due to samples missing at various time 

points. On the other hand, the lack of a significant interaction effect between mouse age and 

mouse transgenic state may also be due to the gappy nature of this dataset. 

In the context of rutin treatment, a small but significant effect (explaining ~1.4% of observed 

variation) on the gut microbiota in response to treatment was indeed observed (p = 0.0336; r
2
 

= 0.0142) in both L13 and their respective NT control mice. A minor effect from the 

transgenic status of L13 but not L44 mice was also observed in comparison to NT mice (p = 

0.0091; r
2
 = 0.0163), which may suggest an interaction between the gut microbiota and hA, 

but not the synthetic analogue [
25,28,29

triprolyl]-hA. 

The bacterial composition observed in our mouse gut microbiota profiles maintained a similar 

phylum-level distribution across all cohorts irrespective of mouse transgenic status, disease 
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status, or treatment, with the Firmicutes:Bacteroidetes ratio greatly favouring Bacteroidetes 

(Figure 2.1). This finding differs from those of some of the initial landmark investigations on 

mouse gut microbiota and metabolic disorders such as obesity and T2D 

153,185,205,214,215,219,221,222
, where an increase in Firmicutes:Bacteroidetes ratio upon disease 

onset was reported. This discrepancy may be a result of differences in the genetics of mouse 

models utilised, dietary interventions applied to induce disease onset and/or other 

methodological differences such as DNA extraction protocols or sequencing 

technologies/platforms used. 

At deeper taxonomic classifications, we observed an overwhelming abundance of the 

Muribaculaceae in our mice. This family of Gram-negative, non-motile, mesophilic bacteria 

is widespread across the gut microbiotas of homeothermic animals such as humans, mice, 

koalas and guinea pigs 
373

 since its discovery in 2002 
374

, but has remained largely elusive 

due to not being cultured until recently 
375

. Although our understanding of this group of 

organisms is still relatively poor, and only three species out of the estimated hundreds have 

yet been cultured, some insights into its functional potential have recently been explored 
375

. 

Indeed, among the two genera isolated, features connected to carbohydrate-, lipid-, amino 

acid- and vitamin- metabolism have been discovered, along with the presence of enzymes for 

utilisation of lactose, fructose and amylose 
375

. 

From our informal core microbiotas generated, the NT mice consistently demonstrated a 

larger group of exclusive core members than their transgenic counterparts (Figure 2.4), which 

may imply that obesity and T2D pathogenesis can lead to a less stable/consistent gut 

environment and increase the variation in selection pressures from person to person. 

Curiously, the greatest changes in relative taxon abundances were observed in the obesity 

cohort, and the fewest in the rutin-treated T2D cohort (Figure 2.5), which may just be due to 

innate differences in the nature of these two diseases and a result of the potential interactions 

between gut microbiota, T2D onset and rutin-suppression of hA. Future investigations in this 

area will be necessary to decipher this complex interplay of associations. Although this 

particular dataset is limited by the aforementioned shortcomings in sample availability, 

Bayesian principles and statistical methodology may be able to bridge the gap between 

missing data points and provide further insights. In the following chapter, we present 

analyses of dietary rutin treatment on the gut bacterial communities of prediabetic humans. 
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Chapter 3 

Dietary Rutin Intervention in Normoglycaemic and 

Prediabetic Humans: Gut Microbiota Analysis of a Fully 

Controlled 12-Week Clinical Trial 

___________________________________________________________________________ 
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3.1 Introduction 

 

An association of metabolic disorders such as obesity and type 2 diabetes mellitus (T2D) with 

the human gut microbiota is well established 
21,161,185,231,259,260,322,342

. Although specific, 

verifiable roles of microbiota structure, diversity and function remain elusive, the dietary aid 

provided in breakdown of complex carbohydrates and the supply and absorption of important 

vitamins, mineral ions and short-chain fatty acids (SCFAs) firmly place the gut biota as a key 

player in maintaining the host‘s metabolic health 
110,111,113,114,343

. Particularly relevant to T2D 

onset is the saccharolytic fermentation of resistant starch and other indigestible 

carbohydrates, a significant energy-harvesting mechanism that is mediated by the gut 

microbiota and accounts for as much as 10% of the host‘s total energy expenditure 
216,376

. 

This is not only able to meet the primary ATP requirement of host colonocytes and 

enterocytes with butyrate production alone 
377

, but also manufactures other key SCFAs like 

acetate, an important substrate for synthesis of cholesterol and most other biological lipids, as 

well as lactate, a major fuel source for oxygen-capturing bacteria that promote the anaerobic 

environment of the colon 
137

. Butyrate production is of particular interest, with T2D patients 

often hosting a noticeably lower abundance of butyrate-producing bacteria 
21

, and previous 

mouse model findings linking butyrate with decreased adipocyte inflammation 
378

 and 

improved insulin sensitivity 
379,380

. 

Noteworthy previous investigations exploring the gut microbiota link with diet 
218,259,260,325

, 

obesity 
115,154,185,216,217,224,326,381,382

, T2D 
21,156,159,161,231

, or even glucose metabolism in general 

13,157,158,229,230
, have often reported varying results as to how (or even if) gut microbiota 

composition is affected. Such discrepancies can sometimes be attributed to the utilisation of 

different methodologies and the inherent inter-individual variation among humans. 

Nevertheless, the ‗dysbiosis‘ hypothesis has become a widely suggested mechanism for 

pathogenicity, wherein imbalance(s) in microbial community structure and diversity 

contribute to disease onset and symptom realisation 
140,159,161,162

. This concept differs from the 

traditional notion of a singular biological agent triggering pathogenicity, and it is yet to be 

determined whether the perceived imbalances are a cause or consequence of disease onset. 

However, the simplicity of the dysbiosis model has been agreeable to many investigators and 

its increasing use in the literature has prompted words of caution from some quarters 
163,164

. 
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The implications of dysbiosis as a causal influence on T2D onset have been particularly 

motivating in the pursuit of novel treatment options, specifically driving research towards 

faecal microbiota transfer and dietary intervention investigations. Presently, T2D is not 

curable, and the treatments available to patients are only able to suppress the metabolic 

symptoms of the disease (i.e. hyperglycaemia and insulin resistance) via inhibition of liver 

gluconeogenesis, rather than targeting the underlying mechanisms 
53,82,383–385

. In effect, T2D 

patients can only manage the condition and must tolerate the resulting pancreatic damage and 

poor metabolic health for the remainder of their shortened lives. Therefore, developing our 

understanding of diet-induced regulation of the gut microbiota may serve as a conduit to 

improvement in T2D patients. 

A healthy pancreatic islet is comprised of approximately 60-80% insulin-producing β-cells 

353
, but can lose up to 30% of this overall β-cell mass over the course of T2D onset 

346
. 

However, the prolonged hyperglycaemia initially observed during T2D pathogenesis is often 

not due to a deficiency in insulin production, but rather ineffectual utilisation of the produced 

insulin (i.e. insulin resistance) 
341

. As a common consequence of obesity and sedentary 

lifestyle 
22,31,32

, insulin resistance manifests in about 80% of all T2D patients 
341

. Indeed, 

when coupled with the presence of amyloid deposits, insulin resistance has been implicated to 

play a key role in the progressive β-cell degeneration observed during T2D onset 
347–350

. 

Among the most dramatic changes occurring within the pancreatic islets during T2D onset is 

the accumulation of amyloid deposits, which can occupy up to 86% of the total space 

available 
45,48,353,355–357

. Although human amylin (hA) is an important regulatory hormone that 

functions complementarily with insulin, it can misfold into β-sheet fibrils at high 

concentrations, and become toxic to β-cells 
33–39,336

. Because it is co-secreted by the β-cells 

along with insulin at a ratio of 10-100:1 (insulin:hA) 
386,387

, both insulin and hA production 

are increased during insulin resistance 
351,352,354

. A positive-feedback loop can therefore 

occur, where β-cells are placed under progressively increasing oxidative stress, resulting in 

degeneration 
38–50

. In fact, such amyloid deposits have been observed in over 90% of T2D 

human pancreas 
357,388,389

. However, reduction of fibril precursor formation can lead to rapid 

regression of amyloid deposits within affected tissues 
390,391

, suggesting that endogenous 

insulin production may be preserved with a timely arrest of hA misfolding, before significant 

β-cell degeneration has occurred. 



59 
 

There have been numerous efforts to identify candidate compounds as potential therapeutic 

avenues for the prevention of amyloid formation 
33,36,38,48,237,238,327–334

, with recent support of 

dietary polyphenols 
237,238,328,330,358–361

. In particular, a recent investigation in a T2D 

transgenic mouse model, wherein the mice express hA instead of their native murine variant 

of the hormone (which does not aggregate into β-sheet fibrils), oral rutin treatment prevented 

and resolved the misfolding of hA, as well as promoting significant improvements in mouse 

survival and glycaemic control 
237,238

. Indeed, a minor but significant effect on the gut 

microbiota composition of these mice has since been identified (see Chapter 2). Rutin has 

strong antioxidant properties, which may assist in neutralising the increased oxidative stress 

and upregulation of apoptosis-related genes in pancreatic tissue 
50,335–337

. Moreover, rutin also 

has a highly similar chemical structure to the antibiotic tetracycline, another favourable 

candidate compound with strong anti-diabetic activity in previous studies 
33,329,333,334

, and oral 

rutin treatment does not exhibit the side-effects commonly observed with tetracycline 

treatment 
237

. With this in mind, we hypothesised that oral rutin treatment would have a 

similar effect on the hA expressed in humans with prediabetes, and that any consequent 

changes in metabolic health (such as improved insulin secretion) would be reflected in their 

gut microbiome. We therefore aimed to test rutin as a potential prebiotic through a dietary 

intervention trial. In order to evaluate the effectiveness of oral rutin treatment within a food 

matrix, effects of dietary supplementation involving a daily regimen of encapsulated rutin 

versus rutin-containing yoghurt were compared in a 3 treatment placebo-controlled trial. We 

describe here the change in gut microbiota bacterial community profiles, in prediabetic and 

normoglycaemic individuals, over a 3-month dietary intervention. 

 

3.2 Materials and Methods 

 

3.2.1 Study Design and Participant Recruitment 

 

This study was designed to be ancillary to a randomised, double-blinded, parallel-group 

clinical trial, focused primarily on determining the potential of dietary rutin as a prebiotic 

therapy for T2D prevention in prediabetic individuals. The primary outcomes of the clinical 

trial will be published separately in due course 
339

. The clinical trial was conducted at the 

University of Auckland‘s Human Nutrition Unit (HNU) research clinic. 
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Study participants were recruited from residential communities in Auckland, New Zealand 

via advertisement. Eligibility of volunteers was determined based on the following inclusion 

criteria: Asian Chinese and European Caucasian ethnicity, aged 25 to 70 years, body mass 

index (BMI) ≥23 kg/m
2
, Finnish Diabetes Risk Score (FINDRISC) ≥9 

392,393
, fasting plasma 

glucose (FPG) 5.6 to 6.9 mM 
394

, and stable weight for the 3 months prior to the trial (<5% 

change in body mass) with no intention of losing weight during the trial period. Exclusion 

criteria included: smoking, BMI ≥40 kg/m
2
, pregnancy, diagnosis of any significant 

comorbidities such as diabetes or cancer as well as taking of any medications or supplements 

that may influence participant glycaemia. All participants provided written, informed consent 

before enrolling into the study and ethics approval for the trial was granted by Auckland 

Regional Health and Disabilities Committee. The trial was registered with the Australian 

New Zealand Clinical trial registry (Trial ID: ACTRN12618000656235). 

Eighty-seven participants were eligible after the in-clinic screening and were subsequently 

enrolled into the trial. Twenty-nine participants were randomised into each of the three 

treatment cohorts: placebo group (PG), rutin capsule group (CG) and rutin yoghurt group 

(YG). A random number-generating computer program was utilised for the randomisation 

process. A detailed CONSORT (Consolidated Standards of Reporting Trials) diagram 

illustrates participants‘ flow in the trial (Figure 3.1), while participant demographic 

information is presented in Table 3.1. 

FPG measurement to determine eligibility during screening was conducted in the HNU 

laboratory by collecting fasted venous blood samples (0.5 mL) in a Heparin plasma separator 

tube vacutainer using hexokinase method with the Reflotron Plus Desk Top Analyser 

(Mannheim, Germany). As this initial measurement was done using whole blood samples, 

manual conversion to plasma glucose was performed using the established 11% increase 

conversion rate 
395

. At subsequent clinical visits during the trial, participant blood samples 

were collected and stored at -80℃ until end of trial, at which stage glucose measurements 

were directly taken from plasma blood samples at the Liggins Institute laboratory (Grafton 

Campus, University of Auckland) and utilised for all following statistical analyses. 

Although both methods of measuring FPG are internationally accredited, and utilised venous 

blood samples and hexokinase technique, there were noticeable differences in resulting data. 

Despite all recruited participants exhibiting impaired FPG (≥5.6-6.9 mM) during screening 

(i.e. they qualified as having prediabetes), several participants subsequently exhibited FPG 
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levels <5.6 mM at clinical intervention day (CID) 1 (approximately 2-4 weeks after 

screening). As the fasted plasma samples collected at CID 1 were not analysed until the end 

of trial, the normoglycaemic health status of these participants was unknown until trial 

completion. Post-discovery of this difference in health status, metadata records of affected 

trial participants were appropriately reclassified for all following statistical analyses, resulting 

in a sub-cohort of normoglycaemic participants included into each trial arm. 

In order to maintain the double blind, participants in each cohort were provided with both 

capsules and yoghurts, though the composition of these supplements was different for each 

group. Participants in the PG cohort were provided capsules and yoghurts that did not contain 

any dietary rutin, participants in CG only received dietary rutin in their capsules and the 

participants in YG only received dietary rutin in their yoghurts (refer Appendix B for 

complete macronutrient profiles). All supplements looked identical to ensure that participants 

and researchers were blinded until the trial‘s conclusion. Participants were instructed to 

maintain all aspects of their regular diet and activity levels for the 3-month trial period, with 

the single exception of including two respective capsules and one respective yoghurt in their 

diet on a daily basis. A complete timeline of the clinical trial is presented in Figure 3.2. 

 

3.2.2 Capsule and Yoghurt Composition 

 

Although the effect of dietary rutin intervention on pancreatic β-cell function has not been 

studied in humans prior to this clinical trial, human clinical trials investigating other aspects 

of human physiology have reported a 500 mg dosage of rutin per day to be safe and without 

any particular adverse effects 
396–398

. Moreover, rutin has been commercially available 

worldwide for many years, and is widely included in supplements at a recommended dosage 

of 500 mg/day. Commercial brands retailing the compound include Solgar Laboratories Rutin 

500 mg, Lamberts Rutin and Vitamin C 500 mg and Naturals Activated Quercetin 1000 mg. 

Capsule: 

The capsules utilised in this study were formulated and manufactured by Alpha Laboratories 

NZ Ltd., the largest health product manufacturer in the Southern Hemisphere. The capsules 

were developed in a domestic MEDSAFE Certified Laboratory, following Good 

Manufacturing Practices (GMP), and license to Manufacture Therapeutic Goods (TGA). The 
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rutin-enriched capsule contained 250 mg rutin, whereas the control capsule contained 250 mg 

maltodextrin instead. All other ingredients and components of the two capsule variants were 

kept identical. A complete formulation profile is presented in the Appendix B. 

Yoghurt: 

The yoghurts utilised in this study were formulated and designed by the Science of Food 

Platform within the High-Value Nutrition National Science Challenge, at the Riddet Institute, 

Massey University, Palmerston North. Both rutin-enriched yoghurt and control yoghurt were 

subsequently developed by CHR-Hansen®, in accordance with the general requirements on 

food safety laid down in Regulation 178/2002/EC. The rutin-enriched yoghurt was 

manufactured with the FlavoPlus ingredient (rutin-sodium caseinate co-precipitate), whereas 

the control yoghurt was made with only sodium caseinate and no rutin. All other ingredients 

and nutritional components of the two yoghurt variants were kept identical. The fermentation 

of yoghurts was performed in a dairy factory, utilising a culture composed of Lactobacillus 

delbrueckii (subsp. bulgaricus) and Streptococcus thermophilus (YF-811, YoFlex®). Five 

hundred units of the culture per 2500 L of whole milk + 2% skim milk powder were 

combined together and incubated at 85°C for 30 min. The final product was packaged with a 

net weight of 190 g per serving, containing 500 mg of rutin. A complete macronutrient 

profile is presented in the Appendix B. 

 

3.2.3 Body Composition Data Collection 

 

Baseline body composition data (android and visceral fat estimates) of recruited participants 

was assessed by dual-energy x-ray absorptiometry (DXA) scan. Although DXA is considered 

the current ―gold-standard‖ of body composition measurement 
399

 due to its high accuracy, 

relative low cost, non-invasive nature and extremely small radiation dose 
400

, it is not as 

precise as computerised tomography or magnetic resonance imaging for the identification of 

visceral fat, and employs certain assumptions in its measurement. Indeed, the android and 

visceral fat data analysed in this chapter should not be considered to be absolute. 

 

 



63 
 

3.2.4 Sample Collection 

 

Faecal samples were self-collected by participants at baseline and after the 12-week dietary 

intervention and delivered to the research clinic. Participants were provided with a sample 

collection kit, which included a kidney dish, a scoop, a container and a small sterile collection 

tube. After defecation into the kidney dish and using the dedicated scoop to securely collect a 

portion of faecal matter into the sterile tube, participants were instructed to place the tube 

inside the provided container half-filled with water and store the unit in their freezer until 

delivery to the clinic. The outer ice layer prevented freeze-thaw of samples during transit. All 

faecal samples were ultimately stored at -80℃ prior to DNA extraction, and freeze-thaw 

cycles were kept to a minimum. 

 

3.2.5 DNA Extraction 

 

Genomic DNA was extracted from faecal samples using the International Human 

Microbiome Standards (IHMS) Protocol #9 
401

, which is a repeated bead-beating method 

utilising 0.1 mm silica and 3 mm glass beads. Cell lysis was performed using a non-

commercial lysis buffer recipe (500 mM NaCl, 50 mM Tris-HCl at pH 8.0, 50 mM EDTA 

and 4% SDS) as per the protocol, however a Qiagen Tissuelyser II (Retch) was used 

(frequency of 30 Hz, for two cycles of 1.5 min) to break the cells instead of the FastPrep® -

24 Instrument (116004500) with CoolPrep Adapter (6002-528) (MP Biomedicals) as advised 

by the protocol. A QIAamp DNA Minikit (Qiagen, 51306) was utilised in the final steps of 

the protocol for removal of RNA, protein and purification, as recommended by the protocol. 

Negative DNA extractions containing 250 µL of sterile water instead of 0.25 g faecal sample 

(individual sample weight was estimated by volume) were also carried out to test for potential 

contamination. All extracts were subsequently analysed on a Nanodrop 3300 

fluorospectrometer (Nanodrop Technologies Inc., Wilmington, USA) to determine DNA 

quality and concentration. 
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3.2.6 Bacterial Community Sequencing 

 

Bacterial community structure was analysed by PCR amplification then sequencing of the 

highly variable V3-V4 region of the 16S rRNA gene. KAPA High Fidelity HotStart 

Readymix PCR Kit (Kapa Biosystems®) was utilised for this amplification, with ~50 ng of 

template genomic DNA used per reaction. Labelled with Illumina MiSeq-compatible 

adaptors, the primer pair with optimal overall coverage and phylum-level spectrum 341F (5‘-

CCTACGGGNGGCWGCAG-3‘) and 785R (5‘-GACTACHVGGGTATCTAATCC-3‘) 
363

 

was used with the following thermocycling conditions: Initial denaturation and activation of 

enzymes at 95℃ for 3 min, followed by 25 cycles of denaturation (95℃ for 30 s), annealing 

(55℃ for 30 s) and elongation (72℃ for 30 s), with a final extension of 72℃ for 10 min. 

PCR products were also electrophoresed on 1% (w/v) agarose gels with SYBR Safe nucleic 

acid stain (Invitrogen Co., USA) to ensure correct amplicon size. Negative PCR controls, in 

which nuclease-free H2O was used instead of template DNA, as well as amplifications of 

eluates from the negative DNA extractions, did not produce any visible DNA products. 

Randomly selected negative controls were nonetheless sequenced even if no product was 

visible on an agarose gel. 

Amplified PCR products were further purified using AMPure magnetic beads (Beckman-

Coulter Inc., USA) in accordance with manufacturer instructions, and quantified using Qubit 

dsDNA high-sensitivity kit (Invitrogen Co., USA). DNA concentrations of the purified 

samples were standardised and submitted to the sequencing provider (Auckland Genomics 

Ltd) for Illumina MiSeq sequencing (2 x 300 bp chemistry). 

 

3.2.7 Bioinformatics 

 

A bioinformatics pipeline 
364

 compatible with software package USEARCH 
365

 was utilised 

to join the raw pairs of sequence reads, trim away primer-binding regions, quality filter and 

study the merged sequences 
366

. The sequence reads were further error-corrected and zero-

radius operational taxonomic units (zOTUs) of 100% similarity were generated 
367

. Non-

target sequences (such as human sequences) were removed and the SILVA v123 database 

used to assign taxonomy to each zOTU 
368,369

. All unassigned sequences were manually 

checked via BLAST nucleotide search and any sequences producing non-target (i.e. not 
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bacteria) hits were removed 
370

. The sequence depth of each sample was rarefied to 1998 

reads to ensure an even number of sequences would be compared for each sample during 

downstream statistical analysis. All negative control samples sequenced (n = 15) produced a 

negligible number of sequence reads (16.8 ± 14.6) and were summarily discarded during the 

quality filtration steps of the pipeline. 

 

3.2.8 Statistical Analysis  

 

The statistical environment R was used for all analyses 
371

, and a p-value <0.05 was 

considered to be statistically significant. 

Statistical analysis was performed on all recruited study participants, testing the demographic 

balance between study cohorts. Fisher test is more robust with low sample sizes than chi-

squared test, and was therefore utilised for testing participant distribution by categorical 

parameters (i.e. gender and ethnicity) in our cohorts, while distribution by all other 

continuous constraints were tested with a paired t-test. 

