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Abstract 

Bacteria play an important role in the development of the gut immune system and 

the development of gastro-intestinal disease, yet relatively few studies have focused on 

the role of the intestinal flora in the outcome of Type 1 diabetes. There is some evidence 

that exposing the Bio-Breeding diabetes-prone rat (BB rat) to food and bacterial antigens 

early in life delays and even suppresses later development of diabetes. This study used a 

culture-independent approach based on sequence variability in the 16S rDNA gene to 

analyse bacterial communities along different parts of the gastro-intestinal tract of the BB 

rat and their possible relationship to the development of diabetes. Several primers sets 

were evaluated to identify potential bias caused by primer length and PCR cycles. 

Primers for variable regions 6-8 of the 16S rDNA gene were found to accurately 

represent the distribution of bacteria when compared to full-length sequence data. We 

observed a difference in the gut bacterial communities between control and diabetic-

prone BB rats. An uncultured bacterium was predominant in the lymph nodes of the 

young diabetic-prone BB rat, but was absent from the lymph node of young control 

animals. Denaturing gradient gel electrophoresis profiling and non-metric multi-

dimensional scaling (NMDS) showed age-related differences in the gut microbiota. 

NMDS and analysis of the shared operational taxonomic units suggest that the gut-

associated lymphoid tissue is sampling bacteria from both the small intestine and the 

distal colon. The age and condition associated differences found between the 

experimental groups suggest that the intestinal flora has a role in the development of type 

1 diabetes. Factors influencing composition of the intestinal flora could be a target for 

studies of therapeutic interventions. 
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Chapter I 

Introduction and Objectives 

Insulin-dependent diabetes mellitus, known as type 1 diabetes, affects 

approximately 0.2 to 0.6% of the population of developed countries (Onkamo et al 1999). 

Type 1 diabetes is an autoimmune disease that develops from complex interactions 

between the environment and several genes in susceptible individuals. This form of 

diabetes usually strikes children and young adults, although disease onset can occur at 

any age. The disease is the result of a chronic inflammatory process that progressively 

destroys most of the insulin-producing p-cells in the pancreatic islets of Langerhans. This 

autoimmune process involves progressive infiltration into the |3-cell-containing core of 

the islets by mononuclear cells and macrophages, a process called insulitis. Insulin is the 

only known P-cell specific auto-antigen in type 1 diabetes, although other autoantibodies 

against islet antigens GAD65 (the Mr 65000 isoform of glutamic acid decarboxylase) and 

IA-2 (tyrosine phosphatase) serve as good predictors of the development of type 1 

diabetes in humans (Hampe et al 1999, Roep and Atkinson 2004). Insulin autoantibodies 

(IAAs) are commonly found in children with newly diagnosed type 1 diabetes, and 

predict the disease when combined with islet cell autoantibodies (ICAs). In a prospective 

birth-cohort study, IAAs most frequently appeared as the first antibody in the ICA-

positive offspring of diabetic parents, suggesting that immunization to insulin may be an 

early event in the autoimmune process leading to type I diabetes (MacFarlane et al, 

2003). The severity and prevalence of insulitis or its sequelae (end stage islets) reflect the 

extent of the damage in the pancreas (MacFarlane et al 2003; Yoon and Jun 2004). To 

survive, people with type 1 diabetes must have insulin delivered by injection or a pump. 
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Genetic susceptibility to Type I diabetes is inherited. Human leukocyte antigens 

(HLA) genetics have a major role in the etiology of type 1 diabetes, and the HLA on 

chromosome 6 is believed to contribute about half of the familial basis for the disease 

(Gillespie, 2006). Those that carry the HLA-DQB *02/*0302 genotype or the *0302/x 

genotypes, where x stands for alleles other than *02, *0301, *0602, or *0603, are at an 

increased genetic risk of type 1 diabetes (Vaarala et al, 1999). Other genes also contribute 

to the genetic effect: the insulin gene on chromosome 11 has been identified through 

candidate studies as the second most important genetic susceptibility factor (Gillespie, 

2006). It is interesting to note that children of mothers with type 1 diabetes are 50% less 

likely to develop the condition than children of diabetic fathers (Koczwara et al, 2004). 

While the genetic effect contributes 70-75% of the susceptibility to type I diabetes, there 

is evidence that environmental factors strongly influence expression of the disease. 

Environmental factors may initiate or trigger the process that leads to the 

destruction of the P-cells and the onset of diabetes (MacFarlane et al 2003). The 

incidence of diabetes varies considerably among countries, which supports the theory that 

environmental factors have an important effect on disease development (Onkamo et al 

1999). An interaction between susceptible genes and unknown environmental factors is 

also supported by estimates of increases in the incidence of type I diabetes. Onkamo et al. 

(1999) reported a 3% annual increase in global incidence of the disease from the years 

1960-1996. The confidence intervals reported for these estimates are fairly narrow, 

however other factors that could influence reporting are not well controlled over the 

years. Despite this, the data suggests a significant trend. It is particularly interesting that 

the incidence is globally increasing in the age group 0-14 years. The authors calculated 

3 



that the incidence of type 1 diabetes will be 40% higher in 2010 than in 1998, and 

concluded that it is unlikely that a corresponding increase in the proportion of subjects 

with genetic susceptibility to type I diabetes would take place in the population in such a 

short time. Environmental influences on the susceptible genes are suspected (Onkamo et 

al 1999). 

Studies in animals have shown that environmental factors can modify the 

development of type 1 diabetes (Malaisse et al, 2004, Guberski et al, 1991, Vaarala et al, 

1999, Menser et al, 1978). Current thinking is that environmental factors, either alone or 

in combination, trigger an autoimmune process in a genetically susceptible individual. 

The autoimmune process is localized in the pancreas and leads to the destruction of the 

insulin-producing (3-cells. The most commonly implicated environmental factors include 

dietary factors, viral infections, toxins, ante- and perinatal risk factors, exposure to 

chemicals, and stressful life events (Akerblom et al, 2002). There are several reasons for 

the difficulty in identifying specific environmental factors that may promote the 

development of the disease (MacFarlane et al 2003). These include: 

a) Difficulty in linking past exposures to the development of the disease; 

b) Lack of knowledge of the environmental antigens; and, 

c) The large number of predisposing genes in individuals at risk. 

Most environmental antigens enter the body through the mucosal interface of the 

gut. Antigens are carried from the mucosal surface to the draining lymph nodes, where 

specialized antigen presenting cells then present them to the immune system (Akerblom 

et al, 2002). Gut-associated lymphoid tissue must recognize harmless antigens present in 

food or commensal bacteria, and differentiate between these and pathogenic assault. 
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There is evidence that the regulation of the gut immune system is deviant in type 1 

diabetes (Malaisse et al, 2004). Bacteria play an important role in the development of the 

gut immune system (Guarner and Malagelada, 2003; Macpherson and Harris 2004; 

Macpherson and Uhr 2004a, 2004b; Suzuki et al, 2007) and gastrointestinal disease, yet 

relatively few studies have focussed on the role of gut microbiota in diabetes outcome. 

It is not known whether the absence of specific commensal bacterial species, or 

the presence of specific pathogens in the gut microflora predisposes an individual to long-

term health problems such as type 1 diabetes (Mazmanian and Kasper, 2006). An 

increasing amount of data is showing that bacterial populations in patients with various 

gastro-intestinal (GI) related diseases are different from those in healthy subjects. The 

faecal microflora of Crohn's disease patients was found to contain an increased level of 

enterobacteria (E. coli group) and a high proportion of bacteria (30%) not belonging to 

defined phylogenic groups, compared to healthy volunteers (Seksik et al, 2003). One 

study in BioBreeding (BB) rats found that the faecal flora in the rat differs before the 

onset of diabetes in control versus diabetic prone animals, suggesting a role in the 

pathology of diabetes (Brugman et al, 2006). However, another study that compared the 

microflora-associated characteristics (MACs) in children with newly diagnosed diabetes 

with those of 27 healthy controls found no differences in MACS between diabetics and 

controls. Concentrations of 8 different short-chain fatty acids (SCFAs) were examined, 

looking for both differences between children and any familial patterns. Members of 

families with a diabetic child had a high concentration of acetic acid and lower 

concentration of several other SCFAs than control families, yet no statistically significant 

differences between concentrations of SCFAs in diabetic versus control children were 
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found (Samuelsson and Ludvigsson, 2003). More research is needed to determine what, if 

any, role gut microbiota may play in type I diabetes. 

The objective of this study is to explore the hypothesis that there is a relationship 

between the development of type 1 diabetes and the composition of intestinal microflora. 

If this relationship exists, there should be a consistent difference in bacterial populations 

in Bio-Breeding control (BBc) and Bio-Breeding diabetic prone (BBdp) rats. The null 

hypothesis is that there is no consistent difference in bacterial populations in Bio-

Breeding control (BBc) and Bio-Breeding diabetic prone (BBdp) rats. 

The null hypothesis was tested by: 

1. Surveying the composition and translocation of the intestinal microflora in 

control and diabetic-prone BioBreeding rats (animal model for type 1 diabetes) at 

two age points (shortly after weaning and just prior to onset of diabetes); and 

2. Based on the above survey, determining microbial communities and structures and 

the phylogenic relationships between isolates and identifying similarities and 

differences. 

During the course of the study, there was some concern that the primer sets were 

affecting the results. A third objective was added to assess this effect: 

3. Evaluate different primer sets and identify bias that may be introduced by the 

selected primers. 
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Chapter II 

Review of the Literature 

2.1 Diabetes in Canada 

In 2005-2006, approximately 1.9 million Canadians, or about one in 17 people 

had been diagnosed with diabetes (PHAC, 2008). In the Aboriginal communities of 

Canada, the disease prevalence is estimated to be 3 to 5 times that national average 

(PHAC, 2005). Currently, there are limitations in the physician billing data and the 

hospital discharge abstract data in identifying type 1 and type 2 diabetes. These 

limitations make it impossible to distinguish between diabetes types in the reported rates. 

However, the Public Health Agency of Canada (PHAC) estimates that in adults, type 1 

diabetes accounts for 5 to 10 percent of all diagnosed cases of diabetes (PHAC, 2005). 

PHAC also estimates that by 2011, the number of Canadians with diagnosed diabetes will 

be approximately 2.6 million. This represents an average annual increase of almost 7% 

and an increase of about 33% from 2006. Older Canadians are more likely to have 

diabetes, with 22% of of the 75-79 age group diagnosed with diabetes, compared to about 

2% of individuals in their 30s (PHAC, 2008). There is considerable geographic variation 

in the global annual incidence of diabetes; Canada has among the highest incidence of 

type 1 diabetes in the world (Figure 2.1). 
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Figure 2.1: Geographic variation in annual incidence of Type 1 diabetes 
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2.2 Diabetes and the gut immune system 

It has been speculated that regulation of the gut immune system may be aberrant 

in type 1 diabetes and thus linked to the pathogenesis of the disease (Malaisse et al, 

2004). It is known that antigens enter the body through the mucosal interface of the gut. 

The microenvironment in these mucosal barriers has a marked influence on the immune 

response. Gut-associated lymphoid tissue (GALT) must distinguish between pathogenic 

assault and harmless antigens that are present such as commensal bacteria and food 

antigens. There are several theories of how a change in some aspect of the immunological 

reaction of the body in response to the contents of the gut lumen may underlie the 

pathogenesis of certain diseases. These theories include: 

• Inappropriate up-regulation or activation of a single component of the complex 

spectrum of gut immune cells and /or mediators; 

• Failure of one or more of the inhibitory signals that normally down-regulate and 

switch off an appropriate, protective local inflammatory reaction when it is no 

longer necessary; 

• An incomplete immune response (immunodeficiency), allowing persistence of a 

living or non-living antigen in the gut - even if this is a very small quantity of the 

organism, the ineffectual immune response will continue; 

• Intestinal allergy, with tissue damaging immune reactions to harmless agents such 

as food constituents or additives. This may be IgE mediated, T-cell mediated (i.e 

delayed hypersensitivity) or multifactorial; 
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• Autoimmunity, the development of immune reactions to self-antigens - an 

example could be molecular mimicry, where there is a partial antigenic identity 

between a bacterial antigen and a tissue antigen. 

The two most distinctive functions of the GALT are secretion of IgA and the 

generation of helper T cells (Akerblom et al, 2002). Immune responses mediated by T 

cells are dependent on the cell surface expression of the major histocompatibility 

complex (MHC) proteins. The normal phenotype of (3-cells is low Class 1 MHC 

expression with no detectable Class II expression in humans, rats and mice. A 

hyperexpression of Class I MHC molecules is recognised as a key feature in newly 

diagnosed Type I diabetes patients, BBdp rats, and NOD mice (Scott, 1996). 

IgA is produced in enormous quantity at the mucosal interface, and is a "non-

inflammatory" form of immunoglobulin, in that it binds complement on the surface of the 

epithelium without inducing inflammation or tissue disease. IgA provides protection 

against bacterial, viral and parasitic mucosal pathogens, and the development of IgA-

producing B cells is dependent on microbial colonization (Suzuki et al, 2007). The IgG 

class of antibodies, on the other hand, neutralize antigens within the tissue and form IgG 

immunocomplexes. As a result, an inflammatory response is initiated. This response can 

be harmful to the host tissue (Guarner et al, 2002). The predominance of IgA in the gut 

suggests that IgA plays a key role in selecting and maintaining a spatially diversified gut 

bacterial community (Suzuki et al, 2007). 

Afferent lymphatics carry antigens from the mucosal surface to draining lymph 

nodes where specialized antigen-presenting cells present them to the immune system. The 

organised lymphoid tissues of the respiratory and gastrointestinal tracts contain the 
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largest numbers of lymphocytes. Although it consists of only a single layer of cells, the 

intestinal epithelium must both control the access of potential antigens (including highly 

immunologic and potentially immunostimulatory commensal bacterial flora) and 

pathogens, and function in the digestive absorption of dietary nutrients (Ferguson 1996; 

Nagler-Anderson, 2001). It is aided in this dual role by intercellular tight junctions that 

restrict the passage of even small (2 kDa) molecules. The apical surface of the enterocyte, 

which faces the intestinal lumen, is ideally suited for the terminal digestion of nutrients 

because of its dense coating with absorptive microvilli. At the tip of the microvilli is a 

layer of membrane-anchored glycoproteins, the filamentous brush border glycocalyx 

(FBBG). The FBBG will allow passage of digested nutrients but is relatively 

impermeable to macromolecules or bacteria (Nagler-Anderson, 2001). 

Yet bacteria do cross this barrier; how does this occur? Specialized epithelial cells 

known as M cells are interspersed with the enterocytes in the epithelial monolayer. The 

M cells lack the FBBG, which is replaced by microfolds on the apical surface - these are 

more accessible to luminal antigens. M cells use transepithelial vesicular transport to 

carry bacteria and viruses to antigen-presenting cells in the underlying GALT. 

Macrophages and dendritic cells then take up the microbiota in the subepithelial dome. 

Invasiveness is not required for M-cell transport. For example, invasive (Yersinia 

pseudotuberculosis, Yersinia enterocolitica, Salmonella typhirium and Shigella flexneri) 

and non-invasive (Vibrio cholerae and enteropathogenic E. coli) bacteria and viruses 

(reovirus) are bound and transported by M cells (Nagler-Anderson, 2001). M cells are 

contained within discrete inductive sites known as Peyer's patches. Peyer's patches are 

organized follicular structures, consisting of aggregated lymphoid follicles found 
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primarily in the distal ileum of the small intestine. M cells are thought to act as gateways 

to the mucosal immune system, delivering antigen to the antigen presenting cells in the 

Peyer's patch subepithelial dome. There is also evidence that dendritic cells may extend 

dendrite-like processes through epithelial tight junctions and sample luminal antigen 

directly. The integrity of the barrier is maintained during this process because tight 

junctions are re-formed by proteins that are expressed on both enterocytes and the 

dendritic cells. Challenge studies have shown that while most commensal bacteria are 

killed within hours by macrophages, the bacteria can survive for up to 60 hours within 

dendritic cells, but do not penetrate futher than the mesenteric lymph nodes (Macpherson 

and Harris, 2004; MacPherson and Uhr, 2004b). 

The Peyer's patches are the most discernible of the follicles dispersed throughout 

the small and large intestine. Together with isolated lymphoid follicles scattered 

throughout the intestine, Peyer's patches are the major inductive sites of the small 

intestine. Like lymph nodes, Peyer's patches have B-cell follicles and germinal centres 

surrounded by areas that contain predominantly T-cells. Intestinal IgA plasma cells are 

generated in organized structures such as Peyer's patches, isolated lymphoid follicles and 

mesenteric lymph nodes after antigenic stimulation and induction of germinal centres, as 

well as in diffuse gut tissues (the lamina propria) (Suzuki et al, 2007). The links between 

the gut immune response, dietary antigens and diabetes is explored further in the 

following pages. 

2.3 Dietary factors in the incidence of diabetes 

The two most heavily studied environmental factors in the etiology of Type I 

diabetes are diet and viruses. Spontaneous diabetes in animal models (the BioBreeding rat 
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and Non-obese diabetic mice) occurs most frequently when the animals are raised in 

ultraclean conditions; even gnotobiotic animals develop diabetes (Malaisse et al, 2004). 

Both major animal models of spontaneous type 1 diabetes, the BioBreeding (BB) rat and 

the non-obese diabetic (NOD) mouse show a strong link, (i.e at least half of all cases) to 

diet. This strongly supports diet and intestinal events as the major environmental factor 

in promoting the development of type 1 diabetes. The incidence of type 1 diabetes varies 

worldwide with dietary patterns; there is a significant positive correlation of diabetes 

incidence with the average daily intake of energy from products of animal origin (meat; r 

= 0.55, P < 0.001, dairy; r = 0.80, P < 0.0001) and an inverse correlation (r = -0.64, P < 

0.001) with intake of energy from vegetable products (Muntoni et al, 2000). In healthy 

children systemic immune responses to food antigens develop after antigen exposure but 

these responses seem to decline with increased age. Thus it seems likely that a number of 

different food types might be diabetogenic, and that some susceptible people are unable 

to handle dietary antigens in a normal manner. 

One way in which diet could influence diabetes is that an abnormal gut immune 

response to dietary antigens somehow leads to the automimmune response that develops 

against pancreatic (3 cells (Graham et al, 2004). This is supported by the fact that 

increased intestinal permeability has been reported in patients with type 1 diabetes, and in 

BBdp rats (Scott et al, 2002). In addition, some human patients with type 1 diabetes 

show high reactivity to the gluten component of wheat similar to that found in coeliac 

disease, with associated elevated inflammatory activity in the jejunum (Hardin et al, 

2002, Graham et al, 2004). Abnormalities in the gut of BBdp rats include a greater 

percentage of goblet cells and greater mucosal depth than control animals. Both control 
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and diabetic-prone BB rats expressed less of the tight junction protein claudin, and 

showed greater intestinal permeability than did Wistar rats (Neu et al, 2005). 

Interestingly, Scott et al (2002) found that exposing BBdp rats to antigens (i.e. wheat-

gluten or cereal based diets) in the first week of life, before gut closure and when the 

mucosa is immature, resulted in a delay or even avoidance of diabetes in approximately 

one-third of the animals. 

Bovine proteins have been a central focus of research, but there are contradictory 

findings with some studies showing an association between early exposure to cow's milk, 

while others show no influence (Beales et al, 2002; Scott, 1996; Vaarala et al, 1999; 

Truswell, 2005). Enhanced humoral and cellular immune responses to several cow's milk 

proteins have been documented in patients with newly diagnosed type 1 diabetes. 

Exposure to cow's milk (CM) formulas induces IgG-class antibodies and T-cell immunity 

to bovine insulin. The first immunization to insulin takes place in the gut immune system, 

when infants are fed with CM formulas containing bovine insulin. The possibility that 

lymphocytes sensitized to bovine insulin in early infancy will later mature toward 

autoreactive insulin-specific lymphocytes and lead to the destruction of (3-cells has been 

proposed as a hypothesis in the pathogenesis of type 1 diabetes. Vaarala et al (1999) 

found that oral exposure to cow's milk formulas induced bovine insulin-binding 

antibodies that cross reacted with human insulin, and concluded that dietary bovine 

insulin appears to be an environmental trigger of a primary immune response to a p-cell 

specific antigen in healthy children. Low levels of antibodies binding to insulin in 

exclusively breast-fed children indicate that human insulin in breast milk is less 

immunogenic than bovine insulin. Enhanced immune response to several cow's milk 
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proteins have been reported in type 1 diabetes and could be considered markers of oral 

tolerance to bovine antigens (Vaarala et al, 1999). A trial in which hydrolyzed formula 

was used during the first six to eight months of life in infants at increased genetic risk of 

type 1 diabetes suggest that the elimination of cow's milk proteins during infancy 

decreases the development of P-cell autoimmunity during the first years of life 

(Akerblom et al, 2002). However, both diabetic and healthy children showed a similar 

immune Thl- and Th2- like response to several cow's milk proteins (Bovine Serum 

Albumin, the ABBOS peptide and p-lactoglobulin) (Karlsson et al, 2001). A critical 

review of the case for cow's milk and type 1 diabetes concluded that "there is no 

convincing or even probable evidence that the Al P-casein of cow milk has any adverse 

effect on humans" (Truswell, 2005). In addition, a multi-center study demonstrated that a 

milk-free, wheat-based diet produced the highest frequency of spontaneous diabetes in 

diabetes-prone BB rat and NOD mice in three separate locations (Beales et al, 2002). 

This suggests that even if milk protein does contribute to the development of diabetes, it 

is likely that there would still be an appreciable prevalence of the disease in human 

populations from the consumption of other foods, particularly wheat cereals. 

Defined diets in which wheat is the sole protein source are potent inducers of 

diabetes in BB rats; the same results are seen in the NOD mouse (Scott, 1996) although 

this effect can vary with the age at which the diet is introduced and the BB rat colony. 

When BB rats are fed a mostly cereal-based or wheat-gluten diet from weaning, 65.3 ± 

6.1% of animals develop diabetes, as compared to <20% (incidence of 18.8 ± 2.8%) if 

rats receive a hydrolysed casein diet (Scott, 1996; Scott et al, 2002). Adult human 

diabetes patients show a high prevalence of undiagnosed wheat gluten sensitive 

15 



enteropathy (coeliac disease) (Not et al, 2001), with a prevalence of 2-10%, a rate that is 

10 to 33 times that found in the general population (Graham et al, 2004). However, a 

study of Italian school children with coeliac disease found that these children had a low 

prevalence of diabetes-related antibodies (d'Annunzio et al, 2009). In some patients, T-

cell response to wheat proteins is increased, and high concentrations of wheat antibodies 

in blood have been reported (Malaisse et al, 2004). There are reports that increased 

peripheral blood T-cell reactivity to wheat gluten is more frequent in newly diagnosed 

patients than in controls, consistent with the involvement of dietary wheat proteins in 

diabetes pathogenesis (Beales et al, 2002). Diabetes incidence in the Beales et al (2002) 

study varied with the feedings of diets that differed mainly with the source of dietary 

amino acids. The milk-free, mainly wheat-based NTP-200 diet introduced at weaning (i.e 

at 23 days of age for BB rats and 17-21 days of age for NOD mice) consistently produced 

the highest incidence of diabetes in both BB rats and NOD mice. Diabetes-prone BB rats 

have high levels of antibodies against dietary wheat gliadin (solvent-extracted protein 

from wheat gluten) compared to control rats; this effect has also been shown in NOD 

mice, although not consistently (Scott et al, 2002). 

2.4 Viruses and type 1 diabetes 

Although diet seems to be the most significant environmental factor in the 

development of type 1 diabetes, it is important to note that more than 10 viruses have 

been associated with the development of type 1 diabetes-like syndromes in humans or 

animals. Congenital rubella is one example of virus-induced diabetes in humans (Menser 

et al, 1978). However, effective immunization programs have eliminated the condition 

from most Western nations. The most thoroughly studied diabetes related virus in animals 
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is encephalomyocarditis virus (EMC). Another well-studied virus is the Kilham rat virus 

(KRV); this small DNA virus has been found to induce diabetes in control BB rats by 

provoking autoimmune responses against the P-cell rather than direct P-cell cytolysis. 

Kilham rat virus was found to have contaminated a colony of diabetes resistant BB rats 

that suddenly turned diabetic (Guberski et al, 1991; Yoon and Jun, 2004). It is speculated 

that enteroviruses may be involved, although a specific diabetes-inducing enterovirus has 

not yet been identified. During the viremic phase, enteroviruses can spread from the 

lymphoid tissues of the pharynx and small intestine to various organs including the 

pancreas. One link between enterovirus infection and diabetes is a seasonal variation in 

the onset of diabetes that follows that of enterovirus infections (Gamble and Taylor, 

1969). In addition, enteroviruses have been isolated from patients with newly diagnosed 

type 1 diabetes (Frisk et al, 1992; Helfand et al, 1995). A prospective study in Finland, a 

country with an unusually high incidence of diabetes, found enterovirus infections more 

frequently in siblings that progressed to clinical diabetes than in control siblings that 

remained non-diabetic. Infections were also clustered around the time period immediately 

preceding the appearance of autoantibodies (Hyoty et al, 1995, Hiltunen et al, 1997). 

Further evidence that viruses may be implicated in the onset of the disease is that 

P-cells of diabetic patients express interferon-alpha, a cytokine that is induced during 

viral infection. This suggests the presence of some virus in the P-cells (Ray et al, 2008). 

In one study, antibodies against coxsackie B serotypes were found to be more frequent in 

newly diagnosed subjects than controls. However, as previously noted, the highest 

incidence of spontaneous diabetes in BB rats and NOD mice occurs when they are 

maintained in ultra-clean conditions. Even gnotobiotic animals will develop diabetes. The 
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finding that animals maintained in strict viral antibody-free conditions still develop 

diabetes supports the premise that diet is a major environmental stimulus in the 

development of type I diabetes, but underscores that the impact of a specific 

environmental trigger in initiating the autoimmune response may be different in various 

individuals depending on genetic susceptibility or protection (MacFarlane et al, 2003). 

The viral links to type 1 diabetes also raise the possibility that environmental organisms 

may induce diabetes in susceptible humans by stimulating effector cells or by disrupting a 

balanced network of autoreactive and regulatory cells, a theory that is relevant to the 

study of the gut microbial community (Guberski et al, 1991). 

2.5 Approaches to examining microflora 

Despite the wide use of rat models in disease modeling, the rat intestinal 

microbiota remains poorly characterized (Bonnet et al, 2002; Bernbom et al, 2006). 

Much of the current knowledge regarding this microbial community is based on culture-

dependent methods, and has focused on the easily accessible faecal flora. Conventional 

analysis of faecal flora requires meticulous techniques for cultivation, various growth 

media, and an array of methods for the taxonomic identification of the isolates. Thus, 

while it is relatively easy (assuming that the bacteria can be grown) to obtain a total 

viable count of bacteria, enumerating individual species by culture is both labour and 

time intensive (Vaughan et al, 2000). It can take weeks to identify a single anaerobe. In 

addition, the culture conditions and selective media are simply not known for most of the 

strict anaerobic bacteria. It is now commonly accepted that gut microflora investigated in 

detail by anaerobic culture techniques provide an incomplete picture of the diversity of 

species present in the gut flora. The percentage of cultivated faecal flora range greatly, 

18 



from 14% based on DAPI (4'-6-diamidino-2-phenylindole) staining (Wilson and 

Blitchington, 1996) to 58% based on probe hybridization (Langendijk et al, 1995). 

Microscopic counts on human faeces also suggest that between 40 - 80% of bacterial 

cells can not be recovered by culture (Suau et al, 1999). While bacterial cultures are very 

useful for detecting individual groups of bacteria, they are difficult to use in the analysis 

of complex bacterial communities such as those found in environmental samples 

(Vaughan et al, 2000). Despite these shortcomings, culture-based analysis is still 

considered a good method for microbiological study in general. However, molecular 

approaches are rapidly becoming the standard for studies of gut microbiota. 

More recently, culture-independent methods based on comparative sequence 

analysis of randomly cloned bacterial ribosomal RNA (i.e. 16S rRNA) or other bacterial 

genes has informed the field of microbiology. Culture-independent methods are 

increasingly being applied to this field, and have already made significant contributions 

to our knowledge (O'Sullivan, 1999; Tannock, 1999). Molecular methods used in studies 

of complex microbial communities include amplification by PCR of 16S ribosomal RNA 

genes from microbial DNA, denaturing gradient gel electrophoresis (DGGE) and terminal 

restriction fragment length polymorphism (T-RFLP) among others (Tannock, 1999; 

Brooks et al, 2003; Bernbom et al, 2006). Fluorescent in situ hybridization (FISH) with 

SSU rRNA-targeted oligonucleotide probes is another culture-independent technique 

used in studies of complex microbial communities of environmental (Amann et al 1990, 

Rigottier-Gois et al 2003, Lenaerts et al 2007) and clinical (Hogardt et al 2000) samples. 

This method combines hybridization of fluorescently labelled SSU rRNA probes with 

epifluorescent microscopy (Amann et al 1990), confocal laser microscopy or flow 
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cytometry to directly quantify individual bacteria (Zoetendal et al 2004). The 16S RRNA 

gene has been a common target (Lay et al 2007, Lenaerts et al 2007). FISH can be used to 

detect and enumerate individual cells, and with automation can be used for comparative 

analysis (Zoetendal et al 2004, Lenaerts et al 2007). FISH has been found to be highly 

specific, but only moderately sensitive, with detection limits of 105-106 CFUs/ml 

(Hogardt et al 2000, Zoetendal et al 2004). Since FISH targets only specifi species, or 

groups, some preexisting knowledge about which species may be present, and which 

primers will target these species, is required. Thus, this technique may not capture the full 

diversity of the gut ecosystem. 

Equally important to the molecular tools used in culture-independent approaches 

is the use of statistical tools that describe and compare microbial communities (Bonnet et 

al, 2002; Schloss and Handelsman, 2006a; 2006b). 

The rRNA genes are ideally suited for determining phylogenic relationships, 

assessing environmental diversity, and detecting specific populations. This is because 

they are universally distributed in cellular life forms, as well as being highly constrained 

in function, with stretches of conserved sequence between more variable regions. These 

variable regions can be exploited by designing PCR primers to probe the rRNA genes 

with varying levels of taxonomic specificity (Acinas et al, 2004). The rRNA sequences 

can be clustered into relatedness groups based on their percent sequence identity, thus 

molecular methods address both detection and classification, often to the level of species 

(but not strain) (Brooks et al, 2003; Brooks et al, 2007). The ribosomal RNA genes 

encoding 16S, 23S and 5S rRNAs are often found linked together with tRNA molecules 

into operons (Klappenback et al, 2001). Sequencing of the 16S rRNA is the most 
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commonly used measure of environmental diversity. Consisting of about 1500 

nucleotides, the 16S rRNA provides a large amount of information for a phylogenic study 

yet remains a reasonable size to sequence. Other avantages to the 16S gene is that 

horizontal transfer of the gene appears to be weak, thus making it a good monitor of 

species differences (Brooks et al, 2007). The 5S rRNA and the 23S rRNA have also been 

studied. The former is somewhat small thus offers a limited amount of information, while 

the latter, at approximately 3000 nucleotides, provides a great deal of information but 

requires more sequencing and increased risk of transcription error. Premature termination 

of transcription is frequent when transcribing stretches of longer than 400 bases 

(Vaughan et al, 2000). Based on genetic sequence information, a new species is 

considered to possess less than 97% sequence similarity with any known organism in a 

database (Stackebrandt and Goebel 1994). Comprehensive data sets of greater than 

300,000 16S rRNA sequences (a number that is estimated to double every 7 months) are 

available through public internet-accessible databases such as GenBank, EMBL and the 

RDP II project (Maidak et al, 2001, Rudi et al, 2007). It must be noted that corrupt or 

chimeric sequences are known to be found in the public repositories. One estimate is that 

as many as 1 in 20 sequences have substantial errors, which could lead to a flawed picture 

of microbiological diversity (Ashelford et al, 2005). Despite these cautions, applying 

these approaches to microbial communities from the rumen, the human intestine, the pig 

intestine and mucosa, and the mouse intestine has demonstrated the diversity of the 

populations and indicated that the majority of the bacteria that make up these 

communities have yet to be cultured (Brooks et al, 2003). Overall, molecular techniques 

greatly improve the ability to analyze complex microbiological communities, and 
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promise a more full and accurate picture of the diversity, structure and dynamics of these 

communities. Table 2.1 summarizes the advantages and disadvantages of culture-based 

and molecular methods. 

The polymerase chain reaction (PCR) is the basis for molecular sequence analysis. 

However, it is recognized that there are shortcomings to PCR-based analysis, as the 

process may introduce biases that affect the composition of clone libraries (Bonnet et al, 

2002). The number of cycles carried out by PCR has been found to have a strong 

influence on the proportion of genes amplified. In comparing clone libraries generated by 

10-cycle and 25-cycle PCR reactions, Bonnet et al, (2002) found that the OTU richness 

of the 25-cycle community was significantly lower. Increasing the number of PCR 

cycles can also lead to reannealing of major PCR products compared to template-to-

product ratios (Suzuki and Giovannoni, 1996). It is therefore preferable to keep the 

number of PCR cycles as close to 10 as possible to reduce this bias. Other factors that 

can influence the results of a PCR reaction include variations in primer pairs, the melting 

temperature of the template DNA, exhaustion of substrates during the reaction, differing 

amplification efficiencies of amplicons, and chimera formation (Vaughan et al, 2000). It 

has also been noted that genome size as well as the number and the organization of rrn 

operons vary widely among prokaryotes. The rrn operon number can increase divergence 

between species by approximately 2%, which influences species cut-off when 

determining OTUs. As well, the number of genes coding for 16S rRNA can vary from 1 

to 14; this has important implications for attempts to quantify the abundance of bacterial 

species using PCR methods (Farrelly et al, 1995). 
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The molecular analysis of samples can offer advantages over culture methods, but 

the purity of DNA extracted from faecal samples is a critical factor in the sensitivity and 

usefulness of biological analyses such as PCR for microbiological organisms (Vaughan et 

al, 2000). In comparison with blood or other clinical samples, the challenges inherent in 

DNA extraction from faecal samples include a complex microbial flora, as well as the 

variable consistency and endogenous and dietary components of faeces. Differences in 

the envelope morphology of Gram + groups of bacteria make many of them more 

difficult to disrupt than the Gram - component of the community (Brooks et al, 2007). 

Phenol-chloroform extraction is the traditional method of bacterial DNA extraction; this 

may require additional clean-up procedures to remove remaining phenols which inhibit 

PCR reactions. Other methods involve the lysis of bacteria and subsequent binding of 

released DNA onto a solid matrix, followed by washing and elution of the relevant 

components. These involve high labour costs and time constraints in processing 

numerous samples. 
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Table 2.1: Pros and Cons of Culture and Molecular Methods 

Method Pros Cons 

Culture Long history and experience Labour and time intensive 

Basis of many studies Anaerobic culture conditions 

unknown for many bacteria 

Accepted as a high standard 

Relatively easy to obtain viable 

cell counts 

Multiple steps needed for reliable 

identification 

Difficult to use for analysis of 

complex communities 

Molecular 

Useful for detecting individual 

groups of bacteria 

Very useful for analysing 

complex communities and their 

phylogenic relationships 

Outcome of analysis can be 

influenced at multiple points in the 

molecular analysis (i.e. DNA 

extraction method, PCR conditions, 

primer selection, etc.) 

Provide a more complete picture 

of bacterial diversity 

Results can be achieved rapidly 

Limited ability to infer function 

from gene sequence 

Multiple rrn operons and gene 

copies lead to overestimation of 

diversity 
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Commercial kits have been developed and are now widely used for DNA 

extraction specifically from faeces. Faeces contain several inhibitors of PCR reactions, 

such as bile salts, haemoglobin degradation products and complex polysaccharides. A 

comparison of 4 commercial kits found that QUIamp was the most effective extraction 

method for faecal samples (McOrist et al, 2002). Repetitive testing confirmed the 

superior performance of this kit over a range of spike concentrations. The extraction of 

bacterial DNA from faeces using this kit resulted in superior downstream performance in 

PCR compared to other methods under similar conditions. A similar comparison of faecal 

DNA kits in the Brooks laboratory also found that the QUIamp kit, in conjunction with 

three freeze-thaw/sterile sand, mortar and pestle grinding cycles, produced good results 

(Brooks et al, 2007). 

Bacterial communities are commonly compared using denaturing gradient gel 

electrophoresis (DGGE), an electrophoretic method of seperating equal length DNA 

fragments. DGGE is based on sequence-dependent melting behaviours in a 

polyacrylamide gel containing a concentration gradient of increasing denaturant 

(Ercolini, 2004). DNA fragments of the same length but with different base-pair 

sequences can be separated based on the mobility of the partially melted DNA molecule 

(Muyzer et al, 1993). DGGE is a useful technique in which the diversity of PCR-

amplified genes from a large number of samples can be compared in one gel, to evaluate 

changes in community structure over time or space. A 30 to 40 base GC clamp at the 5' 

end is necessary to prevent the two DNA strands from completely dissociating even 

under strong denaturing conditions (Muyzer et al, 1993; Ercolini, 2004). In theory, the 

technique is sensitive enough to separate DNA on the basis of a single point mutation; in 
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practice, the high similarity of rDNA sequences can make it difficult to resolve and 

identify closely related species. Often identification is limited to the genus (Vaughan et 

al, 2000; Acinas et al, 2004). A comparison of phylogenic distance (percent base 

difference) and the mobility differences by DGGE of sequences found that large 

differences in band mobility on the DGGE gel imply at least a minimal amount of 

sequence divergence. However, sequences with very similar mobility are not always 

identical (i.e sequences can still differ considerably despite identical mobility). Despite 

this, in most cases bands with equal mobility are found to have identical sequences. 

Multiple gene copies and heteroduplex formation during the last PCR cycles are potential 

problems when using DGGE band patterns to evaluate the biodiversity in a sample. Many 

bacteria have multiple heterogeneous rRNA operons. Bacterial genomes can contain 

between 1 and 14 operons that include the 16S gene, and the 16S rRNA sequences have 

been shown to differ up to several percent between operons (Farrelly et al, 1995; Acinas 

et al, 2004). This could lead to an overestimation of microbial diversity when using 16S 

rRNA approaches. The DGGE may be most useful in evaluating gradual changes in a 

community structure over time and space following a perturbation (Nicolaison and 

Ramsing, 2002). 

2.6 Microbial diversity in the gastro-intestinal tract 

In order to explore the potential impact of gut bacteria on the development of 

Type 1 diabetes, it is necessary to have an understanding of microbial diversity in the 

gastro-intestinal (GI) tract. At the level of the Operational Taxonomic Unit (OTU), where 

a species is defined as showing greater than or equal to 97% genetic similarity 

(Stackebrandt and Goebel 1994), progress with 16S rDNA-based enumeration has shown 
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that healthy individuals harbour unique microbial communities. Limits on the 

identification and understanding of the role of these communities exist due to an inability 

to culture the majority of species, biases introduced by preferential PCR amplification of 

16S genes, and our limited ability to infer function from gene sequences (Gill et al, 

2006). 

Many studies cite the intestinal habitat of an individual adult human as containing 

300-500 species of bacteria, with 30 to 40 species accounting for 99% of the total 

population (Gill et al, 2006). However, other researchers estimate that gastro-intestinal 

tract is home to approximately 500-1000 species, whose collective genomes contain 100 

times more genes than the human genome (Backhed et al, al 2004). Colonisation of the 

mammalian GI tract starts immediately after birth, with numerous species of both 

facultatively anaerobic and anaerobic non-pathogenic bacteria, considered to be the 

"normal gut flora" becoming established in the first few days of life. The early pattern of 

colonisation in humans is initially affected by gestational age (pre-term or term) the type 

of delivery (e.g.vaginal vs. c-section) and diet (breast vs. formula) (Edwards and Parrett, 

2003). Other environmental factors may have a major role as there are differences 

between infants in developing nations compared to industrialized nations, and even 

between hospital wards. These pioneer bacteria can modulate expression of genes in the 

host epithelial cells, thus creating a favourable habitat for themselves (Guarner and 

Malagelada, 2003). They can also prevent the growth of other bacteria introduced at a 

later date. For example, in breast-fed infants the reduced environment initially created by 

facultative anaerobes promotes the growth of anaerobes, particularly bifidobacteria, 

27 



while the facultative anaerobes decrease in number. Thus intestinal colonisation is very 

relevant to the final composition of permanent flora in adults. 

Bacteria living in the human gut achieve very high cell densities, yet diversity at 

the division level (superkingdom or deep evolutionary lineage) is among the lowest found 

in an ecosystem: only 8 of 55 known bacterial divisions have been identified to date, and 

of these 5 are rare. The dominant divisions are the Cytophaga-Flavobacterium-

Bacteroides (CFB) and the Firmicutes (e.g genus Clostridium and Eubacterium). The 

stomach and small intestine contain only a few species adhering to the epithelia and a few 

others in transit. The scarcity of bacterial species in the upper tract may be due to a 

combination of factors, including the luminal medium (acid, bile, and pancreatic 

secretion), and a more aerobic environment, which create a hostile environment. Add to 

this phasic propulsive motor activity towards the ileum which results in a faster transit 

time (approximately four hours in humans) and inhibits stable colonisation of the lumen 

(Dressman and Yomada, 1991). 

Moving down the GI tract, one study found that the distal gut and fecal microbiota 

of three healthy adults surveyed was dominated by two bacterial divisions, the 

Bacteroidetes and the Firmicutes, which made up > 99% of the identified phylotypes, 

with greater diversity of the genera and subgeneric taxal in the Firmicutes than the 

Bacteroidetes (Dethlefsen et al, 2008).The numerically predominant genera inhabiting 

the large bowel of humans attain population levels of approximately 1010 cfus (shown by 

culture methods) to 10 11 cells (shown by nucleic-acid based microscopy or flow 

cytometry) per g wet weight of contents (Kimura et al, 1997; Tannock, 2007). 
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In the large intestine, a complex, dynamic microbial ecosystem exists, with high 

densities of living bacteria (1011 - 1012 cells/g of luminal contents) (Macpherson and 

Harris, 2004). Faecal solids consist of 60% bacteria, some of which are potential or 

opportunistic pathogens. Opportunistic pathogens are those that are harmless under 

normal, healthy conditions but can be a source of infection and sepsis under certain 

circumstances such as a breach in the integrity of the bowel barrier (Guarner and 

Malagelada, 2003). Anaerobes outnumber facultatively aerobic bacteria by 100 to 1000 

times in faeces, compared to a factor of 10 to 100 in the colon, with Firmicutes and 

Bacteroides groups representing the dominant mucosal flora (Ferguson 1996; Tannock, 

2007). The human dominant genera are listed in Table 2.2. Molecular hybridization 

procedures (dot-blot techniques using universal 16S rRNA probes) have shown that 

facultative aerobes including E. coli, enterococci and lactobacilli achieve high densities 

in the human ceacum, with 50% of ribosomal rRNA sequences in caecal contents 

corresponding to these species ; yet these species account for only 7% of bacterial 

ribosomal RNA found in faecal samples (Marteau et al, 2001). Over 62% of the cells in 

human feces that can be detected with a bacterium-specific probe belong to gram-positive 

groups (Breitbart et al, 2003). Suau et al (1999) found 95% of flora from a single human 

faecal sample could be assigned to Bacteroides, C. coccoides or C. leptum lineages. 

However, although the primer used in the Suau et al (1999) study is intended to be a 

universal 16S primer, when used as a bacterial probe in the RDP II release 9.60 database, 

it detected only approximately 10% of the genes in the target range. Faeces are subject to 

drying and loss of 85% of its fluid content in the descending colon and rectum, thus it is 

not surprising that there is a difference in the bacteria that are found when compared to 
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other gut tissues. Only 0.1 to 1% of the proportion of IgA and antibodies produced in the 

gut (as measured by whole-gut lavage) can be recovered from faeces, and this proportion 

is deeply affected by intestinal transit and faecal characteristics (Ferguson, 1996). 
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Table 2. 2: Dominant genera of bacteria found in the gastro-intestinal tract of adult 

humans* 

Anaerobic bacteria Facultative anaerobes 

Bacteroides Escherichia 

Bifidobacterium Enterobacter 

Eubacterium Enterococcus 

Clostridium Klebsiella 

Peptococcus Lactobacillus 

Peptostreptococcus Proteus 

Ruminococcus 

Fusobacterium 

* Suau et al, 1999; Edwards and Parrett, 2003; Guarner 2003; Macpherson and Harris, 

2004. 
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The diversity found within the human GI tract, which is represented by a few 

divisions of very tight clusters of related bacteria, may reflect strong host selection for 

specific bacteria whose collective impact is beneficial to the host. This implies that the 

bacterial community structure promotes functional stability to the gut ecosystem (Gill et 

al, 2006). An estimated 1200 viral genotypes in human feces suggest that bacteriophages 

(viruses that attack bacteria) may be a powerful force in shaping the diversity and 

population structure of the gut's microbial genetic landscape. Phages likely influence the 

composition of bacterial populations in the intestine through specific predation on 

microbial hosts, and may introduce new phenotypic traits, such as antibiotic resistance 

and the ability to produce exotoxins (Breitbart et al, 2003). 

Only limited data are available on the natural variation of intestinal microbiota in 

animal models (Suau et al, 1999). Knowledge about variations in the intestinal 

microbiota over time and between individuals prior to intervention is an important 

prerequisite for design and interpretation of cause-and-effect studies. The composition of 

the fecal biota of mammals is known to be very stable at the level of genus, while 

changes do occur over time at species, subspecies or strain level; diet can also lead to 

changes in the dominant bacteria (Bernbom et al, 2006). 

2.7 Host-bacterial mutualism in the gastro-intestinal tract 

The distal human intestine houses an enormous population of bacteria dominated 

by relatively few divisions that are highly diverse at the strain/subspecies level. The inter-

relationship among components of the microbiota may be commensal (one partner 

benefits while the other is unaffected) or mutualistic (both partners benefit). An example 

of mutualism exists in the guts of ruminants and termites, which contain anaerobic 

32 



bacteria that break down ingested polysaccharides and ferment the resulting 

monosaccharides to short-chain fatty acids. The host gains carbon and energy, while the 

microbiota is protected in an anoxic environment and a rich buffet of glycans. The 

structure and composition of the gut microbiota reflect natural selection at two levels: 

first, the ability of the microbiological organisms to adapt strategies such as growth rate, 

or substrate utilization patterns, affects the fitness of individual bacteria in a competitive 

ensemble; secondly at the host level, a microbiological community that is functioning at a 

suboptimal level can reduce host fitness (Gill et al, 2006). Bacteria in the mammalian 

gastro-intestinal tract have metabolic, trophic and protective functions. 

The metabolic role of bacteria is one that provides hosts with genetic and 

metabolic attributes that the host has not evolved on its own, including the ability to 

harvest nutrients that would otherwise be inaccessible. This includes fermentation of non-

digestible residues such as plant-derived pectin, hemicellulose and resistant starches, as 

well as endogenous mucus; salvage of energy as short-chain fatty acids; production of 

vitamin K; and absorption of ions. 