A 3-way ANOVA using type 3 sums of squares was applied on the complete dataset to test 

the response of alpha diversity and clinical parameters to the interaction between 3 key 

variables (participant treatment, participant disease status, time of sample collection). A 

main-effect ANOVA p-value was thus generated, accounting for repeated measures and 

paired t-tests were also employed to compare alpha diversity and clinical parameters over 

time within cohorts. 95% confidence intervals were used to construct error bars. 

Bray-Curtis dissimilarity was utilised for the non-metric multidimensional scaling (nMDS) 

analysis of bacterial community shift in study participants between baseline to final 

timepoint, and the significance of change was determined with ANOVA. A permutational 

analysis of variance (PERMANOVA) was also performed with 1999 unrestricted 

permutations of raw data, taking into account repeated measures of each participant. 

Spearman coefficients were used to correlate change in bacterial taxa abundances over time 

with the change in alpha diversity and clinical measures, and resulting p-values were adjusted 

with false discovery rate (FDR <0.05). 

 

 



66 
 

 

 

 

 

Table 3.1: Baseline demographic, anthropometric, metabolic and body composition information of the final 73 participants in the microbiota study. 

 

Data are presented as ratio of male to female for gender, European Caucasian to Asian Chinese for ethnicity and mean (range) for age, waist circumference, hip 

circumference, BMI (body mass index), FPG (fasting plasma glucose), FI (fasted insulin), AF (android fat) and VF (visceral fat) variables, respectively.  VF 

(%) is presented as a proportion of AF (g). Sample size for body composition parameters is slightly diminished as one of the participants did not consent to 

DXA scan. 

*p-value: represents the overall difference in distribution across the six cohort groups (as associated by participant disease status and treatment). Fisher test was 

utilised for the gender and ethnicity categorical variables, and paired significance tests for all other continuous constraints. 

 

 

 

Placebo (n=11) n Capsule (n=10) n Yoghurt (n=15) n Placebo (n=13) n Capsule (n=15) n Yoghurt (n=9) n

Gender (M:F) 33:40 73 3:8 11 3:7 10 6:9 15 7:6 13 10:5 15 4:5 9 0.357

Ethnicity (E:C) 21:52 73 3:8 11 4:6 10 2:13 15 2:11 13 6:9 15 4:5 9 0.353

Mean age (years) 45.7 (21-64) 73 46.8 (26-64) 11 45.3 (29-61) 10 43.0 (23-62) 15 50.2 (33-64) 13 46.3 (31-62) 15 41.6 (21-63) 9 0.592

Mean waist circumference (cm) 93.7 (73-122) 73 93.4 (80-112) 11 94.3 (78-105) 10 88.3 (73-106) 15 93 (81-122) 13 99.1 (89-119) 15 94.4 (81-111) 9 0.115

Mean hip circumference (cm) 104.2 (88-127) 73 106.4 (88-126) 11 106.9 (88-127) 10 100.7 (90-113) 15 101.9 (89-115) 13 106.3 (91-125) 15 104.3 (92-121) 9 0.326

Mean BMI (kg/m
2
) 27.6 (22.1-37.8) 73 27.4 (24-37.8) 11 29.0 (22.1-34.8) 10 26.1 (22.7-32.4) 15 26.8 (22.3-33) 13 28.9 (22.9-35.8) 15 27.9 (23.3-35.8) 9 0.258

Mean FPG (mM) 5.6 (4.6-6.7) 73 5.1 (4.6-5.5) 11 5.2 (4.8-5.5) 10 5.2 (4.7-5.5) 15 5.8 (5.6-6.2) 13 5.9 (5.6-6.7) 15 6.1 (5.6-6.7) 9 8.69E-16 *

Mean FI (µU/mL) 11.5 (2.3-32.4) 73 8.2 (2.3-14.9) 11 11.2 (3.1-23.1) 10 9.6 (4.9-18.7) 15 12.3 (5.9-21.5) 13 13.7 (4.8-32.4) 15 14.3 (4.7-21.8) 9 0.055

Mean AF (g) 2573 (961-5586) 72 2727 (1631-5410) 11 2842 (961-4146) 10 2121 (995-3366) 15 2521 (1487-5002) 12 2947 (1459-5586) 15 2570 (1116-5112) 9 0.438

Mean VF (g) 1146 (35-3203) 72 998 (317-1823) 11 1268 (35-2305) 10 881 (216-1742) 15 1215 (498-2377) 12 1539 (111-3203) 15 1014 (314-2341) 9 0.100

Mean VF (%) 42.8 (2.3-90.6) 72 37.1 (19.4-60.5) 11 40.5 (2.3-72.9) 10 39.8 (21.7-60.1) 15 47.3 (27-63) 12 51.6 (7.6-90.6) 15 41.3 (20.3-54.4) 9 0.152

p -val
All participants 

investigated (n=73)
n

Normoglycaemic participants only (n=36) Prediabetic participants only (n=37)
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Figure 3.1: CONSORT flow chart for the microbiota component of the Rutin dietary intervention trial. 
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Figure 3.2: Timeline of the clinical investigation days (CID) during the trial. Fasted blood 

samples and anthropometry measurements were collected at every clinical visit, with further 

faecal samples collected and OGTT (oral glucose tolerance test) conducted on CIDs 1 and 4. 

 

3.3 Results 

 

All participants who completed the study were compliant with study guidelines. From the 

total of 78 participants who completed the trial, 75 provided a faecal sample at both time 

points. Due to low DNA yields from two samples during DNA extraction, a final set of 73 

sample pairs was analysed (Figure 3.1). Overall, participant distribution transpired to be well-

balanced across disease-associated cohorts, with the normoglycaemic group containing 36 

participants (PG = 11; CG = 10; YG = 15), and the prediabetic group containing 37 

participants (PG = 13; CG = 15; YG = 9). Moreover, no unexpected imbalances of 

significance were observed across cohorts in regards to participant distribution by 

demographic, anthropometric, metabolic or body composition parameters (Table 3.1). 

Baseline body composition parameters were further compared across disease-associated 

cohorts irrespective of treatment with unpaired significance tests, and although no significant 

difference was observed in android and visceral fat mass, the proportion of android fat that is 

comprised of visceral fat was found to be significantly higher in participants with prediabetes 

(Figure 3.3). 

Irrespective of disease status or treatment group, based on average relative abundances, 

Firmicutes (79.2 ± 22.4% standard deviation) tended to be the dominant bacterial phylum in 



69 
 

all analysed faecal samples, with Bacteroidetes (13.6 ± 11.3%) next most abundant (Figure 

3.4A). Some individuals also showed substantial amounts of Actinobacteria (4.8 ± 6.1%) or 

Verrucomicrobia (2.2 ± 5.6%). Overall, microbiota profiles for a given individual were 

relatively consistent between the start (CID 1) and end (CID 4) of the trial, although a select 

few individuals did exhibit considerable changes in phylum-level composition. Marked inter-

individual variation in the microbiota was evident when examining zOTU-level assignments, 

and the irregular fluctuations observed over the 12-week period within individual participants 

appear to be complex in nature and difficult to anticipate (Figure 3.4B). 

Alpha diversity and clinical parameter measures were analysed using paired significance tests 

to determine whether they changed during the intervention period, but with the exception of 

fasted insulin (FI), no significant differences were observed within or between the study 

groups (Figure 3.5). A significant FI increase in the normoglycaemic PG (p = 0.035) was 

identified. Additionally, change in these measures in response to the interaction between 

participant treatment and disease status was further tested using 3-way ANOVA, however no 

significant effect was found. This general lack of change over time is further supported by the 

absence of consistent trajectory in nMDS of the Bray-Curtis dissimilarity values (Figure 3.6). 

The plot presents vectors from each of the treatment groups featuring an array of varying 

distances and directionality that are seemingly independent of treatment (p-val = 0.888). 

With a robust consideration of the repeated measure bias that having multiple time points in 

our study design added, we used PERMANOVA to test the significance of bacterial 

community variation, as explained by various parameters over time (Table 3.2). With the 

exception of a significant but minor effect (p-value = 0.031, r
2
 = 0.009) occurring within our 

Asian Chinese participants, no significant effect was observed resulting from participant 

disease status or treatment, even when CG and YG were combined. 

In order to determine the stable ‗core‘ members of the gut bacterial communities observed in 

our prediabetic and normoglycaemic patients, we examined the prevalence and relative 

abundance of all zOTUs detected (Figure 3.7). As ‗core microbiota‘ definitions are generally 

arbitrary with little consensus on this threshold in the literature 
372

, 90% prevalence was 

chosen as our boundary separating the ‗Generalists‘ or the ‗core bacteria‘. Interestingly, all 

core members identified were from the Firmicutes phylum. While 5 core taxa were shared 

across the normoglycaemic and prediabetic cohorts (including Ruminococcaceae, 

Streptococcus, Fusicatenibacter and 2 zOTUs of Blautia), 16 core members were exclusive 
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to the normoglycaemic cohort (including Blautia, Roseburia, Coprococcus, Lachnospiraceae, 

Pseudobutyrivibrio, Ruminoclostridium, Subdoligranulum, 2 zOTUs of Dorea,  3 zOTUs of 

Lachnoclostridium and 4 zOTUs of Faecalibacterium), and only a single core member was 

exclusive to the prediabetic cohort (Roseburia). 

Finally, in order to determine associations between key outcome measures and bacterial taxa, 

a Spearman correlation matrix was applied on the difference in bacterial taxa abundances 

over time versus the difference in alpha diversity and clinical parameter measures. Significant 

correlations identified are presented in Table 3.3. In particular, change in abundance of 

Ruminococcus torques was negatively associated with FI in the normoglycaemic PG 

(Spearman correlation coefficient = -0.94, p = 0.004), and butyrate-producing Roseburia 

inulinivorans was negatively associated with FPG in the prediabetic PG (Spearman 

correlation coefficient = -0.86, p = 0.025). 
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Table 3.2: Results from permutational analysis of variance (PERMANOVA) with a consideration for repeated measures, to test significance of bacterial 

community variation within our samples, as explained by various parameters over time. 

 

 

 

 

 

 

 

 

 

Table 3.3: Spearman coefficient correlations presenting significantly associated taxa with change in bacterial richness (number of observed zOTUs), Shannon 

diversity, FPG and FI. 

 

  

 

 

 

 

R
2

p -val R
2

p -val R
2

p -val

73 All 0.007 0.721 0.010 0.122 0.005 0.082

24 Placebo 0.031 0.302 0.029 0.069 0.016 0.098

25 Capsule 0.026 0.566 0.018 0.681 0.012 0.396

24 Yoghurt 0.015 0.920 0.022 0.931 0.009 0.886

49 Rutin (CG+YG) 0.010 0.727 0.010 0.718 0.007 0.250

33 Male 0.024 0.328 0.013 0.492 0.009 0.301

40 Female 0.011 0.721 0.025 0.084 0.009 0.197

21 European 0.032 0.466 0.020 0.544 0.013 0.372

52 Chinese 0.010 0.536 0.017 0.081 0.009 0.031 *

Prediabetic participants 

(n=37)
All participants (n=73)

Ethnicity

Normoglycaemic 

participants (n=36)

Variable(s) testedn

Treatment

Gender

Variable(s) 

of interest
zOTUs identified Treatment Spearman 

coefficient

p -val 

(FDR-adj.)

Otu32_Bacteroidetes_Bacteroides Placebo 0.890 0.039 *

Otu79_Bacteroidetes_Bacteroides_Bacteroides_

sp._'Smarlab_BioMol-2301151'
Yoghurt 0.810 0.041 *

Shannon 

diversity

Otu154_Firmicutes_[Eubacterium]_hallii_grou

ps:butyrate-producing_bacterium_SL6/1/1
Placebo 0.914 0.013 *

FI

Otu67_Firmicutes_Lachnoclostridium:[Rumino

coccus]_torques
Placebo -0.936 0.004 *

Prediabetic cohort FPG

Otu34_Firmicutes_Roseburia_Roseburia_inulini

vorans
Placebo -0.861 0.025 *

Bacterial 

richness

Normoglycaemic 

cohort
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Figure 3.3: Mean baseline body composition parameters compared across disease-associated cohorts 

(normoglycaemic cohort = red; prediabetic cohort = green). P-values per comparison were determined using 

unpaired t-tests. (A) Average android fat mass. (B) Average visceral fat mass. (C) Average visceral fat mass 

as a proportion of android fat mass. 
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Figure 3.4: Phylum-level (A) and zOTU-level (B) gut bacterial community composition for all participants in each study arm at CID 1 and CID 4. zOTUs with 

≥1% overall 16S rRNA gene relative sequence abundance are shown, with all remaining zOTUs grouped together in ―Other‖.
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Figure 3.5: Mean alpha diversity 

and clinical parameters compared 

over time (CID 1 = red; CID 4 = 

blue) in different participant 

disease-associated cohorts (N = 

normoglycaemic; P = prediabetic), 

as distributed by treatment groups 

(C = capsule; P = placebo; Y = 

yoghurt). Error bars are based on 

95% confidence intervals. P-values 

per cohort are determined using 

pairwise t-tests to account for 

repeated measures and the overall 

main-effect ANOVA p-value 

presents the interaction effect 

between disease status and 

treatment over time, in response to 

the variable tested. (A) Average 

number of observed zOTUs for 

each cohort. (B) Average 

log2_Shannon diversity index for 

each cohort. (C) Average 

participant FPG for each cohort. 

(D) Average participant BMI for 

each cohort. (E) Average 

participant FI for each cohort. 
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Figure 3.6: Visualisation of bacterial community beta diversity. (A) Non-metric multidimensional scaling (nMDS) of the bacterial community shift in study 

participants between baseline to final time point, based on Bray-Curtis dissimilarity. Vector arrows link baseline time point to final time point. Length of arrow 

represents the magnitude of change occurring. (B) Box and whisker plot comparing Bray-Curtis distances for each treatment group.
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Figure 3.7: Determining ―core 

members‖ of the bacterial 

community. zOTUs are distributed 

within the disease-associated 

cohorts, based on their average 

prevalence and relative sequence 

abundance across both time points. 

zOTUs with ≥90% prevalence in 

either of the disease-associated 

cohorts are highlighted in colour 

(normoglycaemic participants only 

= red; prediabetic participants only 

= blue; both cohorts = purple), 

with all remaining zOTUs grouped 

together in ―Other‖. Core zOTUs 

are highlighted within the 

normoglycaemic cohort (top) and 

prediabetic cohort (bottom). 
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3.4 Discussion and Conclusions 

 

As the microbiota component of the Rutin dietary intervention clinical trial, the hypothesis 

underlying this study was that dietary rutin intervention would stimulate glycaemic control 

improvements in prediabetic individuals, and that this beneficial effect would be reflected in 

the gut bacterial community. Furthermore, with the numerous glycaemic benefits previously 

reported to be linked with yoghurt consumption 
402

, a key objective was to test the prebiotic 

potential of dietary rutin within a yoghurt food matrix. To address these points of interest, a 

randomised, double-blinded, placebo-controlled clinical trial was carried out with prediabetic, 

and unexpectedly normoglycaemic cohorts. Participant glycaemia was assessed using C-

peptide:glucose ratios as a proxy for insulin secretion, and primary outcomes from the trial 

will be published separately in due course 
339

. Although the trial was conducted in accordance 

with International recommendations, the study is affected by some limitations (outlined 

below) primarily stemming from the participant recruitment, treatment dosage and dietary 

intervention length aspects of the clinical trial. 

Despite having consistent participant distribution across cohorts, participant recruitment was 

not entirely balanced in terms of demographic variables such as gender, ethnicity and age. 

Such imbalances, coupled with the high microbiota variation observed in populations, likely 

contributed towards considerable variation in participant sensitivity towards dietary rutin. 

Moreover, several participants screened to be prediabetic during recruitment measured under 

the 5.6 mM FPG threshold at CID 1, resulting in an unexpected and substantial reduction in 

cohort sample sizes (and therefore statistical power). This inconsistency was likely due to 

both a change in glucose analysis methods utilised (see section 3.2.1) and physiological 

normalisation of FPG due to potential diet and exercise changes made by participants 

between the screen and CID 1 visits, and resulted in a major restructuring of metadata and 

formation of new normoglycaemic cohorts within each study arm. 

The 500 mg/day rutin dosage employed in this clinical trial was based on the dosage utilised 

in previous clinical trials without any adverse effects. However, it is yet unclear if a higher 

dosage can safely be tolerated by humans, and an increase in dosage could potentially boost 

the observed effectiveness of the compound on metabolic health. Further investigations on 

plant flavonoids are needed to elucidate this upper limit. Additionally, 12 weeks may not 

have been long enough for the metabolic effects of rutin treatment to emerge to a 
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significantly detectable level, and longer intervention times may improve the strength of 

metabolic and microbial response. 

These limitations notwithstanding, our results show oral dietary rutin treatment to have had a 

negligible effect on the structure of the gut bacterial community, whether delivered within a 

food matrix or encapsulated. This is arguably not surprising given the absence of significant 

improvement in the clinical parameters tested 
339

 and may suggest that there is limited 

potential for dietary rutin to be utilised as a prebiotic for metabolic health in humans. Very 

recently, Ragheb et al. (2020) demonstrated a decrease in FPG levels in frank T2D patients 

after receiving a combination treatment of rutin (180 mg/day) and vitamin C (480 mg/day) 

for 8 weeks 
403

. However, gut microbiota structure was not investigated, their study 

participants were concurrently still medicating with their usual hypoglycaemic therapies and 

the cohort receiving a vitamin C-only treatment (500 mg/day) also displayed similar 

reduction in FPG over time. In another recent study, Riva et al., (2020) utilised in vitro 

BONCAT (BioOrthogonal Non-Canonical Amino acid Tagging) and FACS (Fluorescence-

Activated Cell Sorting) approaches to identify gut bacteria affected by rutin amendment post-

anaerobic incubations, and observed significant enrichment of members from 

Lachnospiraceae, Enterobacteriaceae, Tannerellaceae and Erysipelotrichaceae families 
404

. 

However the faecal samples utilised in their study were from ‗healthy‘ individuals and a 

much higher rutin dosage than our 500 mg/day was utilised in their anaerobic incubations 

(~1.5 g per 5 mL reaction). Incidentally, they also report a high variability in the capacity of 

individuals to break down rutin, which is in agreement with the high inter-individual 

variation we observe in our in vivo analyses. 

Previous mouse studies showed that oral rutin treatment exhibited powerful anti-diabetic 

properties 
237,238

, with a strong capacity for preventing pancreatic islet hA aggregation, 

improving survival and glycaemic control. That these mouse-based findings did not translate 

to a successful treatment for human subjects is perhaps unsurprising (albeit disappointing), as 

relatively few therapies effective on animal models are subsequently shown to be successful 

with human participants 
405–407

. Indeed, this is a major reason that human clinical trials are 

essential. This disparity can occur due to a myriad of factors, but primarily because of 

differences in host responses to disease, as well as poorly understood human diseases not 

being sufficiently reflected in the animal models. That being said, there are some limitations 

in this study that could have interfered with the strength of glycaemic and microbial response 
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observed, and it is unclear whether a more targeted approach of delivering rutin into 

pancreatic tissue might yield more effective results.  

Numerous nutrition-based studies have highlighted the metabolic and antioxidant benefits 

that a polyphenol-rich diet (i.e. addition of fruits and vegetables) can bring to glucose 

tolerance and T2D risk 
235,236,239–246

. These include in vitro studies that provided compelling 

evidence for an inhibitory effect of polyphenol flavonoids on amylin aggregation 
408,409

. 

There thus remains considerable scope for thorough future investigations in this area. 

In the context of the gut bacterial communities we have observed, phylum-level taxonomic 

ratios, concerning Firmicutes and Bacteroidetes in particular, have long garnered the 

attention of gut microbiome researchers. Although reported findings have not always been 

concordant 
115,217,410

, especially at deeper taxonomic classifications, bacterial community 

composition at the phylum level is still considered highly relevant 
323

. In this aspect, our 

findings show a high relative proportion of Firmicutes in comparison to Bacteroidetes 

(Figure 3.4). With the majority of our enrolled study participants being overweight (mean 

BMI = 27.6 ± 3.61 kg/m
2
), our result is consistent with some key landmark studies which 

observed a similar phylum distribution in their overweight/obese cohorts 
154,185

. More recent 

large-scale studies on the Dutch population have also presented very similar phylum 

distributions 
259,260

. However, the absence of a lean cohort in our study means we cannot be 

sure whether this effect is limited to participants with a high BMI. Some of the key zOTUs 

observed with at least 1% overall 16S rRNA gene relative sequence abundance include 

bacteria often reported to be downregulated in T2D such as Faecalibacterium (4 zOTUs) 

157,158,265,277,280,282–284
, Akkermansia 

157,264,279
, Bifidobacterium (2 zOTUs) 

265,266,271–276
, 

Bacteroides (2 zOTUs) 
157,266,285–287

, as well as bacteria reported to be enriched in T2D, such 

as Ruminococcus 
157,266,280,288,289

 and Blautia 
157,285,290–292

. 

With the large disparity in exclusive core members observed between our disease-associated 

cohorts (Figure 3.7), there is some indication that bacteria may be less likely to maintain a 

stable position in the gut microbial communities of prediabetic individuals. Certainly, our 

body composition estimates show normoglycaemic participants to have significantly lower 

proportion of visceral fat adiposity in comparison to participants with prediabetes. Although 

it is unclear why an increase in FI levels was observed among normoglycaemic PG, our 

Spearman correlation analyses indicate that the change may be linked to decreased abundance 

of Ruminococcus torques (Table 3.3). Additionally, FPG increase in prediabetic individuals 
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may correlate with a lower abundance of butyrate-producing Roseburia inulinivorans, which 

is known for its anti-inflammatory capacity 
232,378

. 
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Chapter 4 

Effect of Dietary High-Protein Nut versus High-

Carbohydrate Cereal Supplementation on the Gut 

Microbiotas of Normoglycaemic and Prediabetic Asian 

Chinese Participants 

___________________________________________________________________________ 
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4.1 Introduction 

 

The human gut microbiota, often described as our ‗hidden metabolic organ‘, plays a key role 

in metabolising undigested dietary components and maintaining metabolic homeostasis 
110–

114
. As a separate living microbial ‗organ‘, the cooperative ecosystem is built on the delicate 

balance of its community composition, through a stochastic maintenance of putative 

mutualistic, commensal and pathogenic species 
90,94,96

. The community is dependent on host 

diet for nutrients and energy harvest, and as such is shaped by the dietary patterns to which 

they are exposed. The majority of host-microbe interactions are therefore primarily focused 

around host dietary choices, with diet shifts often accompanied by shifts in gut microbial 

community structure and function. 