The short-chain fatty acids (SCFAs - mainly acetate, propionate, and butyrate) 

produced by caecal bacteria in mammals are mainly absorbed by the hosts, and account 

for approximately 30% of calories extracted from a Western diet each day (Gill et al, 

2006). The SCFAs may have a particularly important role in type 1 diabetes, as they are 

believed to act as modulators of glucose metabolism. Absorption of these SCFAs may 

result in a lower glycaemic response to oral glucose or standard meal, a response 

consistent with an improved response to insulin (Guarner and Malagelada, 2003; 

Backhed et al, 2005). The gut microbial community is essential for processing dietary 
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polysaccharides. Comparisons of germ-free mice to those that have a conventional 

microbiota acquired since birth shows numerous effects of indigenous microbiota on host 

biology. Young adult mice have 40% more total body fat than their germ-free 

counterparts fed the same polysaccharide-rich diet, even though conventional rats 

consume less chow per day. The effect can be explained by the presence of gut 

microbiota allowing energy to be salvaged from otherwise undigestible polysaccharides 

(Gill et al, 2006). Gut colonization produces substantial elevations in serum glucose and 

insulin (Backhed et al, 2004.) 

Host signalling pathways regulated by the microbiota provide an opportunity to 

identify new therapeutic targets; for example, there is evidence that bacteria act through 

an integrated host signalling pathway to regulate energy storage in the host. Microbial 

suppression of intestinal Fiaf (angiopoietin-like protein 4, produced by brown and white 

fat, liver and intestine) promotes adiposity. It is speculated that changes in microbial 

ecology prompted by Western diets may act as a factor that affects predisposition toward 

energy storage and obesity. One study found that an increase in fat content in mice was 

accompanied by statistically significant elevation in fasting glucose and insulin levels, 

and an insulin-resistant state, as defined by insulin and glucose tolerance tests (Backhed 

et al, 2004). 

Gut bacteria have a role in the development and homeostasis of the immune 

system, as well as control of epithelial cell proliferation and differential development. 

The intestinal mucosa is the main interface between the immune system and the external 

environment. Bacterial surface molecules include many carbohydrate-containing 

molecules, including lipopolysacccharides and teichoic acids, peptidoglycans and 
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glycoproteins, and offer a huge diversity of immunological epitopes that interact with the 

immune system (Mazmanian and Kasper, 2006). Gut associated lymphoid tissues contain 

the largest pool of immune competent cells in the human body; interactions between the 

host and bacteria at the mucosal interface play a part in the development of a competent 

immune system and recognition of commensal bacteria products through toll-like 

receptors (TLR) is critical to epithelial homeostasis (Guarner and Malagelada, 2003; 

Suzuki et al,, 2007). It has also been reported that commensal bacteria express an 

immunomodulatory molecule that is involved in the development of a normal mammalian 

immune system (Mazmanian et al, 2005). Conversely, germ-free animals have an 

undeveloped mucosal immune system: the Peyer's patches and isolated lymphoid 

follicles are small with few germinal centers; there are few IgA-secreting plasma cells in 

the lamina propria; and the numbers of lamina propria CD4+ and intraepithelial CD8a|3+ 

are reduced (MacPherson and Uhr, 2004a). The short-chain fatty acids (SCFAs) also have 

an important effect on the intestinal epithelium. All 3 major SCFAs stimulate epithelial 

cell proliferation and differentiation in the large and small bowel in vivo (Guarner and 

Malagelada, 2003). In particular, the rate of production of crypt cells is reduced in the 

colon of rats bred in a germ-free environment. Their crypts contain fewer cells than those 

of rats colonised by conventional flora, which suggests that the intraluminal bacteria 

affect cell proliferation in the colon. Differentiation of epithelial cells is affected by 

interaction with resident bacteria. 

A study by McCartney et al (1996) found that the bifidobacteria and lactobacillus 

populations were characteristic of a particular human host. A follow-up to this study 

found that total bifidobacterial populations were similar for all 10 subjects (109 to 1010 
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cfu g wet weight of faeces) while lactobacillus numbers varied greatly between subjects 

(approx 104 to 108 cfu/g ww of faeces). Each individual harboured unique collections of 

lactobacillus strains, but the composition of lactobacillus microflora was simpler than 

that of the bifidobacteria population. The predominant strains were used in lymphocyte 

transformation assays and serum antibody titrations to determine whether the human 

immune system is stimulated, and to what degree, by specific strains of intestinal 

bacteria. Serum antibody titers (IgG) against bifidobacteria were lower than those against 

lactobacilli, perhaps reflecting the view that truly indigenous members of the microflora, 

which have evolved while cohabitating with a specific animal species, do not elicit a 

marked immunological response because they have specific antigenic similarities with 

the tissues of their host (Kimura et al, 1997). Some species of animals (pigs, mice, rats, 

and fowl) have relatively large populations of lactobacilli as a component of the normal 

microflora. The relative paucity of IgA antibodies in the serum suggests (but is not 

conclusive evidence) that there would be an absence or low concentration of secretory 

IgA molecules reactive with these bacteria in the intestinal contents. 

The existence of normal intestinal microflora, composed of enormous numbers of 

bacterial cells, does not induce a marked inflammatory response in the intestinal mucosa. 

However, it is likely that antigenic components of the normal microflora are accessible to 

the defense mechanisms of the body. The lack of inflammatory pathology in the majority 

of humans may be linked to the potential for the intestinal flora to modulate the 

expression of cytokine-encoding genes in the enterocytes (Kimura et al, 1997). A recent 

study found that Bacteroides fragilis produces an immonomodulatory molecule, 

polysaccharide A (PSA) that has an important role in the development of a mature 

36 



mammalian immne system. Mazmanian et al (2005) found evidence that PSA is sampled 

by dendritic cells of the GALT; these dendritic cells then migrate to the mesenteric lymph 

nodes and initate T-cell responses that contribute to a proper cytokine balance. This 

modulation could speculatively drive the immune system towards a humoral response 

rather than a cell-mediated response. The cell-mediated response might be more likely to 

result in an intestinal pathology such as inflammatory bowel disease (Kimura et al, 1997). 

Other studies comparing germ-free and conventional rodents support the theory that 

normal gut flora stimulate or play a regulatory role in the development of the immune 

system. This is supported by findings that animals bred in a germ free environment have 

low densities of lymphoid cells in the gut mucosa. These animals have small specialized 

follicle structures, and low circulating concentrations of immunoglobulins in the blood 

(Guarner and Malagelada, 2003; Backhed et al, 2005). Colonization of germ-free mice 

significantly increases serum concentrations of IgGl, IgG2a and IgA (Guarner et al, 

2002). Overall, germ free animals are very susceptible to disease, while a complex 

microbial flora has been reported to raise concentrations of serum immunoglobulins in 

chickens, rats and mice (Klaasen et al, 1993; Butler et al, 2000). It has also been shown 

that colonization is necessary for the proper induction of tolerance to food antigens, 

which is believed to down-regulate T helper type 2 (Th2) cells in the GI tract. This may 

be an important factor in the development of diabetes in BB rats, which show a marked 

intolerance to a wheat-based diet. In mice and rats, a non-pathogenic and non-culturable 

segmented filamentous bacterium (SFB) that preferentially attaches to the ileal Peyer's 

patch epithelium apparently stimulates the development of mucosal immune architecture 

and function (Guarner and Malagelada, 2003). A study using specific pathogen-free and 
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germ-free CpB:SE (Swiss) mice found that SFBs strongly stimulate the mucosal immune 

response. SFBs produced a rise in the number s of IgA-SC in the lamina propria of the 

small intestine, increased the IgA titers in serum and intestinal secretions, and enhanced 

the ConA-induced proliferative responses of mesenteric lymph node cells (Klaasen et al, 

1993). 

Finally, it is speculated that the intestinal microflora offers a barrier effect against 

pathogen growth or attachment (Lievin-le Moal et al, 2006), although the evidence for 

this theory is speculative at this time. Indigenous gut flora such as bifidobacteria and 

lactobacilli are believed to play an important role in the health of the host by 

competitively inhibiting colonization by pathogenic forms, and certain keystone members 

of the microbiota operate to maintain the stability and functional adaptability of the 

intestine (Cummings and MacFarlane, 2002). Some bacteria contribute to a barrier effect 

by producing bacteriocins; e.g. a Ruminococcus gnavus strain produces a lantibiotic 

(ruminococcin A), which was shown in activity assays to inhibit growth of a range of 

pathogenic Clostridia (Dabard et al, 2002). The segmented filamentous bacteria (SFBs) 

that occur in the distal small bowels of various animal species may also competitively 

exclude pathogens from the distal small intestine, in addition to enhancing host resistance 

by influencing gut-associated lymphoid tissue (Guarner and Malagelada, 2003). In the 

human gut, populations (i.e. types of speices and strains) are remarkably stable within 

individuals, implying that mechanisms exist to suppress blooms of subpopulations and/or 

promote the presence of desirable bacteria (Gill et al, 2006). Overall, although the 

concept of the barrier effect is biologically plausible, more evidence is needed to support 

the theory. 
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2.8 Bacterial tranlocation 

Bacterial translocation is the passage of viable indigenous bacteria from the GI 

tract through intact epithelial mucosal surfaces to the mesenteric lymph nodes (MLN) and 

other organs (Ohsugi et al, 1991). As previously noted, the composition of GI microflora 

in an individual remains relatively constant, as long as the environmental and dietary 

conditions of the host are constant. Indigenous bacteria normally inhabit the GI tract 

almost exclusively and are not found in the MLN, kidney, liver, or spleen of specific 

pathogen-free mice (Imai and Kurihara, 1984). When healthy germ-free animals have 

been colonized in experiments using commensal bacteria, the live commensals penetrate 

the mucosa to reach the deeper tissues in the two to three weeks before B and T cell 

responses are mounted by the mucosal immune system. After this time period, the deeper 

tissues once again become sterile in healthy animals (MacPherson and Urh, 2004a). 

Dysfunction of the gut mucosal barrier can result in translocation of many viable 

indigenous microorganisms, usually those belonging to gram-negative genera (e.g. 

Escherichia, Klebsiella, Proteus) (Schroff et al, 1995). This occurs notably in 

haemorrhagic shock, burn injury, trauma to the intestine, intestinal obstruction, severe 

pancreatitis, acute liver failure and cirrhosis. Translocation also occurs during various 

disease processes. While data suggest that the baseline rate of positive mesenteric lymph 

node culture could approach 5% in otherwise healthy people, in disorders such as those 

previously noted, rates of positive culture are 16-40% (Guarner and Malagelada, 2003). 

The outcome of bacterial translocations can be severe: septicemia in patients has been 

reported as an opportunistic infection. Overpopulation of certain microflora and 

translocation to the MLN and other organs are important steps in the pathogenesis of 
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infection and potentially in certain diseases. The increased caecal population level of 

particular bacterial strains has been found to parallel the numbers of viable bacteria of the 

strain translocating to the MLN. Aerobic gram-negative bacilli generally characterize the 

oral, pharyngeal or faecal flora of the immune deficient patient. The numbers of the 

organisms increase with the severity of the underlying illness and depression of the 

immune response (Imai and Kurihara, 1984). 

In experimental animal models of diabetes, a very low level of bacterial 

translocation has been observed in healthy adult animals and the host immune defence 

system effectively eliminates bacteria that escape the GI tract. On the other hand, diabetic 

animals manifest greater susceptibility to infectious diseases. Mice injected with single 

large doses of streptozotocin (ST2) had indigenous GI tract bacteria translocated to the 

mesenteric lymph nodes and other organs. The rates of translocation in various mouse 

models were compared. ST2-injected (multiple low dose) mice, NOD (non-obese 

diabetic) mice, alloxan-injected mice and single large-dose ST2-injected mice were 

examined, and there was an attempt to determine if insulin would decrease translocation 

from the GI tract in these mouse models. E.coli was found to translocate to tested organs 

at a greater incidence in the ST2-induced diabetic mice than in NOD and alloxan-injected 

mice. ST2 itself depresses some cell-mediated immune responses independent of its 

diabetogenic actions. The authors concluded that in this study translocation was not 

induced by diabetes but by ST2 (Ohsugi et al, 1991). However, another study found 

changes in the indigenous flora of ST2-induced diabetic mice. After treatment, there was 

a significant increase in Klebsiella pneumonia, Staphylococci micrococci, Streptococcus 

faecalis and Streptococcus faecium in the caecum, while populations of Bacteroides, 

40 



Lactobacilli, and fusiform bacteria stayed the same (Imai and Kurihara, 1984). It should 

be noted that both the Ohsugi et al (1991) and Imai and Kurihara (1984) studies relied on 

culture methods to detect bacteria; molecular methods may have produced different 

results. 
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Chapter III 

Materials and Methods 

3.1 Animal model: the BioBreeding rat 

This study of the BioBreeding rat gut microbiota was initiated before I joined the 

Brooks laboratory, thus the live animal protocol was completed and the necropsy 

performed by other students and staff from the laboratory. These same students and staff 

also completed the DNA extraction for the lymph node and small intestinal tissues at that 

time. Once I joined the project, I processed all of the BioBreeding rat faecal samples for 

DNA, and completed all other procedures and analysis as described below. 

BioBreeding rats (BB rats) from the Animal Resources Division of Health Canada 

(Ottawa) were used in this study. The Health Canada Animal Care Committee approved 

this study, and housing and care for the rats followed the guidelines of the Canadian 

Council on Animal Care (CCAC, 1993). 

The BB rat model is a closely bred diabetic-prone animal widely used for 

studying the relationship between diet and diabetes (Scott, 1996; Scott et al, 2002; 

Malaisse et al, 2004). The onset of diabetes in the BB rat is marked by spontaneous 

pancreatic insulitis as early as 40 days of age (see Figure 3.1). This is followed closely by 

destruction of P-cells and insulin deficiency, as well as hyperglycemia prior to puberty 

(Hardin et al, 2002). The mean incidence of diabetes in BB diabetic-prone rats (BBdp) 

fed a standard cereal-based diet has remained constant over the years 1998-2003 at 65.3% 

± 14.9%(mean ± SD) (MacFarlane et al, 2003). 
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Figure 3.1: Development of diabetes in the BioBreeding Rat 

21 days Weaning, 
gut closure 

40 - 55 days 
p-cell autoantibobodies, 
mononuclear cells appear 

90 days (mean) 
onset of diabetes 
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The original diabetic rats were discovered at BioBreeding laboratories near 

Ottawa in 1974 and transferred to Health Canada in 1977; the current colony is directly 

descended from the original group of animals. Although not completely inbred, the 

colony has remained closed for the past 30 years and about 90% of matings are between 

siblings, usually a non-diabetic female with a diabetic male (Scott, 1996). Genotyping for 

selected markers indicates that the animals are 80% identical at the DNA level. At least 3 

genes are involved in diabetes in the BB rat: the lymphopenia (Lyp)gene on chromosome 

4, Iddml; a major histocompatibility complex-linked gene on choromosome 20, Iddm2; 

and Iddm3, an unmapped gene conferring resistance to diabetes in Fischer rats (Scott, 

1996). The BBdp rats carry a mutation at the Iddml/Lyp locus that is attributed to a 

frameshift deletion in a novel member of the immune-associated nucleotide related gene 

family Ian5 (MacFarlane et al, 2003). The BBdp rat displays the insulitis lesion that is 

the key phenotype for destruction in type 1 diabetes, in a manner that closely mimics that 

found in the human disease (Roep and Atkinson 2004). The disease appears equally in 

males and females around puberty and adolescence, between 55 to 140 days of age, with 

a mean age at onset of about 90 days. The onset of diabetes is sudden, with associated 

weight loss or failure to gain weight, hyperglycaemia and loss of virtually all circulating 

insulin, glucosuria, and ketonuria (Scott, 1996). BBdp rats that are older than 70 days 

show significant inflammatory activity throughout the small intestine, inflammation that 

is not seen in younger (45-day old) animals (Hardin et al, 2002). They are severely 

lymphopenic, with a low percentage of T-helper cells and almost no cytotoxic or 

suppressor T-cells. 
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The non-diabetic BB rats (control, or BBc) have a normal range of T cells and are 

not lymphopenic (Hardin et al, 2002). The BBc rats are developed from an early subline 

of the colony that does not spontaneously develop diabetes, and represent a stable, closely 

bred isolated population fed a standardized diet (Scott, 1996). 

For this study, BBc and BBdp rats were group-housed in polyethylene cages lined 

with woodchips. The animals were provided with glass balls, gnawing sticks and 

polyvinyl chloride pipe housing to improve their environment. The rats were on a 12h 

light: 12h dark cycle, at 21 °C and 40% humidity, and had free access to water (reverse 

osmosis treated to 95% purity). All rats were fed Rodent Laboratory Chow 5001 (Purina 

Mills, Inc., Pembroke, ON). One group of animals was sacrificed at 19 to 21 days. The 

control group had a total of six animals, as did the diabetic prone group. A second group 

was sacrificed at 55 to 60 days. This group included 6 control animals and 6 diabetic 

prone animals. Animals were killed individually by CO2 asphyxiation. The cervical 

region was dislocated after 2 to 5 minutes to ensure that the animal was dead. 

3.2 Collection of lymph node and small intestine tissue samples 

After each animal was sacrificed, the abdominal fur was doused in 70% EtOH. An 

incision into the abdomen was made and the lymph node area of the abdomen (see Figure 

3.1) was quickly removed and placed onto paper towel. Individual lymph nodes were 

picked out and placed on a glass plate previously cleaned with 70% EtOH, then divided 

into 2 portions which were approximately equal in size. Pieces of the small intestinal wall 

approximately 5 cm in size were excised, and cleaned using with peptone H 2 0 and a 

needle from the sacrificed animals. All samples were placed in 2 ml cryotubes, 

immediately frozen in liquid nitrogen and stored at -80 °C. 
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Figure 3. 2: Necroscopy of BB Rat. 

The arrows indicate where the lymph node (a) and small intestine samples were collected 
(b). 
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3.3 Collection of rat faeces 

Fecal pellets were removed from the last 2/3 of the colon and rectum and placed 

in 2 ml cryotubes with liquid nitrogen, then stored at -80 °C. 

3.4 Extraction of DNA 

Total genomic DNA was extracted from all samples (faecal, lymph node and 

small intestine) by the freeze-grind method (Hurt et al, 2001). Samples were weighed and 

kept on ice, then transferred to a cold mortar (pre-chilled at -80 °C) and frozen by adding 

liquid N2. Sterile sand was weighed and the sample was ground to a fine powder. Each 

sample was refrozen and reground a total of three times, using a gentle pounding pressure 

with an ice-cold pestle. When grinding numerous samples, the mortar, pestle and spatulas 

were rinsed with 0.5M NaOH, followed by detergent, then pre-chilled with liquid 

nitrogen. DNA from samples weighing between 0.202 to 0.378 g was isolated with the 

QIAamp DNA Stool Mini kit (Quiagen Inc. Mississauga, ON). To prepare pooled DNA 

samples, DNA from each sample was quantified using the Nanodrop 1000 (Thermo 

Scientific, Wilmington DE U.S.A.), and all samples were adjusted to a concentration of 

100 ng/uL. After adjusting the concentration, an equal volume of the DNA from each 

individual sample was pipetted into a sterile 2 ml tube. Pooled samples were used 

because in humans, bacterial composition varies among individuals within a given 

population (Hayashi et al, 2002). Although greater homogeneity was expected in the rat 

samples, the samples were pooled to produce maximum sampling diversity and minimize 

inter-animal differences. DNA quality was assessed by gel electrophoresis (0.8% agarose 

with ethidium bromide) and DNA concentration was determined spectrophotometrically 
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using the Nanodrop 1000 (Thermo Scientific, Wilmington DE U.S.A.). Aliquots were 

stored at 4°C or frozen at -20°C . 

3.5 DNA amplification 

Genomic DNA from faecal, lymph node and small intestine samples was used as a 

template for polymerase chain reaction (PCR) amplification of the full-length 16S rRNA 

eubacterial genes. The 16S, 23S and 5S rRNAa are often found linked together in one 

operon, which often contains an internal transcribed spacer and at least one tRNA 

(Acinas et al, 2004). In order to compare different universal primers, primer sets targeting 

specific regions of the 16S rRNA genes were also selected and amplified by PCR 

reaction as specified in Table 3.1. For each primer set, PCR reactions were optimized for 

annealing temperature, primer ratio and concentration, and target concentration. All PCR 

reactions were carried out in a total volume of 25 |xl, using puReTaq Ready-To-Go beads 

(Amersham Biosciences, Baie d'Urfe, QC), using a BioRad DNA Engine Peltier 

Thermocycler (Hercules, California, U.S.A.). 
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Figure 3. 2: Mapping of the 16S rRNA positions and primer regions. 

Helices (H) are numbered. The V3 and V6-V8 variable regiona are shown. V3 
corresponds to positions 341 to 534 and is targeted by the HDA1/HDA2 primers. The 
V6-V8 region corresponds to positions 800 to 1400 and is targeted by the F940/R1422 
primers. The primers are described in Table 3.1. (Adapted from Case et al, 2007) 

HI? 

Ull ' ft'' 
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Table 3.1: Primers Used to PCR-Amplify Genomic DNA 

Target 

Full-length 16S rRNA 

eubacterial genes 

Full-length 16S rRNA 

eubacterial genes 

V3 region of the E. 

coli 16S rRNA gene. 

V6 / V8 ( F940 / 

R1422) region of the 

E. coli 16S rRNA 

gene. 
a Whitford et al„ 1998 
b 

Sequence 

(5'- 3') 

Sense(F27)a 

AGAGTTTGATCMTGGCTCAG 

Antisense (R1492)3 

TACGGYTACCTTGTTACGACTT 

Sense (F44)b 

RGTTYGATYMTGGCTCAG 

Antisense (R1543)b 

GGNTACCTTKTTACGACTT 

Sense (HDA1)C 

ACTCCTACGGGAGGCAGCAGT 

with 5' GC clamp: 

CGCCCGCCGCGCGCGGCGGGCGGGG 

CGGGGGCACGGGGGGCCTACGGGAG 

GCAGCAG 

Antisense (HDA2)c 

GTATTACCGCGGCTGCTGGCA 

Sense(F940)b 

AAACTCAAAKRAATTGACGGGG 

Antisense (R1422)d 

GACGGGCGGTGTGTACAAG 

designed and validated in Brooks lab 

Muyzer et al, 1993 

Domann et al, 2003 

Product length 

(bp = base pairs) 

1500 bp 

1500 bp 

193 bp 

233 bp 

470 bp 
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In a previous study by researchers in the Brooks laboratory, the universal full-

length 16S rRNA region primers F27 and R1492 (Whitford et al 1998; see Table 3.1) 

were used to obtain full-length faecal bacteria DNA sequences of the faecal flora of the 

BB rat (Brooks et al, 2003). These results are published in Brooks et al (2003). These 

full-length sequences are used for comparison in the present study, thus the PCR 

conditions are reported. The PCR conditions were one cycle of initial denaturation at 95 

°C for 5 minutes; 10 cycles of denaturation (95 °C, 30s), annealing (50°C, 30 s), and 

elongation (72°C, 3 min), and a final cycle of extension for 5 min. This earlier research 

also produced full-length 16S rRNA sequence data from the BB rat small intestine and 

lymph node (unpublished data); I identified nearest relatives and aligned this sequence 

data using the ARB program (Ludwig et al, 1998; Ludwig et al, 2004). I attempted to 

use primers F44/R1543 (Table 3.1) to obtain full length sequence data. These primers 

were designed and validated in the Brooks laboratory, and were found to match 88.8 % 

and 90%, respectively, of bacterial sequences in the Ribosomal Database Project II , 

release 9.60 (http://rdp.cme.msu.edu/; Maidak et al, 2001). Note that primer F44 is a 

degenerate version of F27. PCR conditions for these primers were reported by the 

Brooks laboratory staff to be one cycle of initial denaturation at 94 C for 2 minutes; 10 

cycles of denaturation (94 °C , 20s), annealing (54 °C, 30 s), and elongation (72 °C, 3 

min), and a final cycle of extension 72 °C , 3 min. 

Other researchers in the Brooks laboratory achieved good results using these 

primers with genomic DNA from pigs and from human (unpublished data). However, I 

was unable to amplify the BB rat DNA using this primer set, despite numerous attempts 

to modify and optimize the PCR conditions. I also attempted to repeat some of the 
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analysis using the F27/R1492 primers, and was not able to amplify the DNA with these 

primers. These primers match 68% and 50% respectively of the sequences in the RDP II 

database. The goal was to verify previous results obtained with the full-length 16S 

sequences, and compare the sequence information to the DGGE results. A possible 

explanation for my failure to amplify the samples is that the genomic DNA samples had 

degraded to a point where the full-length primers could not be used, as the DNA had been 

stored for two years before I attempted this analysis. Given this failure, the study was 

pursued using the shorter sequences as described in the following pages. 

The V6-V8 region primer F940 primer is a degenerate primer designed by Dr. 

Brooks (Health Canada). It includes two degenerate bases. When compared to sequences 

corresponding to the E.coli region between 800-1400bp, this F940 primer was found to 

match 90.4% of all bacteria in the Ribosomal Database Project II (RDP II, release 9.60 

(http://rdp.cme.msu.edu/; Maidak et al, 2001). The R1422 primer was designed by 

Domann et al (2003), and was found to match 91% of all bacteria in the RDP II. The 

PCR conditions were one cycle of initial denaturation at 95 °C for 2 minutes; 15 cycles of 

denaturation (95 °C, 20s), annealing (60 °C, 30 s), and elongation (72 °C, 45 s), and a 

final cycle of extension 72 °C for 44 s. 

The V3 region is a variable 193 bp region corresponding to position 341 to 534 of 

the E. coli 16S rRNA gene. The V3 region was targeted with primers HDA1 and HDA2, 

which match 89.3% and 85% respectively, of the sequences in the RDP II database. 

When amplifying DNA for use in denaturing gradient gel electrophoresis (DGGE), the 

forward primer HDA1 included a G/C clamp, which is a G/C rich region at the 5' end 

(Muyzer et al, 1993). Primer concentrations were 0.1 micromols/L and genomic DNA 
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concentrations at approximately 100 ng per reaction. The PCR conditions were one cycle 

of initial denaturation at 96 C for 5 minutes; 15 cycles of denaturation (95 C , 30s), 

annealing (56 C, 30 s), and elongation (72 C, 1 min), and a final cycle of extension at 72 

C for 5 min. For the primer comparison study, the PCR reaction was modified to include 

35 cycles of denaturation, annealing and elongation. All other conditions were the same. 

3.6 Random Cloning 

PCR products were cloned into the vector pCR®2.1-TOPO (Invitrogen, Carlsbad, 

Calif.) and transformed into chemically competent TOPO® One Shot® Escherichia coli. 

Table 3.2 lists the volumes and reagents needed for the TOPO® Cloning reaction (TOPO 

TA Cloning Version R April 2004). The reaction was mixed gently and incubated at 

room temperature (22-23 °C) for 5 minutes. During this time, a vial of One Shot® 

Chemically Competent Escherichia coli was thawed on ice. After the 5 minute 

incubation, the cloning reaction was placed on ice; 2 pi of the cloning reaction was added 

into a vial of One Shot® Chemically Competent Escherichia coli and mixed gently. The 

vial was incubated on ice for 5 to 30 minutes (the length of incubation past 5 minutes is at 

the user's discretion). The cells were then heat shocked for 30 to 45 seconds at 42 °C 

without shaking. The tubes were immediately transferred to ice, and 250 pi of room 

temperature S.O.C. medium was added (2% Tryptone; 0.5% Yeast extract; 10 mM NaCl; 

2.5 mM KC1; 10 mM MgCl2; 10 mM MgS04 ; 20 mM glucose). The tube was tightly 

capped and shaken horizontally for one hour at 200 rpm and 37 °C. For each 

transformation, two pre-warmed plates of BHI agar containing ampicillin (100 pg/mL) 

and X-gal (20 pg/mL) were prepared. A volume of 40 pi of the transformation was 

spread one plate, and 20 pL spread on the second plate. Two different volumes were 

54 



spread from each transformation to ensure a sufficient number of well-spaced colonies. A 

hundred white colonies were picked from each transformation and inoculated into 2 mL 

of liquid Luria-Bertani (LB) medium (1.0% Tryptone; 0.5% Yeast Extract; 1.0 % NaCL; 

pH 7.0 ) containing 100 (j,g/mL ampicillin. The colony picks were cultured overnight at 

37 °C with horizontal shaking. 
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Table 3. 2: TOPO® Cloning Reaction 

Reagant* Chemically Competent E.Coli 

Fresh PCR product 4 pi 

Salt solution 1 pi 

Sterile water Add to a total volume of 5 pi 

TOPO vector 1 pi 

Final Volume 6 pi 

* All reagents are stored at -20 °C when finished. Salt solutions and water can be stored at room 

temperature or 4°C. 
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3.7 Plasmid preparation 

Plasmids were purified from the overnight liquid cultures using the GenElute 

Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO). The cells were harvested by 

centrifugation of the 2 mL cultures at approximately 12,000 X g for 1 minute. The 

supernatant was discarded, and the pellets completely resuspended by vortex in 200 |iL of 

Resuspension Solution. The resuspended cells were lysed by adding 200 |iL of the Lysis 

Solution. Contents were immediately mixed by inverting the tubes 6-8 times, until the 

mixture was clear and viscous. The mixture was not vortexed, as this harsh mixing will 

shear genomic DNA and result in chromosomal DNA contamination in the recovered 

plasmid DNA. The lysis reaction never exceeded 5 minutes, as a prolonged alkaline lysis 

may denature supercoiled plasmid DNA. The cell debris was precipitated by adding 350 

|iL of the Neutralization/Binding Solution to each tube. The tubes were inverted 4-6 

times. Cell debris was pelleted using a centrifuge at approximately 12,000 X g for 10 

minutes. During this time, GenElute Miniprep Binding Columns were placed into 

microcentrifuge tubes, and 500 |aL of Column Preparation Solution was added to each 

miniprep column. The columns were centrifuged at approximately 12,000 X g for 30 

seconds. The flow-through liquid was discarded. The cleared lysate from the 

Neutralization/Binding step was loaded into the prepared binding column and centrifuged 

at approximately 12,000 X g for 30 seconds. The flow-through liquid was discarded. The 

Wash Solution Concentrate was diluted with 95% ethanol prior to use; 705 |iL of the 

diluted Wash Solution was added to the column and centrifuged at approximately 12,000 

X g for 30 seconds. The column wash removes residual salt and other contaminants 

introduced when the column is loaded. The flow-through liquid was discarded, and the 
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column centrifuged again at maximum speed for 1 minute without additional wash 

solution to remove excess ethanol. The column was transferred to a fresh collection tube; 

100 pL of molecular biology grade reagent water was added to the column. The column 

was centrifuged at approximately 12,000 X g for 1 minute. The eluted DNA was checked 

on a 0.8% agarose gel and stored at -20 C. 

3.8 Sequencing 

Initially, plasmid DNA concentration was determined using the Nanodrop ND-

1000 Spectrophotometer (Thermos Fisher Scientific, Wilmington DE U.S.A), dehydrated 

and reconstituted with molecular biology grade water water (Hydropure Molecular 

Biology Water, Nuclease-Free dd 0.1 micron sterile filter, Hyclone, Utah, U.S.A) to a 

concentration of 100 ng/pL. However, this time-consuming step was eliminated when it 

was found that good results could be obtained from the sequencing reaction without 

concentrating the plasmid DNA. Sequencing reactions were prepared in a MicroAmp 96-

Well Reaction Plate using the Big Dye Terminator v.3.1 Cycle Sequencing Kit (both 

from Applied Biosystems, Foster City, CA, U.S. A). Each reaction consisted of the 

following: 

1 pL 1 BDT mix 

3.5 pL 5X buffer 

3 pL plasmid 

1 pL of either F940 or R1422 primer (3.2 pmol/ul) 

11.5 pL sterile water 

The total reaction volume was 20 pL. The conditions for the sequencing reaction 

were an initial denaturation step at 96 °C for 1 min, followed by 25 cycles of denaturation 
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at 96 °C for 10 seconds, annealing at 50°C for 5 s, elongation at 60°C for 4 min. Cycle 

sequencing is used as it provides several opportunities to denature and extend the 

template, in order to produce a better signal in the sequencing reaction. 

The sequencing reaction was cleaned using the Montage Seq96 Sequencing 

Clean-up Plate (Millipore Corp., Billerica, MA U.S.A) in order to remove excess dye. 

Injection solution (10 (iL) was added to each well of the plate, and the sequencing 

reactions were added to their corresponding wells. The plate was vaccumed at 

approximately 23 HG until the wells were dry (2 minutes). The Seq96 plate was then 

blotted on paper towel, and 20 (iL of injection solution added to each well. The plate was 

vacuumed at approximately 23 HG until all wells were dry (3 minutes). The plate was 

once again blotted, then a final volume of 20 jaL of injection solution added. The plate 

was shaken horizontally for 10 minutes. Using a new MicroAMp Optical 96-well plate, 

10 }iL of Hi-Di formamide was added to each reaction well; the eluted samples from the 

clean-up plate were transferred to the reaction plate. The reaction plate was sequenced on 

a 16-capillary electrophoresis 3139x1 Genetic Analyzer (Applied Biosystems/Hitachi, 

Life Technologies Corporation, Carlsbad, CA, U.S.A) 

3.9 Primer comparison 

Several primer sets were compared in this study in order to obtain the most 

accurate representation of the microbial community in the rat gut. The four primer pairs 

described in Table 3.1 were included in the comparison. The primers pairs were: two full 

length 16S rRNA primer sets F27/R1492 and F44/R1543, and two primers sets targeting 

variable regions of the 16S rRNA gene, HDA1/HDA2 and F940/R1422. For the primers 

HDA1/HDA2, the effect of additional cycles in the PCR reaction was also examined. For 
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this purpose, one reaction had 15 cycles and one had 35 cycles. For each pair of primers, 

the cloning reaction was performed as described above, using genomic DNA from the 

small intestine control samples from the 55 day old animals. Approximately 70 individual 

white colonies were picked and cultured from successful cloning reactions. Plasmid 

preparation and sequencing were as described above. 

3.10 Denaturing Gradient Gel Electrophoresis 

DGGE was performed with the Hoeffer DGGE System. PCR of genomic DNA 

was performed with HDA1-GC/HDA2 primers as described in the "DNA Amplification" 

section. PCR samples were mixed 1:1 by gentle pipeting with 2x loading dye (0.0% w/v 

bromopheol blue, 70% (v/v) glycerol in sterile water). A 15 pL volume of each PCR 

sample was applied directly into a running lane of 3.5% polyacrylamide stacking gel 

(wt/vol; 10X TBE buffer, 29:1 acrylamide/BIS, dH20) in 0.5X TAE (20 mM Tris acetate 

[pH 7.4], 10 mM sodium acetate, 0.5 mM Na2-EDTA), overlying an 8% (w/v) denaturing 

polyacrylamide gel with a 40/60% denaturing gradient (see Table 3.3). The 1 Kb Plus™ 

DNA Ladder (Invitrogen, Carlsbad, California, U.S. A) was loaded every 5 lanes of the 

gels. Electrophoresis was performed at a constant voltage of 200V and a temperature of 

60°C. All gel solutions were filtered and stored at 4°C. After electrophoresis, gels were 

fixed for 30 minutes in a solution of 10% ethanol, 0.5% acetic acid and dd H20 (total 

volume of 600 ml), washed with a small volume of dd H20. Gels were silver-stained for 5 

minutes (0.2% silver nitrate, 0.02% formaldehyde, dd H20 to 200 ml). The gels were 

developed for 10 to 20 minutes (3% NaOH, 0.1% formaldehyde, dd H20 to 200 ml), 

followed by 2 washes for 20s each using ddH20. Using the fixing solution described 

aboved, gels were fixed for an additional 5 minutes, washed for 10 minutes in ddH20, 
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then soaked for 30 minutes in 20% ethanol, 10% glycerol, and ddH^O to 140ml. Gels 

were stretched between cellulose sheets and dried in the dark (to prevent further 

development) for a minimum of 24 hours. Gels were photographed and aligned using 

Bionumerics (Bionumerics v. 35, Applied Maths 1998-2002). 
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Table 3. 3:Denaturing solutions used in DGGE 

60% 40% 

40% acrylamide/BIS 20 ml 20 ml 

50X TAE buffer 2 ml 2 ml 

Formamide 24 ml 16 ml 

Urea 25.2 g 16.8g 

dH20 To 100 ml To 100 mL 
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A total of 20 bands of interest were identified and excised from the DGGE gels. 

To excise a band from a gel, both surfaces of the gel were wiped with 70% EtOH. The 

gel was then placed on a glass plate that had also been wiped with 70% EtOH. Using a 

sterilized scalpel, the band of interest was cut out and placed in a 2 ml Eppendorf tube 

and the piece of cellophane removed. Sterile water (10 |iL) was added to the tube, and the 

tube was vortexed for 1-2 minutes. The water was removed with a pipet, the gel pieces 

were vortexed a second time for 1 minute, and any remaining water was removed. 100 pL 

of of sterile water was added, and the gel pieces were macerated using a pipet tip, then 

vortexed again for 1 min. The tube was then heated at 95°C for 20 minutes using a 

heating block and stored overnight at 4°C. After the overnight incubation, the tube was 

spun for 3 minutes at 15,000g to remove debris. The supernatant containing the DNA was 

transferred to a new Eppendorf, dried down in the Speed Vac for approximately 1 hour, 

then resuspended in 25 fiL Sigma H2O and stored at 4°C until needed. 

3.11 Statistical analysis 

DNA sequence data was analysed using Sequencher (Gene Codes Corporation, 

Ann Arbor, Michigan U.S.A.) to assemble the sequence fragments into contigs. The 

contigs were edited to remove vector sequence data, and then exported to text files. The 

text files were imported into the ARB program (Ludwig et al, 1998; Ludwig et al, 2004). 

Nearest relatives were identified and sequences were aligned in ARB, a process which 

involves viewing each sequence and manually correcting any mis-aligned or ambiguous 

bases. Aligned sequences were also compared with reference sequences in Ribosomal 

Database Project II; the RDPII Chimera Check program was used to identify chimeric 

sequences (RDPII, Release 8.1; Maidak et al, 2001). A chimera consists of 2 or more 
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phylogenetically distinct parental sequences, and is usually the result of a prematurely 

terminated amplicon reannealing to a different template DNA during PCR (Wang and 

Wang, 1997; Gonzalez et al, 2005). 

Using ARB (Ludwig et al, 1998; Ludgwig et al, 2004), distance matrices of the 

aligned species were calculated (using the Jukes-Cantor correction, Jukes and Cantor 

1969) and exported to use as input files in the DOTUR program (Schloss and 

Handelsman, 2005). DOTUR was used to define operational taxonomic units (OTUs) in 

the small intestine, lymph node and faecal samples. The DOTUR program uses the 

genetic distance between sequences with a "furthest neighbour" approach to assign 

OTUs. This approach means that all sequences are within a known distance of the other 

sequences in the OTU; in the present study, a 97% similarity cut off is used to define 

OTUs (Stackebrandt and Goebel, 1994) Once sequences are assigned to OTUs, DOTUR 

uses the frequency data to contruct rarefaction curves for the number of species observed, 

as well as Shannon's and Simpson's diversity index, and Chaol, ACE, Jacknife and 

Bootstrap richness estimators. The Chaol and ACE estimates are reported in this study, 

thus the equations for each of these are provided below (as seen in the DOTUR manual). 

DOTUR is available as free C++ source code and as a Windows executable 

(http://schloss.micro.umass.edu/software/dotur.html). 
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The Chao 1 richness estimator : 

S0bs+ ni(ni-l) 
Schao= when ni > 0 and n2 ^ 0 and when ni= 0 and n2 = 0 

2(n2+l) 

2 

Schao= Sobs + 

ni 

2n2 

when ni= 0 and n2 ^ 0 

where : 

Schao= Richness Estimate 

Sobs= Observed number of species 

ni = Number of OTUs with only one sequence 

n2 = Number of OTUs with only two sequences 

ACE Richness Estimator: 
10 

Nrare = I in, 
i=l 

ni 
C A C E - 1 -

N„ 

Y ACE = max 

10 

Srare I i ( M ) Hi 
i=l 

CACE NRARE ( N R A R E - 1 ) 

1,0 

SACE — Sabund S r are H] 

+ Y2ACE 

CACE CACE 

n N SSACE 3S A CE 

W ( S A C E ) ~ I Z 

cov(fi, fj) = f i ( l - f j / SACE), i f i = j 
cov(fj, Q = - f ] f j / S A C E ) , i f i ^ j 

j=l i=l 9nii 5nij 

where : 

ni = the number of OTUs with i individuals 

Srare = the number of OTUs with 10 or fewer individuals 

Sabund = the number of OTUs with more than 10 individuals 
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I-LIBSHUFF (Schloss et al, 2004; Singleton et al, 2001), TreeClimber (Schloss 

and Handelsman, 2006a; Martin, 2002) and UniFrac (Lozupone and Knight, 2005) are 

all statistical tools used to compare community structure, based on the abundance of each 

member. As these tools take different statistical approaches to comparing the structures 

of communities, each one was used to analyse the data in this study . 

Based on the ARB distance matrices that were created for the small intestine, 

lymph node and faecal samples, J-LIBSHUFF (Singleton et al, 2001) was used to test 

whether two or more 16S rRNA libraries are the same, different, or subsets of each other . 

If the libraries are significantly different from one another, it is assumed that they are 

derived from libraries of different composition. The f-LIBSHUFF analysis derives a 

homologous coverage curve that describes the extent to which the sequences in one clone 

library (library X) represent a given population based on sequence similarity 

(evolutionary distance) (Henriksen 2004). The curve is termed "homologous" because 

each sequence in library X is compared to other sequences within the same library using 

the equation: 

C x =l - (N x /n ) 

Where: 

Cx is the coverage for a single sample; 

N x is the is the number of unique sequences; and 

n is the total number of sequences. 

I-LIBSHUFF also compares whether two or more clone libraries (libraries X and 

Y) share sequences by comparing each sequence in library X to all of the sequences in 

the second library, library Y. The comparison is made at several evolutionary distances 
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that define how distant two sequences can be before two sequences can be labelled as 

different from one another. The resulting values and curve are referred to as 

"heterologous" as defined by the equation : 

C X Y = H N x v / N ) 

Where: 

CXY is the heterologous coverage value 

Nxy is the number of sequences in sample X that are not found in sample Y; and 

n is the number of samples in X. 

The difference between the homologous and heterologous curves is then calculated at 

each evolutionary distance and these are summed to calculate the Cramer-von Mises 

statistic: 

0 .5 

A C X Y = I C X ( D ) - C X Y ( D ) 2 

D = 0 . 0 0 

Where: 

A C X Y is the difference between the heterologous and homologous curves; 

Cx(D) is the homologous curve; 

C X Y ( D ) is the heterologous curve; and 

D is evolutionary distance 

Figure 3.4, reproduced from the documentation for webLIBSHUFF v. 0.96 (Henrikson, 

2004), illustrates this concept. 
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Figure 3. 3: Coverage curves for example library 1 (x) compared to example library 

2(y). 

In this test, evolutionary distance (D) increases by increments of 0.01. If the two libraries 

are identical, AC will be small; squaring the distance between C x ( D ) and C X Y ( D ) makes 

AC sensitive to differences between the two curves (reproduced from Henrikson, 2004). 

Coverage curves for Example library one compared to Example library two (Y> 

Evolutionary Distance 
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As a final step, I-LIBSHUFF applies a Monte Carlo simulation to the data to 

determine critical values for statistical significance; for this analysis, the iterations where 

set at 10 000. When comparing multiple libraries, as done in this experiment, a 

Bonferroni Correction is used to correct the P -value. It is important to correct for the 

experiment-wise error rate to account for the increased probability of detecting small P 

values due to chance when making multiple comparisons (Schloss et al, 2004). The | -

LIBSHUFF P-value must be less than or equal to a critical value for any individual 

pariwise comparaison to insure that at least one library is difference with P = 0.05. Pre-

calculated critical P-values are provide by Singleton et al, (2004) and are shown in Table 

3. 4. For each of the pairwise comparisons, the result indicates a significant difference if 

the lower of the 2 P -values calculated by I-LIBSHUFF is equal to or lower than the 

critical value. 
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Table 3. 4: Corrected Critical P values. 

A Bonferroni correction is used to correct for multiple comparisons. This correction is 

calculatd from the relationship p = l-(l-a)k ( k _ l ) , where p is the experimentwise p-value of 

0.05, a is the critical p-value, and k is the number of libraries. The table of pre-calculated 

p-values is reproduced from Singleton et al, 2004. 

Critical P Values for an Experiment P Value of 0.05 
Number of Libraries being Compared Critical P Value 

2 0.025 

3 0.0085 

4 0.0043 

5 0.0026 

6 0.0017 

8 0.00092 

10 0.00057 

70 



The SONS (Shared OTUs and Similarity) tool (Schloss and Handelsman, 2006b) 

was used to build on the DOTUR analysis in order to compare the membership and 

structures of the microbial communities at a specific OTU designation. Differences 

between the memberships of control and diabetes-prone gut microbial populations in the 

BB rat may contribute to the healthy or diabetic state. The SONS program compares the 

memberships and structures in communities by accounting for the abundance distribution 

of OTUs that are either endemic to one community or shared by two (or more) 

communities. SONS reads information from DOTUR-formatted file and designation for 

each sequence from a user-generated tab-delineated file (the same file is used in J-

LIBSHUFF and TreeClimber). Then, SONS determines the number of individuals in 

each community that were sampled for each OTU, and calculates collector's curves for 

the fraction of shared OTUs between the two communities (with and without correcting 

for unsampled individuals), and the richness of OTUs shared between communities. In 

the present study, the iterations for calculating standard error values were set at 10,000. 

The output of the SONS program includes a file which reports the values of several 

community structure and richness esimates. A non-parametric estimator referred to as 

Shared Chao estimates the richness of shared OTUs between two communities (Schloss 

and Handelsman 2006b). It is analogous to the Chao 1 single-community estimator 

previously described in this report. Since the value for the Shared Chao estimate is 

reported in this study, the equation is provided below (as seen in (Schloss and 

Handelsman 2006b): 

/>+/+i (/i+)2 (f+1)2 

S 1,2 Chao = Si2(obs) + f 11 1 1 

4/2+/+2 2f2+ 2/+2 
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where: 

fx i = number of shared OTUs with one observed individual in A and B 

f + f2+ = number of shared OTUs with one or more individuals observed in A 

f+\J+ 2 ~ number of shared OTUs with one or more individuals oberved in B 

S12(obs) = number of shaed OTUs in A and B 

SONS uses a non-parametric maximum likelihood estimator (Yue and Clayton, 2005) of 

similarity to measure the similarity of two community structures (Schloss and 

Handelsman, 2006b): 

S12 Xi Yi 
z 

i— 1 n total m total 

0YC 

Sl2 
x 
/=1 

f x , -] 2 Sn 
F 7 ' ' 1 + 1 + 1 

ft total / = 1 mtotal 
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S\2 Xi Yt 

- I 
i=\ ntotal rritotai 

3.12 Phylogenetic Trees 

Phylogenic trees for the microbial populations of the small intestine, lymph node 

and faecal samples were constructed using the neighbour-joining method in the 

PHYLO_WIN program (Galtier et al, 1996). A bootstrap analysis (500 replications) was 

used to evaluate the robustness of each node (branch) of the tree reconstructed from the 

whole data set, with a Jukes-Cantor correction (Jukes and Cantor, 1969). 