The global rise in urbanisation has seen an unprecedented change in human diet over recent 

decades as populations in developing countries adopt western dietary patterns rich in highly-

processed, quickly-prepared, energy-dense, low-cost foods at the expense of traditional diets 

consisting of fruits, vegetables, wholegrains, nuts and legumes 
21,161,357

. Consequently, 

metabolic disorders such as obesity and type 2 diabetes (T2D) have become increasingly 

prevalent and are now a major healthcare burden in most developed countries 

110,111,137,260,378,379
. Asian communities are particularly in a predicament, as the development 

of adverse metabolic health issues has been substantially more prominent in Asia than other 

developed regions of the world. Recent investigations of metabolic risk profiles report a 

significantly higher susceptibility to metabolic syndrome and T2D among individuals of 

Asian descent when compared to individuals of European and Oceanian descent 
33–35,48,356

. 

One explanation for this predisposition to disease is the high distribution of abdominal and 

visceral adipose tissue found to be widespread across Asian populations 
351,352,354

. In 2012, 

Thomas et al. 
70

 termed this distinct phenotype the TOFI (Thin-Outside Fat-Inside) profile 

and added support to the ‗adipose tissue overflow‘ hypothesis, as previously proposed by 

Sniderman and colleagues 
76

. The hypothesis holds that the subcutaneous fat storage 

compartment in Asians is inherently smaller compared to that of Europeans, and that under 

circumstances of excess energy intake, the subcutaneous storage capacity is quickly 

exhausted and adiposity ‗overflows‘ into the centralised/visceral adipose tissue compartment. 

The concept has received support from several subsequent studies 
59,77,78

, and a recent 

comparative analysis of ethnically diverse populations showed that there is an equivalent 
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degree of T2D risk from a BMI of >30 kg/m
2
 to an individual of European descent as there is 

for Asians at a BMI of only >25.2 kg/m
2
 
79

. The TOFI profile has also been compared with 

the symptoms manifested in partial lipodystrophy 
71,72

, as both phenotypes display a highly 

similar predisposition towards lipid deposition in critical organs such as pancreas and liver, 

often leading to onset of insulin resistance and T2D 
72–74

. 

Tree nuts and peanuts (commonly termed ‗ground nuts‘) are well-known to be highly 

nutritious sources of dietary fibre, plant-protein and unsaturated fats 
247,411

. Fibre-rich diets in 

particular have been linked with decreased risk of cardiovascular 
412

 and inflammatory 

diseases 
413

, certain cancers 
414

, kidney stones 
415

 and metabolic disorders such as obesity and 

T2D 
412

. In conjunction with dietary fibre, nutritionally dense dried fruits also offer a variety 

of important minerals and polyphenols 
338

, and have been shown to mitigate T2D risk 

254,416,417
. Indeed, several past clinical trials have particularly associated tree nut dietary 

supplementation with improved metabolic health, and decreasing T2D symptoms such as 

hyperglycaemia, insulin resistance, low-grade inflammation and oxidative stress 
247–254

. 

Although legumes such as peanuts have not been the focus of the majority of nut 

investigations, they share a very similar nutritional profile to tree nuts 
411

, and there is 

considerable evidence in support of its anti-diabetic effects as well 
249,418–421

. 

Investigations of gut microbial fermentation of dietary fibre have also revealed the beneficial 

role of short-chain fatty acids (SCFAs) 
422–424

. While insoluble fibres such as lignin, cellulose 

and hemicellulose are able to bind with toxic carcinogenic and mutagenic compounds during 

digestion and assist their removal via faeces 
425

, soluble fibres containing pectins, beta-

glycan, gums, guar-fibres, inulin and resistant starch tend to absorb water in the intestine and 

form a gel. This is more easily metabolised by gut bacteria into SCFAs via saccharolytic 

fermentation 
425–427

 (saccharolytic fermentation is explained in Chapter 1, section 1.2.4). 

Acetate, propionate and butyrate are key SCFAs which exhibit anti-inflammatory effects on 

gut epithelial and immune cells 
428,429

, however the four-carbon SCFA butyrate has 

particularly been noted for its capacity to directly support growth and differentiation of host 

colonocytes and enterocytes 
377,430,431

. Butyrate production has also been negatively 

associated with T2D onset, with butyrate-producing bacteria diminished in gut microbiotas of 

T2D patients 
21

. 

Comparable to the significance of dietary fibre and SCFAs on host-microbe interactions, the 

chemical structure of dietary lipids may have an impact on gut microbiota composition as 
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well. The effect has been previously demonstrated in mouse models 
432

, with saturated and 

unsaturated fats preferentially stimulating the secretion of primary and secondary bile acids, 

and therefore differentially affecting gut bacterial composition as a result of variations in 

downstream modification of bile acids present in the colon 
432,433

. In fact, more recent in vitro 

fermentation analysis 
434

 and dietary intervention 
435

 of walnut supplementation has revealed 

the high poly-unsaturated fat content of tree nuts to reduce microbially-derived, 

proinflammatory secondary bile acid concentrations in the colon and promote a healthy 

balance between the host diet, gut microbiota and metabolic health. 

Considering the increased T2D-risk presented by the TOFI profile, and the rapid growth of 

T2D burden in Asian communities, more T2D-prevention studies specifically targeted 

towards Asian populations are now essential. In this study, we present the microbiota 

component of one such T2D-prevention dietary intervention clinical trial that was conducted 

at the University of Auckland as part of the High-Value Nutrition National Science 

Challenge. We hypothesised that tree nut and peanut supplementation alters the composition 

of the gut microbiota, and may in turn contribute to improvement in metabolic risk, and 

therefore aimed to compare effects of dietary supplementation involving a daily regimen of 

carbohydrate-rich cereals versus protein-rich nuts. We describe here the change in gut 

bacterial community profiles, in prediabetic Asian Chinese individuals, over a 3-month 

dietary intervention. 

 

4.2 Materials and Methods 

 

4.2.1 Study Design and Participant Recruitment 

 

As part of the High-Value Nutrition National Science Challenge, this study was designed to 

be ancillary to a randomised, double-blinded, parallel-group clinical trial, focused primarily 

on determining the potential of tree nut supplementation as a prebiotic therapy for T2D 

prevention in Asian consumers with prediabetes. The primary outcomes of the clinical trial 

which was conducted at the University of Auckland‘s Human Nutrition Unit (HNU) research 

clinics (Auckland and Wellington sites), will be published separately in due course (L.W. Lu, 

2021, pers. commun.). 
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Study participants were recruited from residential communities in Auckland and Wellington, 

New Zealand via advertisement. Eligibility of volunteers was determined based on the 

following inclusion criteria: Asian Chinese ethnicity, aged 25 to 70 years, body mass index 

(BMI) ≥23 kg/m
2
, Finnish Diabetes Risk Score (FINDRISC) ≥9 

392,393
, fasting plasma 

glucose (FPG) 5.6 to 6.9 mM 
394

, and stable weight for the 3 months prior to the trial (<5% 

change in body mass) with no intention of losing weight during the trial period. Exclusion 

criteria included: smoking, BMI ≥40 kg/m
2
, any nut allergies, pregnancy, diagnosis of any 

significant comorbidities such as diabetes or cancer as well as taking of any medications or 

supplements that may influence participant glycaemia. All participants provided written, 

informed consent before enrolling into the study and ethics approval for the trial was granted 

by Auckland Regional Health and Disabilities Committee. The trial was registered with the 

Australian New Zealand Clinical Trial registry (Trial ID: ACTRN12618000476235). 

One hundred and four participants were eligible after the in-clinic screening and were 

subsequently enrolled into the trial. Forty-eight participants were randomised into the high-

carbohydrate cereal bar (HCCB) group and 53 into the high-protein nut bar (HPNB) group. A 

detailed CONSORT (Consolidated Standards of Reporting Trials) diagram illustrates 

participants‘ involvement in the trial (Figure 4.1), while participant demographic information 

is presented in Table 4.1. 

FPG measurement to determine eligibility during screening was conducted in the HNU 

laboratory by collecting fasted venous blood samples (0.5 mL) in a Heparin plasma separator 

tube vacutainer using hexokinase method with the Reflotron Plus Desk Top Analyser 

(Mannheim, Germany). As this initial measurement was done using whole blood samples, 

manual conversion to plasma glucose was performed using the established 11% increase 

conversion rate 
395

. At subsequent clinical visits during the trial, participant blood samples 

were collected and stored at -80℃ until end of trial, at which stage glucose measurements 

were directly taken from plasma blood samples at the Liggins Institute laboratory (Grafton 

Campus, University of Auckland) and utilised for all following statistical analyses. 

Although both methods of measuring FPG are internationally accredited, and utilised venous 

blood samples and hexokinase technique, there were noticeable differences in resulting data. 

Despite all recruited participants exhibiting impaired FPG (≥5.6-6.9 mM) during screening 

(i.e. they qualified as having prediabetes), several participants subsequently exhibited FPG 

levels <5.6 mM at clinical intervention day (CID) 1 (approximately 2-4 weeks after 
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screening). As the fasted plasma samples collected at CID 1 were not analysed until the end 

of trial, the normoglycaemic health status of these participants was unknown until trial 

completion. Post-discovery of this difference in health status, metadata records of affected 

trial participants were appropriately reclassified for all following statistical analyses, resulting 

in a sub-cohort of normoglycaemic participants included into each trial arm. 

As per the single-blind nature of this trial, participants in each cohort were provided with 

their respective dietary bars but were blinded to their composition until the trial‘s conclusion. 

Participants in the HCCB cohort were provided with bars rich in cereal carbohydrates and 

participants in the HPNB cohort were provided with bars rich in nut protein and unsaturated 

fats (refer Appendix C for complete macronutrient profiles). Participants were instructed to 

maintain all aspects of their regular diet and activity levels for the 3-month trial period, with 

the single exception of including one bar in their diet on a daily basis, at breakfast or as a 

snack. They were encouraged to substitute the bar for another food item to ensure they did 

not increase their total daily energy intake and hence not increase body weight. A complete 

timeline of the clinical trial is presented in Figure 4.2. 

 

4.2.2 Bar Composition 

 

Both bars utilised in this study were formulated, designed and manufactured by the Science 

of Food Platform within the High-Value Nutrition National Science Challenge, at the Riddet 

Institute, Massey University, Palmerston North. Commercial manufacturing advice was 

provided by Griffins Food Company, and the Nuku ki te Puku™ coalition of Maori 

businesses. 

HCCB: 

The HCCB served 64g per meal (one single bar), with a total energy value of 985kJ. The bar 

contained: white flour (34g), rice malt syrup (16g, Purcharvest®, Australia), rolled oats 

(6.8g), canola oil (6g) and baking soda (0.8g). Overall, the bar was iso-energetic with HP-

NB, while maintaining a much higher carbohydrate and free sugar load. A complete energy 

and macronutrient profile is presented in the Appendix C. 
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HPNB: 

The HPNB provided the recommended daily intake of tree nuts (>28g) 
436

 in its serving size 

of 50g per meal (one single bar), and a total energy value of 1009kJ. The bar contained: 

unskinned almonds (14.9g), skinned peanuts (14.9g), chicory oligofructose (10.5g), rolled 

oats (4.5g), dried blueberries (2.3g), dried apples (2.3g), sunflower oil (0.4g), Piper excelsum 

(kawakawa) leaves (0.3g) and soy lecithin (0.04g). Overall, the bar provided high dietary 

fibre, protein and unsaturated fat content while maintaining a low carbohydrate and free sugar 

load. A complete energy and macronutrient profile is presented in the Appendix C.  

 

4.2.3 Body Composition Data Collection 

 

Baseline body composition data (android and visceral fat estimates) of recruited participants 

was assessed by dual-energy x-ray absorptiometry (DXA) scan. Although DXA is considered 

the current ―gold-standard‖ of body composition measurement 
399

 due to its high accuracy, 

relative low cost, non-invasive nature and extremely small radiation dose 
400

, it is not as 

precise as computerised tomography or magnetic resonance imaging for the identification of 

visceral fat, and employs certain assumptions in its measurement. Indeed, the android and 

visceral fat data analysed in this chapter should not be considered to be absolute. 

 

4.2.4 Sample Collection 

 

Faecal samples were self-collected by participants at baseline and after the 12-week dietary 

intervention and delivered to the research clinic. Participants were provided with a sample 

collection kit, which included a kidney dish, a scoop, a container and a small sterile collection 

tube. After defecation into the kidney dish and using the dedicated scoop to securely collect a 

portion of faecal matter into the sterile tube, participants were instructed to place the tube 

inside the provided container half-filled with water and store the unit in their freezer until 

delivery to the clinic. The outer ice layer prevented freeze-thaw of samples during transit. All 

faecal samples were ultimately stored at -80℃ prior to DNA extraction, and freeze-thaw 

cycles were kept to a minimum. 
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4.2.5 DNA Extraction 

 

Genomic DNA was extracted from faecal samples using the International Human 

Microbiome Standards (IHMS) Protocol #9 
401

, which is a repeated bead-beating method 

utilising 0.1 mm silica and 3 mm glass beads. Cell lysis was performed using a non-

commercial lysis buffer recipe (500 mM NaCl, 50 mM Tris-HCl at pH 8.0, 50 mM EDTA 

and 4% SDS) as per the protocol, however a Qiagen Tissuelyser II (Retch) was used 

(frequency of 30 Hz, for two cycles of 1.5 min) to break the cells instead of the FastPrep® -

24 Instrument (116004500) with CoolPrep Adapter (6002-528) (MP Biomedicals) as advised 

by the protocol. A QIAamp DNA Minikit (Qiagen, 51306) was utilised in the final steps of 

the protocol for removal of RNA, protein and purification, as recommended by the protocol. 

Negative DNA extractions containing 250 µL of sterile water instead of 0.25 g faecal sample 

(individual sample weight was estimated by volume) were also carried out to test for potential 

contamination. All extracts were subsequently analysed on a Nanodrop 3300 

fluorospectrometer (Nanodrop Technologies Inc., Wilmington, USA) to determine DNA 

quality and concentration. 

 

4.2.6 Bacterial Community Sequencing 

 

Bacterial community structure was analysed by PCR amplification then sequencing of the 

highly variable V3-V4 region of the 16S rRNA gene. KAPA High Fidelity HotStart 

Readymix PCR Kit (Kapa Biosystems®) was utilised for this amplification, with ~50 ng of 

template genomic DNA used per reaction. Labelled with Illumina MiSeq-compatible 

adaptors, the primer pair with optimal overall coverage and phylum-level spectrum 341F (5‘-

CCTACGGGNGGCWGCAG-3‘) and 785R (5‘-GACTACHVGGGTATCTAATCC-3‘) 
363

 

was used with the following thermocycling conditions: Initial denaturation and activation of 

enzymes at 95℃ for 3 min, followed by 25 cycles of denaturation (95℃ for 30 s), annealing 

(55℃ for 30 s) and elongation (72℃ for 30 s), with a final extension of 72℃ for 10 min. 

PCR products were also electrophoresed on 1% (w/v) agarose gels with SYBR Safe nucleic 

acid stain (Invitrogen Co., USA) to ensure correct amplicon size. Negative PCR controls, in 

which nuclease-free H2O was used instead of template DNA, as well as amplifications of 

eluates from the negative DNA extractions, did not produce any visible DNA products. 
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Randomly selected negative controls were nonetheless sequenced even if no product was 

visible on an agarose gel. 

Amplified PCR products were further purified using AMPure magnetic beads (Beckman-

Coulter Inc., USA) in accordance with manufacturer instructions, and quantified using the 

Qubit dsDNA high-sensitivity kit (Invitrogen Co., USA). DNA concentrations of the purified 

samples were standardised and submitted to the sequencing provider (Auckland Genomics 

Ltd) for Illumina MiSeq sequencing (2 x 300 bp chemistry). 

 

4.2.7 Bioinformatics 

 

A bioinformatics pipeline 
364

 compatible with software package USEARCH 
365

 was utilised 

to join the raw pairs of sequence reads, trim away primer-binding regions, quality filter and 

study the merged sequences 
366

. The sequence reads were further error-corrected and zero-

radius operational taxonomic units (zOTUs) of 100% similarity were generated 
367

. Non-

target sequences (such as human sequences) were removed and the SILVA v123 database 

used to assign taxonomy to each zOTU 
368,369

. All unassigned sequences were manually 

checked via BLAST nucleotide search and any sequences producing non-target (i.e. not 

bacteria) hits were removed 
370

. The sequence depth of each sample was rarefied to 3314 

reads to ensure an even number of sequences would be compared for each sample during 

downstream statistical analysis. All negative control samples sequenced (n = 12) produced a 

negligible number of sequence reads (162 ± 272.3) and were summarily discarded during the 

quality filtration steps of the pipeline. 

 

4.2.8 Statistical Analysis  

 

The statistical environment R was used for all analyses 
371

, and a p-value <0.05 was 

considered to be statistically significant. 

Statistical analysis was performed on all recruited study participants, testing the demographic 

balance between study cohorts. Fisher test is more robust with low sample sizes than chi-

squared test, and was therefore utilised for testing participant distribution by categorical 
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parameters (i.e. gender and ethnicity) in our cohorts, while distribution by all other 

continuous constraints were tested with a paired t-test. 

A 3-way analysis of variance (ANOVA) using type 3 sums of squares was applied on the 

complete dataset to test the response of alpha diversity and clinical parameters to the 

interaction between three key variables (participant treatment, participant disease status, time 

of sample collection). A main-effect ANOVA p-value was thus generated, accounting for 

repeated measures and paired t-tests were also employed to compare alpha diversity and 

clinical parameters over time within cohorts. Error bars based on 95% confidence intervals 

were were also generated. 

Bray-Curtis dissimilarity was utilised for the non-metric multidimensional scaling (nMDS) 

analysis of bacterial community shift in study participants between baseline to final 

timepoint, and the significance of change was determined with ANOVA. A permutational 

analysis of variance (PERMANOVA) was also performed with 1999 unrestricted 

permutations of raw data, taking into account repeated measures of each participant. 

Spearman coefficients were used to correlate change in bacterial taxa abundances over time 

with the change in alpha diversity and clinical measures, and resulting p-values were adjusted 

with false discovery rate (FDR <0.05). 
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Table 4.1: Baseline demographic, anthropometric, metabolic and body composition information of the final 84 participants in the microbiota study. 

 

Data are presented as ratio of Auckland to Wellington for clinic (i.e. number of participants recruited from either site), male to female for gender and mean 

(range) for age, waist circumference, hip circumference, BMI (body mass index), FPG (fasting plasma glucose), FI (fasted insulin), AF (android fat) and VF 

(visceral fat) variables, respectively. VF (%) is presented as a proportion of AF (g). Sample size for body composition data is slightly diminished as some of 

the participants did not consent to DXA scan. 

*p-value: represents the the overall difference in distribution across the four cohort groups (as associated by participant disease status and treatment). Fisher 

test was utilised for the clinic and gender categorical variables, and paired significance tests for all other continuous constraints. 

 

 

HCCB (n=23) n HNPB (n=29) n HCCB (n=15) n HNPB (n=17) n

Clinic (Auck:Wel) 73:11 84 22:1 23 28:1 29 12:3 15 11:6 17 0.008 *

Gender (M:F) 38:46 84 5:18 23 12:17 29 9:6 15 12:5 17 0.011 *

Mean age (years) 46.4 (27-72) 84 45.5 (27-65) 23 45.1 (31-64) 29 47.5 (28-65) 15 48.7 (28-72) 17 0.711

Mean waist circumference (cm) 91.9 (73.8-129.5) 84 87.5 (77.3-96.3) 23 91.3 (73.8-117) 29 95.9 (82.5-129.5) 15 95.4 (76.5-126) 17 0.047 *

Mean hip circumference (cm) 102.9 (91-130) 84 101.2 (94.5-111.3) 23 103.9 (91-123.8) 29 102.9 (94-119.5) 15 103.6 (91.3-130) 17 0.670

Mean BMI (kg/m2) 27.2 (19.9-39.6) 84 26.3 (23.3-33) 23 27.4 (19.9-36.4) 29 28.3 (23.2-39.6) 15 27.3 (23.1-39.5) 17 0.409

Mean FPG (mM) 5.5 (4.5-6.8) 84 5.2 (4.5-5.5) 23 5.2 (4.6-5.5) 29 5.9 (5.6-6.4) 15 6.1 (5.6-6.8) 17 5.51E-16 *

Mean FI (µU/mL) 12.5 (0.4-44) 84 9.5 (3-27.6) 23 10.1 (0.4-41.5) 29 18.1 (1.8-44) 15 15.5 (3.9-38.2) 17 0.005 *

Mean AF (g) 2406 (984-5017) 64 2136 (1076-3076) 18 2572 (984-5017) 25 2408 (1361-4965) 12 2478 (1476-3369) 9 0.434

Mean VF (g) 1118 (189-3425) 64 750 (247-1701) 18 1206 (189-2425) 25 1292 (665-2411) 12 1374 (735-2290) 9 0.017 *

Mean VF (%) 45 (13.2-76.9) 64 33.6 (15.9-55.8) 18 45 (13.2-71.7) 25 55.3 (34.3-76.9) 12 54.1 (35.7-68) 9 6.30E-05 *

All participants 

investigated (n=84)
p -valn

Normo-glycaemic participants (n=52) Prediabetic participants (n=32)
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Figure 4.1: CONSORT flow chart for the microbiota component of the Tū Ora dietary intervention trial. 
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Figure 4.2: Timeline of the clinical investigation days (CID) during the trial. Fasted blood 

samples and anthropometry measurements were collected at every clinical visit, with further 

faecal samples collected and OGTT (oral glucose tolerance test) conducted on CIDs 1 and 5. 

 

4.3 Results 

 

All participants who completed the study were compliant with the study guidelines. From the 

total of 97 participants who finished the dietary intervention, 86 provided a faecal sample at 

both time points. Due to two participants with FPG levels above 7.0 mM at CID 1 (i.e. 

exceeding the impaired fasting glucose threshold as defined by both the American Diabetes 

Association and the World Health Organisation), they were excluded from the analysis and a 

final set of 84 sample pairs was analysed (Figure 4.1). Overall, participant distribution by 

their disease status transpired to be considerably skewed, with the normoglycaemic group 

containing 52 participants (HCCB = 23; HPNB = 29), and the prediabetic group containing 

32 participants (HCCB = 15; HPNB = 17). Although demographic and anthropometric 

variables such as average participant age (46.4 ± 11.2 years standard deviation) and BMI 

(27.2 ± 3.6 kg/m
2
) were well-balanced across cohort groups, gender ratio was skewed 

towards females in the normoglycaemic group (17M:35F) and males were overrepresented in 

the prediabetic group (21M:11F). Despite such imbalances however, participants from the 

prediabetic group displayed significantly higher waist circumference, fasted insulin and 

visceral adiposity. A breakdown of demographic, anthropometric, metabolic and body 

composition information for these participants is presented in Table 4.1. Additional analysis 
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of baseline body composition parameters across disease-associated cohorts further supported 

this finding, as a highly significant difference in visceral, as well as android adiposity was 

observed (Figure 4.3).  

A similar distribution of average relative abundance of bacterial phyla was observed across 

all participants, irrespective of treatment group and disease status (Figure 4.4A). Overall, 

Firmicutes (79.2 ± 18.2%) was the most dominant phylum, followed by Bacteroidetes (11.8 

± 9.5%), Actinobacteria (6.7 ± 7.6%), Verrucomicrobia (1.6 ± 2.8%) and Proteobacteria (0.6 

± 1%). Generally, phylum-level composition of microbiota profiles remained relatively 

consistent across baseline (CID 1) and post-intervention (CID 5) time points for the majority 

of participants, however some individuals did display considerable changes. A high level of 

inter-individual variation was observed at zOTU-level taxa assignments, with noticeable 

instability and unpredictability across time points (Figure 4.4B). 

Alpha diversity of the gut microbiota profiles and clinical parameters of their respective hosts 

were compared over time using paired significance tests (Figure 4.5). With the exception of 

FPG and FI, the variables tested did not show significant change over the trial period. A 

significant FPG (p = 0.032) and FI (p = 0.028) increase in the HPNB-treated normoglycaemic 

group, as well as FPG decrease in the HPNB-treated prediabetic group (p = 0.003) was 

observed.  

The overall change in these variables in response to the interaction between participant 

treatment and disease status was further tested with 3-way ANOVA, but no significant 

influence was discovered. Additionally, bacterial community beta diversity was examined 

with nMDS of the Bray-Curtis dissimilarity (Figure 4.6), with no noticeable separation 

between treatment clusters or consistent trajectories over time (p = 0.902). 

In order to test for the significance of bacterial community variation in our cohorts, as 

explained by various parameters over time, PERMANOVA was performed with a 

consideration for repeated measures from each participant (Table 3.2). No significant 

variation resulting from the interaction between participant disease status and treatment was 

uncovered, however a significant but minor effect was discovered within male participants 

(normoglycaemic participants: p = 0.004, r
2
 = 0.032; overall: p = 0.0075, r

2
 = 0.013). 

Irrespective of dietary treatment, secure ‗core‘ members of the bacterial communities in our 

disease-associated cohorts were identified by comparing prevalence and relative abundance 
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of all zOTUs discovered. As mentioned previously (Chapter 3, section 3.3), there is no clear 

consensus as to what constitutes a ‗core microbiota‘, besides touching upon a measure of how 

deeply a taxa is anchored within the community 
372

. A minimum of 90% prevalence was thus 

chosen as the threshold in our analysis to divide ‗core‘ members from peripheral taxa. The 

majority of core members detected were from the Firmicutes phylum, with only a single 

representative of Actinobacteria. A total of 13 taxa were shared across the core microbiotas 

of both cohorts (Pseudobutyvibrio, Ruminococcaceae, Streptococcus, Fusicatenbacter, 

Ruminiclostridium, Roseburia, Romboutsia, Anaerostipes, Rhodococcus, 2 zOTUs of 

Faecalibacterium and 2 zOTUs of Blautia), 9 taxa were exclusive to the core microbiota of 

normoglycaemic group (Subdoligranulum, Roseburia, Blautia, 2 zOTUs of 

Faecalibacterium, 2 zOTUs of Lachnoclostridium and 2 zOTUs of Dorea) and only 2 taxa 

were found to be exclusive to the core microbiota of prediabetic group (Streptococcus and 

Ruminococcaceae). 

Lastly, with the intention of identifying associations between major study outcome measures 

and bacterial taxa, a Spearman correlation matrix was applied on the change in bacterial taxa 

abundances and change in alpha diversity and clinical parameter measures over time. 

Significant correlations detected are shown in Table 4.3, highlighting positive associations of 

alpha diversity measures in the HPNB treatment group with abundance of Faecalibacterium 

(Spearman correlation coefficient = 0.63, p = 0.037) in the normoglycaemic group and 

Lachnospira (Spearman correlation coefficient = 0.83, p = 0.007) in the prediabetic group. 
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Table 4.2: Results from permutational analysis of variance (PERMANOVA) with a consideration for repeated measures, to test significance of bacterial 

community variation within our samples, as explained by various parameters over time. 

 

 

 

 

 

 

 

Table 4.3: Spearman coefficient correlations presenting significantly associated taxa with change in bacterial richness (number of observed zOTUs) and 

Shannon diversity. 

 

  

 

 

 

 

 

 

R
2

p -val R
2

p -val R
2

p -val

84 All 0.008 0.054 0.005 0.936 0.004 0.203

38 HCCB 0.018 0.064 0.017 0.573 0.006 0.794

46 HPNB 0.009 0.542 0.010 0.912 0.006 0.339

38 Male 0.032 0.004 * 0.010 0.682 0.013 0.008 *

46 Female 0.007 0.633 0.029 0.531 0.006 0.582

Treatment

Gender

n Variable(s) tested

Normoglycaemic 

participants 

(n=36)

Prediabetic 

participants 

(n=37)

All participants 

(n=73)

Variable(s) 

of interest
zOTUs identified Treatment

Spearman 

coefficient

p -val 

(FDR-adj.)

Normoglycaemic 

cohort

Bacterial 

richness

Otu4_Firmicutes_Ruminococcaceae_Faecaliba

cterium
HPNB 0.634 0.038 *

Prediabetic cohort

Shannon 

diversity

Otu138_Firmicutes_Lachnospiraceae_Lachnos

pira
HPNB 0.827 0.007

*
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Figure 4.3: Mean baseline body composition parameters compared across disease-associated cohorts 

(normoglycaemic cohort = red; prediabetic cohort = green). P-values per comparison were determined using 

unpaired t-tests. (A) Average android fat mass. (B) Average visceral fat mass. (C) Average visceral fat mass 

as a proportion of android fat mass. 
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Figure 4.4: Phylum-level (A) and zOTU-level (B) gut bacterial community composition for all participants in each study arm at CID 1 and CID 5. zOTUs with 

≥1% overall 16S rRNA gene relative abundance are shown, with all remaining zOTUs grouped together in ―Other‖.
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Figure 4.5: Mean alpha diversity 

and clinical parameters compared 

over time (CID 1 = red; CID 5 = 

blue) in different participant 

disease-associated cohorts (N = 

normoglycaemic; P = prediabetic), 

as distributed by treatment groups 

(HCCB = high-carbohydrate cereal 

bar; HPNB = high-protein nut bar). 

Error bars are based on 95% 

confidence intervals. P-values per 

cohort are determined using 

pairwise t-tests to account for 

repeated measures and the overall 

main-effect ANOVA p-value 

presents the interaction effect 

between disease status and 

treatment over time, in response to 

the variable tested. (A) Average 

number of observed zOTUs for 

each cohort. (B) Average 

log2_Shannon diversity index for 

each cohort. (C) Average 

participant FPG for each cohort. 

(D) Average participant BMI for 

each cohort. (E) Average 

participant FI for each cohort. 
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Figure 4.6: Visualisation of bacterial community beta diversity. (A) Non-metric multidimensional scaling (nMDS) of the bacterial community shift in study 

participants baseline to final time point, based on Bray-Curtis dissimilarity. Vector arrows link baseline time point to final time point. Length of arrow 

represents the magnitude of change occurring. (B) Box and whisker plot comparing Bray-Curtis distances for each treatment group.
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Figure 4.7: 
Determining ―core 

members‖ of the 

microbiota. zOTUs 

are distributed within 

the disease-

associated cohorts, 

based on their 

average prevalence 

and relative sequence 

abundance across 

both time points. 

zOTUs with ≥90% 

prevalence in either 

of the cohorts are 

highlighted in colour 

(normoglycaemic 

participants only = 

red; prediabetic 

participants only = 

blue; both cohorts = 

purple), with all 

remaining zOTUs 

grouped together in 

―Other‖. Core 

zOTUs are 

highlighted within 

the normoglycaemic 

cohort (top) and 

prediabetic cohort 

(bottom). 
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4.4 Discussion and Conclusions 

 

As part of the High-Value Nutrition National Science Challenge, the Tū Ora dietary 

intervention trial was designed to investigate the effect of recommended daily intake of nuts 

(28g/day) on glycaemia and associated metabolic parameters on a cohort of prediabetic Asian 

Chinese adults. A randomised clinical trial was therefore performed with prediabetic, and 

unexpectedly normoglycaemic cohorts. Participant glycaemic control improvements were 

assessed using fasted plasma glucose measures, and primary results from the trial will be 

published separately in due course (L.W. Lu, 2021, pers. commun.). The central hypothesis 

underlying this gut microbiota analysis component of the clinical trial was that dietary 

supplementation of cereal carbohydrate versus nut protein would have distinct effects on gut 

bacterial composition of participants, and a key objective was to characterise the resulting 

changes. In this study we present key outcomes of this gut microbiota analysis component. 

Although the clinical trial was performed in line with International recommendations, the 

study is affected by some limitations resulting from unexpected developments. Specifically, 

enrolled participants who previously exhibited impaired fasting glucose (i.e. FPG ≥5.6-6.9 

mM) during screening, were later discovered to have FPG within the healthy range (<5.6 

mM) at CID 1. Consequently a major restructuring of metadata and development of new 

normoglycaemic cohorts within each study arm ensued, resulting in reduced cohort sample 

sizes (and therefore statistical power) as well as unbalanced gender distribution of 

participants across cohorts. This discrepancy was likely due to both a change in glucose 

analysis methods utilised (see section 4.2.1), and physiological normalisation of FPG due to 

participants making potential lifestyle changes (i.e. diet and exercise) between the screen and 

CID visits. Moreover, it is conceivable that participants who were borderline prediabetic at 

screening may have dropped below this threshold due to day-to-day glycaemic variability. 

Indeed, increased glycaemic variability has previously been linked with poor glycaemic 

control and risk of T2D 
437

.  

As an Asian Chinese-specific clinical trial, the difference in baseline android and visceral 

adiposity observed across disease-associated cohorts (Figure 4.3) was discovered to be much 

more significant than that previously observed in the ethnically mixed cohorts of the Rutin 

dietary intervention trial 
339

 (see Chapter 2). While DXA has considerable limitations in 
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measurement of visceral fat, this difference could certainly be due to prediabetic Asian 

participants expressing the TOFI phenotype.  

Irrespective of treatment, our findings show a general lack of significant change in gut 

microbiota composition in response to the dietary intervention. In fact, even across disease-

associated cohorts, a highly similar distribution of bacterial phyla was observed. This 

uniformity across the disease-associated cohorts may be due to the fact that although our 

normoglycaemic group was under the impaired fasting glucose threshold, these participants 

were still quite close to developing prediabetes and should not be considered as ‗healthy‘. 

Interestingly, while mean FPG and FI levels were found to significantly increase in the 

HPNB-treated normoglycaemic group, FPG levels significantly decreased in the HPNB-

treated prediabetic group (Figure 4.5). Although the underlying mechanism for this difference 

is unclear, it may suggest that host glycaemic response to HPNB treatment undergoes a 

considerable shift post-onset of prediabetes. 

At the broad taxonomic level of phylum, Firmicutes was by far the most dominant, with 

Bacteroidetes next most abundant. As the enrolled participants in this clinical trial were 

predominantly overweight (mean BMI = 27.2 ± 3.6 kg/m
2
), this phylum ratio is consistent 

with our findings from the Rutin dietary intervention trial (see Chapter 3), and other previous 

findings in overweight/obese groups 
154,185,259,260,438

. Among the highly abundant zOTUs 

detected (i.e. ≥1% overall 16S rRNA gene relative sequence abundance), we identified 

several bacterial taxa previously reported to be reduced in T2D such as Faecalibacterium (4 

zOTUs) 
157,158,265,277,280,282–284

, Bifidobacterium (3 zOTUs) 
265,266,271–276

 and Bacteroides (2 

zOTUs) 
157,266,285–287

, as well as taxa reported to be enriched in T2D, such as Ruminococcus 

157,266,280,288,289
 and Blautia 

157,285,290–292
. Overall, in the context of T2D, we observed similar 

changes in the relative abundance profiles of these taxa; however the changes observed were 

not significant.  

The noticeably large difference in the number of exclusive core members identified between 

our disease-associated cohorts is worth mentioning, and may suggest that bacteria could more 

readily maintain a stable position in normoglycaemic participants compared to participants 

with prediabetes. Moreover, the association between alpha diversity parameters and bacteria 

such as Faecalibacterium and Lachnospira, both of which are butyrate producers 
439,440

, is 

evident from the Spearman correlation analysis, and may be a consequence of HPNB 

treatment. 
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Although the majority of previous investigations on gut microbiota response to cereal 

carbohydrate and nut protein have been limited to ‗healthy‘ individuals, there have been some 

noteworthy findings. Whole grain cereal has been reported to increase intestinal abundances 

of bifidobacteria 
441

 and lactobacilli 
441,442

, and  the prebiotic potential of tree nuts was 

initially proposed based on pre-clinical and non-randomised trials that linked almond intake 

to increase abundance of bifidobacteria 
443–446

. Since then, besides almonds 
447–451

, gut 

microbiota responses to walnut 
435,452–454

, hazelnut 
455

 and pistachio 
451

 supplementations have 

also been studied, however the investigations have not been performed in the context of T2D 

and results have generally not been very consistent. This variation may be due to differences 

in DNA extraction methodologies, sequencing platforms and taxonomic databases utilised. 

In the context of walnuts, increases in Actinobacteria 
454

 and Firmicutes 
435

 as well as 

decreases in Actinobacteria 
435

 and Bacteroidetes 
454

 have been reported at bacterial phylum 

level. At the OTU-level, increases in Bifidobacterium 
452,454

, Ruminococcaceae 
452

, 

Faecalibacterium 
435

, Clostridium 
435

, Roseburia 
435

, Dialister 
435

, Blautia 
454

, Coprococcus 

454
, Collinsela 

454
, Coreobacteriaceae 

454
 as well as decreases in Ruminococcus 

435
, Dorea 

435
, 

Oscillospira 
435

, Bifidobacteria 
435

, and Lachnospiraceae 
454

 have been reported. 

Although no statistically significant findings were reported in the single study investigating 

hazelnuts 
455

, differences at OTU-level were observed in studies investigating almonds. 

Significant increases in abundances of Lachnospira 
449,450

, Roseburia 
450

, Clostridium 
450

 and 

Dialister 
450

 have been reported, as well as decreases in abundances of the Muribaculaceae 

(previously known as S24-7) family 
449

, Alistipes 
449

, Butyricimonas 
449

, Odoribacter 
449

, 

Parabacteroides 
450

, Bifidobacterium 
450

 and Bacteroides fragilis 
449

. Holscher et al. 
450

 also 

investigated the difference in types of processed almonds served to participants and observed 

considerable differences in gut microbiota response to chopped almonds, whole roasted 

almonds and whole raw almonds. While chopped almonds induced increases in Lachnospira, 

Roseburia and Oscillospira, whole roasted almonds only managed to increase Lachnospira, 

and whole raw almonds promoted proliferation of Dialister. 

Therefore, with the exception of two walnut studies 
435,454

 that reported changes at the 

phylum-level, and one almond study 
449

 that reported a change in alpha diversity, none of 

these studies showed a significant change at the phylum-level taxa or in bacterial diversity, 

which is consistent with our findings. Moreover, it is important to note that the tree nut 

serving sizes utilised in these studies is considerably higher than the ~15g almonds/day, or 
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even the total ~30g nuts/day that was utilised in our clinical trial. With the exception of the 

studies by Garcia-Mantrana et al. 
454

 (33g walnuts/day), Ukhanova et al. 
451

 (85g 

pistachio/day), Gargari et al., 
455

 (0.43g hazelnuts/kg of bodyweight/day) and Dhillon et al., 

449
 (57g almonds/day), all of these investigations maintained dosages of 42-43g/day of their 

respective nuts, which may have improved the strength of gut microbial response detected. 

Indeed, a similar dosage of 14g almond/day dosage was used by Burns et al. 
447

, only for their 

child cohort and maintained a serving of 43g almond/day for their adult participants. 

In summary, current literature on the candidacy of nuts as a potential prebiotic is still in its 

early stages, with many open questions. It is clear that the type of nut incorporated in the diet 

has varying effects on the gut microbiota, and as present studies lay the necessary 

groundwork, future dietary intervention trials and microbiota research will require careful 

consideration of the composition of nuts consumed, and precise execution of the 

methodologies utilised here to replicate findings. Usage of modern approaches such as 

metagenomic sequencing and metabolomic analyses will facilitate our understanding of host-

microbiota interactions. Indeed, our team will also be performing a thorough investigation of 

the data presented here using shotgun metagenomic sequencing approaches in due course. 
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Chapter 5 

A Comparison of Gut Microbiota Profiles in Prediabetic 

Asian Chinese and European Caucasian Populations 

___________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been written as a manuscript for submission to a peer-reviewed journal: 

Akarsh Mathrani, Louise Lu, Marta Silvestre, Mike Taylor, Sally Poppitt 



109 
 

5.1 Introduction 

 

The effect of ethnicity on susceptibility to obesity, type 2 diabetes mellitus (T2D) and other 

metabolic disorders is well documented 
456,457

. Although the precise underlying mechanisms 

contributing to these predispositions remain unclear, it appears that a combination of 

biological, clinical and social factors play a role 
458

. Differences in glucose metabolism and 

insulin resistance have been observed between ethnic groups 
458

, however understanding the 

causes for such differences is difficult when diverse ethnic demographics are prone to T2D 

pathogenicity through different metabolic avenues. For instance, the T2D risk profile of the 

Asian population is generally characterised by their body fat distribution, commonly 

exhibiting a ―spill over‖ effect with excess visceral fat deposition in comparison to European 

Caucasian profiles due to an inability to accommodate similar levels of subcutaneous fat 
68,69

. 

This TOFI (Thin-Outside Fat-Inside) phenotype 
70

 often allows for a high volume of lipid 

storage within critical organs such as pancreas and liver 
72–74

, which can have an inhibitory 

effect on glucose-mediated β-cell insulin secretion 
80

 and decrease insulin sensitivity 
81

.  

Other high-risk communities such as NZ Māori and Pacific Islanders may be susceptible to 

developing metabolic syndrome due to certain genetic polymorphisms and elevated 

endogenous uric acid levels 
459

, which have also been linked with impaired glucose 

metabolism 
460,461

. 

As the gut microbiota provides a wide array of dietary support and is closely linked with 

metabolic homeostasis in humans 
110,111,113,114,343

, the concept of using microbial community 

structure and composition as a non-invasive diagnostic indicator of health has in recent years 

become widely appreciated 
343

. However, although associations between disease 

pathogenicity and the gut microbiota have been identified, considerable personalisation of 

taxonomic composition among individuals has also been documented 
344

. The noise projected 

by this extensive inter-individual variation often obscures correlations of research interest and 

has a strong influence on the accuracy of microbiota-based investigations. Indeed, a recent 

large-scale study by Deschasaux et al. examined the gut microbiotas of 2084 participants 

from varied ethnic origins but shared geography, revealing ethnicity to be a key contributor 

of this variation by explaining taxa composition differences among individuals far more than 

any other variable tested 
462

. 

We have previously conducted a thorough longitudinal investigation of the gut bacterial 

community response to dietary supplementation in prediabetic Asian Chinese participants 
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(see Chapter 4), and therefore have access to baseline gut microbiota data which may be 

representative of the typical Asian Chinese TOFI profile. We also have access to another 

similar 16S rRNA gene dataset prepared from faecal samples collected from prediabetic 

participants of European Caucasian descent in a different clinical trial 
340

. As both clinical 

trials were conducted in Auckland, New Zealand, and the microbiology work for both was 

conducted in the same laboratory, the methodology utilised for sample collection and 

processing was identical. A comparative study between these two datasets to explore basal 

ethnic differences is thus fitting. We hypothesised that the ethnic difference between the 

datasets would be reflected in the gut microbiota and describe here the results from a direct 

comparison of faecal 16S ribosomal RNA gene sequence data of prediabetic Asian Chinese 

participants from the Tū Ora dietary intervention trial (L.W. Lu, 2021, pers. commun.) versus 

prediabetic European Caucasian participants from the PREVIEW clinical trial 
463

. 

 

5.2 Materials and Methods 

 

5.2.1 Study Design and Participants 

 

This study utilised the cross-sectional baseline data from two clinical trials, focused primarily 

on preventing T2D in prediabetic individuals. The dataset from Asian Chinese with 

prediabetes was obtained from the Tū Ora dietary intervention trial (L.W. Lu, 2021, pers. 

commun.), and the prediabetic European Caucasian dataset from the PREVIEW clinical trial 

463
. Both clinical trials were conducted at the University of Auckland‘s Human Nutrition Unit 

research clinic. 