TreeClimber (Schloss and Handelsman, 2006a) was used to analyse the 

phylogenic trees constructed in ARB for each of the samples. This program uses a 

parsimony-based test (Slatkin and Maddison, 1990) to detect any significant differences 

between the structures of two or more communities. The parsimony test considers a 

phylogenic tree where the taxa are labelled according to their original treatment (e.g. taxa 
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detected in 55-day old small intestine control samples are labelled SI, those from 55-day 

old small intestine diabetic prone samples are labelled S2, etc.). TreeClimber applies the 

parsimony algorithm to determine the minimum number of steps that would explain the 

covariation of phylogeny between the treatments, and scores are calculated for random 

trees generated by randomly linking taxa (Schloss and Handelsman, 2006a). A 

probability disribution is obtained by randomly joining trees in a Monte Carlo procedure 

(10 000 iterations are used in this study). This distribution describes the probability that 

each parsimony score would be by chance i.e a random process of combining sequences 

into groups. The user can then compare the parsimony score for their tree to the 

cumulative probability and assess the probability that a same or lower score might have 

been observed by chance. This tests the hypothesis that two (or more) bacterial 

communities share a common ancestral structure, and that the differences observed 

between the community structures can be explained by random variation. This hypothesis 

can be rejected if the populations in the community experience an effect such as 

perturbation or selection that results in either a) a gain or loss in the population (lower 

parsimony score) or b) reduced variation in the poplation (a higher parsimony score) 

(Schloss and Handelsman, 2006a). 

Finally, UniFrac (Lozupone and Knight 2005) was also used to examine the 

phylogenic trees constructed in PhyloWin. This program measures the distance between 

taxa based on the branch length between lineages. UniFrac (um'que fraction metric) 

measures the phylogenic distance between sets of taxa. This is measured as the fraction of 

the tree branch length that leads to descendant from either one condition or the other, but 

not both. Thus, the measure should reflect evolution (or adaptation) that is unique to one 
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environment (Lozupone and Knigth 2005). As with TreeClimber (Schloss and 

Handelsman, 2006a), Monte Carlo simulation is used to determine whether observed 

differences are greater than what would be expected by chance; the tree is kept constant 

and the condition assigned to each sequence in the tree is randomized. 
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Chapter IV 

Results 

4.1 Overview 

The objective of this study was to explore the hypothesis that there is a 

relationship between the development of type 1 diabetes and the composition of the 

intestinal microflora. This hypothesis was tested by surveying the composition of the 

intestinal microflora in control and diabetic-prone BB Rats at two age points (shortly 

after weaning, and just prior to the onset of diabetes). Translocation of the intestinal 

microflora to the mesenteric lymph nodes was also assessed. The survey results were 

used to determine community structures and phylogenetic relationships on the microflora 

in an effort to understand changes along the digestive tract. An evaluation of the primers 

used in PCR analysis was added to the study in order to identify how the selection of 

primers may influence the results. The primers were assessed by comparative sequence 

analysis of random clone libraries, generated using different primer sets that target the 

16s rDNA gene. The survey of the intestinal microflora was accomplished by a 

combination of DGGE and comparative sequence analysis of random clones. 

Over the course of this study, 1531 clones were analyzed. One-hundred and sixty 

eight (168) of these clones (11%) either could not be sequenced despite repeated 

attempts, or were discarded as chimeras. The nearest relatives of the remaining 1363 

clones were identified and used to align the clones; operational taxonomic units (OTUs) 

were defined by a 97% similarity cut-off (Stackebrandt and Goebel, 1994). At the 

beginning of this project, the phylogenic group and subgroup numbers corresponding to 

the listings found in Ribososmal Database Project (RDP) II, Release 8.1 listings (Cole et 
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al, 2003) were adopted. These numbers are used throughout the Results section of this 

paper. However, the most recent version of the RDP, Release 10, has adopted a revised, 

phylogenetically consistent higher-order taxonomy (Cole et al, 2009; Garitty et al, 2007; 

Wang et al, 2007). The RDP II 8.1 bacterial groups used in this report and their 

corresponding phylogenic assignement in RDP II 10 are shown in Table 4.1. 
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Table 4.1: Names and numbers of bacterial groups and subgroups from RDP II 8.1 

used in this study, and their corresponding phylogenic assignment in RDP II release 

10 

Phylogenetic RDP II RDP II, Release 10 Taxonomy 

group 8.1 No. (Phylum, Class, Order, Family, Genus) 

Bacteroides and 2.15.1 Bacteroidetes,Bacteroidales,Bacteroidaceae, Bacteroides 

Cytophaga 

Proteobacteria 2.28 Proteobacteria 

Bacillus (a), 2.30.7.17 ALL: Firmicutes, Bacilli, 

Lactobacillus (b), (a) Bacillus: Bacillales, Bacillacea, Bacillus 

Streptoccus (c) 

subdivision 

(b) Lactobacillales, Lactobacillacea, Lactobacillus. 
(c) Lactobacillales, Streptococcaceae, Streptococus 

Gram-positive 2.30 various 

bacteria 

Clostridium 2.30.4.5 Firmicutes, Clostridia, Clostridiales, 

lituseburense Peptostreptococcaceae 

group 

Clostridium 2.30.9.13 Firmicutes, Clostridia , Clostridiales, Ruminococcaceae 

leptum subgroup 

Clostridium 2.30.4.1 Firmicutes, Clostridia, Clostridiales, Lachnospiracea 

coccoides group 

Clostridium 2.30.4.4.4 Firmicutes, Clostridia ,Clostridiales, Incertae sedis XIII 

aminobutyricum 

subgroup 

77 



4.2 Comparison and validation of primer sets 

In the early stages of this project, we suspected that the shorter, variable region 

primer sets we had selected were preferentially amplifying certain DNA sequences. The 

sequence fragments did not seem to correlate with the sequences identified using longer, 

nearly complete 16S rRNA sequences from the small intestine and lymph node of the BB 

rat (refer to appendices A and B for the analyis of full-length sequences). For example, 

28% of the full-length 16S small intestine clones aligned with Clostridium lituseburense 

M59107, yet none of the major bands from the DGGE aligned with this species. The 

full-length 16S clones from the lymph node were dominated by Acinetobacter junii (30% 

of clones), yet the corresponding band in the DGGE represented less than 5% of the total 

band density. In order to validate the primers, I compared four primer sets: 

1. F27/R1492 primers for the full-length 16S sequences; 

2. F44/R1453 primers for the full-length 16S sequences; 

3. HDA1 / HDA2 primers targetting the V3 region of the 16S gene; 

4. F940/R1422 primers targeting the V6-V8 region of 16S. 

These primers were selected because they had either been successfully used in 

other studies (i.e. F27/R1492 used by Whitford et al, 1998; HDA1 / HDA2 used by 

Muyzer et al, 1993; R1422 used by Domann et al, 2003) or had been designed and 

validated in the Brooks laboratory (F44/R1453 and F940; upublished data). Most of these 

primers matched 85% to 91% of existing 16S gene sequences (RDP II, Release 9.6), 

indicating that they were good universal primers. The exception was the F27/R1492 pair, 

which matched only 50% and 68% respectively, of existing sequences. PCR conditions 

for each primer set had already been determined and optimized in the Brooks laboratory 
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(see Section 3.5, DNA amplification). It proved impossible to amplify the full-length 16S 

sequences with the F44/R1543 primers, possibly due to the DNA having degraded over 

time, thus this primer set was not included in the comparison. Only the 16S sequences 

from the F27/R1492 primers (unpublished data from the Brooks laboratory), the 

HDA1/HDA2 primers, and the F940/R1422 primers were assessed. In addition to 

potential differences between primer sets, the effect of PCR cycles may have an influence 

on the proportion of genes that are amplified (Bonnet et al, 2002). A higher number of 

PCR cycles can introduce bias by causing PCR products to reanneal to one another, rather 

than to the template (Suzuki and Giovanni, 1996). The effect of PCR cycle numbers was 

assessed for the HDA1/HDA2 primer set; because genomic primers (i.e. F940/R1422) 

are normally used in a 10-15 cycle PCR reaction, but DGGE reactions are normally run at 

30 cycles, a 15 cycle library and a 35-cycle library were included in the analysis. This 

would allow us to find out if the differences in the major bands between the F27 survey 

and the DGGE bands were due to PCR bias. Genomic DNA from the BB rat 55 day-old 

small intestine (SIc55) was used in the primer comparison. 

From the cloning reactions using the SIc55 samples and primers HDA1/HDA2 

(15 cycles), HDA1/HDA2 (35 cycles) and F940/R1422 (15 cycles), 61, 68 and 100 

clones respectively were picked. The full-length 16S clone sequences used in this 

comparison were from a database created by random cloning experiments before I 

entered the Brooks laboratory. This database contained 96 full-length sequences, 

amplified with the F27/R1492 primers (described in Table 3.1) from SIc55 samples. I 

imported these full-length 16S sequence data, together with the shorter V3 (HDA1/HDA2 

- 15 cycles and HDA1/HDA2 - 35 cycles) and V6-V8 (F940/R1422 at 15 cycles) 
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sequence fragments, into ARB. All of the clones were aligned in ARB and their nearest 

neighbours were identified. 

Figure 4.2.1 shows the distribution of clones among the groups of bacteria 

generated from each of the primers. The majority of clones aligned within the Bacillus, 

Lactobacillus, Streptococcus group. This group represents 83% of the V3 clones, 92% of 

the V6-V8 clones and 77% of full 16S library clones (Figure 4.2.1 A, B, and D). The rest 

of the clones aligned primarily within the Clostridia (17%) while some additional clones 

fell within the Proteobacteria group. A total of 17% of the full-length 16 clones, 14% of 

the V2-V3 clones and 7% of the V6-V8 clones fell within the Clostridia group. 

Relative community similarity was assessed using abundance-based Jaccard 

(Jabund) index index and a non-parametric maximum likelihood estimator of similarity, 

9YC (Yue and Clayton, 2005; Figure 4.2.2). The Jabund estimator calculates the fraction of 

sequences that are found in shared OTUs at a given cutoff value. This estimator does not 

account for the similarity of the relative abundances of the OTUs that are shared between 

two communities (i.e., how similar is the distribution of the sequences among the OTUs). 

This is why the 8YC estimator was also examined. The Jabund of the V6-V8 and full-length 

16S libraries was 0.77 (se 0.17) (Figure 4.2.2) suggesting that these two libraries share a 

relatively high degree of community OTU similarity. The clone distribution among the 

OTUs within these two communities was relatively lower (0Yc - 0.57, se 0.12). Figure 

4.2.3 shows the proportion of OTUs that are shared between the V6-V8 and the full-

length 16S clone libraries. At a 3% genetic cut-off, 84% of the OTUs found in the V6-V8 

library are also found in the 16S library. The V6-V8 library appears to be a subset of the 

16S library. The J a b u n d f o r the HDA1/2 - 15 cyle and 16S libraries was 0.55 (se 0.14); 0 Y C 

80 



was 0.51, but with a large margin of error (se 0.21). The proportion of shared OTUs at a 

97% cut-off was 41 %-55%. A J-LIBSHUFF comparison detected no statistically 

significant differences (P = 1.000) between the V6-V8 and the 16S clone libraries. 

Examination of the distribution of clones revealed differences. Six major groups 

of bacteria were represented in the HDA1/HDA2 - 15 cycle library as compared to 4 

groups in the 35-cycle library (Figure 4.2.1 A and C). Proportionally less clones from the 

HDA1/HDA2 - 35 cycle primer library fell within the Bacillus, Lactobacillus, 

Streptococcus group as compared to the HDA1 / 2 - 15 cycle library (60% vs. 83%). 

The other major difference in the distribution of clones are the "C. coccoides " and "Other 

Clostridia " group, which represent a much larger proportion of the HDA1 / HDA 2 - 3 5 

cycle library than of the 15 cycle library (33% vs. 14% respectively). The Jabund of the 

V6-V8 vs.l6S libraries and that of the HDA1 / HDA 2 - 3 5 cycle vs 16S are both close to 

0.80 (Figure 4.2.2) suggesting that these two libraries share a relatively high degree of 

community OTU similarity. However, the clone distribution among the OTUs was 

relatively lower in the HDA1 / HDA 2 - 3 5 comparison (0Yc = 0.43 se 0.12). 

j-LIBSHUFF (Singleton et al, 2001) was used to compare the HDA1/HDA2 (15 

cycles), HDA1/HDA2 (35 cycles), and F27/R-1492 libraries and test whether they are the 

same, different, or subsets of each other. No differences were found between any of these 

libraries (P = 1.000). 
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Figure 4.2.1: Clone distribution among bacterial groups from the 55-day old BB rat 

small intestine 

Genomic DNA was cloned with primers A) HDA1/HDA2 at 15 cycles; B) HDA1/2 at 35 

cycles; C) F940/R1422 at 15 cycles, and D) F27/R1492 at 10 cycles. All clones were 

aligned and identified in ARB. 

A. HDA1/2 primers, 15 cycles C. HDA1S2primers, 35 cycles 
• Bade ro ides 
• Proteo bacteria 
• Lactobacilli 
QOther Bacilli ^ Bifidobacteria 
^ CIos. Cocooides n CI os. Leptum n Other CI os. 
• Other baderia 

B. V6-V8 primers, 15 cycles D. 16S primers, 10 cycles 
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As a final analysis, the estimated richness of the libraries (Chaol) created with the 

various primer sets was examined. The shared richness estimates are: 

77 OTUs (95% CI: 58-128) for the HDA1/2 libraries (15 and 35 cycles); 

85 OTUs (95% CI: 50-198) for the F940/R1422 library; and 

114 OTUs (95% CI: 66 - 252) for the F27/R1492 (full length) library 

The lower richness estimate for the HDA 1/2 library may be a result of including 

the 35-cycle library, as the additional PCR cycles would be expected to have a negative 

impact on species richness (Bonnet et al, 2002). The F940/R1422 (V6-V8 region) library 

has a lower average estimate of species richness when compared to the full length 

sequences. However, the average Chaol estimate for the F940/R1422 library is within the 

95% confidence interval of the full-length library. Youssef et al (2009) found that shorter 

sequence fragments can have an impact on species richness estimates (i.e. increase or 

decrease the estimate, depending on the primers) when compared to estimates for the full-

length sequence. Suzuki and Giovannoni (1996) noted that shorter length primers (e.g. 

15-mer versus an 18-mer or 20-mer) annealed at 55° C with less efficiency than longer 

primers. The authors also note that universal primers often include degenerate bases 

which may have an influence on the formation of primer-template hybrids (Suzuki and 

Giovanni 1996). 

83 



Figure 4.2. 2: Estimates of similarity in community membership (Jabund) 

and structure (Gyc) between libraries generated with different primers. 

Standard error bars for 95% CI are shown. 
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1 = HDA1/2 15 and 35 cycle 
2 = HDA1/2 15 cycles and 16S 
3 = HDA1/2 35 cycles and 16S 
4= V6-V8 and 16S 
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Figure 4.2. 3: Fraction of shared OTUs between clone libraries generated with V6-

V8 region primers (Aotu shared) and full-length 16S primers (Botu shared). 

All clones are from 55 day-old small intestine control samples. At a genetic distance of 

approximately 3%, Aotu shared is 0.8462, while Botu shared is 0.3548. This suggests that 

the V6-V8 library may be a subset of the 16S library 
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4.3 Analysis of Clones from DGGE 

In order to investigate the bacterial communities of the lymph node and small 

intestine from 19 day-old control and diabetic and 55-day old control and diabetic-prone 

rates BB rats, a DGGE profile was created. 

Twenty (20) major bands were selected from the DGGE gel for sequencing and 

subsequent identification. Bands represented either: (1) major, dense bands, evident in 

multiple lanes (for example, see R- 1619 and R-1610 in Figure 4.3.1); or 2) they appeared 

only rarely or in only one experimental group (eg R-1616 in the 19-day old control lymph 

node, Figure 4.3.1). The "major" bands were expected to concur with the major OTUs 

found in the appropriate full-length 16s clone libraries (Appendix A for small intestine 

clones; Appendix B for lymph node clones). The "rare" bands were expected to either 

correspond to less abundant bands in the 16S libraries, or represent unique OTUs. 

Appendix C, Table CI contains a listing of all clones identified from the DGGE; the 

distribution of the clones in the major groups of bacteria is noted in Table 4.3.1. 

Similarities among the banding patterns from different samples were assessed by 

quantifying band density (Bionumerics), transforming this data into fractional band 

densities (to sum to 1.0 per lane) and then analysing the fractional pattern using cluster 

analysis (Statistica 7.0; StatSoft, Tulsa OK, U.S.A). The cluster data, with city-block 

distances was plotted using the non-metric multi-dimensional scaling (NMDS) algorithm 

(Figure 4.3.2) to graphically express the relative relatedness of the different experimental 

conditions in two dimensions. 

NMDS analysis (Fig. 4.3.2) showed a relatively tight clustering of the LNd55 and 

LNc55 samples as well as the SId55 samples. Visual inspection of the banding pattern 

from the DGGE gel (Fig. 4.3.1) illustrated this, showing alignment of the major bands 
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across these samples. The bands from the remaining conditions (SId55, SIcl9, LNcl9, 

LNdl9) are interspersed throughout the scatterplot; the DGGE gel illustrates this with 

numerous rare bands visible in these groups. This supports the visual assessment of the 

DGGE profile, suggesting that there may be age-related differences in the gut microbiota. 

It can also be seen from the NMDS that the SId55 bands are widely scattered and the 

LNd55 bands are grouped together. 

Most (4 of 5 bands) of the major bands that appeared consistently across the entire 

DGGE profiles aligned within the Lactobacilli. The band densities were used as a semi-

quantitative estimate of the relative abundance of each OTU in the sample. In general, the 

Lactobacilli were found at approximately the same density in all of the experimental 

groups. The band corresponding to clone R-1619 was homologous (1.01% divergence) to 

L. crispatus, and was found across the DGGE profile at an average density of 11% (range 

of 7.5% -12.1%). L. acidophilus was also detected across all of the profiles 

(corresponding to clones R-1611 and R-1610) at a density of 8.2% (range of 5.6% -

11.3%) in the lymph node groups, and 9.1% (range of 8.3% - 10.6% in the small 

intestine groups. A major band (corresponding to clones R-1603, R-1604, R-1608 and R-

1615) that appeared consistently across the DGGE profile was very prominent in the 

LNc55 (21.7%) and LNd55 (22.7%), and had a strong presence in the SIdl9 (12.5). 

However, this band represented only 3.2 - 6.8 % of the other groups. The band proved to 

be an isolate of Lactobacillus acidophilus, subsp.johnsonii (divergence <0.000). The 

final major band corresponding to a Lactobacillus (accession number AF157050) was 

clone R-1607. Overall, this band appeared at a slightly higher density (ave. 5.4%, range 

of 3.5% to 6.4%) in the small intestine groups than in the lymph node groups, (ave. 3.7. 
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range of 1.4% - 7.1%). However, the highest recorded density for R-1607 was 7.1% in 

LNcl9. 

The remaining major band, identified as clone R-1609, was homologous 

(divergence <0.000) to Clostridium irregularis. This band was prominent in the SIc55 at 

20.5%, and was an important presence in the SId55 at 10.6%. This band was present in 

all other groups at between 4.4% - 7.6%. 

Two bands were identified as Enterococcus species. One band was evident 

(average density of 5.3%, range of 2.7% - 8.3%) in all of the lymph node groups and in 

the 19 day-old small intestine (control and diabetic), but was absent from the 5 5-day 

small intestine. It was identified as Enterococcus dispar (clone R-1602, divergence of 

1.01%). The other band, identified as Enterococcus gallinarum (0.5% divergence; clone 

R-1612), was also present across all groups, although it was barely detectable in the 

SIcl9 (density of 0.4%). Its density in the SId55, LNcl9 and LNdl9 groups was also low 

(2.3%, 2.2% and 1.1% respectively). The band was found at between 3.6% - 5% in all 

other groups. 
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Figure 4.3.1: DGGE 
profile of the gut 
bacterial community of 
the BB Rat (40/60% 
denaturing gradient). 

Gels were analyzed 
with Bionumerics v. 
35, Applied Maths 
1998-2002. Groups are 
identified by age and 
condition (Control.= 
C, diabetes-prone = 
D). The identified 
bands were excised, 
reamplified by PCR 
and cloned; clone 
numbers are shown by 
an "R-number". The 
identity of each clone 
can be found in 
Appendix C, Table CI. 

89 



Table 4.3.1: Distribution of DGGE bands among the major groups and subgroups 

of bacteria 

The proportion OTUs (%) in each group is noted. The corresponding proportions (%) of 

OTUs from the full-length 16S small intestine (SI) and lymph node (LN) are also shown. 

Phylogenetic group RDPII DGGE % OTUs % OTUs % OTUs 

No. Clones from from 16S from 16S 

(«) DGGE (SI) (LN) 

Bacteroides and Cytophaga 2.15.1 3 20 2 0 

Proteobacteria 2.28 2 13 10 50 

Bacillus, Lactobacillus, 2.30.7.17 10 40 58 30 

Streptoccus subdivision 

Clostridium lituseburense 2.30.4.5 5 20 13 10 

Clostridium leptum 2.30.9.1 1 5 13 10 
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Figure 4.3. 2: Non-metric multi-dimensinal scaling analysis of DGGE bands. 

A distance matrix of band densities was exported from Bionumerics. Analysis was 

performed in Statistica 7.0, using city-block distances (Beals et al, 1968) to calculate a 

non-metric, 2-dimensional scatterplot. Grey areas indicate one cluster of SIc55 bands, 

and a second cluster of LNd55 bands. All other bands are interspersed. Experimental 

condition is indicated by LN for lymph node, SI for small intestine, c for control or d for 

diabetic-prone and age (19 or 55 days old). Each point represents all of the bands in a 

single lane of the gel. 

Scatfciplot of DGGE bands 

Final Configuration, dimension 1 vs. dimension 2 
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A grouping of faint bands was selected from the LNdl9, as it appeared clearly in this 

group, but not in any other. Although they appeared to be three separate faint bands, 

bands R-1614, R-1616, and R-1617 were grouped into one OTU, related to C. irregularis 

(divergence of 6.6%). Band density analysis showed that this band accounted for 7.8% of 

the LNdl9 community, and was also present at a low density in LNcl9 at 1.9%. Clone R-

1601, identified as Acinetobacter junii (divergence < 0.000), corresponded to a band in 

SIc55 (3.3%) and LNc55 (4.6%), but was very minor (less than 1.5%) or absent from 

other groups. R-1600, identified as a Methylobacterium species (divergence < 0.000) 

followed the same pattern: it was found in the SIc55 (density of 12.5%) and the LNc55 

(density of 4.5%) but was negligible (< 1%) or absent in all other groups. Two "rare" 

bands were identified as Bacteroides distasonig (clone R-1622, divergence < 0.000%) 

and another Bacteroides species (AF139525; divergence 2.09%). The former appeared 

faintly in LNc55 (density of 1.1%) but nowhere else, while the latter appeared in the 

LNc55 (density of 4.4%), the LNcl9 (density of 5.0%) and LNdl9 (3.25%). 
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4.4 Descriptive analysis of clone libraries 

A total of 1000 clones were obtained using the F940/R1422 primers. These clones 

were further divided into groups of diabetic-prone and control BB rats; two age groups 

(19 days and 55 days); and, three types of samples (lymph node, small intestine and 

faecal), as seen in Table 4.4.1. 