All data used in this study were selected from study participants that were in either trial 

recruited from residential communities in Auckland and Wellington, New Zealand via 

advertisement. Eligibility of participants with respect to the data selected for use in this study 

was determined based on the following main inclusion criteria: Asian Chinese or European 

Caucasian descent, aged 25 to 70 years, body mass index (BMI) ≥23 kg/m
2
, Finnish Diabetes 

Risk Score (FINDRISC) ≥9 
392,393

, fasting plasma glucose (FPG) 5.6 to 6.9 mM 
394

, and 

stable body weight for two months prior to the trial (<5% change in body mass). Main 

exclusion criteria included: smoking, pregnancy, diagnosis of any significant comorbidities 
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such as diabetes or cancer as well as taking of any medications or supplements that may 

influence participant glycaemia. All participants provided written, informed consent before 

enrolling into the study and ethics approval for the trials was granted by Auckland Regional 

Health and Disabilities. The Tū Ora dietary intervention trial was registered with the 

Australian New Zealand Clinical Trial registry (Trial ID: ACTRN12618000476235), and the 

PREVIEW clinical trial was registered with ClinicalTrials.gov (Trial ID: NCT01777893). 

For the purpose of this analysis, sample data of 32 prediabetic Asian Chinese participants and 

39 prediabetic European Caucasian participants were selected from either trial. As complete 

metadata was not available to us for sequence data from the PREVIEW clinical trial 
340

, 

limited metabolic and body composition comparisons could be made with data from the Tū 

Ora dietary intervention trial (L.W. Lu, 2021, pers. commun.).  FPG values presented in this 

chapter were measured slightly differently across the two cohorts, with glucose measured 

directly from plasma blood samples for the Asian Chinese cohort (ACC), and from whole 

blood samples for the European Caucasian cohort (ECC) with manual conversion to plasma 

glucose. Both trials utilised dual-energy x-ray absorptiometry scan for assessment of body 

composition, however due to limitations in available metadata from the PREVIEW clinical 

trial, only android fat estimates could be compared across the cohorts. Demographic 

information of selected participants across both trials presented in Table 5.1. 

 

5.2.2 Sample Collection 

 

Faecal samples were self-collected by participants and delivered to the research clinic. 

Participants were provided with a sample collection kit, which included a kidney dish, a 

scoop, a container and a small sterile collection tube. After defecation into the kidney dish 

and using the dedicated scoop to securely collect a portion of faecal matter into the sterile 

tube, participants were instructed to place the tube inside the provided container half-filled 

with water and store the unit in their freezer until delivery to the clinic. The outer ice layer 

prevented freeze-thaw of samples during transit. All faecal samples were ultimately stored at 

-80℃ prior to DNA extraction, and freeze-thaw cycles were kept to a minimum. 
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5.2.3 DNA Extraction 

 

Genomic DNA was extracted from faecal samples using the International Human 

Microbiome Standards (IHMS) Protocol #9 
401

, which is a repeated bead-beating method 

utilising 0.1 mm silica and 3 mm glass beads. Cell lysis was performed using a non-

commercial lysis buffer recipe (500 mM NaCl, 50 mM Tris-HCl at pH 8.0, 50 mM EDTA 

and 4% SDS) as per the protocol, however a Qiagen Tissuelyser II (Retch) was used 

(frequency of 30 Hz, for two cycles of 1.5 min) to break the cells instead of the FastPrep® -

24 Instrument (116004500) with CoolPrep Adapter (6002-528) (MP Biomedicals) as advised 

by the protocol. A QIAamp DNA Minikit (Qiagen, 51306) was utilised in the final steps of 

the protocol for removal of RNA, protein and purification, as recommended by the protocol. 

Negative DNA extractions containing 250 µL of sterile water instead of 0.25 g faecal sample 

(individual sample weight was estimated by volume) were also carried out to test for potential 

contamination. All extracts were subsequently analysed on a Nanodrop 3300 

fluorospectrometer (Nanodrop Technologies Inc., Wilmington, USA) to determine DNA 

quality and concentration. 

 

5.2.4 Bacterial Community Sequencing 

 

Bacterial community structure was analysed by PCR amplification then sequencing of the 

highly variable V3-V4 region of the 16S rRNA gene. KAPA High Fidelity HotStart 

Readymix PCR Kit (Kapa Biosystems®) was utilised for this amplification, with ~50 ng of 

template genomic DNA used per reaction. Labelled with Illumina MiSeq-compatible 

adaptors, the primer pair with optimal overall coverage and phylum-level spectrum 341F (5‘-

CCTACGGGNGGCWGCAG-3‘) and 785R (5‘-GACTACHVGGGTATCTAATCC-3‘) 
363

 

was used with the following thermocycling conditions: Initial denaturation and activation of 

enzymes at 95℃ for 3 min, followed by 25 cycles of denaturation (95℃ for 30 s), annealing 

(55℃ for 30 s) and elongation (72℃ for 30 s), with a final extension of 72℃ for 10 min. 

PCR products were also electrophoresed on 1% (w/v) agarose gels with SYBR Safe nucleic 

acid stain (Invitrogen Co., USA) to ensure correct amplicon size. Negative PCR controls, in 

which nuclease-free H2O was used instead of template DNA, as well as amplifications of 

eluates from the negative DNA extractions, did not produce any visible DNA products. 
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Randomly selected negative controls were nonetheless sequenced even if no product was 

visible on an agarose gel. 

Amplified PCR products were further purified using AMPure magnetic beads (Beckman-

Coulter Inc., USA) in accordance with manufacturer instructions, and quantified using Qubit 

dsDNA high-sensitivity kit (Invitrogen Co., USA). DNA concentrations of the purified 

samples were standardised and submitted to the sequencing provider (Auckland Genomics 

Ltd) for Illumina MiSeq sequencing (2 x 300 bp chemistry). 

 

5.2.5 Bioinformatics 

 

A bioinformatics pipeline 
364

 compatible with software package USEARCH 
365

 was utilised 

to join the raw pairs of sequence reads, trim away primer-binding regions, quality filter and 

study the merged sequences 
366

. The sequence reads were further error-corrected and zero-

radius operational taxonomic units (zOTUs) of 100% similarity were generated 
367

. Non-

target sequences (such as human sequences) were removed and the SILVA v123 database 

used to assign taxonomy to each zOTU 
368,369

. All unassigned sequences were manually 

checked via BLAST nucleotide search and any sequences producing non-target (i.e. not 

bacteria) hits were removed 
370

. The sequence depth of each sample was rarefied to 2405 

reads to ensure an even number of sequences would be compared for each sample during 

downstream statistical analysis. 

 

5.2.6 Statistical Analysis  

 

The statistical environment R was used for all analyses 
371

, and a p-value <0.05 was 

considered to be statistically significant. 

Statistical analysis was performed using data from all selected participants, testing the 

demographic balance between ethnic cohorts. Fisher test is more robust with low sample 

sizes than chi-squared test, and was therefore utilised for testing participant distribution by 

categorical parameters (i.e. gender) in our cohorts, while distribution by all other continuous 

constraints were tested with a paired t-test. An unpaired t-test was also used to compare gut 
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microbiota diversity between cohorts and Bray-Curtis dissimilarity was utilised for the non-

metric multidimensional scaling (nMDS) analysis of bacterial community variation. 

Significance of variance was determined with permutational analysis of variance 

(PERMANOVA), performing 9999 unrestricted permutations of the raw data. 
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Table 5.1: Demographic, anthropometric, metabolic and body composition information of the selected participants in the microbiota study. 

 

 

 

 

 

 

 

Data are presented as ratio of male to female for gender and mean (range) for age, waist circumference, hip circumference, BMI (body mass 

index), FPG (fasting plasma glucose), FI (fasted insulin) and AF (android fat) variables, respectively. Sample size for some parameters is slightly 

diminished in the European Caucasian cohort (ECC) due to limitations in metadata supplied, and body composition data is slightly diminished 

for the Asian Chinese cohort (ACC) as some of the participants did not consent to DXA (dual-energy x-ray absorptiometry) scan. 

*p-value: represents the overall difference between the two cohort groups (Ethnicity). Fisher test was utilised for the gender variable, and 

unpaired significance tests for all other continuous constraints. 

European Caucasian (n=39) n Asian Chinese (n=32) n p -val

Gender (M:F) (11:28) 39 (21:11) 32 0.002 *

Mean age (years) 53.6 (32-75) 39 48.1 (28-72) 32 0.055

Mean waist circumference (cm) 110.9 (82-143) 29 95.6 (76.5-129.5) 32 1.82E-05 *

Mean hip circumference (cm) 122.6 (101-163) 29 103.3 (91.3-130) 32 4.99E-08 *

Mean BMI (kg/m
2
) 37.4 (28-63) 39 27.8 (23.1-39.6) 32 1.2E-09 *

Mean FPG (mM) 6.1 (5.6-6.9) 39 6 (5.6-6.8) 32 0.221

Mean FI (µU/mL) 12 (4-31.8) 29 16.7 (1.8-44) 32 0.040 *

Mean AF (g) 4631 (1816-8219) 29 2438 (1361-4965) 21 3.90E-07 *
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5.3 Results 

 

The samples analysed in this study were from prediabetic participants of similar age (mean 

ECC age = 53.6 ± 11.49 years standard deviation; ACC = 48.1 ± 11.52 years) across both 

clinical trials, however there were differences in gender distribution (ECC = 11M:28F; ACC 

= 21M:11F). In the context of prediabetes, BMI (ECC = 37.4 ± 6.8 kg/m
2
; ACC = 27.8 ± 4 

kg/m
2
) and android fat mass (ECC = 4631 ± 1523 g; ACC = 2438 ± 820 g) was significantly 

higher in the ECC, while fasted insulin was significantly higher in the ACC (ECC = 12 ± 6.9 

µU/mL; ACC = 16.7 ± 9.9 µU/mL). A comparison of demographic, anthropometric, 

metabolic and body composition information between both cohorts is presented in Table 5.1 

The 16S rRNA gene-based relative abundance plots derived from the faecal sequence data 

are shown in Figure 5.1. While Firmicutes was by far the dominant bacterial phylum in both 

cohorts, its average relative abundance (ARA) was significantly higher in the ECC (93.4 ± 

5.5%) than ACC (79.6 ± 10.4%) (p = 2.02E-07). The bacterial phyla Bacteroidetes (p = 

0.001) and Actinobacteria (p = 0.006) were also significantly different across the cohorts, 

with both having a similar ARA in the ECC (Bacteroidetes = 2.7 ± 4.5%; Actinobacteria = 

2.7 ± 2.7%), but Bacteroidetes (11 ± 11.2%) considerably more abundant than Actinobacteria 

(6.2 ± 5.8%) in the ACC. Finally, in both cohorts Verrucomicrobia was present at a higher 

ARA than Proteobacteria, however their abundances were not significantly different between 

the cohorts. A high degree of inter-individual variation was observed at the zOTU-level 

assignments, however four taxa were identified to be significantly different between cohorts; 

Otu1_Subdoligranulum (p = 0.01), Otu25_Blautia (p = 0.002), Otu45_Ruminoclostridium_5 

(p = 0.004) and Otu26_Dorea (p = 0.007). 

Alpha diversity measures were compared between the two ethnic groups (Figure 5.2), and 

although no significant differences were detected in the number of observed zOTUs (richness 

p = 0.526), the zOTUs were more evenly distributed in the ACC (Shannon_2 p = 0.018). 

PERMANOVA revealed a highly significant difference in the bacterial communities between 

the two cohorts (p = 1e-04; r
2
 = 0.051). This difference in beta diversity was visualised with 

nMDS of the Bray-Curtis dissimilarity and considerable clustering of samples from each 

respective ethnic group was observed, albeit with some overlap (Figure 5.3). 

Stable ‗core‘ members of the gut bacterial communities in each ethnic cohort were identified 

by analysing the prevalence and relative abundance of zOTUs observed (Figure 5.4). As 
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described in previous chapters, in the absence of a clear consensus on a ‗core microbiota‘ 

definition 
372

, a minimum of 90% prevalence was arbitrarily chosen as the threshold to 

separate ‗core bacteria‘ from the lesser prevalent taxa. All identified core members 

discovered were from the Firmicutes phylum, of which four taxa were shared across both 

ethnic groups (Ruminococcaceae, Fusicatenibacter and 2 zOTUs of Blautia). Exclusive core 

members of the European cohort included Blautia, Pseudobutyvibrio and 2 zOTUs of Dorea, 

while Anaerostipes and 2 zOTUs of Faecalibacterium were exclusive to the Asian cohort. 
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Figure 5.1: Phylum-

level (top) and zOTU-

level (bottom) gut 

bacterial community 

composition for all 

slected participants 

from each clinical 

trial. zOTUs with ≥1% 

overall 16S rRNA 

gene relative sequence 

abundance are shown, 

with all remaining 

zOTUs grouped 

together in ―Other‖. 
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Figure 5.3: Visualisation of bacterial community beta diversity using non-metric multidimensional scaling 

(nMDS) based on Bray-Curtis dissimilarity.  

Figure 5.2: Mean alpha diversity 

parameters compared between the 

two ethnic cohorts. P-values per 

comparison are determined using 

unpaired t-tests. (A) Average number 

of observed zOTUs for each cohort. 

(B) Average log2_Shannon diversity 

index for each cohort. 
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Figure 5.4: Determining ―core members‖ of the bacterial community. zOTUs are shown distributed within the ethnic cohorts, based on their average 

prevalence and relative sequence abundance. zOTUs with ≥90% prevalence in either cohort are highlighted in colour (ECC only = red; ACC = blue; both 

cohorts = purple)), with all the remaining zOTUs grouped together in ―Other‖. Core zOTUs are highlighted within the ECC (top) and ACC (bottom). 
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5.4 Discussion and Conclusions 

 

The primary hypothesis of this study was that ethnically distinct communities would display 

significant variation in their gut microbiota profiles. Moreover, a key objective was to 

characterise major differences between prediabetic Asian Chinese versus European 

Caucasian profiles to help elucidate the influence of TOFI-phenotype on the gut microbiota. 

To address these points of interest, we conducted a direct comparison of faecal sequence data 

from two separate clinical trials investigating prediabetes in Asian and European 

communities living in New Zealand. Although both clinical trials were conducted in the same 

laboratories, and the methodologies utilised for faecal sample collection and processing were 

identical, there is a minor difference in methodologies employed for FPG measurement 

between cohorts (see section 5.2.1), which was the criteria used for defining participant 

prediabetic status. Nevertheless, it is important to note that both methods utilised are 

internationally accredited, and all selected participants were diagnosed as prediabetic. 

We observed significant differences in gut microbiota structure between the two ethnicities, 

with key differences in relative abundances of the Firmicutes, Bacteroidetes and 

Actinobacteria bacterial populations. The greater relative abundance of Firmicutes observed 

in bacterial communities of the European cohort may have contributed to the lower overall 

Shannon diversity observed. At the zOTU-level, the European cohort exclusively contained 

Blautia, Pseudobutyvibrio and 2 zOTUs of Dorea within its core microbiota, while the Asian 

cohort core microbiota had Anaerostipes and 2 zOTUs of Faecalibacterium. These findings 

are consistent with recent large-scale studies conducted in USA 
464

 and the Netherlands 
462

, in 

which ethnically diverse participants were recruited from common urban environments and 

ethnicity had a strong influence on gut microbial composition. However there is some 

evidence for this difference to mitigate over time as immigrants adapt to the Western lifestyle 

465
. Conversely, a significant effect of ethnicity on gut microbiota composition was not 

detected in a Middle Eastern populace 
466

, though this may be due to homogenous local 

dietary and lifestyle factors in comparison to the social diversity observed in Western 

countries. These outcomes therefore elevate the importance of controlling for ethnicity in 

studies exploring associations between the gut microbiota and diseases of interest. 

All samples analysed in this study were obtained from participants with prediabetes. Perhaps 

unsurprisingly, among the highly abundant zOTUs observed, were several bacterial species 
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previously associated with T2D. Negatively associated bacteria such as Faecalibacterium (4 

zOTUs) 
157,158,265,277,280,282–284

, Bifidobacterium 
265,266,271–276

 (2 zOTUs in the Asian cohort) 

and Bacteroides 
157,266,285–287

 were found in both cohorts, with a further addition of 

Akkermansia 
157,264,279

 in the Asian cohort. Both cohorts also contained two bacteria 

considered to be positively associated with T2D: Blautia 
157,285,290–292

 (3 zOTUs in the 

European cohort) and Ruminococcus 
157,266,280,288,289

 (2 zOTUs in the European cohort and 3 

zOTUs in the Asian cohort). While butyrate-producing bacteria are generally considered to 

be negatively associated with T2D co-morbidities 
467

 such as adipocyte inflammation 
378

 and 

insulin resistance 
379,380

, butyrate-producers Pseudobutyrivibrio 
275,468,469

, Coprococcus 
470

 

and Anaerostipes 
469,471

 have previously been linked with T2D and metabolic syndrome, and 

consensus on their precise role remains unclear. In this study, we have observed both of our 

cohorts to have a high abundance of Pseudobutyrivibrio and Coprococcus, as well as 

Anaerostipes in the Asian cohort. 

Although our findings have revealed a clear distinction between the gut microbiota profiles of 

the Asian TOFI and European phenotypes, and support the idea of ethnicity at least partially 

explaining the inter-individual gut microbiota variation commonly observed in population 

studies, it is merely a small part of a bigger picture. Indeed even after accounting for ethnicity 

we observed substantial inter-individual variation in zOTU-level assignments within each 

cohort. Human diet, lifestyle and genetics are broad characteristics that are closely linked 

with ethnicity and can shape gut microbiota composition, however deeper qualities that 

structure these highly personalised variables have not yet been explored exhaustively and 

warrant further investigation. Very recently, one such study by Vujkovic-Cvijin et al. (2020), 

conveyed the importance of controlling for alcohol consumption frequency and bowel 

movement quality in healthy recruited participants 
345

. Thus social factors such as age, family 

size, living conditions, income, religion, education and employment may have an impact on 

diet and lifestyle and therefore should also be considered. Identifying participating variables, 

and determining the extent of their contributions to gut microbiota variation is essential for 

developing and applying gut microbiota analysis as an accurate tool for measuring health in 

ethnically diverse communities. 
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Chapter 6 

General Discussion 

___________________________________________________________________________ 
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The global type 2 diabetes (T2D) epidemic has emerged alongside unprecedented changes in 

human dietary and activity patterns over recent decades. With nearly 600 million people 

expected to be affected by 2035 
18,23

, the prevalence of this metabolic disease is accelerating. 

Moreover, the elevated risk profile presented by the TOFI (Thin-Outside Fat-Inside) 

phenotype conveys the severity of the predicament that Asian populations now face, with an 

estimated 80 to 110 million Chinese adults currently affected by the disease 
55,61,62

. 

In this thesis I investigated the association between T2D and the gut microbiota, specifically 

exploring the change in gut bacterial composition in response to disease onset and dietary 

therapies in transgenic mice, as well as humans with prediabetes. Moreover, I also compared 

the gut microbiota profiles of prediabetic Asian Chinese individuals with prediabetic 

individuals of European Caucasian descent. In this closing chapter, I consider my findings 

within the broader context of gut microbiota and T2D research, and discuss potential avenues 

for future research. 

 

6.1 Gut Bacterial Composition and T2D Onset 

 

The relative affordability of next-generation sequencing has allowed microbiota research to 

progress rapidly, and clinical studies have demonstrated a firm association between gut 

microbial community composition and human health 
343

. Although great strides have been 

made, and ―dysbiosis‖ has become a popular concept in the literature, explicit roles of gut 

microbiota structure, diversity and function in disease onset remain elusive. The substantial 

inter-individual variability observed in sequence data further complicates interpretation 
344,345

 

and in most cases it remains unknown if observed changes in microbial community 

composition are a cause or consequence of disease pathogenicity. Moreover, a lack of 

consistency in methodologies across studies drives additional incongruity between findings 

from different publications 
401

. 

In the context of T2D, the work presented in this thesis utilised bacterial 16S rRNA gene 

amplicon sequencing of faecal samples to characterise changes in gut bacterial composition 

in response to disease onset and dietary interventions. In order to produce high-quality, 

reproducible data, International Human Microbiome Standards (IHMS) DNA extraction 

protocol #9, which was one of the best performing and most highly reproducible protocols 
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tested 
401

, was utilised for all human samples (data presented in Chapters 3, 4 and 5). IHMS 

DNA extraction protocol #3 was utilised for the transgenic mouse samples (data presented in 

Chapter 2), as its poorer performance in terms of DNA quantity and quality, as well as 

estimations of community diversity and reproducibility, was unknown at the time those 

samples were processed. 

With regards to disease onset, our datasets are affected by some limitations, resulting in 

reduced cohort and sample sizes. The transgenic mouse datasets (Chapter 2) were especially 

affected, as numerous samples from various time points were unavailable for analysis due to 

complications during sample collection, translating to a considerable decrease in sample 

sizes, as well as ‗gappiness‘ within the data. In regards to the human datasets, a 

normoglycaemic cohort was formed within each study arm in both human clinical trials 

despite not being part of the original study design (L.W. Lu, 2021, pers. commun.) 
339

 

(Chapters 3 and 4), after several participant recruits were found to have had normal 

glycaemia at baseline, post-trial. Despite reduced cohort sizes, however, an advantage of this 

unexpected extension was that a comparison of gut bacterial composition between disease-

associated cohorts could also be made in addition to treatment. Certainly, our body 

composition data analyses support this division as prediabetic cohorts from both human 

clinical trials displayed a significantly larger proportion of android visceral fat content in 

comparison to normoglycaemic cohorts. In fact, the observed difference was considerably 

greater among participants of the Tū Ora dietary intervention trial (L.W. Lu, 2021, pers. 

commun.) (Chapter 4) where participant recruitment was limited to only Asian Chinese 

individuals, a result conceivably due to the prediabetic Asian participants displaying the 

TOFI phenotype. 

These limitations notwithstanding, a general lack of significant difference in gut bacterial 

composition in response to disease was observed in both mouse analyses as well as the 

human clinical trial analyses. Nevertheless, a minor effect was observed in mice expressing 

hA, in comparison to the synthetic analogue [25,28,29triprolyl]-hA and murine amylin 

[explaining ~1.6% of observed variation], which may suggest an interaction between 

cytotoxic amyloid structures and the gut microbiota. Moreover, among humans with 

prediabetes, a negative association between the abundance of butyrate-producing Roseburia 

inulinivorans and FPG was revealed during analysis of the Rutin dietary intervention trial 

data 
339

 (Chapter 3). This finding is noteworthy as the anti-inflammatory effects of SCFA-

producing bacteria on gut epithelial and immune cells are of considerable interest in T2D 
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research 
392–394

 and butyrate producers in particular have previously been negatively 

correlated with T2D onset 
21

. 

Upon comparison of this prediabetic Asian Chinese cohort with a prediabetic European 

Caucasian cohort from the PREVIEW clinical trial 
340

 in Chapter 5, PERMANOVA analysis 

revealed a highly significant difference in gut microbiota composition between the two 

datasets, and some key differences in gut bacterial composition between the two ethnic 

communities were elucidated. In particular, while both ethnic groups were dominated by 

Firmicutes at the phylum level, the relative abundance of the taxon was significantly greater 

within the European cohort, potentially contributing to the cohort‘s overall lower Shannon 

diversity. In addition, Bacteroidetes was more abundant than Actinobacteria in the Asian 

cohort, but the European cohort displayed a similar abundance of both phyla. By comparison, 

analysis of the ethnically mixed cohorts (albeit heavily skewed in favour of Asian 

participants) of the Rutin dietary intervention trial 
339

, exhibited a similar phyla ratio as those 

observed in the Asian cohorts of the Tū Ora dietary intervention trial (L.W. Lu, 2021, pers. 

commun.). As the majority of our recruited study participants across both Rutin and Tū Ora 

dietary intervention trials were overweight (mean BMI across both clinical trials = 27.4 ± 3.6 

kg/m
2 

standard deviation), these findings are consistent with some key landmark studies on 

similar overweight/obese cohorts 
154,185

 as well as recent large-scale studies on the Dutch 

population 
259,260

. However, in the absence of a lean cohort, it is unclear if our results are 

limited to overweight individuals. 

In contrast, analysis of the transgenic mouse samples showed Bacteroidetes to be the 

dominant phylum irrespective of mouse transgenic or disease status. The Muribaculaceae 

family heavily populated the mouse gut biota, with members of the phyla Firmicutes, 

Proteobacteria and Verrucomicrobia detected at lower relative proportions. At face value 

these results disagree with those from our human clinical trials, as well as some of the initial 

landmark investigations on mouse gut microbiota and metabolic disorders such as obesity and 

T2D 
153,185,205,214,215,219,221,222

, where an increase in Firmicutes:Bacteroidetes ratio upon 

disease onset has been reported. These differences could potentially be explained by various 

factors including host genetics, stimuli applied to induce disease onset, as well as 

methodological differences in sample processing (in particular, the DNA extraction approach 

was different between the mouse and human studies in this thesis). 



127 
 

The lack of significant differences in gut bacterial composition of disease-associated cohorts 

within both the rutin and Tū Ora dietary intervention trials is perhaps not surprising: although 

participants placed into the normoglycaemic cohorts did not display impaired fasting glucose, 

many of them were nevertheless quite close to developing prediabetes and should not be 

considered as ‗healthy‘ individuals. Nevertheless, a noticeably large disparity in the number 

of exclusive core microbiota members identified between the disease-associated cohorts was 

observed, with the normoglycaemic cohorts hosting considerably more taxa at a high 

prevalence (≥90%) than prediabetic cohorts. This difference may suggest that onset of 

prediabetes can disrupt bacterial community stability, and interfere with their acquisition of 

substrates. This effect was further observed in the transgenic mouse datasets, with non-

transgenic mice consistently demonstrating a larger group of exclusive core members than 

their disease-acquiring transgenic counterparts.  

Among the highly abundant zOTU-level assignments (≥1% average relative abundance), five 

key bacteria previously associated with T2D were detected within all of our human datasets 

analysed. Specifically, negatively-associated Faecalibacterium 
157,158,265,277,280,282–284

, 

Bifidobacterium 
265,266,271–276

 and Bacteroides 
157,266,279,285–287

, as well as positively-associated 

Blautia 
157,285,290–292

 and Ruminococcus 
157,266,280,288,289

 were identified. While these findings 

are noteworthy, interpretation of the interplay between disease and taxa is greatly 

complicated at deeper taxonomic classifications, with the high level of inter-individual 

variation generating immense noise and obscuring potential correlations of interest. Overall, 

although our findings did not establish a significant difference between gut bacterial 

composition of normoglycaemic versus prediabetic participants – possibly due to the 

normoglycaemic participants measuring barely under the prediabetes threshold – they did 

reveal some potential interactions between the gut microbiota and mechanisms involved in 

T2D onset such as aggregation of hA, impaired fasting glucose (increased FPG), apparent 

decrease in core microbiota stability as well as ethnicity-dependent predisposition to disease. 

 

6.2 Treatment Implications for T2D 

 

As there is no cure for T2D at this time, prescribing of medications that inhibit liver 

gluconeogenesis remains the most common treatment for the condition. Although these 

treatments are able to alleviate metabolic symptoms of the disease such as hyperglycaemia 
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and insulin resistance 
53,82,383–385

, they do not address the root mechanisms of disease onset, 

with pancreatic damage still occurring and patients subject to poor metabolic health for the 

remainder of their lives. 

Misregulation of hA is a key mediating mechanism for T2D onset 
349

, and its suppression a 

potential solution to ameliorate development of this disease. As hA misfolds and aggregates 

into cytotoxic amyloid structures within pancreatic tissue 
36,37,45,48,353,355–357

, it is able to 

trigger pancreatic β-cell apoptosis 
237,238

 and therefore manifestation of T2D. This process of 

amyloid formation and subsequent β-cell degeneration is further exacerbated during insulin 

resistance 
33–37,39,336,351–354,472

 wherein the co-secretion of insulin and amylin is elevated. 

Indeed, numerous investigations have previously been undertaken in search of nutritional 

solutions and identification of compounds that may prevent this misregulation 

33,36,48,237,238,327–334,472
, and the favourable results exhibited by the powerful antioxidant 

properties of plant flavonols 
235,236,239–246

, and rich nutritional profiles of nuts 
247–254

 have 

garnered significant research interest. Dietary flavonol rutin in particular has been identified 

as an ideal candidate for this purpose and has previously shown considerable promise in 

preventing misregulation of hA and improving glycaemic control in transgenic mice 
237,238

. In 

this thesis, I investigated the effect of dietary rutin treatment on gut bacterial composition in 

these same transgenic mouse models (Chapter 2) as well as humans with prediabetes 

(Chapter 3). The effect of dietary nut (almonds and peanuts) supplementation on gut bacterial 

composition of prediabetic Asian Chinese participants was also further explored (Chapter 4). 

With the exception of our mouse datasets, which showed dietary rutin treatment to have a 

minor but significant effect on gut bacterial composition (explaining ~1.4% of observed 

variation), there was negligible change in the human faecal microbiota in response to either 

dietary rutin or nut treatment. Although it is unclear why dietary nut treatment produced an 

increase in FPG levels among normoglycaemic participants, but a decrease in prediabetic 

participants, it may indicate that host glycaemic response to dietary nut treatment undergoes a 

substantial shift post-onset of prediabetes and potentially, the expression of TOFI phenotype. 

Furthermore, a positive association between gut bacterial alpha diversity parameters and 

butyrate-producing bacteria such as Faecalibacterium 
439

 (in normoglycaemic participants) 

and Lachnospira 
440

 (in prediabetic participants) was also revealed in response to dietary nut 

treatment. 

In relation to relevant studies on dietary rutin, very recently Riva et al. (2020) 
404

 utilised in 

vitro BONCAT (BioOrthogonal Non-Canonical Amino acid Tagging) and FACS 
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(Fluorescence-Activated Cell Sorting) approaches to specifically determine which faecal 

bacteria were affected by rutin amendment post-anaerobic incubations, and observed 

significant enrichment of members from Lachnospiraceae, Enterobacteriaceae, 

Tannerellaceae and Erysipelotrichaceae families. They further reported high variability in 

the capacity of individuals to metabolically break down rutin, which is in agreement with the 

high inter-individual variation we observed in our in vivo analyses. The differences in our 

findings are likely explained by their acquisition of faecal samples from ‗healthy‘ individuals, 

as well as differences in DNA extraction methodologies employed. Moreover, compared to 

the 500 mg/day serving of dietary rutin utilised in our Rutin dietary intervention trial (based 

on previous clinical trials), a considerably higher rutin dosage was utilised in their anaerobic 

incubations (~1.5 g per 5 mL reaction), which may have further contributed to this difference. 

From the perspective of T2D, Ragheb et al. (2020) 
403

 recently demonstrated significant 

improvements in FPG levels of T2D patients after receiving a combination treatment of rutin 

(180 mg/day) and vitamin C (480 mg/day) for 8 weeks. However, they did not explore 

treatment effects on gut microbiota structure, their study participants did not cease 

medicating with their prescribed hypoglycaemic therapies over the course of the clinical trial, 

and finally their cohort receiving a vitamin C-only treatment (500 mg/day) also presented 

similar glycaemic improvements.  

Comparatively, in consideration of dietary nut supplementation, gut microbiota responses to 

several different types of nuts have been previously tested, including almonds 
447–451

, walnuts 

435,452–454
, hazelnuts 

455
 and pistachios 

451
. Some associations between dietary nut 

supplementation and microbial response have emerged, however results have generally not 

been consistent and none of the previous studies investigated this relationship in the context 

of T2D. In fact, out of all of these investigations, only two walnut studies 
435,454

 observed 

phylum-level changes, and one almond study 
449

 reported a change in alpha diversity. 

Moreover, in comparison to the ~29 g/day serving of nuts utilised in our Tū Ora dietary 

intervention trial (based on recommended daily nut intake 
436

), nut serving sizes utilised in all 

of these studies was considerably greater (with the exception of one study which utilised 33 g 

walnuts/day, all of the other studies maintained dosages in the range of 42-85 g/day), which 

may have strengthened the signal of their gut microbiota response. Differences in DNA 

extraction and sample processing methodology add a further layer of uncertainty when 

attempting to relate results across studies. Conversely, it is possible that microbiota 

composition itself has a big impact on whether it is susceptible to being influenced by nuts in 
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the host diet, and better insight into inter-individual microbiota variation is required for the 

relationship to be understood. 

 

6.3 Future Directions 

 

This thesis has presented early findings for the potential prebiotic use of dietary rutin and 

nuts as a therapy for T2D, and has identified several associations outlined above. Inevitably, 

it has also given rise to exciting new areas for future research, as outlined below. 

1. The mouse datasets analysed in Chapter 2 were significantly affected by missing 

sample data at various time points. Due to this, even though we have utilised well 

established frequentist statistical approaches to analyse the data, the analyses were 

heavily constrained and findings often could not be asserted with confidence. 

Application of Bayesian principles might be better suited for analysis of these 

datasets, and this should be revisited in the future. 

 

2. The 500 mg/day rutin dosage employed in our Rutin dietary intervention trial was 

based on dosages utilised in previous clinical trials without any adverse effects, 

however it is unknown if a higher dosage can be safely tolerated by humans. 

Likewise, the 29 g/day nut dosage utilised in our Tū Ora dietary intervention trial was 

based on current daily recommended intake standards 
436

, but other investigations 

reporting significant changes in gut microbiota in response to treatment have utilised 

significantly higher dosages. Indeed higher dosages and longer intervention times 

may potentially improve the strength of metabolic and microbial response to 

treatment to a significantly detectable level. 

 

3. In Chapters 3 and 4 I described the gut bacterial composition of normoglycaemic and 

prediabetic participants, as well as how community structure is affected by prebiotic 

treatment. However, the function of the microorganisms comprising these 

communities remains unclear. Utilisation of HiSeq metagenomic sequencing would 

allow functional predictions to be made, and therefore increase our understanding of 
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their interactions with diet and host metabolism. Indeed, we have recently performed 

shotgun metagenomic sequencing for selected samples from the Tū Ora dietary 

intervention trial, with results from this initiative expected to provide novel insights 

into the potential function of the microorganisms which are present. 

 

4. In the current climate of microbiota research, there is an appreciable lack of 

consistency in methodology among studies. Differences in DNA extraction protocols 

in particular are a key driver of variation between findings from different publications 

401
, which are already encumbered by the high inter-individual variation between 

hosts. Costea et al. (2017) 
401

 recently tested the most commonly used DNA 

extraction protocols across studies in terms of their resulting DNA quantity and 

quality, as well as estimations of community diversity and reproducibility, and 

combined the best-performing ones to develop a modified protocol dubbed ―protocol 

Q‖. Since we wanted to maintain comparability across our datasets from the Rutin and 

Tū Ora dietary intervention trials with those received from the PREVIEW clinical 

trial, we did not opt to utilise protocol Q in our analyses, but rather one of the highly-

rated protocols used in its development. However, the difference between the two 

methodologies is minor, and we propose future microbiota studies utilise protocol Q 

to enhance uniformity across studies. 

 

5. As a metabolic disease, T2D is multifactorial and its onset involves influences from 

an enormous range of variables within the broad categories of host genetics, diet and 

lifestyle 
345

. These factors play a substantial role in generating variation within the gut 

microbial communities of hosts, and therefore decrease research accuracy in 

identifying correlations of interest. Identifying such participating external influences, 

and understanding the extent of their contributions towards gut microbiota 

personalisation, is therefore necessary for further development and application of gut 

microbiota analyses as a diagnostic tool for T2D onset. Future investigations must 

therefore endeavour to apply stricter control for external variables, and minimise the 

extensive inter-individual variation observed in diverse, multi-cultural communities. 
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6.4 Concluding Remarks 

 

The work presented in this thesis represents the first investigation into gut microbiota 

response to dietary rutin and nut prebiotic treatment in the context of T2D. Although we did 

not observe great changes in gut microbiota composition in response to the dietary 

interventions in our human datasets, it is important to note that triggering a change in 

microbiota was not a key aim of prebiotic treatment, but rather to improve host glycaemic 

control. As prebiotic treatment did not produce substantial improvements in host glycaemia 

of our human cohorts, the absence of significant change in gut microbiota composition was 

not unexpected. That being said, a small effect was detected in our mouse datasets in 

response to dietary rutin treatment as well as expression of hA, which was certainly reflective 

of the glycaemic improvements observed by Aitken et al. (2017) 
237,238

. This thesis further 

highlights other interesting associations revealed within the human datasets that support 

previous literature findings. Of particular significance, key differences between gut 

microbiota profiles of prediabetic Asian Chinese and European Caucasian communities is 

reported, as well as decreased core microbiota stability with disease onset. The importance of 

butyrate-producing bacteria is also upheld as these were identified to positively associate with 

alpha diversity parameters as well as decreased impaired glucose tolerance. 

As it stands, there is great scope for further study on these compounds and their influence on 

gut microbiota and disease. Future studies are needed to exercise stricter controls on external 

variables, as well as test higher treatment dosages and longer intervention lengths to confirm 

their potential as dietary therapies for T2D. Deeper sequencing through shotgun metagenomic 

approaches will certainly help uncover functional aspects of the host-microbe interaction, and 

our team will be utilising this methodology to investigate datasets from the Tū Ora dietary 

intervention trial following this project. 
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Appendix A 

The Gut Microbiota of T2D and Obese Transgenic Mouse 

Models, and Dietary Rutin Supplementation 

___________________________________________________________________________ 
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Figure A1: Visualisation of the mouse obese cohort gut bacterial beta diversity using principal coordinates 

analysis (PCoA), based on Bray-Curtis dissimilarity. Cohort samples are highlighted by time point of sample 

collection (colour of data point outline) and transgenic status of sample donor mouse (shape of data point). 

Sample data points are labelled with donor mouse identification numbers. 
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Figure A2: Visualisation of the mouse T2D cohort gut bacterial beta diversity using principal coordinates 

analysis (PCoA), based on Bray-Curtis dissimilarity. Cohort samples are highlighted by the treatment 

received by donor mouse (rutin = blue; untreated = green) and time point of sample collection (shape of data 

point). Sample data points are labelled with transgenic status of donor mouse. Non-transgenic (NT) mouse 

samples presented at time points of 'diabetes onset' and 'polydipsia onset' represent matched control samples 

from healthy mice, for samples collected from their disease-aquiring transgenic (L13) counterparts. 
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Appendix B 

Dietary Rutin Intervention in Normoglycaemic and 

Prediabetic Humans: Gut Microbiota Analysis of a Fully 

Controlled 12-Week Clinical Trial 

 

___________________________________________________________________________ 
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Table B1: Formulation of the capsule treatments. 

 

 

 

 

 

 

 

 

 

 

Table B2: Energy and macronutrient composition of the yoghurt treatments. 

 

 

 

 

 

 

 

 

Rutin Capsule Control Capsule

Serving size 2 capsules 2 capsules

Rutin 250 mg 0 mg

Maltodextrin 0 mg 250 g

Silica Dioxide 0.2 mg 0.2 mg

Magnesium stearate 0.5 mg 0.5 mg

Microcrystalline cellulose 99.3 mg 99.3 mg

Total weight 350 mg 350 mg

Rutin-enriched Yoghurt Control Yoghurt

Serving size 190 g 190 g

Energy 468 kJ 474 kJ

Protein 9.3 g 9.2 g

Fat 3.9 g 3.9 g

- Saturated 0.0 g 0.0 g

10.4 g 10.6 g

- Sugars 0.0 g 0.0 g

Sodium 85 mg 87 mg

Calcium 269 mg 274 mg

Rutin ~ 500 mg None

Total Carbohydrate
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Figure B1: Visualisation of baseline gut microbiota beta diversity of all participants using principal 

coordinates analysis (PCoA), based on Bray-Curtis dissimilarity. Samples are highlighted by gender of 

donor (female = circle; male = square) treatment cohort the donor was randomised into (capsule group = 

green outline; placebo group = blue outline; yoghurt group = red outline) and fasting plasma glucose of 

donor (colour of datapoint). Sample data points are labelled with body mass index of the donor (yellow). 
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Figure B2: Visualisation of post-treatment gut microbiota beta diversity of all participants using principal 

coordinates analysis (PCoA), based on Bray-Curtis dissimilarity. Samples are highlighted by gender of 

donor (female = circle; male = square) treatment cohort the donor was randomised into (capsule group = 

green outline; placebo group = blue outline; yoghurt group = red outline) and fasting plasma glucose of 

donor (colour of datapoint). Sample data points are labelled with body mass index of the donor (yellow). 
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Table B3: Significance of changes in average relative abundance between baseline and post-intervention for all zOTU-level taxa detected, across all disease 

and treatment cohorts of the Rutin dietary intervention trial. P-values were determined using paired t-test and adjusted with false discovery rate. 

 
 
 
 
 

All zOTU-level taxa detected 

 

Normoglycaemic participants 

 

Prediabetic participants 

All 
participants 
(n=36) 

PG 
(n=11) 

CG 
(n=10) 

YG 
(n=15) 

All 
participants 
(n=37) 

PG 
(n=13) 

CG 
(n=15) 

YG 
(n=9) 

 
p-val (adj.) 

p-val 
(adj.) 

p-val 
(adj.) 

p-val 
(adj.) 

 
p-val (adj.) 

p-val 
(adj.) 

p-val 
(adj.) 

p-val 
(adj.) 