When the 1000 clones from all twelve conditions were grouped together, they 

resolved into 177 OTUs. Very few OTUs were unique to the small intestine communities, 

which had 85% - 100 % of OTUs shared with either one or both the other two 

communities (faeces and/or lymph node). In contrast, the faeces community had a high 

proportion of unique OTUs, with the shared OTUs representing 40% - 60% of the total 

community. The lymph node community, which was expected to reflect a sampling of the 

small intestine community, shared 48% - 75% of OTUs in all groups save the 19-day old 

control, which shared 100% (no unique OTUs were found in LNcl9). 
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Table 4.4.1: Distribution of clones among experimental groups 

BB Rat Sample Type Number of Clon< 

19 days 

;s (by age group) 

55 days 

Control Small intestine 65 100 Control 

Lymph node 42 102 

Control 

Faecal 96 73 

Diabetic prone Small intestine 81 98 Diabetic prone 

Lymph node 68 100 

Diabetic prone 

Faecal 96 83 
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The small intestine libraries in both age groups and both control and diabetic-

prone conditions were dominated by Lactobacilli species homologous to L.acidphilus, 

L.reuteri, L. acidophilus subspecies johnsonii and L. murinus. These 4 OTUs accounted 

for 73% of the SIc55 community, 50% of the SId55 community, 82% of the SIcl9 

community and 95% of the SIdl9 community. 

In contrast, the Faeces libraries included many "rare" OTUs (i.e OTUs that 

represented only 1-3% of the total OTUs found in an experimental group), and only a few 

abundant OTUs. The most abundant OTU in the Fdl9 library was identified as 

Bacteroides distasonis (divergence of 0.6%) and accounted for 25% of the OTUs in the 

community. This OTU was also found in the Fcl9 community but represented only 

12.7% of this group. The other dominant OTU in the Fdl9 group, representing 15% of 

the total OTUs, was identifed as Escherichia coli. The two highest abundance OTUs in 

the Fd55 faeces library represented only 6% (clone R-3324) and 7% (clone R-3343) of 

the total OTUs in this group. Neither of these clones was closely related to any previously 

cultured species, and the nearest neighbour to both was a Prevetolla species from the 

Bacteroides group (9.2% and 9.11% divergence, respectively). 

The clones and OTUs in the lymph node groups showed interesting differences. 

The LNcl9 library consisted of only 4 OTUs, all of which where Lactobacilli species - in 

fact, 1 OTU, identified as Lactobacillus reuteri (divergence 0.2%), accounted for 77% of 

the community. The Lactobacilli species found in LNcl9 were also detected as a core 

group of OTUs in all of the lymph node, small intestine and Faeces libraries. The LNdl9 

library included a very large component (75% of the total OTUs) of an uncultured 

bacterium from the Clostridiales family, distantly related to Eubacterium plautii 
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(divergence 9.72%). This OTU was unique to the LNdl9 library. In the 55 day-old lymph 

node, a Gram-negative bacterium homologous to Proteus vulgaris (0.8% divergence) 

represented 31% of the OTUs in the LNc55 library and 18% of those in the LNd55 

library. This OTU was detected in the SId55 group (3% of the OTUs) but was not found 

in any other library. Overall, the 55 day-old lymph node libraries had a higher diverstiy of 

OTUs than the 19 day-old lymph node libraries. 

Non-metric multidimensional scaling (NMDS; Figure 4.4.1) was used to examine 

the overall relationship between the clone libraries from each of the experimental groups 

noted in Table 4.4.1. The SI libraries formed a relatively tight cluster with the LNcl9 

group. The fecal libraries were relatively distant from this cluster. The LNc55, LNd55 

and LNdl9 libraries were interspersed between the SI and LN libraries. 
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Figure 4.4.1: Non-metric multi-dimensinal scaling analysis of clone libraries from 

the small intestine, faeces and lymph nodes of the BB Rat. 

A distance matrix of band densities was exported from Bionumerics. Analysis was 

performed in Statistica 7.0, using city-block distances (Beals et al, 1968) to calculate a 

non-metric, 2-dimensional scatterplot. Experimental condition is indicated by LN for 

lymph nodes, SI for small intestine, F for faeces, c for control, d for diabetic-prone, and 

age (19 or 55 days old). Each point represents all of the OTUs found in each library. The 

small intestine OTUs cluster relatively together closely (grey area), while the faeces 

OTUs are relatively more widely dispersed. Three of the four lymph node OTUs fall in 

the distance between the two other libraries. 

Scatterplot 2D - All clones 
Final Configuration, dimension 1 vs. dimension 2 

0.0 0 .5 

Dimension 1 
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4.5 Library of clones from the small intestine 

A total of 384 clones were obtained from the small intestines of control and 

diabetic prone BB rats. Forty (11%) of these could not be sequenced or were identified as 

chimeras. The remaining 344 clones were aligned within the ARB program. For each of 

the experimental conditions in the small intestine, the distribution of the clones among 

the major groups of bacteria is shown in Figure 4.5.1. The Lactobacillus group was the 

largest group represented. 

Using DOTUR (Schloss and Handelsman, 2005) and a similarity cut-off of 97%, 

the 344 clones were found to fit into 25 distinct OTUs. Table 4.5.1 lists the distribution of 

clones and OTUs among the major groups and subgroups of bacteria (Appendix D, Table 

D1 lists all of the OTUs identified, and their nearest neighbours). The method of Chao 

and Lee (1992) was used to estimate species richness in each of the small intestine 

libraries. This method (the ACE estimate) predicted 6 OTUs in the Sic 19, 3 OTUs in the 

SIdl9, 9 OTUs in the SIc55small intestine, and 10 OTUs in the SId55. Coverage for each 

of the libraries was estimated to be 100%. There was overlap between the OTUs found in 

each experimental group (Figure 4.5.2). With the exception of the SId55, each SI 

community overlapped by more than 60% with at least one other community. The SId55 

shared fewer OTUs, with only 46% overlap. A core group of 4 OTUs is shared among the 

four conditions; three of these OTUs (corresponding to clones R-1813, R-1815 and R-

1817) were homologous (divergence < 1%) to Lactobacillus species. The fourth OTU 

shared by all of the small intestine libraries was homologous to Clostridium lituseburense 

(divergence = 1.0%; clone R-1852). 
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Figure 4.5.1: Distribution among the major groups of bacteria of clones from the 

small intestine of the BB rat. 

Genomic DNA was cloned with F940/R1422 at 15 cycles. Experimental groups are 

shown under each pie chart. 

99 



Table 4.5.1: Distribution of small intestine clones and OTUs among the major 

groups and subgroups of bacteria 

Phylogenetic group RDPII No. Clones («) OTUs («) 

Bacteroides and Cytophaga 2.15.1 5 5 

Proteobacteria 2.28 4 2 

Bacillus, Lactobacillus, 

Streptoccus subdivision 

2.30.7.17 284 8 

Gram-positive bacteria 2.30 20 3 

Clostridium lituseburense 

group 

2.30.4.5 19 1 

Clostridium coccoides group 2.30.4.1 2 2 

Clostridium leptum Subgroup 2.30.9.13 7 2 

Clostridium botulinum 

subgroup 

2.30.9.2 3 1 
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Figure 4.5. 2: Venn diagram comparing the OTU memberships at 0.03% 

divergence found in small intestine clone libraries 

The libraries were 55 day-old control rats (SIc55, n = 100), 55 day-old diabetic prone rats 

(SId55 n = 98), 19 day old control rats (Sic 19, n = 64) and 19 day-old diabetic prone rats 

(SIcl9, n - 81). 

Diabetic-prone 55-day old 

Control 55-day old Control 19-day old 

Diabetic-prone 19-day old 
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A phylogenetic tree showing the relative positions of the OTUs from random 

clones and the associated experimental condition(s) is shown in Figure 4.5.3. Consistent 

with what is illustrated in the Venn diagram (Figure 4.5.2), the phylogenetic tree are no 

clusters of clones associated with any one condition; thus for the most part, the clones are 

present in every experimental condition. Clones that were homologous to Proteobacteria 

came from the diabetic prone condition (2 from the 55 day-olds, 2 from the 19 day olds). 

Most clones fell into the Bacillus, Lactobacillus and Streptoccus subdivision of bacteria. 

This large group of 284 clones resolved into only 8 OTUs (Table 4.5.1). All of these 

clones were homologous with, or very closely related to Lactobacillus species 

(divergence ranging from <0.000 to 3.5%; see Appendix D, Table Dl). The clones within 

the order Clostridiales were grouped into several distinct lineages, including the 

C.leptum, C.lituberense and C. coccoides groups. Only two OTUs within this group were 

homologous to previously cultured species: R-1852 (picked 19 times) matched C. 

lituseburense (divergence of 1.0), while R-2995 (picked 3 times) matched C. quinii 

(divergence of 2.88%). None of the other clones were closely related to a previously 

cultured species, and were aligned against their nearest neighbours. The Bacteroides-

Cytophaga group (2.15.1) was represented by a small number of clones (5 in all), each of 

which was a distinct OUT. None of these clones were closely related to a previously 

culture species, and they form a distinct lineage within the Bacteroides-Cytophaga group 

see Figure 4.5.3). 
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Figure 4.5. 3: Rooted phylogenetic tree derived from the F940/R1422 DNA 

sequences 

The tree shows the phylogenetic relationships among the small intestine random clones. 

Bar represents a 5% sequence divergence. The tree was constructed using a neighbour-

joing method with a Jukes-Cantor correction (1969). The relative position of each clone 

was supported by bootstrap analysis for 500 trees. Some nearest neighbours are included 

and indicated by full name or accession numbers. Random clones are shown with and R-

(number). The associated experimental condition is indicated in brackets following the 

clone number, with A = 19 day-old control, B = 19 day-old diabetic prone, C = 55 day-

old control and D = 55 day-old diabetic prone. 
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4.6 Library of clones from the lymph node 

There were 312 clones obtained from the lymph node tissue of the control and 

diabetic BB rats. Of these, 18 clones (6%) either could not be sequenced or were 

identified as chimeras. The remaining 294 clones were aligned within the ARB program; 

the distribution of the clones among the major groups of bacteria for each of the 

experimental conditions is shown in Figure 4.6.1. The distribution of clones in each 

experimental group appears different. It should be noted that the control 19-day old 

library (LNcl9) which consisted entirely of Lactobacillus species, was a smaller library 

than the others (n = 42). When I noticed that 93% of the selected clones were 

homologous to Lactobacillus reuteri (divergence 0.2%); and the remaining 7% of 

selected clones aligned with Lactobacillus acidophilus, I determined that further 

sampling was unlikely to add new information to the clone library. In contrast, the 

diabetic-prone 19-day old library (LNdl9) was dominated by the C.leptum group. The 

5 5-day old diabetic and control groups in the lymph node showed a predominance of 

Gram negative bacteria (Bacteroides and Proteobacteria). 
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Figure 4.6.1: Distribution among the major groups of bacteria of clones from the 

lymph node of the BB rat. 

Genomic DNA was cloned with F940/R1422 at 15 cycles. Experimental groups are 

shown under each pie chart. 

• Bacteroides 
• Proteobacteria 
E Lactobacilli 
D Other Bacilli n Bifidobacteria 
° CIos. Leptum 
° Other Clos. 
* Other Gmpos. a Other bacteria 

B. Lymph node diabetic prone 55-day old D. Lymph node diabetic prone 19-day old 
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A total of 61 distinct OTUs (using a similarity cut-off of 97%) were identified 

from the 294 lymph node clones. Calulating the ACE estimate of species diversity 

(Chao and Lee 1992) predicted 13 OTUs in the LNc55, 37 OTUs in LNd55, 2 

OTUs in the LNcl9 and 10 OTUs in the LNdl9; coverage was estimated to be 

100% in each case. The distribution of the clones and OTUs among the major 

groups and subgroups of bacteria are shown in Table 4.6.1 (see Appendix E, 

Table El for a full list of OTUs). A Venn diagram ((Figure 4.6.2) illustrates the 

overlap between the communities. A small core group of 3 OTUs (all 

Lactobacilli), was shared by all of the libraries. The LNcl9 commmunity was a 

subset of the other groups, with no unique OTUs. Shared OTUs accounted for 

50% of the LNdl9 community, and 55% of the LNc55 group. The LNd55 was a 

much richer community than the other groups, and had a high proportion of 

unique OTUs. 
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Table 4.6.1: Distribution of lymph node clones and OTUs among the major groups 

and subgroups of bacteria 

Phylogenetic group RDPII No. Clones (n) OTUs («) 

Bacteroides and Cytophaga 2.15.1 33 15 

Proteobacteria 2.28 86 11 

Bacillus, Lactobacillus, 

Streptoccus subdivision 

2.30.7.17 70 5 

Gram-positive bacteria 2.30 5 5 

Clostridium lituseburense 

group 

2.30.4.5 5 3 

Clostridium coccoides group 2.30.4.1 31 11 

Clostridium leptum subgroup 2.30.9.13 63 7 

Clostridium botulinum 

subgroup 

2.30.9.2 3 3 
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Figure 4.6. 2: Venn diagram comparing the OTU memberships at 0.03% 

divergence found in lymph node clone libraries 

The libraries were (55 day-old control (LNc55, n =102 ), 55 day-old diabetic 

prone rats (LNd55 n = 100), 19 day old control rats (LNcl9, n = 42) and 19 day-old 

diabetic prone rats (LNcl9, n = 68).). 

Control 55-day old 

Diabetic-prone 19 
day old 

3 6 
Diabetic-prone 
55- day old 

Control 19 -day old 
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A phylogenetic tree showing the relative positions of the random clones and their 

nearest neighbours is shown in Figure 4.6.3. A high proportion of clones (29%) was 

found in the Proteobacteria group (86 clones in 5 OTUs); over half of these clones were 

homologous to Proteus vulgaris (divergence 0.8%). Almost all of the Proteobacteria 

OTUs were from the 55 year-old groups, and particularly the LNd55. Several unique 

OTUs were distantly related to members of the Bacteroides-Cytophaga group; the clones 

from the LNd55 group were again prominent. Both 19 and 55 day-old diabetic prone 

groups had a strong presence in the C. leptum group, while the 55 day-old diabetic-prone 

condition was evident in the C. coccoides group. Almost 25% of the clones were closely 

related to the Lactobacilli; these grouped into 5 OTUs, 3 of which were present in all 

experimental groups. 
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Figure 4.6. 3: Rooted phylogenetic tree derived from the F940/R1422 DNA 
sequences showing the phylogenetic relationships among the lymph node clones. 
Bar represents a 5% sequence divergence. The tree was constructed using a eighbour-
joing method with a Jukes-Cantor correction (1969). The relative position of each clone 
was supported by bootstrap analysis for 500 trees. Some nearest neighbours are included 
and indicated by full name or accession numbers. Random clones are shown with and R-
(number). The associated experimental condition is indicated in brackets following the 
clone number, with A = 19 day-old control, B = 19 day-old diabetic prone, C = 55 day-
old control and D = 55 day-old diabetic prone. 
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4.7 Library of clones from the faeces 

A total of 384 clones were analyzed from the faecal samples. Of these, 22 clones 

(6%) either could not be sequenced or were found to be chimeras. The nearest relatives of 

the remaining 362 clones were aligned and identified and similarity matrices were 

calculated using the ARB program (Ludwig et al, 1998). Figure 4.7.1 shows the 

distribution of the clones from each of the experimental groups, among the major groups 

of bacteria. The Gram-negative bacteria (particularly those in the Bacteroides-Cytophaga 

division) represented 67% of all clones in the Faeces libraries. In the Fcl9 library, this 

group formed 79% of the total library. The Bacteroides comprised 53% of the Fdl9 

library; the Proteobacteria, namely Escherichia coli, were also significant in the Fdl9 

library (16%). The Clostridiales formed 10% (Fcl9) and 14% (Fdl9) of the Faeces 

libraries. The Lactobacilli were found to comprise only 10-14% of the faeces 

communities. 

The proportion of Bacteroides was reduced in the 55 day-old groups, where they 

represented 37% of the Fc55 and 45% of the Fd55. In the SIc55, SId55 and LNc55, the 

Bacteroides clones formed 1-2% of the total clones; however, they represented 28% of 

the LNd55. The Proteobacteria were only 1% of the total number of clones in the 55 day-

old faeces group, which was consistent with the proportion in SIc55,SId55 and LNc55, 

but not LNd55. In the latter group, 38% of clones matched the Proteobacteria. The 

Clostridiales family gained prominence in the 55-day old groups, with 41% (Fc55) and 

35% (Fd55) of clones. The SIc55 clones included only 7% Clostridia, but the 

SId55,LNc55 and LNd55 had 18%-24% of clones in this bacterial group. Finally, the 

proportion of Lactobacillus clones changed very little in the Fc55 relative to the Fcl9 
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(10%, up from 8%), but increased in the Fd55 (35%, up from 17%). Note that the 

Lactobacilli represented 61% - 86% of the small intestine clones for this age group, 9% 

of LNc55 and 24% of the LNd55 clones. 

Using a 97% similarity cut-off, 127 distinct OTUs were identified from the 362 

aligned clones. The majority of OTUs fell within the Gram-positive bacteria. Table 4.7.1 

shows the distribution of faeces clones and OTUs among the major groups and subgroups 

of bacteria; a complete list of all OTUs can be found in Appendix F, Table Fl. Estimates 

of species diversity using the method of Chao and Lee (1992) predicted 84 OTUs in the 

Fc55, 46 OTUs in the Fd55, 33 OTUs in the Fcl9 and 18 OTUs in the Fdl9; coverage 

ranged from 64% for the Fc55 to over 100% for the Fcl9 and Fdl9. Overall, only a 

relatively small number of OTUs were shared between the libraries, as can be seen in 

Figure 4.7.2. A very small core community of 2 OTUs (both Lactobacilli) was found in 

all four libraries; and each community had a high proportion of unique OTUs. 
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Figure 4.7.1: Distribution among the major groups of bacteria of clones from the 

faeces of the BB rat. 

Genomic DNA was cloned with F940/R1422 at 15 cycles. Experimental groups are 

shown under each pie chart. 
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Table 4.7.1: Distribution of faeces clones and OTUs among the major groups and 

subgroups of bacteria 

Phylogenetic group RDPII No. Clones («) OTUs («) 

Bacteroides and Cytophaga 2.15.1 219 52 

Proteobacteria 2.28 23 4 

Bacillus, Lactobacillus, 

Streptoccus subdivision 

2.30.7.17 57 10 

Gram-positive bacteria 2.30 22 29 

Clostridium lituseburense 

group 

2.30.4.5 1 2 

Clostridium coccoides group 2.30.4.1 6 6 

Clostridium leptum subgroup 2.30.9.13 34 24 
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Figure 4.7. 2: Venn diagram comparing the OTU memberships at 0.03% divergence 

found in faeces clone libraries 

Librarie are 55 day-old control (Fc55, n = 83 ), 55 day-old diabetic prone rats (Fd55 n = 

79), 19 day old control rats (Fcl9, n = ) and 19 day-old diabetic prone rats (Fdl9, n = 98). 
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A phylogenetic tree was derived using the faeces sequences derived from the V6-

V8 variable region of the 16S rDNA (primer F940/R1422). Subtrees showing the relative 

positions of the faeces random clones and their associated experimental condition are 

shown in Figures 4.7.3 to 4.7.7. Figure 4.7.3 shows the Gram-negative clones related to 

the Proteobacteria; the Bacteroides-Cytophaga cluster is expanded in Figure 4.7.4. Only 

5% of clones (3% of OTUs) were identified as Proteobacteria. Overall, these OTUs were 

most often associated with the 19-day control condition. Clone R-4671 was identified as 

an isolate of E.coli (divergence <0.000), and was identified almost exclusively from the 

19-day diabetic-prone condition (16 of 17 picks). Figure 4.7.4 shows the phylogenetic 

subtree for the Gram-negative clones related to the Bacteroides and Cytophaga. This 

group dominated the faeces library, both in number of clones (61%) and unique OTUs 

(41%). Two large clusters of OTUs (identified as Cluster I and Cluster II in Figure 4.7.4) 

showed no close homology with any previously cultured bacteria and represent a new and 

separate lineage within the phylum. Cluster I contained 16 OTUs separated into several 

deeply branched lineages; Cluster II contained 21 OTUs, which were also separated into 

several deeply branched lineages. Although the OTUs in both clusters were found in 

every condition, the 55-day old group is slightly more evident. The phylogenetic subtree 

for the Gram-positive faeces clones, including the Bacillus, Lactobacillus and 

Streptococcus subdivison, are shown in Figure 4.7.5. Fewer Lactobacillus were found in 

the Faeces as compared to the small intestine and lymph node libraries (12% of clones in 

faeces compared to 24% in the lymph nodes and 85% in the small intestine) although a 

core group of Lactobacilli OTUs can be seen in each tree and are associated with all 

conditions (L. acidophilus, L, acidphilus subsp.johnsonni, L. reuteri and L. murinus). A 
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single clone R-4620 from the 19 day-old diabetic prone faeces library was very closely 

related (divergence of 3.04%) to Streptococcus infantis (Figure 4.7.5). The collapsed 

Clostridium leptum and Clostridium coccoides groups are expanded in Figures 4.7.6 and 

4.7.7 respectively. Figure 4.7.6 suggests that although OTUs identified in the C. leptum 

group were identified with every condition, the control 55-yeal old condition 

predominated. The same is true of the C. coccoides group (Figure 4.7.7). 
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Figure 4.7. 3: Unrooted phylogenetic tree derived from the 16S rDNA variable 

region 6-8 faeces sequences {Proteobacteria). 

The phylogenetic relationships among the Proteobacteria clones are shown. Bar 

represents a 5% sequence divergence. The tree was constructed using a neighbour-joining 

method (1000 boostrap iterations) with a Jukes-Cantor correction (1969). Some nearest 

neighbours are included and indicated by full name or accession numbers. Random 

clones are shown with and R-(number). The associated experimental condition is 

indicated in brackets following the clone number, with A = 19 day-old control, B = 19 

day-old diabetic prone, C = 55 day-old control and D = 55 day-old diabetic prone. The 

Bacteroides and Cytophaga group of Gram -negative bacteria is collapsed (see Fig. 

4.7.4). 
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Figure 4.7. 4: Unrooted phylogenetic tree derived from the 16S rDNA variable 

region 6-8 faeces sequences (Bacteroides-Cytophaga). 

Phylogenetic relationships among Gram-negative clones in the Bacteroides-Cytophaga 
group are shown. Bar represents a 2% sequence divergence. The tree was constructed 
using a neighbour-joining method (1000 boostrap iterations) with a Jukes-Cantor 
correction (1969). Some nearest neighbours are included and indicated by full name or 
accession numbers. Random clones are shown with and R-(number). The associated 
experimental condition is indicated in brackets following the clone number, with A = 19 
day-old control, B = 19 day-old diabetic prone, C = 55 day-old control and D = 55 day-
old diabetic prone. 
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Figure 4.7. 5: Unrooted phylogenetic tree derived from the 16S rDNA variable 

region 6-8 faeces sequences (Gram positive clones). 

Phylogenetic relationships among Gram-positive clones are shown. Bar represents a 2% 

sequence divergence. The tree was constructed using a neighbour-joining method (1000 

boostrap iterations) with a Jukes-Cantor correction (1969). Random clones are shown as 

R-(number). Some nearest neighbours are included and indicated by full name or 

accession numbers. Random clones are shown with and R-(number). The associated 

experimental condition is indicated in brackets following the clone number, with A = 19 

day-old control, B = 19 day-old diabetic prone, C = 55 day-old control and D = 55 day-

old diabetic prone. The Clostridium leptum and Clostridium cocccoides groups are 

collapsed (see Figs. 4.7.6 and 4.7.7, respectively). 
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Figure 4.7. 6: Unrooted phylogenetic tree derived from the 16S rDNA variable 

region 6-8 faeces sequences (C. leptum group). 