Otu1_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Pseudobutyrivibrios:butyrate-
producing_bacterium_M104/1 

0.938 0.689 0.875 0.710 0.696 0.624 0.630 0.662 

Otu3_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Subdoligranulum 0.938 0.689 0.701 0.757 0.792 0.948 0.630 0.930 

Otu2_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Faecalibacteriums:butyrate-
producing_bacterium_M21/2 

0.938 0.970 0.807 0.884 0.696 0.689 0.630 0.662 

Otu6_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Subdoligranulum 0.988 0.783 0.701 0.978 0.918 0.682 0.985 0.800 

Otu4_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Faecalibacterium 0.725 0.689 0.974 0.710 0.918 0.624 0.630 0.744 

Otu5_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Faecalibacterium 0.838 0.689 0.754 0.969 0.696 0.624 0.630 0.851 

Otu8_k:Bacteriap:Verrucomicrobiac:Verrucomicrobiaeo:Verrucomicrobialesf:Verrucomicrobiaceaeg:Akkerma
nsias:Akkermansia_muciniphila 

0.967 0.689 0.882 0.827 0.696 0.818 0.686 0.662 

Otu7_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Faecalibacteriums:Faecalibacteriu
m_prausnitzii 

0.725 0.838 0.701 0.805 0.865 0.741 0.642 0.707 

Otu30_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Prevotellaceaeg:Prevotella_9 0.954 0.689 0.701 0.759 0.908 0.813 0.630 0.662 

Otu10_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-013 0.725 0.689 0.775 0.758 0.814 0.624 0.783 0.662 

Otu29_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megamonass:Megamonas_f
uniformis 

0.725 0.689 0.701 0.757 0.752 0.624 0.896 0.662 

Otu14_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligenes
_group 

0.725 0.689 0.807 0.710 0.983 0.624 1.000 0.962 

Otu13_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:unidentified 0.838 0.816 0.939 0.834 0.756 0.624 0.754 0.768 

Otu49_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Peptostreptococcaceaeg:Romboutsia 0.725 0.689 0.701 0.938 0.696 0.624 0.630 0.662 

Otu35_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megamonas 0.938 0.689 0.701 1.000 0.825 0.735 1.000 0.662 

Otu12_k:Bacteriap:Actinobacteriac:Actinobacteriao:Bifidobacterialesf:Bifidobacteriaceaeg:Bifidobacterium 0.783 0.982 0.701 0.710 0.825 0.735 0.845 0.905 

Otu28_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligenes
_group 

0.725 0.689 0.882 0.710 0.944 0.624 0.630 0.718 

Otu16_k:Bacteriap:Actinobacteriac:Actinobacteriao:Corynebacterialesf:Nocardiaceaeg:Rhodococcuss:unidentif
ied 

0.725 0.689 0.858 0.753 0.947 0.735 0.630 0.707 

Otu11_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Blautias:unidentified 0.729 0.689 0.701 0.710 0.696 0.775 0.725 0.662 

Otu9_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Dialisters:Dialister_invisus 0.868 0.689 0.701 0.799 0.696 0.624 0.630 0.662 
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Otu24_k:Bacteriap:Actinobacteriac:Actinobacteriao:Bifidobacterialesf:Bifidobacteriaceaeg:Bifidobacteriums:Bi
fidobacterium_adolescentis 

0.938 0.816 0.701 0.757 0.696 0.818 0.896 0.662 

Otu27_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Prevotellaceaeg:Prevotella_9 0.725 0.689 0.701 0.786 0.696 0.627 1.000 0.821 

Otu39_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_pleb
eius 

0.938 0.689 0.701 0.710 0.924 0.715 0.630 0.662 

Otu18_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Erysipelotrichaceae_
UCG-003s:Clostridium_sp._826 

0.725 0.689 0.735 0.793 0.825 0.948 0.630 1.000 

Otu41_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_2 0.935 0.689 0.701 0.757 0.702 0.687 0.654 NA 

Otu26_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Coprococcus_2 0.725 0.689 0.701 0.710 0.908 0.624 0.896 0.707 

Otu15_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.938 0.723 0.701 0.710 0.756 0.948 0.630 0.741 

Otu23_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridiums:[Ruminococcu
s]_gnavus 

0.725 0.689 0.701 0.710 0.696 0.933 0.630 1.000 

Otu42_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megamonas 0.725 0.689 0.701 0.957 0.865 0.624 0.630 0.662 

Otu19_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:bacterium_NLAE
-zl-H319 

0.988 0.689 0.709 0.769 0.696 0.624 0.630 0.718 

Otu17_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligenes
_group 

0.725 0.689 0.979 0.710 0.696 0.624 0.686 0.824 

Otu22_k:Bacteriap:Actinobacteriac:Actinobacteriao:Bifidobacterialesf:Bifidobacteriaceaeg:Bifidobacteriums:Bi
fidobacterium_longum 

0.725 0.723 0.701 0.710 0.696 0.767 0.754 0.662 

Otu25_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Fusicatenibacter 0.938 0.689 0.983 0.710 0.825 0.775 0.783 1.000 

Otu31_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Acidaminococcaceaeg:Phascolarctobacteriu

ms:Phascolarctobacterium_faecium 

0.727 0.982 0.709 0.851 0.868 0.624 0.900 0.930 

Otu21_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_1s:Clostridiales_b
acterium_80/3 

0.725 0.694 0.722 0.710 0.696 0.696 0.630 0.930 

Otu34_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Roseburias:Roseburia_inulinivoran
s 

0.938 0.731 0.701 0.826 0.968 0.624 0.644 0.768 

Otu46_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Doreas:Dorea_formicigenerans 0.986 0.689 0.858 0.799 0.704 0.917 0.630 0.662 

Otu45_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Subdoligranulum 0.905 0.689 0.929 0.710 0.908 0.917 0.925 0.679 

Otu36_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Anaerostipess:butyrate-

producing_bacterium_SSC/2 

0.725 0.689 0.709 0.799 0.696 0.624 0.630 0.662 

Otu60_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.749 0.848 0.858 0.757 0.908 0.948 0.630 0.662 

Otu32_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.854 0.993 0.985 0.759 0.924 0.624 1.000 0.662 

Otu57_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megasphaeras:Megasphaer
a_elsdenii 

0.985 0.794 0.701 0.853 0.696 0.628 0.630 0.662 

Otu33_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridium 0.988 0.689 0.858 1.000 0.696 0.624 0.686 0.707 

Otu58_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Prevotellaceaeg:Prevotella_9 0.725 0.689 0.701 0.757 0.696 0.745 0.630 0.662 

Otu20_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Dialisters:Dialister_sp._S7

D 

0.725 0.689 0.701 0.753 0.754 0.741 0.630 0.662 

Otu43_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Doreas:Dorea_longicatena 0.725 0.689 0.807 0.710 0.918 0.741 0.642 0.662 

Otu44_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Coprococcus_3s:butyrate-
producing_bacterium_A2-232 

0.938 0.689 0.701 0.978 0.815 0.741 1.000 0.718 

Otu51_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Roseburias:Roseburia_faecis_M72/
1 

0.988 0.689 0.701 0.969 0.825 0.933 0.630 0.727 
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Otu54_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridium 0.938 0.689 0.701 1.000 0.696 0.624 0.630 0.821 

Otu50_k:Bacteriap:Firmicutesc:Bacillio:Lactobacillalesf:Streptococcaceaeg:Streptococcus 0.725 0.689 0.807 0.710 0.877 0.876 0.630 0.821 

Otu47_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiras:Lactobacillus_rogosa
e 

0.783 0.689 0.701 0.710 0.696 0.624 0.686 1.000 

Otu53_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.727 0.689 0.701 0.710 0.914 0.628 NA 0.949 

Otu40_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_NK4A214_gr
oup 

0.749 0.689 1.000 1.000 0.696 0.676 0.644 0.662 

Otu108_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Turicibacter 0.725 0.689 0.701 0.826 0.696 0.624 0.630 0.662 

Otu55_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridiums:Ruminococcus
_faecis 

0.725 0.689 0.858 0.710 0.914 0.735 0.630 0.662 

Otu68_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium 0.725 0.846 0.721 0.710 0.868 0.745 0.845 0.662 

Otu52_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligenes
_group 

0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.662 

Otu63_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Blautias:Blautia_faecis 0.757 0.723 0.858 0.894 0.698 0.910 0.630 0.741 

Otu48_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-002 0.725 0.846 0.701 0.710 0.825 0.628 0.896 0.662 

Otu56_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-002 0.938 0.689 0.701 0.710 0.891 0.676 0.654 0.662 

Otu189_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Veillonella 0.725 0.903 0.701 0.753 0.825 0.745 0.630 0.699 

Otu67_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridiums:[Ruminococcu
s]_torques 

0.988 0.689 0.722 0.851 0.696 0.624 0.783 0.768 

Otu65_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_UCG-
005s:butyrate-producing_bacterium_M50/1 

0.725 0.689 0.858 0.763 0.696 0.735 0.630 0.671 

Otu37_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_copr
ocola 

0.725 0.689 0.807 0.757 0.696 0.624 0.754 0.662 

Otu38_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium_5 0.988 0.970 0.751 0.710 0.696 0.624 0.630 0.905 

Otu61_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Blautias:[Ruminococcus]_obeum 0.931 0.689 0.754 0.710 0.696 0.745 0.630 0.662 

Otu59_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligenes
_group 

0.750 0.689 0.701 0.757 0.696 0.624 0.686 0.662 

Otu97_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.727 0.689 0.701 0.710 0.696 0.624 0.630 0.662 

Otu62_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Tyzzerella_3s:unidentified 0.725 0.731 0.701 0.757 0.908 0.960 0.630 0.662 

Otu89_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_NK4A136_group 0.988 0.970 0.721 0.753 0.815 0.624 1.000 0.662 

Otu86_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.938 0.689 0.701 0.817 0.696 0.624 0.630 0.662 

Otu76_k:Bacteriap:Firmicutesc:Bacillio:Lactobacillalesf:Streptococcaceaeg:Streptococcus 0.854 0.689 0.709 0.710 0.696 0.624 0.686 0.984 

Otu66_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceae 0.725 0.689 0.875 0.710 0.696 0.624 0.696 0.707 

Otu80_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-002 0.868 0.731 0.709 0.710 0.696 0.624 0.630 0.662 

Otu70_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:[Eubacterium]_ventriosum_groups:
butyrate-producing_bacterium_L2-12 

0.725 0.970 0.701 0.710 0.792 0.775 0.679 0.707 

Otu105_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Holdemanella 0.725 0.689 0.701 0.710 0.825 0.624 0.808 1.000 

Otu85_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:[Eubacterium]_ruminantium_group
s:butyrate-producing_bacterium_A2-166 

0.725 0.689 0.701 0.789 0.696 0.624 0.630 0.960 
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Otu83_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.868 0.689 0.722 0.793 0.914 0.818 0.899 1.000 

Otu69_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_NK4A136_group 0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.929 

Otu102_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Roseburia 0.725 0.689 0.701 0.710 0.696 0.689 0.630 0.662 

Otu78_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megasphaera 0.725 0.689 0.701 0.757 0.696 NA 0.630 0.662 

Otu79_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_sp._'
Smarlab_BioMol-2301151' 

0.725 0.689 0.709 0.710 0.696 0.624 0.630 0.662 

Otu77_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Blautias:butyrate-
producing_bacterium_SR1/1 

0.861 0.689 0.701 0.710 0.696 0.624 0.630 0.662 

Otu74_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Incertae_Sedis 0.725 0.903 0.807 0.710 0.696 0.624 0.900 0.905 

Otu141_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Peptostreptococcaceaeg:Intestinibacter 0.725 0.689 0.775 0.826 0.696 0.624 0.630 0.662 

Otu109_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceae 0.725 0.689 0.701 0.988 0.983 0.735 0.939 0.662 

Otu73_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Rikenellaceaeg:Alistipess:Alistipes_putredinis 0.938 0.689 0.701 0.757 0.825 0.624 0.683 0.768 

Otu104_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Incertae_Sediss:[Eubacterium]_el

igens 

0.725 0.689 0.875 0.710 0.825 0.628 0.630 0.662 

Otu81_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-002 0.727 0.799 0.701 0.710 0.696 0.624 0.679 0.662 

Otu75_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.938 0.689 0.701 0.759 0.729 0.624 0.630 0.662 

Otu122_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Prevotellaceaeg:Prevotella_9 0.905 0.768 0.701 0.710 0.756 0.735 0.630 0.662 

Otu123_k:Bacteriap:Firmicutesc:Bacillio:Lactobacillalesf:Streptococcaceaeg:Streptococcuss:Streptococcus_mit
is 

0.725 0.689 0.950 0.710 0.817 0.876 0.630 0.662 

Otu84_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Incertae_Sedis 0.725 0.689 0.701 1.000 0.696 0.624 0.630 0.662 

Otu88_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.725 0.689 0.874 0.710 0.756 0.624 0.630 0.662 

Otu72_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Porphyromonadaceaeg:Parabacteroidess:Paraba
cteroides_merdae 

0.725 0.689 0.701 0.710 0.908 0.624 0.863 0.679 

Otu95_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Clostridiaceae_1g:Clostridium_sensu_stricto_1 0.725 0.689 0.709 0.710 0.696 0.624 0.630 1.000 

Otu64_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium_6s:[Eubacteri
um]_siraeum 

0.749 0.689 0.775 0.826 0.947 0.735 1.000 1.000 

Otu110_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Tyzzerella_4 0.725 0.689 NA 0.757 0.696 0.624 0.630 0.662 

Otu90_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Christensenellaceaeg:Christensenellaceae_R-7_group 0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.768 

Otu180_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_2s:Ruminococcu

s_bromii 

0.727 0.689 0.874 0.785 0.865 0.624 0.907 0.768 

Otu91_k:Bacteriap:Actinobacteriac:Coriobacteriiao:Coriobacterialesf:Coriobacteriaceaeg:Collinsella 0.985 0.689 0.701 0.710 0.696 0.941 0.630 0.662 

Otu71_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Christensenellaceaeg:Christensenellaceae_R-7_group 0.854 0.689 0.939 0.710 0.917 0.978 0.630 1.000 

Otu98_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridium 0.789 0.689 0.701 0.759 0.696 0.624 0.630 0.814 

Otu114_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_ple
beius 

0.988 0.689 0.950 0.757 0.741 0.628 0.630 0.662 

Otu106_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Dialister 0.725 0.689 NA 0.710 0.696 NA 0.630 0.662 

Otu111_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Catenibacterium 0.727 0.689 NA 0.757 0.696 0.624 NA 0.662 

Otu124_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_NK4A136_grou
p 

0.938 0.689 0.721 0.851 0.914 0.624 0.713 0.662 
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Otu126_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megamonas 0.725 0.689 0.701 NA 0.706 0.624 NA 0.662 

Otu155_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.938 0.689 0.701 0.757 0.825 0.624 0.630 0.757 

Otu116_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceae 0.725 0.689 0.701 0.978 0.825 0.689 0.630 0.662 

Otu121_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium 0.725 0.930 0.701 0.710 0.825 0.624 0.630 0.694 

Otu96_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:[Eubacterium]_hallii_group 0.725 0.689 0.875 0.710 0.427 0.624 0.630 0.662 

Otu92_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_NK4A214_gr
oup 

0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.662 

Otu119_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Holdemanellas:uni
dentified 

0.725 0.689 0.701 0.710 0.825 0.624 0.630 0.662 

Otu107_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_2s:Ruminococcu
s_bromii 

0.938 0.689 0.701 0.805 0.696 0.628 0.630 0.662 

Otu131_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.979 0.689 0.939 0.757 0.825 0.652 NA 0.662 

Otu94_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_fragi

lis 

0.938 0.689 0.701 0.710 0.817 0.628 0.686 0.662 

Otu162_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_2 0.725 0.689 0.701 NA NA NA NA NA 

Otu140_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospira 0.783 0.858 0.701 0.799 0.696 0.624 0.783 0.877 

Otu134_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.725 0.689 0.858 0.710 0.696 0.818 0.630 0.662 

Otu113_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Acidaminococcaceaeg:Acidaminococcuss:
Acidaminococcus_sp._BV3L6 

0.725 0.689 NA 0.710 0.825 0.689 0.630 0.662 

Otu130_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceae 0.725 0.689 0.701 0.970 0.873 0.624 0.819 0.905 

Otu138_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_UCG-005 0.760 0.689 0.701 0.710 0.696 0.836 0.630 0.812 

Otu100_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_1 0.725 NA 0.701 0.710 0.814 0.624 0.630 NA 

Otu112_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridium 0.967 0.689 0.950 0.970 0.696 0.624 0.630 0.662 

Otu99_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Megamonas NA NA NA NA 0.696 NA NA 0.662 

Otu127_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium_5 0.729 0.689 0.875 0.710 0.696 0.624 0.847 0.662 

Otu128_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Anaerostipes 0.749 0.689 0.874 1.000 0.696 0.624 0.630 0.662 

Otu176_k:Bacteriap:Proteobacteriac:Gammaproteobacteriao:Enterobacterialesf:Enterobacteriaceaeg:Klebsiellas
:Klebsiella_sp. 

0.725 0.794 0.701 0.710 0.696 0.624 0.630 0.662 

Otu136_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Anaerostipes 0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.662 

Otu144_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridiums:Clostridium_
sp. 

0.725 0.689 0.754 0.793 0.868 0.735 0.874 0.662 

Otu118_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroidess:Bacteroides_cop
rocola 

0.725 0.689 0.701 1.000 0.879 0.624 0.630 0.662 

Otu129_k:Bacteriap:Verrucomicrobiac:Verrucomicrobiaeo:Verrucomicrobialesf:Verrucomicrobiaceaeg:Akker
mansia 

0.749 0.689 0.701 0.710 0.944 0.628 0.630 NA 

Otu135_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Faecalibacterium 0.725 0.689 0.775 0.826 0.696 0.624 0.891 0.662 

Otu170_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Dialister 0.725 NA NA 0.710 0.696 NA NA 0.662 

Otu115_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Coprococcus_2s:butyrate-
producing_bacterium_L2-50 

0.938 0.689 0.858 0.766 0.740 0.624 0.686 0.662 
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Otu125_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcus_1 0.938 0.689 0.701 0.710 0.696 NA 0.630 0.662 

Otu143_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminiclostridium_5s:[Clostridi
um]_leptum 

0.725 0.689 0.701 0.710 0.706 0.691 0.630 0.812 

Otu145_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_ND3007_group
s:Roseburia_sp._1120 

0.725 0.816 0.701 0.757 0.917 0.836 0.819 0.768 

Otu147_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospiraceae_NK4A136_grou
p 

0.727 0.689 0.775 0.757 0.696 0.624 0.899 0.821 

Otu137_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Incertae_Sedis 0.938 0.970 0.701 0.710 0.696 0.654 0.642 1.000 

Otu132_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.938 0.970 0.709 1.000 0.696 0.624 0.630 NA 

Otu151_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceae 0.985 0.689 0.858 0.799 0.696 0.624 0.686 0.679 

Otu82_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-014 0.725 0.689 NA 0.710 0.696 0.624 NA 0.662 

Otu165_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceae 0.938 0.689 0.701 0.957 0.729 0.624 0.630 0.932 

Otu173_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.725 0.689 0.858 0.718 0.726 0.624 0.630 0.662 

Otu133_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Flavonifractor 0.948 0.970 1.000 0.921 0.696 0.624 0.630 0.662 

Otu139_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Rikenellaceaeg:Alistipess:Alistipes_finegoldii 0.725 0.714 0.701 0.757 0.756 0.735 0.686 1.000 

Otu197_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Veillonellas:Veillonella_d
ispar 

0.938 0.689 0.858 0.710 0.696 0.624 0.630 0.693 

Otu152_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.725 0.689 0.701 0.753 0.696 0.628 1.000 0.662 

Otu160_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.749 0.731 0.709 0.851 0.698 0.624 0.907 NA 

Otu230_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Subdoligranulum 0.974 0.982 0.701 0.710 0.825 0.981 0.686 0.707 

Otu148_k:Bacteriap:Actinobacteriac:Actinobacteriao:Bifidobacterialesf:Bifidobacteriaceaeg:Bifidobacterium 0.725 0.689 0.701 0.710 0.696 0.948 0.630 0.662 

Otu154_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:[Eubacterium]_hallii_groups:buty
rate-producing_bacterium_SL6/1/1 

0.725 0.689 0.807 0.710 0.696 0.624 0.630 0.662 

Otu164_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Coprococcus_1s:Coprococcus_cat
us 

0.725 0.689 0.950 0.957 0.817 0.624 0.644 0.679 

Otu185_k:Bacteriap:Fusobacteriac:Fusobacteriiao:Fusobacterialesf:Fusobacteriaceaeg:Fusobacterium 0.725 0.689 0.701 0.710 NA NA NA NA 

Otu199_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Veillonellaceaeg:Veillonella 0.938 0.689 0.701 0.752 0.731 0.650 0.754 0.662 

Otu150_k:Bacteriap:Proteobacteriac:Betaproteobacteriao:Burkholderialesf:Alcaligenaceaeg:Parasutterella 0.784 NA 0.701 0.757 0.865 0.624 0.630 0.662 

Otu142_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnoclostridium 0.938 0.689 0.721 0.994 0.968 0.676 0.630 0.812 

Otu153_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Acidaminococcaceaeg:Phascolarctobacteriu
m 

0.725 0.689 0.701 0.710 0.908 0.624 0.630 0.662 

Otu117_k:Bacteriap:Bacteroidetesc:Bacteroidiao:Bacteroidalesf:Bacteroidaceaeg:Bacteroides 0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.851 

Otu166_k:Bacteriap:Firmicutesc:Negativicuteso:Selenomonadalesf:Acidaminococcaceaeg:Acidaminococcuss:
Acidaminococcus_sp._BV3L6 

NA NA NA NA 0.756 0.624 0.630 NA 

Otu163_k:Bacteriap:Tenericutesc:Mollicuteso:Mollicutes_RF9 NA NA NA NA 0.696 NA 0.630 0.662 

Otu169_k:Bacteriap:Firmicutesc:Erysipelotrichiao:Erysipelotrichalesf:Erysipelotrichaceaeg:Erysipelatoclostridi
um 

0.725 0.689 0.701 0.710 0.918 0.624 0.630 0.821 

Otu172_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Blautia 0.725 0.906 0.701 0.710 0.731 0.882 0.679 0.718 

Otu159_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:Ruminococcaceae_UCG-002 0.725 0.689 0.701 0.826 0.741 0.676 0.630 0.662 
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Otu156_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Lachnospira 0.727 0.731 0.807 0.710 0.825 0.651 1.000 0.768 

Otu182_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Ruminococcaceaeg:[Eubacterium]_coprostanoligene
s_group 

0.725 NA 0.701 0.710 0.696 0.624 0.630 0.662 

Otu175_k:Bacteriap:Firmicutesc:Clostridiao:Clostridialesf:Lachnospiraceaeg:Anaerostipes 0.725 0.689 0.701 0.710 0.696 0.624 0.630 0.662 
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Appendix C 

Effect of Dietary High-Protein Nut versus High-

Carbohydrate Cereal Supplementation on the Gut 

Microbiotas of Normoglycaemic and Prediabetic Asian 

Chinese Participants 

___________________________________________________________________________ 
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Table C1: Energy and macronutrient composition of the high-carbohydrate cereal and high-

protein nut bars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPNB HCCB

One serve 50 g 64 g

Energy 1009 kJ 985 kJ

Protein 8 g 4 g

Fat 16 g 7 g

- Saturated 2 g 1 g

- 9 g 4 g

- 5 g 2 g

23 g 40 g

12 g 38 g

- Starch 7 g 28 g

- Sugars 5 g 10 g

- Fibre 10 g 2 g

mono-unsaturated

poly-unsaturated

Total Carbohydrate

Available carbohydrate
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Figure C1: Visualisation of baseline gut microbiota beta diversity of all participants using principal 

coordinates analysis (PCoA), based on Bray-Curtis dissimilarity. Samples are highlighted by gender of 

donor (female = circle; male = square) treatment cohort the donor was randomised into (HCCB group = 

green outline; HPNB group = red outline) and fasting plasma glucose of donor (colour of datapoint). Sample 

data points are labelled with body mass index of the donor (yellow). 
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Figure C2: Visualisation of post-treatment gut microbiota beta diversity of all participants using principal 

coordinates analysis (PCoA), based on Bray-Curtis dissimilarity. Samples are highlighted by gender of 

donor (female = circle; male = square) treatment cohort the donor was randomised into (HCCB group = 

green outline; HPNB group = red outline) and fasting plasma glucose of donor (colour of datapoint). Sample 

data points are labelled with body mass index of the donor (yellow). 
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Table C2: Significance of changes in average relative abundance between baseline and post-intervention for all zOTU-level taxa detected, across all disease 

and treatment cohorts of the Tū Ora dietary intervention trial. P-values were determined using paired t-test and adjusted with false discovery rate. 

 
 
 
 
 

All zOTU-level taxa detected 

 

Normoglycaemic participants 

 

Prediabetic participants 

 
All 
participan
ts (n=52) 

 
HCCB 
cohort 
(n=23) 

 
HPNB 
cohort 
(n=29) 

 
All 
participan
ts (n=32) 

 
HCCB 
cohort 
(n=15) 

 
HPNB 
cohort 
(n=17) 

 
p-val 
(adj.) 

 
p-val 
(adj.) 

 
p-val 
(adj.) 

 
p-val 
(adj.) 

 
p-val 
(adj.) 

 
p-val 
(adj.) 

Otu1_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Faecalibacterium,s:butyrate-

producing_bacterium_M21/2 

0.730 0.706 0.990 0.750 0.682 0.864 

Otu2_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Pseudobutyrivibrio,s:butyrate-
producing_bacterium_M104/1 

0.730 0.746 0.808 0.742 0.682 0.844 

Otu3_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Subdoligranulum 0.660 0.706 0.720 0.764 0.682 0.758 

Otu5_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Subdoligranulum 0.730 0.706 0.990 0.742 0.682 0.758 

Otu4_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Faecalibacterium 0.730 0.715 0.720 0.999 0.693 0.758 

Otu6_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Faecalibacterium 0.878 0.876 0.743 0.955 0.959 0.974 

Otu7_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Faecalibacterium,s:Faecalibacterium_prausnitzii 0.804 0.948 0.798 0.755 0.741 0.864 

Otu8_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Blautia,s:unidentified 0.915 0.746 0.805 0.764 0.682 0.986 

Otu9_k:Bacteria,p:Actinobacteria,c:Actinobacteria,o:Bifidobacteriales,f:Bifidobacteriaceae,g:Bifidobacterium,s:Bifidobacterium_adoles

centis 

0.907 0.836 0.990 0.755 0.682 0.828 

Otu13_k:Bacteria,p:Actinobacteria,c:Actinobacteria,o:Corynebacteriales,f:Nocardiaceae,g:Rhodococcus,s:unidentified 0.836 0.736 0.720 0.851 0.682 0.829 

Otu11_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-013 0.804 0.876 0.838 0.792 0.682 0.864 

Otu19_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Peptostreptococcaceae,g:Romboutsia 0.730 0.706 0.743 0.920 0.742 0.758 

Otu39_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_plebeius 0.730 0.746 0.743 0.764 0.682 0.758 

Otu18_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:unidentified 0.530 0.706 0.743 0.792 0.846 0.829 

Otu15_k:Bacteria,p:Actinobacteria,c:Actinobacteria,o:Bifidobacteriales,f:Bifidobacteriaceae,g:Bifidobacterium 0.730 0.876 0.720 0.919 0.894 0.981 

Otu21_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.730 0.746 0.743 0.742 0.682 0.758 
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Otu12_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.730 0.706 0.720 0.967 0.682 0.758 

Otu14_k:Bacteria,p:Actinobacteria,c:Actinobacteria,o:Bifidobacteriales,f:Bifidobacteriaceae,g:Bifidobacterium,s:Bifidobacterium_long
um 

0.846 0.706 0.720 0.755 0.951 0.758 

Otu17_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Fusicatenibacter 0.866 0.747 0.895 0.762 0.682 0.986 

Otu10_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.739 0.706 0.720 0.755 0.682 0.864 

Otu23_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Dialister,s:Dialister_sp._S7D 0.951 0.706 0.722 0.755 0.682 0.758 

Otu16_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium 0.833 0.994 0.720 0.792 0.682 0.758 

Otu32_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Megamonas 0.730 0.706 0.720 0.755 0.682 0.981 

Otu24_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Subdoligranulum 0.734 0.706 0.894 0.742 0.682 0.864 

Otu22_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Erysipelotrichaceae_UCG-
003,s:Clostridium_sp._826 

0.859 0.736 0.959 0.742 0.735 0.758 

Otu26_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Anaerostipes,s:butyrate-producing_bacterium_SSC/2 0.730 0.706 0.720 0.755 0.927 0.803 

Otu20_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcus_2,s:Ruminococcus_bromii 0.730 0.706 0.720 0.742 0.682 0.803 

Otu27_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium,s:[Ruminococcus]_gnavus 0.833 0.876 0.798 0.956 0.682 0.982 

Otu33_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_3,s:butyrate-producing_bacterium_A2-
232 

0.960 0.746 0.874 0.742 0.682 0.758 

Otu29_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium 0.848 0.747 0.748 0.844 0.682 0.864 

Otu28_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium,s:[Ruminococcus]_torques 0.730 0.736 0.720 0.742 0.682 0.887 

Otu30_k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Akkermansia,s:Akkermansia
_muciniphila 

0.730 0.937 0.720 0.961 0.823 0.820 

Otu37_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Dorea,s:Dorea_formicigenerans 0.813 0.876 0.834 0.941 0.702 0.829 

Otu36_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospira,s:Lactobacillus_rogosae 0.730 0.842 0.743 0.742 0.682 0.787 

Otu34_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcus_2 0.833 0.706 0.729 0.750 NA 0.758 

Otu44_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium,s:Ruminococcus_faecis 0.907 0.845 0.990 0.764 0.800 0.841 

Otu42_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Dorea,s:Dorea_longicatena 0.730 0.706 0.990 0.742 0.682 0.803 

Otu40_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Roseburia,s:Roseburia_inulinivorans 0.804 0.746 0.990 0.742 0.799 0.758 

Otu35_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.730 0.706 0.776 0.742 0.682 0.981 
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Otu50_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Prevotellaceae,g:Prevotella_9 0.968 0.736 0.924 0.742 0.741 0.758 

Otu45_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Megamonas,s:Megamonas_funiformis 0.730 0.706 0.743 0.742 0.682 0.821 

Otu43_k:Bacteria,p:Firmicutes,c:Bacilli,o:Lactobacillales,f:Streptococcaceae,g:Streptococcus 0.730 0.813 0.720 0.742 0.724 0.758 

Otu38_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_NK4A214_group 0.884 0.876 0.748 0.742 0.682 0.758 

Otu25_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:bacterium_NLAE-zl-H319 0.730 0.746 0.720 0.792 0.971 0.840 

Otu31_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcus_1,s:Clostridiales_bacterium_80/3 0.730 0.736 0.720 0.742 0.981 0.758 

Otu46_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_2 0.730 0.706 0.720 0.764 0.690 0.788 

Otu41_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.660 0.706 0.720 0.806 0.709 0.986 

Otu48_k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Akkermansia 0.734 0.876 0.720 0.955 0.682 0.982 

Otu58_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Blautia,s:Blautia_faecis 0.730 0.746 0.720 0.742 0.682 0.758 

Otu49_k:Bacteria,p:Actinobacteria,c:Coriobacteriia,o:Coriobacteriales,f:Coriobacteriaceae,g:Collinsella 0.804 0.747 0.910 0.792 0.682 0.841 

Otu54_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Roseburia,s:Roseburia_faecis_M72/1 0.897 0.813 0.726 0.742 0.682 0.888 

Otu53_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.530 0.706 0.720 0.784 0.682 0.758 

Otu52_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-002 0.836 0.706 0.924 0.771 0.682 0.986 

Otu51_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Dialister,s:Dialister_invisus 0.951 0.706 0.990 0.920 0.945 0.758 

Otu68_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminiclostridium 0.804 0.813 0.852 0.742 0.702 0.758 

Otu47_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Acidaminococcaceae,g:Phascolarctobacterium,s:Phascolarctobacte
rium_faecium 

0.907 0.835 0.748 0.742 0.682 0.988 

Otu164_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Porphyromonadaceae,g:Parabacteroides 0.730 0.706 NA NA NA NA 

Otu90_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.660 0.706 0.720 0.851 0.846 0.986 

Otu57_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Tyzzerella_3,s:unidentified 0.730 0.747 0.720 0.955 0.702 0.758 

Otu61_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Blautia,s:[Ruminococcus]_obeum 0.730 0.706 0.990 0.764 0.682 0.758 

Otu74_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.730 NA 0.720 0.742 NA 0.758 

Otu56_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_fragilis 0.804 0.706 0.720 0.742 0.788 0.758 
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Otu64_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Faecalibacterium 0.730 0.736 0.720 0.755 0.682 0.787 

Otu63_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_NK4A136_group 0.836 0.845 0.918 0.742 0.682 0.758 

Otu65_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Dialister 0.730 0.706 0.720 0.742 NA 0.758 

Otu55_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:[Eubacterium]_ruminantium_group,s:butyrate-
producing_bacterium_A2-166 

0.804 0.747 0.720 0.920 0.959 0.981 

Otu77_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Dialister,s:Dialister_succinatiphilus 0.833 NA 0.834 0.742 NA 0.758 

Otu59_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.866 0.706 0.990 0.755 0.791 0.840 

Otu62_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-002 0.730 0.706 0.918 0.792 0.838 0.840 

Otu66_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.804 0.747 0.990 0.755 0.682 0.892 

Otu71_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_sp._'Smarlab_BioMol-
2301151' 

0.730 0.706 0.910 0.742 0.682 0.981 

Otu86_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.800 0.746 0.990 0.742 0.851 0.758 

Otu80_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Anaerostipes 0.730 0.706 0.720 0.755 0.951 0.803 

Otu67_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Rikenellaceae,g:Alistipes,s:Alistipes_putredinis 0.728 0.706 0.720 0.742 0.682 0.986 

Otu84_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae 0.978 0.747 0.720 0.755 0.682 0.982 

Otu60_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.846 0.736 0.720 0.742 0.682 0.758 

Otu73_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:[Eubacterium]_hallii_group 0.836 0.985 0.752 0.755 0.682 0.981 

Otu99_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Dialister 0.730 0.706 0.720 0.742 0.682 NA 

Otu76_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:[Eubacterium]_ventriosum_group,s:butyrate-
producing_bacterium_L2-12 

0.866 0.822 0.798 0.742 0.995 0.758 

Otu75_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Blautia,s:butyrate-producing_bacterium_SR1/1 0.730 0.937 0.720 0.842 0.823 0.981 

Otu85_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_UCG-005,s:butyrate-
producing_bacterium_M50/1 

0.915 0.736 0.990 0.764 0.682 0.986 

Otu69_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Incertae_Sedis 0.734 0.706 0.990 0.851 0.682 0.843 

Otu200_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Veillonella 0.730 0.746 0.798 0.755 0.682 0.758 

Otu70_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcus_2,s:Ruminococcus_bromii 0.730 0.706 0.720 0.967 0.795 0.758 

Otu165_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Prevotellaceae,g:Prevotella_9 0.833 0.706 0.918 0.754 0.693 0.829 
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Otu79_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_NK4A214_group 0.730 0.706 0.990 0.754 0.748 0.758 

Otu81_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Porphyromonadaceae,g:Parabacteroides,s:Parabacteroides_merdae 0.211 0.706 0.720 0.742 0.682 0.794 

Otu97_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminiclostridium_5 0.951 0.747 0.743 0.755 1.000 0.803 

Otu111_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_coprocola 0.960 0.876 0.990 0.792 0.682 0.864 

Otu89_k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Akkermansia 0.730 0.736 0.720 0.742 0.682 0.758 

Otu103_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Megamonas 0.813 0.706 0.838 0.742 0.682 0.758 

Otu88_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.978 0.706 0.990 0.742 0.682 0.758 

Otu96_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_coprocola 0.730 0.706 0.720 0.742 0.682 0.758 

Otu102_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.660 0.706 0.720 0.742 0.682 0.758 

Otu105_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Holdemanella,s:unidentified 0.730 0.713 0.720 0.755 0.757 0.758 

Otu110_k:Bacteria,p:Actinobacteria,c:Actinobacteria,o:Bifidobacteriales,f:Bifidobacteriaceae,g:Bifidobacterium 0.730 0.706 0.720 0.754 0.682 0.803 

Otu87_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Christensenellaceae,g:Christensenellaceae_R-7_group 0.730 0.706 0.990 0.851 0.682 0.758 

Otu82_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.730 0.706 0.720 0.742 0.682 0.758 

Otu104_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Megasphaera,s:Megasphaera_elsdenii 0.730 0.706 0.720 0.755 0.682 0.981 

Otu94_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium 0.951 0.890 0.748 0.742 0.682 0.982 

Otu113_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Anaerostipes 0.800 0.736 0.936 0.742 0.735 0.758 

Otu92_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae 0.730 0.876 0.720 0.742 0.741 0.788 

Otu129_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Tyzzerella_4 0.730 0.706 0.720 0.742 0.682 0.758 

Otu123_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminiclostridium_5 0.730 0.706 0.936 0.755 0.682 0.986 

Otu98_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium,s:Clostridium_sp. 0.730 0.706 0.720 0.742 0.682 0.758 

Otu78_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcus_1 0.730 0.736 0.743 0.742 0.682 0.916 

Otu122_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Erysipelatoclostridium 0.730 0.736 0.720 0.755 0.742 0.833 

Otu106_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-002 0.730 0.736 0.729 0.755 0.682 0.758 



156 
 

Otu109_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_2,s:butyrate-producing_bacterium_L2-
50 

0.734 0.706 0.748 0.955 0.682 0.987 

Otu119_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Prevotellaceae,g:Prevotella_9 0.730 0.706 0.720 0.742 0.682 0.981 

Otu93_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Incertae_Sedis,s:[Eubacterium]_eligens 0.530 0.706 0.720 0.792 0.749 0.758 

Otu124_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.850 0.736 0.925 0.742 0.682 0.758 

Otu139_k:Bacteria,p:Firmicutes,c:Bacilli,o:Lactobacillales,f:Streptococcaceae,g:Streptococcus,s:Streptococcus_mitis 0.730 0.706 0.720 0.742 0.682 0.758 

Otu101_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Incertae_Sedis 0.730 0.706 0.990 0.983 0.682 0.907 

Otu95_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Rikenellaceae,g:Alistipes,s:Alistipes_finegoldii 0.730 0.736 0.720 0.742 0.682 0.829 

Otu100_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-014 0.730 0.718 0.720 0.742 0.682 0.790 

Otu112_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-014 0.730 0.822 0.743 0.742 0.682 0.758 

Otu126_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_ND3007_group,s:Roseburia_sp._112
0 

0.804 0.813 0.834 0.825 0.682 0.758 

Otu133_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Roseburia 0.884 0.706 0.720 0.919 0.991 0.970 

Otu137_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Clostridiaceae_1,g:Clostridium_sensu_stricto_1 0.848 0.930 0.895 0.742 0.682 0.758 

Otu177_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Erysipelatoclostridium,s:[Clostridium]_s
piroforme 

0.730 0.706 0.720 0.754 0.788 0.758 

Otu83_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Incertae_Sedis 0.730 0.746 0.720 0.851 0.927 0.829 

Otu128_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Megamonas 0.978 0.968 0.720 0.742 NA 0.758 

Otu132_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_2 0.951 0.706 0.725 0.742 0.682 0.758 

Otu148_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Holdemanella 0.951 0.789 0.720 0.742 0.682 0.803 

Otu120_k:Bacteria,p:Firmicutes,c:Bacilli,o:Lactobacillales,f:Streptococcaceae,g:Streptococcus 0.730 0.813 0.720 0.752 0.682 0.829 

Otu125_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_2,s:butyrate-
producing_bacterium_ART55/1 

0.730 0.706 0.720 0.755 0.682 0.758 

Otu150_k:Bacteria,p:Firmicutes,c:Erysipelotrichia,o:Erysipelotrichales,f:Erysipelotrichaceae,g:Catenibacterium 0.730 0.706 0.990 0.742 0.682 0.758 

Otu127_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminiclostridium 0.730 0.928 0.720 0.742 0.682 0.758 

Otu136_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Coprococcus_1,s:Coprococcus_catus 0.866 0.706 0.895 0.755 0.682 0.981 

Otu142_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminiclostridium 0.800 0.990 0.720 0.792 0.741 0.981 
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Otu115_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-002 0.730 0.715 0.720 0.755 0.993 0.758 

Otu107_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_NK4A136_group 0.730 0.706 0.990 0.742 0.682 0.788 

Otu108_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-014 0.951 0.706 0.788 0.755 0.682 0.758 

Otu156_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Veillonella 0.730 0.706 0.748 0.755 0.682 0.758 

Otu116_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospira 0.734 0.829 0.748 0.755 0.682 0.986 

Otu131_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae 0.915 0.706 0.720 0.920 0.709 0.803 

Otu168_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_plebeius 0.730 0.706 0.720 0.764 0.682 0.758 

Otu151_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae 0.836 0.746 0.959 0.742 0.682 0.758 

Otu155_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Clostridiaceae_1,g:Clostridium_sensu_stricto_1 0.951 0.747 0.918 0.958 0.682 0.758 

Otu121_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.409 0.706 0.720 0.742 0.682 0.803 

Otu91_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:[Eubacterium]_coprostanoligenes_group 0.730 0.706 0.720 0.742 NA 0.758 

Otu118_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-005 0.730 0.706 0.720 0.742 0.682 0.864 

Otu162_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Blautia 0.730 0.706 0.720 0.742 0.682 0.758 

Otu194_k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria 0.730 0.706 0.895 0.851 0.822 0.841 

Otu114_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Christensenellaceae,g:Christensenellaceae_R-7_group 0.960 0.851 0.988 0.742 0.682 0.758 

Otu159_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:[Eubacterium]_hallii_group,s:butyrate-
producing_bacterium_SL6/1/1 

0.866 0.994 0.743 0.755 0.690 0.981 

Otu147_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Flavonifractor 0.730 0.746 0.720 0.742 0.800 0.758 

Otu143_k:Bacteria,p:Firmicutes,c:Negativicutes,o:Selenomonadales,f:Veillonellaceae,g:Veillonella,s:Veillonella_dispar 0.730 0.706 0.743 0.755 0.682 0.758 

Otu134_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_NK4A136_group 0.730 0.736 0.748 0.920 0.682 0.758 

Otu141_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae 0.730 0.746 0.802 0.742 0.682 0.758 

Otu167_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Christensenellaceae,g:Christensenellaceae_R-7_group 0.730 0.706 0.720 0.843 0.682 0.881 

Otu135_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.866 0.937 0.748 0.792 0.682 0.758 

Otu174_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_UCG-004,s:butyrate-
producing_bacterium_SS3/4 

0.907 0.813 0.720 0.986 0.682 0.847 
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Otu145_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospiraceae_NK4A136_group 0.730 0.706 0.959 0.792 0.682 0.758 

Otu178_k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Pasteurellales,f:Pasteurellaceae,g:Haemophilus,s:Haemophilus_parainflu
enzae 

0.804 0.798 0.895 0.742 0.682 0.758 

Otu170_k:Bacteria,p:Proteobacteria,c:Betaproteobacteria,o:Burkholderiales,f:Alcaligenaceae,g:Parasutterella 0.730 0.706 0.720 0.742 0.682 0.758 

Otu138_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnospira 0.951 0.876 0.990 0.742 0.682 0.758 

Otu169_k:Bacteria,p:Firmicutes,c:Bacilli,o:Lactobacillales,f:Streptococcaceae,g:Streptococcus 0.730 0.736 0.720 0.742 0.927 0.758 

Otu173_k:Bacteria,p:Firmicutes,c:Bacilli,o:Lactobacillales,f:Streptococcaceae,g:Streptococcus,s:Streptococcus_oralis 0.730 0.930 0.720 0.742 0.682 0.758 

Otu158_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.730 0.706 0.776 0.742 0.682 0.758 

Otu180_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.730 0.706 0.990 0.742 0.690 0.758 

Otu166_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Lachnospiraceae,g:Lachnoclostridium 0.859 0.930 0.834 0.825 0.971 0.758 

Otu163_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Rikenellaceae,g:Alistipes,s:Alistipes_sp._627 0.730 0.706 0.776 0.755 0.886 0.758 

Otu160_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides 0.960 0.706 0.720 0.742 0.682 NA 

Otu179_k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Enterobacteriales,f:Enterobacteriaceae,g:Klebsiella,s:Klebsiella_sp. 0.730 0.884 0.720 0.742 0.826 0.758 

Otu146_k:Bacteria,p:Proteobacteria,c:Betaproteobacteria,o:Burkholderiales,f:Alcaligenaceae,g:Parasutterella 0.800 0.746 0.720 0.764 0.950 0.803 

Otu188_k:Bacteria,p:Bacteroidetes,c:Bacteroidia,o:Bacteroidales,f:Bacteroidaceae,g:Bacteroides,s:Bacteroides_massiliensis 0.730 0.706 0.743 0.742 0.682 0.758 

Otu154_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-014 0.730 0.706 0.720 NA NA NA 

Otu157_k:Bacteria,p:Firmicutes,c:Clostridia,o:Clostridiales,f:Ruminococcaceae,g:Ruminococcaceae_UCG-014 0.730 NA 0.720 NA NA NA 
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Appendix D 

A Comparison of Gut Microbiota Profiles in Prediabetic 

Asian Chinese and European Caucasian Populations 
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Figure D1: Visualisation of the gut microbiota beta diversity of all selected participants 

using principal coordinates analysis (PCoA), based on Bray-Curtis dissimilarity. Samples are 

highlighted by gender of donor (female = circle; male = square), ethnicity of donor (European 

Caucasian = red outline; Asian Chinese = green outline) and fasting plasma glucose of donor 

(colour of datapoint). Sample data points are labelled with body mass index of the donor 

(yellow). 
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