Phylogenetic relationships among bacteria within the Clostridium leptum group are 
shown. Bar represents a 2% sequence divergence. The tree was constructed using a 
neighbour-joining method (1000 boostrap iterations) with a Jukes-Cantor correction 
(1969). Some nearest neighbours are included and indicated by full name or accession 
numbers. Random clones are shown with and R-(number). The associated experimental 
condition is indicated in brackets following the clone number, with A = 19 day-old 
control, B = 19 day-old diabetic prone, C = 55 day-old control and D = 55 day-old 
diabetic 
prone. 
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Figure 4.7. 7: Unrooted phylogenetic tree derived from the 16S rDNA variable 

region 6-8 sequences (other Clostridia). 

Phylogenetic relationships among bacteria within the Clostridium coccoides, 

Eubacterium and Clostridium lituseburense groups are shown. Bar represents a 2% 

sequence divergence. The tree was constructed using a neighbour-joining method (1000 

boostrap iterations) with a Jukes-Cantor correction (1969). Some nearest neighbours are 

included and indicated by full name or accession numbers. Random clones are shown 

with and R-(number). The associated experimental condition is indicated in brackets 

following the clone number, with A = 19 day-old control, B = 19 day-old diabetic prone, 

C = 55 day-old control and D = 55 day-old diabetic prone. 
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4.8 Statistical analysis of clone libraries 

Various statistical tests were performed to detect differences in community 

membership and structure. For each of the samples (small intestine, lymph node and 

faeces), four smaller clone libraries were created. Each of the sets of 4 libraries was first 

compared using I-LIBSHUFF (Singleton et al, 2001) to the divergence of the 

homologous and heterologous curves at a given gentic distance. 

SONS (Schloss and Handelsman, 2006b) was used to further characterize the 

similarities and differences between the four small intestine communities. TreeClimber 

(Schloss and Handelsman, 2006a) was used to see if there is a random distribution of 

OTUs from each library down each branch of the phylogenetic tree (to determine if there 

is on condition that is stimulating a distinct group of bacteria). Finally, the phylogenetic 

trees were assessed using Unifrac (Lozupone and Knight 2005) to examine the total 

genetic distance associated with each experimental condition and see if it is different. 

4.8.1 Small intestine libraries: statistical analysis 

The four small intestine libraries consisted of sequences from the 55 day-old 

control rats (SIc55, n = 100), 55 day-old diabetic prone rats (SId55 n = 98), 19 day old 

control rats (Sic 19, n = 65) and 19 day-old diabetic prone rats (SIdl9, n = 81). The P-

values from I-LIBSHUFF, Unifrac and TreeClimber are reported in Table 4 .8.1. 

TreeClimber compared a PHYLOWIN-generated small intestine tree (constucted 

using a neighbour-joining, bootstrap method with a Jukes-Cantor correction) to the 

probability distribution of parsimony scores obtained from 10,000 random joining trees. 

The phylogenetic relationship demontrasted by the small intestine tree was found to 

significantly different than what would be expected by chance (P = 0.0005). 
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J-LIBSHUFF analysis showed that the SIdl9 library was found to be significantly 

different from all other libraries (P < 0.001 in all cases). Conversely, a UniFrac 

comparison showed no significant diffrences (P = 1) between SIdl9 and any other small 

intestine library. The J-LIBSHUFF coverage curve for the SIdl9 compared to the SIc55 

library indicates that the SIdl9 appears to be a subset of the SIc55 library (Figure 4.8.1). 

This is further supported by examining the fraction of shared OTUs between the 

communities (Appendix D, Figure Dl), which shows that the Sid 19 library shares 60% of 

its membership with both the SIc55 and the Sic 19 library at a genetic distance of 3%. The 

abundance-based Jaccard (Jabund) indices and community structure similarity (0YQ were 

calculated and are shown in Figure 4.8.2. The indices ranged from 50% to 80%, with the 

exception of the values for the SIdl9-SId55.). Interestingly, the 19 and 55-day old 

diabetic prone communities showed differences in the relative abundance of their 

members (Jabun = 0.46 ± 0.28) and community struture ( 0 y c = O.24± 0.05). 

J-LIBSHUFF analysis showed that the Sic 19 and SId55 were significantly 

different (corrected P = 0.004); Unifrac showed suggestive, but not significant, 

differences (P <0.1). SONS (Schloss and Handelsman 2006b) analysis revealed that a 

high proportion of OTUs (74-94%) were shared between the Sic 19 and SId55 libraries. 

The Jabund and 0YC indices for the Sic 19 compared to SId55 were high (see Figure 4.8.2), 

suggesting a high degree of similarity both in abundance of shared OTUs, and 

distribution of clones within the OTUs, in the two communities. No significant 

differences were found between the SIcl9 and SIc55 communities (see Table 4.8.1 for P 

values). The communities of the two control libraries, although not identical, were very 
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similar in both abundance of shared OTUs (Jabun = 0.93 ± 0.08) and distribution of clones 

among the OTUs (0YC = 0.87± 0.09). 
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Table 4.8.1: P-values from small intestine libraries compared with I-LIBSHUFF, 

UniFrac and TreeClimber. 

P-values are corrected using the Bonferroni correction and reported for a genetic distance 

of 0.03; siginifcant P-values are shown in bold.. 

Clone libraries J-LIBSHUFF1 

P-value 
Unifrac1 

P-value 
TreeClimber 

P-value 
SIcl9 vs SIdl9 < 0.001 1 

Sic 19 vs SIc55 0.0505 <0.1 

Sic 19 vs SId55 0.004 <0.1 0.0005 

Sid 19 vs SIc55 < 0.001 1 

SIdl9 vs SId55 < 0.001 1 

SIc55 vs SId55 0.2552 <0.1 

For each multiple library comparison, the corrected P-value (95% CI) is 

0.0043 (Henrikson, 2004). 
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No significant differences were found between the SIc55 and the SId55 libraries 

(P = 0.2552; the UniFrac analysis showed suggestive (but not significant) differences 

between these communities (P<0.1). This is consistent with the J-LIBSHUFF 

comparison of the SIc55 and SId55 full-length 16S sequence library, which showed no 

significant differences between the two groups (P = 1.00; see Appendix A). 
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Figure 4.8.1: Results of I-LIBSHUFF comparison . 

Homologous and heterologous curves for 16S rRNA gene sequence libraries from small 

intestine samples (55 day old control and 19 day old diabetic prone) are shown. Distance 

is equal to the Jukes-Cantor (1969) corrected evolutionary distance. 
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Figure 4.8. 2: Estimates of similarity in community membership (Jabund) and 

structure (0Yc ) between small intestine clone libraries from different conditions. 

Standard error bars for 95% CI are shown. SI indicates small intestine followed by an 

indication of condition (c for control, d for diabetic prone) and age (19 or 55 days). 
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4.8.2 Lymph node libraries: statistical analysis 

The lymph node clone libraries were control 5 5-day old (LNc55, n = 96), diabetic 

prone 55-day old (LNd55, n = 100), control 19-day old (LNcl9, n =30), and diabetic 

prone 19-day old (LNdl9, n = 68). Once again, the statistical tests differed in their 

results. The j-LIBSHUFF analysis showed that all four lymph node clone libraries 

differed significantly (P < 0.001 in all cases). However, the results from the UniFrac 

analysis were not significant, although suggestive (corrected P - 0.06 in all cases). The 

TreeClimber parsimony score for the lymph node tree was highly significant (P = 

0.0001). 

The Jabund values for most of the lymph node library comparions were very low, as 

were the community structure similarity estimates (0YC>, with the exception of the LNc55-

LNd55 (Jabund = 0.67, se < 0.0); Figure 4.8.3). Assessing the fraction of sequences in each 

lymph node community that belonged to shared OTUs showed the LNcl9 library to be a 

subset of the other libraries; LNcl9 shared 100% of its membership with the other groups 

(illustrated in Figure 4.8.4 for the case of LNcl9 vs. the LNc55 library). 
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Figure 4.8. 3: Estimates of similarity in community membership (Jabund) and 

structure (0yc) between lymph node clone libraries from different conditions. 

Standard error bars for 95% CI are shown for 0Yc; the SE values for Jabund were < 0.000. 

LN indicates lymph node followed by an indication of condition (c for control, d for 

diabetic prone) and age (19 or 55 days). 
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Figure 4.8. 4: Comparison of Lymph Node Libraries - Fraction of Shared OTUs 

A. The estimated fraction of shared OTUs between LNc55 (Aotu shared) and LNcl9 

(Botu shared) libraries is shown. Aotu shared is less than 20% at a genetic distance of 

0.03, and remains at this level even at a distance of 0.20. This means that there are many 

OTUs in LNc55 that are not found in the LNcl9 library. Conversely, Botu shared rises 

very quickly, reaching 100%) at a genetic distance of 0.018. it can be concluded that 

LNcl9 is a subset of the LNc55 library, as all of the OTUs found in the former are shared 

with the latter. 

A 

Genetic distance 
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4. 8.3 Faeces libraries: statistical analysis 

The four faecal clone libraries were: control 55-day old (Fc55, n = 73), diabetic 

prone 55-day old (Fd55, n = 83), control 19-day old (Fcl9, n = 96), and diabetic prone 

19-day old (Fdl9, n = 96). The results of library comparisons using I-LIBSHUFF, 

UniFrac and TreeClimber are presented in Table 4.8.2 . All libraries were found to be 

significantly different from one another by I-LIBSHUFF (P < 0.0024). Unifrac showed 

no signflcant differences among faecal libraries. The parsimony score generated by 

TreeClimber for the faeces phylogenetic tree was highly significant (P = 0.0004). 

The fraction of shared OTUs between Fcl9 and all other libraries was low (less 

than 27% in all cases; see Appendix F, Figure F2 A and C). The Jabund index and 0yc are 

shown in Figure 4.8.5. The coverage curve (Appendix F, Figure F1 B) of the Fdl9 

library (Fdl9 was significantly different ,P = 0.0004, from the Fd55 library) showed that 

the Fdl9 community was a subset of the Fd55 community. The OTU communities from 

Fdl9 and Fd55 libraries had different abundances of shared OTUs (Jabun = 0.11 ± 0.06) as 

well as differences in the distribution of clones among OTUs (Oyc = 0.25± 0.08). 

Although Unifrac showed no significant differences between the Fc55 and Fd55 

communities, the JabUn (0.45 ± 0.2) and 0yC (0.25 ± 0.08) are relatively low, lending some 

weight to the significant P value from the J-Libshuff analysis. 
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Table 4.8. 2: P-values from faeces libraries compared using I-LIBSHUFF, UniFrac 

and TreeClimber. 

P-values are reported for a genetic distance of 0.03; siginifcant P-values are shown in 

bold.. 

Clone libraries I-LIBSHUFF1 

P-value 
Unifrac1 

P-value 
TreeClimber 

P-value 
Fcl9 vs Fdl9 

Fcl9 vs Fc55 < 0.001 

Fcl9 vs Fd55 < 0 . 0 6 0.0004 

Fdl9 vs Fc55 

Fdl9 vs Fd55 < 0.0004 

Fc55 vs Fd55 0.0024 1 

1 For each multiple library comparison, the corrected P-value (95% CI) is 0.0043 

(Henrikson, 2004). 
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Figure 4.8. 5: Estimates of similarity in community membership (Jabund) and 

structure (GYC) between lymph node clone libraries from different conditions. 

Standard error bars for 95% CI are shown for 0 y c ; the SE values for Jabund were < 0.000. 

LN indicates lymph node followed by an indication of condition (c for control, d for 

diabetic prone) and age (19 or 55 days). 
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Chapter V 

5.1 Discussion 

A culture-independent approach based on sequence variability in the 16S rDNA 

gene was used to analyse bacterial communities along different parts of the gastro-

intestinal tract of the BB rat, to study a possible relationship between gut microbiota and 

Type 1 diabetes. The null hypothesis was that there is no consistent difference in bacterial 

populations in BBc annd BBdp rats. Any inherent differences between individuals were 

expected to be minimal as the BB rats used in this study were all housed in close quarters, 

bred in the same rooms and were genetically similar (80% identical at the DNA level) 

Pozzilli et al 1993; Scott 1996). Feeding the animals the same diet from weaning and 

providing water treated to 95% purity by reverse osmosis, controlled any differences in 

microbiota that could have been introduced. As an additional part of this study, several 

primers sets were evaluated to identify any bias caused by primer length and number of 

PCR cycles. 

Overall, results of the primer comparison suggested that the HDA1 / HDA 2 (V3 

region) primers at both 15 and 35 cycles will amplify the variable regions of the 16s gene 

and produce clone libraries that are reasonably comparable to the full-length 16S F27 / 

R1492 primer library (P= 1), although at 35 cycles, there was a discernible influence on 

the species detected (Figure 4.2.1). Suzuki and Giovannoni (1996) developed a kinetic 

model that showed how in reactions with mixed templates and high amplification 

efficiency, the template with the higher initial concentration in the mixture reaches 

inhibitory concentrations sooner. The second template continues to be amplified 

efficiently, until eventually, the original concentration difference disappears and a 1:1 
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ratio exists. This bias is strongly influenced by the number of cycles, with lower cycle 

numbers reducing the bias. In this case, it can be speculated that the Lactobacilli is the 

template with the higher initial concentration, and the Clostridiales the template with a, 

lower concentration. The additional cycles in the 3 5-cycle PCR thus favoured the extra 

amplification of the Clostridiales.The F940/ R1422 (V6-V8 region) primer set was also 

found to be comparable to the 16S primers ( P - 1). In this study, the F940/R1422 primers 

showed the highest correlation to the full-length 16S primers in terms of community 

membership and structure (Figure 4.2.1). In addition, these primers consistently and 

reliably amplified the samples for the comparison study. Difficulties with the full-length 

16S primers were previously described, and may be due to degraded DNA. It is 

particularly challenging to amplify full-length sequences from the lymph nodes, due to 

degraded DNA. The F940/R1422 amplifies a shorter fragment of DNA (~ 500 bp with 3 

variable regions), thus seeming to avoid this problem, while providing more sequence 

data for identifying clones than the HDA 1/2 primers (higly variable, but only 

approximately 200 bp long). The HDA 1/2 region will not distinguish among genus very 

well; the F940/R1422 offers better potential for identification at a finer level. Finally, the 

F940/R1422 primers performed marginally better than the HDA1/ HDA2 primers when 

matched to sequences in the RDP II database (~ 91% match compard to ~ 87% match). 

Given these considerations, in this study the HDA1 / HDA2 primers were used in the 

DGGE analysis, and the F940/R1422 primers were selected for further random cloning, 

which allowed a comparison between the survey and the DGGE data, while accurately 

representing the distribution of bacteria. 
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The DGGE analysis (Figure 4.3.1) provided valuable insight into potential 

differences between microbial communities from control and diabetic-prone rats, and also 

highlighted age-related differences in the communities. Non-metric multi-dimensional 

scaling was used to graphically display differences among experimental conditions. 

NMDS reduces a DGGE fingerprint to a single point in a two dimensional space to 

represent relative distances among experimental conditions (Fromin et al, 2002). By 

observing the relationship among these points, an idea of the relative relatedness among 

bacterial libraries can be visualized. This can give a clearer picture of trends in 

community progression, for example over time (Diez et al, 2001) or to get better idea of 

the relatedness among the points (Widmer et al, 2001). This analysis showed that the DGGE 

bands from the lymph node of the 55 day-old animals (LNc55 and LNd55) are more similar to 

each other than to the bands from the other conditions. Other patterns are also 

discernable: both clusters represent the 55 day-old groups while the 19 day-old groups are 

scattered more widely. This is reflected in the DGGE profiles of Figure 4.3.1 and 

suggests that there are age-related differences in the gut microbiota. Similar differences 

have been identified during maturation of humans (determined by both viable bacterial 

counts and 16S sequencing) when children have been compared to elderly subjects or 

when young adults have been compared to elderly adults (Hopkins et al, 2001, Mueller et 

al, 2006). Maturation changes have also been followed over the first two years of life in 

breast fed and bottle fed infants (Morelli, 2008, Enck et al 2009). 

Other trends are also apparent. It appears that the SId55 individuals were widely 

scattered but the LNd55 groups were more closely aligned. This raises the possibility that 
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specific bacteria were selectively sampled from the small intestine by the mesenteric 

lymph nodes in the diabetic-prone BB rat (see below for a complete discussion). 

Profiling of bacterial communities with denaturing gradient gels has proven to be 

a powerful method for a culture-independent analysis of large numbers of inidividual 

samples (Smalla et al, 2001). However, a community fingerprinting method such as 

DGGE is not a useful way to assess the richness or diversity of a complex microbial 

community (Bent et al, 2007). In an effort to complement the DGGE analysis and explore 

community structure and richness more thoroughly, we decided to conduct further 

comparative analysis of clone libraries by random cloning of the 16S rRNA gene. 

A total of 1000 clones were sequenced from twelve experimental conditions as 

noted in Table 4.4.1. Once again, non-metric multidimensional scaling (NMDS) was used 

to examine the overall relationship between the clone libraries. Because these libraries 

represent pools from each experimental condition, only a single point on the NMDS 

graph could be plotted. This analysis showed that the SI communities clustered closely 

together and included the LNcl9 group. The Faeces communities, on the other hand, 

were far removed from the SI groups. This divergence reflects differences in OTU 

composition among the different locations along the GI tract. Other studies have also 

found (using random cloning of the 16S gene and DGGE analysis) that the dominant 

species in the faeces were different from those in the ascending, transverse and 

descending colon (Zoetandal et al, 2002), as well as in the cecum (Marteau et al, 2001). 

Bacterial colonization along the human GI tract varies greatly and there are significant 

differences in community composition and species abundance. Both the oral cavity and 

oesophagus are colonized by communities containing a wide variety of aerobic, 
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facultative anaerobes and anaerobic species, although a recent large scale molecular 

analysis suggests that only 8 genera account for 70% of phylotypes present in saliva 

samples. The stomach, duodenum and jejunum contain low numbers of microorganisms 

(<104 cfu/mL) with communities dominated primarily by lactic acid bacteria (Tannock, 

2007). Further along the GI tract, the microbial load and species diversity significantly 

increases at the ileum (>108 cfu/mL) and throughout the colon (>10n cfu/mL). These 

communities are dominated by obligate anaerobes. 

Finally, the LNc55, LNd55 and LNdl9 groups are interspersed between the SI 

and LN groups. At the beginning of this study, it was thought that the microbiota detected 

in the lymph node would reflect sampling of the bacteria from the small intestine through 

the Peyer's patches, as these are the major inductive sites of the small intestine (Suzuki et 

al, 2007). However, a recent study measured substantial amounts of lymphoid tissue 

analogous to small intestinal Peyer's patches in the rat and mouse colon (McConnell et al, 

2008). In this study, both the NMDS and analysis of the shared OTUs suggests that the 

gut-associated lymphoid tissue, particularly in the 55 day-old animals, is sampling 

bacteria from both the small intestine and the distal colon. 

The distribution of the clones from the small intestine, lymph node and Faeces are 

shown in Fig. 4.51, Fig 4.61 and Fig 4.7.1, respectively. The predominant bacteria in the 

small intestine (98% of the Sic 19 and SIdl9, 86% of the SIc55 and 62% of the Sd55) 

were identified as Lactobacillus species. In the SId55 Clostridium species had an 

important presence (18% of clones). The distribution of the Faeces clones is dramatically 

different from that of the small intestine clones (Figure 4.5.1) and the lymph clone nodes 

(Figure 4.6.1). The Gram-negative bacteria (particularly those in the Bacteroides-
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Cytophaga division) represent 67% of all clones in the Faeces libraries. In the Fcl9 

library, this group is 79% of the total library, compared to less than 2% in the Sic 19 and 

LNcl9 groups. The Bacteroides comprised 53% of the Fdl9 library, compared to 1% in 

the SIdl9 and 7% in the LNdl9. Escherichia coli was also significant in the Fdl9 library 

(16%). The Clostridiales, which are noticeably absent in the Sic 19, SIdl9, and LNcl9, 

make up 10% (Fcl9) and 14% (Fdl9) of the Faeces libraries. Interestingly, the LNcl9 

family consisted entirely of 4 Lactobacillus OTUs, yet 75% of the LNdl9 library 

consisted of a previously uncultured bacterium distantly related to Eubacterium plautii 

(divergence 7.6%), a member of the Clostridiales. Eubacterium plautii has been shown in 

one case to cause severe infection after translocation in a transplant patient (Orlando et al, 

2008). It is speculated that this relative of E. plautii could have a role in the etiology of 

Type 1 diabetes, and could be a useful target for future studies affecting the composition 

of the intestinal microflora. The Lactobacilli, which were 97%-98% of the 19-day old 

small intestine communities were found to be only 10-14% of the faeces communities. 

The 55-day old diabetic and control groups in the lymph node show a predominance of 

Gram negative bacteria (Bacteroides and Proteobacteria). 

Using the parsimony test (Schloss and Handelsman, 2006a) determined that the 

phylogenetic relationships seen in the small intestine libraries (P = 0.0005), Faeces 

libraries (P = 0.0001) and the lymph node libraries (P = 0.0004) where unlikely to have 

occurred by random variation alone. A lower parsimony score than is expected by chance 

indicates that population is experiencing selection pressure (Schloss and Handelsman, 

2006a). Significance for the parsimony test signals two important messages: 1) there is 
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less genetic diversity within each community than for the combined communities, and 2) 

the different communities harbour distinct phylogenetic lineages (Martin, 2002). 

A pair-wise comparison conducted separately for each of the small intestine, 

Faeces and lymph node libraries found signifcant differences between some of the 

experimental groups. In the small intestine, noteworthy differences were found between 

the Sid 19 amd SId55 libraries. The Sid 19 is significantly different (P < 0.0001) in clone 

library composition, and has a different community abundance and structure, than the 55 

year-old diabetic prone group. These changes in the small intestine gut microbiota could 

suggest either a symptom or a contributor to onset of Type 1 diabetes, given that 55 days 

of age is just prior to onset of the disease in the BB rat. Note that the Sid 19 appears to be 

a subset of the communities found in the control groups (Sic 19 and SIc55). No 

significant differences were found between the 55 day-old control and diabetic prone 

groups, which share a common membership, abundance and community structure. 

Significant differences were found in the faeces libraries between the Fcl9 and Fdl9 

libraries, as well as each of the 55 day -old (control and diabetic-prone) libraries were 

supported by apparent differences in abundance of shared OTUs and community 

structure. The control and diabetic prone 55 day-old libraries show some differences in 

community structure and membership. Because the significance is not as strong for the 

Fc55 vs Fd55 comparison {P = 0.0024), it is speculated that they are due to high species 

diversity rather than deep phylogenetic (i.e. lineage) differences. Given the differences 

seen in this study between the small intestine and faeces microbial communities of the 

BB rat, it may be difficult to infer the physiological or immunological function of specific 

bacteria to the intestinal ecosystem based on changes seen in the faecal communities. 
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However, all of the lymph node libraries were found to be significantly different from 

one another (P < 0.001 in all cases) (the LNcl9 library proved to be a subset of the other 

libraries. The statistical analysis of the lymph node libraries found that the phylogenetic 

relationships in evidence could not be attibutated to random variation, suggesting that 

some other selective pressure is at work. The specialized antigen-presenting cells in the 

lymph nodes are the primary interaction between gut contents and the mucosal gut 

immune system (Nagler-Anderson, 2001). The distribution of OTUs seen in the lymph 

node in this study reflects both the small intestine and faeces populations, providing 

evidence that the gut-associated lymphoid tissue is presenting antigens from both areas of 

the GI tract. Thus, both the small intestine and faeces communities may have a role in 

aberrant gut immune system responses contributing to the onset of Type 1 diabetes. 

It must be noted that the library comparisons using TreeClimber, J-Libshuff and 

Unifrac did not agree completely with each other: Where I-Libshuff and TreeClimber 

found significant differences, Unifrac identified only suggestive or no differences. The 

Unifrac analysis, which measured total genetic distance for each condition, showed that 

there were no unique sub-groups of bacteria related to only one condition; and that the 

distribution of clones down the branches of the phylogenetic tree is not different from 

random. The J-Libshuff analysis showed that it takes a large genetic distance before the 

libraries are similar, suggesting that there are different OTUs down these branches; 

however, they are not distributed into a unique group; the TreeClimber analysis supported 

this finding, based on OTUs rather than distribution of clones. Taken together, the 

statistical analyses suggest that the proportion of bacteria is probably not significantly 
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different, although the trend may be there; but the actual species distribution is different 

between conditions. 

It is acknowledged that observations in animal models are less than perfect 

representations of human subjects. Although animal models such as the non-obese 

diabetic (NOD) mouse and the BB rat develop Type 1 diabetes with features resembling 

the disease in humans, there are important differences in the immune systems of these 

animals and the human subjects. Mesta and Hughes (2004) summarize these differences, 

which include the balance of leucocyte subsets, toll receptors, defensins, Ig subsets, T cell 

signalling pathway components, deviations in cytokines and cytokine receptors, Ag-

presenting function of endothelial cells, and many others. Despite these differences, 

animal models can still teach us a great deal. There are specific similarities and 

differences in autoimmune diabetes of mice and men (reviewed by Roep, 2003; Roep and 

Atkinson, 2004). Genetic predisposition is one of the most striking similarities, with the 

MHC class II region as a major determinant of Type 1 diabetes susceptibility in both 

humans and the rodent models. The BB rat displays a degree of islet inflammation that 

closely resembles that seen in humans at the onset of the disease. In contrast, the NOD 

mouse displays a two-phase infiltrate characterized by a non-destructive infiltrate around 

the border of the islets, followed by infiltration into the islet core if the diabetes 

progresses (Roep and Atkinson 2004). Knowledge gained so far with regards to diabetes 

transmission and prevention in animal models may have long-term implications for 

prevention in humans. Animal models have also enabled the investigation of immune 

responses in the islets and pancreatic draining lymph nodes, areas that are not readily 

accessible for study in humans (Leiter and von Herrath, 2004). Although much can be 
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learn from animal models, there is clearly a strong need for caution. The strength of 

evidence is improved if more than one animal model is used (Roep and Atkinson 2004, 

Leiter and von Herrath, 2004); thus it would be helpful to characterize the intestinal 

microflora in other major models of type 1 diabetes, such as the NOD mouse and the 

Komeda diabetes-prone rat (Komeda et al, 1998). A recent study using NOD mice found 

that specific pathogen free NOD mice that lack the MyD88 protein (an adapter protein 

that is used by Toll-like receptors that recognize microbial stimuli), but are colonized 

with defined commensal bacteria, do not develop Type 1 diabetes. Germ-free NOD mice 

with the same MyD88 deficiency developed robust diabetes (Wen et al, 2008). These 

findings support the hypothesis that interactions of the intestinal microbiota are an 

important factor in the predisposition or development of Type 1 diabetes. Further 

reasearch could focus on identifying antibodies against gut bacteria and critical gut events 

associated with diabetes, which should coincide with differences in bacterial gut 

populations between diabetic prone and control animals. 

This study focused largely on descriptive and frequency analysis of phylogroups 

(such as that performed by the DOTUR program) to study the microbiological clone 

libraries. Other statistical approaches including alignement-independent methods, may 

give different density distribution results. Rudi et al (2007) compared the human adult 

clone library using DOTUR and found 395 bacterial phylotypes from aligned sequences, 

while their alignement-independent analysis of the same data found 579 intervals with 

one or more taxa. In addition, exploring the diversity in a microbiological community not 

only considers all species, but their prevalence or scarcity, thus techniques to provide 

quantitative information must be applied to gain a complete picture (Stahl, 1997). 
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Examples of quantitative methods include quantitative PCR, fluorescent in-situ 

hybridization (FISH) and flow cytometry used in combination with FISH. Applying 

quantitative methods would improve our understanding of which bacterial species may 

contributing to the susceptibility or osent of Type 1 diabetes. 

5.2 Conclusion 

Overall, the analysis of the clone libraries showed significant differences in the 

bacterial populations of the small intestine, the Faeces and the lymph nodes of the control 

vs. diabetic prone BB rat. Age-related differences were also detected. The null 

hypothesis, that there is no consistent difference in gut bacterial populations in Bio-

Breeding control (BBc) and Bio-Breeding diabetic prone (BBdp) rats, is rejected. 
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Appendix A 

Analysis of small intestine clones from full-length 16S Primers F27/R1492 

Using the full-length 16S primers F27/R1492, ninety-six (96) clones were sequenced 

from the small intestine samples of 55 day-old BB rats (48 control and 51 diabetic prone 

clones). Using a similarity cut-off of 97%, the DOTUR program (Schloss and 

Handelsman, 2005) was used to define the 96 clones into 39 distinct operational 

taxonomic units (OTUs). DOTUR applies the method of Chao and Lee (1992) to estimate 

species diversity. This method predicted a total of 115 species in the small intestine 

(lower bound 95% confidence interval = 66, upper bound of 252). The ACE richness 

estimate (Chao and Lee 1992; Chao et al 1993) predicted 113 species (95% CI, 68 -

227). Species coverage is thus approximately 34%. 

Two clone libraries consisting of control 55-day old animals (SIc55, n = 45), and diabetic 

prone 55-day old animals (SId55, n = 52) were built from the full-length 16S small 

intestine DNA sequences in this study. The distribution of clones among the major 

groups and subgroups of bacteria are shown in Table 6. The largest group is the Bacillus, 

Lactobacillus, Streptoccus subdivision (2.30.7.17) with 51% of clones (56% of OTUs) 

falling within this group. The Clostridium lituberense group (2.30.4.5) also had a large 

proportion of clones (33%) but these were grouped into a much smaller proportion of 

OTUs (12%). A complete listing of all OTUs identified fron the small intestine, and their 

nearest neighbours can be found in Appendix A, Table A2. Using J-LIBSHUFF 

(Singleton et al 2001), the small intestine control and diabetic prone libraries were 

compared to one another. No differences (p = 1.000) were found between the 16S small 
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intestine clone libraries. The critical p-value at 95% confidence interval for this library 

comparison is 0.025, with a margin of error of 0.0000 (Henrikson, 2004), and P-values 

for all libraries are reported for a genetic distance of 0.03. 
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Table A 1: Distribution of 16S small intestine clones and OTUs among the major 

groups and subgroups of bacteria 

Phylogenetic group RDPII No. Clones(n) OTUs («) 

Bacteroides and Cytophaga 2.15.1 2 1 

Proteobacteria 2.28 6 4 

Bacillus, Lactobacillus, 

Streptoccus subdivision 

2.30.7.17 49 22 

Gram-positive bacteria 2.30 1 1 

Clostridium lituseburense 

group 

2.30.4.5 31 5 

Clostridium leptum subgroup 2.30.9.13 7 5 
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Table A 2: Nearest neighbour of full-length 16S clones from the small intestine of 

the BB Rat 

OTUs from 
small intestine 

Number of 
clones picked 

Nearest neighbour (using 
ARB) 

Divergence (%) 

Gram negative clones 
Bacteroides-Cytophaga 

R-121 2 Bacteroides mycoides Z84591 12.31 
Proteobacteria 

R-9 1 Helicobacter rodentium U96299 0.49 
R-24 1 Helicobacter rodentium U96299 10.09 
R-26 3 Acinetobacter junii D86305 1.93 
R-110 1 Acinetobacter junii D86305 0.14 

Gram-positive clones 
Bacillus, Lactobacillus and Steptococcus 

R-4 1 Lactobacillus crispatus Y17362 
Y17362 

8.20 

R-5 1 Lactobacillus acidophilus 
M99704 

0.59 

R-6 15 Lactobacillus reuteri X76328 1.12 
R-12 1 Lactobacillus reuteri X76328 9.52 
R-15 5 Lactobacillus acidophilus 

M55805 
0.67 

R-16 1 Lactobacillus acidophilus 
M99704 

5.62 

R-17 2 Lactobacillus murinus 
AF157049 

0.40 

R-34 4 Lactobacillus sp. AF 157050 0.40 
R-21 1 Lactobacillus reuteri X76328 10.54 
R-22 1 Lactobacillus panis X94230 8.38 
R-23 2 Lactobacillus reuteri X76328 4.9 
R-25 4 Lactobacillus panis X94230 2.67 
R-35 1 Lactobacillus acidophilus 

M99704 
3.47 

R-36 1 Lactobacillus reuteri X76328 3.83 
R-37 1 Lactobacillus murinus 

AF157049 
2.97 

R-40 1 Lactobacillus reuteri X76328 10.35 
R-43 1 Lactobacillus sp. AF 157050 9.68 
R-50 1 Lactobacillus panis X94230 6.88 
R-101 1 Lactobacillus reuteri X76328 5.33 
R-104 2 Lactobacillus murinus 

AF157049 
7.11 
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OTUs from 
small intestine 

Number of 
clones picked 

Nearest neighbour (using 
ARB) 

Divergence (%) 

R-165 1 Lactobacillus acidophilus 
M55802 

6.10 

R-31 1 Lactobacillus reuteri X76328 
R-159 1 Streptococcus pleomorphus 

M23730 
14.49 

a 'ostridia superfamily 
R-18 1 Clostridium lituseburense 

M59107 
5.07 

R-47 1 Str.sfb3D86305 7.40 
R-26 1 Str.sfb3 D86305 1.93 
R-30 27 Clostridium lituseburense 

M59107 
2.52 

R-41 1 Clostridium lituseburense 
M59107 

5.29 

R-122 1 Str-sfb3 D86305 6.66 
R-123 3 Clostridium quinii X76745 5.24 
R-164 1 Clostridium lituseburense 

M59107 
6.74 

R-168 1 Clostridium lituseburense 
M59107 

5.40 

R-115 1 Eubacterium plautii 10.96 
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Appendix A 

Analysis of lymph node clones from full-length 16S primers F27/R1492 

A total of 97 clones were sequenced from the 55 day-old BB rat lymph node samples 

using the F27/R1492 primers (53 control and 49 diabetic prone clones). The DOTUR 

program (Schloss and Handelsman, 2005) defined 19 distinct operational taxonomic units 

(OTUs- similarity cut-off of 97%). The method of Chao and Lee (1992) was used to 

estimate species diversity and predicted a total of 43 species in the lymph node (95% CI 

27 - 108). The ACE richness estimator (Chao and Lee 1992; Chao et al 1993) predicted 

45 species (95% CI, 29 - 104) in the lymph node. Species coverage is thus approximately 

43%. 

Two clone libraries consisting of control 55-day old animals (LNc55, n = 46), and 

diabetic prone 55-day old animals (LNd55, « = 51) were built from the full-length 16S 

lymph node DNA sequences in this study. The distribution of clones and OTUs among 

the groups and subgroups of bacteria is shown in Table 8. No clones were identified as 

Bacteroides species. The majority of clones and OTUs belonged to either the 

Proteobacteria division (2.28) or the Bacillus, Lactobacillus, Streptococcus (2.30.7.17) 

subdivision. Appendix A, Table A2 lists all of the OTUs and their nearest neighbours. 

Using J-LIBSHUFF (Singleton et al 2001), the lymph node control and diabetic 

prone clone libraries were compared to one another. No differences (P= 1.000) were 

found between the control and diabetic prone 16S lymph node clone libraries. The 

critical p-value at 95% confidence interval for this library comparison is 0.025, with 

a margin of error of 0.0000 (Henrikson, 2004), and p-values for all libraries are 

reported for a genetic distance of 0.03. 
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Table B 1: Distribution of 16S lymph node clones and OTUs among the major 

groups and subgroups of bacteria 

Phylogenetic group RDPII No. Clones (w) OTUs («) 

Bacteroides and Cytophaga 2.15.1 0 0 

Proteobacteria 2.28 43 10 

Bacillus, Lactobacillus, Streptoccus 

subdivision 

2.30.7.17 49 6 

Gram-positive bacteria 2.30 2 2 

Clostridium lituseburense 2.30.4.5 0 0 

Clostridium leptum group 2.30.9.1 1 1 

Clostridium coccoides 2.30.4.1 2 1 
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Table B 2: Nearest neighbour of full length 16S clones from lymph node of BB rat 

16S OTUs from 
lymph node 

Number of 
clones 
picked 

Nearest neighbour (using 
ARB) 

Divergence 
(%) 

Gram negative clones 
Proteobacteria 

R-51 3 Acinetobacter junii AB021321 0.55 
R-52 29 Acinetobacter junii X81658 0.27 
R-71 1 Acinetobacter junii X81658 3.10 
R-72 1 Acinetobacter junii X81658 4.81 
R-84 1 Ralstonia pickettii X67042 0.65 
R-94 1 Moraxella oreonsis Z93987 2.04 
R-74 2 Acidovorax sp. AJ130765 4.07 
R-98 3 Acidovorax. temprans 

F078766 
2.05 

R-64 1 Pseudomanas fluorecens 
AB015251 

0.27 

R-67 1 Bradyrhizobium sp. X70404 0.14 
Gram positive clones 

R-60 1 Desulfotomaculum guttoideum 
Y11568 

3.59 

R-182 2 Clostridium sp. AB009177 14.51 
Bacillus, Lactobacillus and Streptococcus 

R-126 6 Lactobacillus panis X94230 2.53 
R-128 11 Lactobacillus reuteri X76328 0.46 

R-130 27 Lactobacillus acidophilus 
M58802 

0.33 

R-150 3 Lactobacillus acidophilus 
M99704 

0.26 

R-100 1 Streptococcus pleomorphus 
M23730 

14.97 

R-77 1 Turicibacter sp. AB021355 3.04 
Clostridia superfamily 

R-92 1 Clostridium intestinalis 
X76740 
DSM6191 

1.98 
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Appendix A 

Table C 1: Nearest neighbours of DGGE bands 

OTUs from 
DGGE 

Nearest neighbour (using 
ARB) 

Divergence 
(%) 

Source of picks * 

Gram-negative clones 
Bacteroides-Cyto phaga 

R-1622 Bacteroides distasonig 
M86695 

< 0.000 19c Lymph node 

R-1618 Bacteroides sp. 
AF139525 

2.09 19d Lymph node 

R-1605 Tannerella sp. 
AF018517 

18.63 55c Small intestine 

Proteobacteria 
R- 1600 Methylobacterium sp. 

AB024616 
< 0.000 55c Lymph node 

R-1601 Acinetobacter junii X81658 < 0.000 55c Lymph node 
Gram-positive clones 

Bacillus, Lactobacillus and Streptococcus 
R-1603x4 Lactobacillus johnsonii 

AJ002515 
< 0.000 55c Lymph Node (2) 

19d Lymph Node 
55d Small intestine 

R-1610x2 L. acidophilus M58802 < 0.000 55d Small intestine 
R-1619 L. crispatus 1.01 55d Small intestine 
R-1607 Lactobacillus sp. AF 157050 < 0.000 55d Small intestine 
R-1602 Enterococcus dispar 

V18358 
1.01 55c Lymph node 

R-1612 Enterococcus gallinarum 
AF039900 

0.5 55c Lymph node 

Clostridium superfamily 
R-1606 Clostridium 

Sp. Z94008 
13. 16 55c Small intestine 

R-1620 Clostridium aurantibutyricum < 0.000 55d Small intestine 
R-1609 Clostridium irregularis. < 0.000 55d Small intestine 
R-1614x3 Clostridium irregularis. 6.60 19c Lymph node 

19d Lymph node 
* 55c = 55 day-old control, 55d = 55 day-old diabetic prone, 19c = 19 day-old 

control, 19d = 19-day old diabetic-prone 
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Appendix A 

Table D 1: Nearest neighbour of clones from the small intestine of the BB Rat 

1 55c= 55 day-old control, 55d = 55 day-old diabetic prone, 19c = 19 day old 

control, 19d =19 day-old diabetic prone 

OTUs from 
small intestine 

Number 
of 

clones 
picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of picks 1 

sample(number of 
clones picked) 

Gram Negative Clones 
Bacteroides-Cytophaga 
R-5790 1 B. acidofaciens 

AB021157 
13.6 19c 

R-2594 1 B. acidofaciens 
AB021157 

12.6 55c 

R-5486 1 Tanerella sp. 
AB009211 

22 19d 

R-3925 1 Tanerella sp. 
U4135 

26.5 55c 

R-4062 1 AB009191 14.6 55d 
Proteobacteria 
R-4040 2 Proteus vulgaris 

X07652 
1.4 55d 

R-5523 2 Escherichia coli 
U00096 

<0.000 19d 

Gram-positive clones 
Bacillus, Lactobacillus and Streptococcus 
R-1813x47 47 L. acidophilus 

M58805 
0.4 55d(24), 55c(10), 

19c(13) 
R-1815x20 20 L. acidophilus 

subspecies 
johnsonii M99704 

< 0.000 55d (1), 55c(l 1) 
19c(7), 19d(l) 

R-5791 1 L. acidophilus 
subspecies 
johnsonii M99704 

3.5 19c 

R-1835xl73 174 L. reuteri X76328 0.2 55d (21), 55c(49) 
19c(40), 19d(32) 

R-5813 1 L. reuteri X76328 3.1 19c 
R-1817xl5 15 L. reuteri, L23507 0.6 55c(3), 19c(8), 
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OTUs from 
small intestine 

Number 
of 

clones 
picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of picks 1 

sample(number of 
clones picked) 

55d(4) 
R-1844x7 7 L. murinus 

AF157049 
<0.000 55c(2), 55d(3), 

19c(2) 
R-1822x19 19 L. ASF360 sp. 

AF157050 
<0.000 55c(8), 55d(7), 

19c(4) 
Other Gram-positive clones 
R-5380 1 Gemella sp. 

Y13365 
13.2 19c 

R-1832xl8 18 Gemella sp. 
Y13365 

13.3 55c(3), 55d(15) 

R-4064 1 Bidibacteria 
animalis D86185 

11.90 55d 

Clostridia superl 'amily 
R-2469x6 6 Halobacillus 

litoralis X94558 
18.5 55c (4), 55d (1) 

19c(l) 
R-1852(19) 19 Clostridium 

lituseburense 
M59107 

1.0 55c(5), 
55d(12),19c(l), 
19d(l) 

R-2995(3) 3 Clostridium quinii 
X76745 

2.88 55d(3) 

R-4047 1 Ruminococcus 
albus AF079847 

9 55d 

R-2576 1 Ruminococcus 
gnavus L76597 

9.6 55c 

R-3929 1 Ruminococcus 
productus 

16 55d 
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Figure D 1: Comparison of Small Intestine Libraries - Fraction of Shared OTUs 

A. The estimated fraction of shared OTUs between Sic 19 (Aotu shared) and SIdl9 (Botu 

shared) is shown. At a genetic distance of 0.03, Aotu shared is 25%, while Botu shared is 

60%. B. The estimated fraction of shared OTUs between SIc55 (Aotu shared) and SId55 

(Botu shared) is shown. At a genetic distance of 0.03, Aotu shared is 82%, while Botu 

shared is 56%. C. The estimated fraction of shared OTUs between SIc55 (Aotu shared) 

and SIdl9 (Botu shared) is shown. At a genetic distance of 0.03, Aotu shared is 27%, 

while Botu shared is 60%. 
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Appendix A 

Table E 1: Nearest neighbour of clones from the lymph node of the BB Rat 

OTUs from 
lymph node 

Number of 
clones picked 

Nearest 
neighbour (using 

ARB) 

Divergence 
(%) 

Source of 
picks 

sample( # of 
clones picked) 

Gram negative clones 
Bacteroides-Cytophaga 
R-3330x8 8 Tannerella sp. 

AB009191 
12.63 55d 

R-3340 2 Tannerella sp. 
AB009191 

15.78 55d 

R-3327x4 4 Tannerella sp. 
AF001767 

16.03 55d 

R-3420 2 Tannerella sp. 
AB009211 

15.20 55d(l), 19d(l) 

R-3417 2 Tannerella sp. 
AB009211 

17.35 55d 

R-3411 1 Tannerella sp. 
AB009211 

17.53 55d 

R-3394 1 Tannerella sp. 
AB009211 

15.81 55d 

R-4333 1 Tannerella sp. 
AB009211 

19.06 55c 

R-5687 Bacteroides sp. 
AF001778 

14.83 19d 

R-3369 1 Bacteroides sp. 
AB021162 

10.99 55d 

R-3360 1 Bacteroides 
acidofaciens 
AB021157 

15.53 55d 

R-5699 1 Bacteroides 
species ASF519 

15.78 19d 

R-3343 1 Prevetolla sp. 
AF40719 

9.11 55d 

R-3324 2 Prevetolla sp. 
AF040719 

9.2 55d 

R-3322 2 Tannerella sp. 
AB009211 

18.1 55d 

Proteobacteria 
R-3381 1 Pseudomonas 17.5 55d 
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OTUs from 
lymph node 

Number of 
clones picked 

Nearest 
neighbour (using 

ARB) 

Divergence 
(%) 

Source of 
picks 

sample( # of 
clones picked) 

mosselii 
AF028352 

R-3335x48 48 Proteus vulgaris 
X07652 

0.8 55c(21) 
55d(19) 

R-3375 1 Proteus sp. 
AB021162 

12.6 55d 

R-3371 2 Moraxella sp. 
AB021321 

0.8 55d 

R-3334xll 11 Escherichia coli 
U00096 

1.82 55d(5), 55c(6) 

R-3323xl6 16 Acinetobacter junii 
X81658 

2.25 55c(5) 
55d(2) 
19d(9) 

R-3768 2 Ralstonia 
solanacearum 
X67036 

0.4 55c(5) 

R-3934 2 Acidovorax 
temperans 

0.2 55c(5) 

R-3332 1 Dechlorimonas sp. 
AF1703 54 

< 0.000 55d 

R-3409 1 Aquaspirillum 
psychrophilum 
AF078755 

0.8 55d 

R-3325 1 Methylobacterium 
sp. AJ223453 

<0.000 55d 

Gram-positive clones 
Bacillus, Lactobacillus and Streptococcus 
R-3368x39 39 L. reuteri X76328 0.2 19c(27), 

19d(3), 55c(6), 
55d(3) 

R-3331xl8 18 L. acidophilus 
M58802 

4.32 55c(ll), 
55d(5), 19c(l), 
19d( 1) 

R-3376 1 L. acidophilus 
M58802 

16.6 55c 

R-3388x9 9 L. acidophilus 
M99704 

<0.000 55c(5), 55d(l) 
19c(2), 19d(l) 

R-4126 2 L. murinus 
AF 157049. 

<0.000 55c(l), 19d(l) 

Clostridium superfamily 
R-5682 2 Eubacterium 

plautii DSM 4000 
9.52 19d 
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OTUs from Number of Nearest Divergence Source of 
lymph node clones picked neighbour (using 

ARB) 
(%) picks 

sample( # of 
clones picked) 

R-5680x51 51 Eubacterium 
plautii DSM 4000 

7.6 19d 

R-3333 1 Ruminococcus 
callidusX 85100 

3.1 55d 

R-3414 3 Ruminocccus albus 
AF079847 

2.25 55d 

R-3329 1 Eubacterium 
plexicaudatum 
AF157058 

8.2 55d 

R-3344xl2 12 Ruminococcus 
obeum AJ408993 

4.95 55c(9) 
55d(3) 

R-3357x8 8 Ruminococcus 
obeum AJ408993 

4.53 55c(7) 
55d(l) 

R-3350 1 Ruminococcus 
obeum AJ408993 

12.8 55d 

R-5726 1 Ruminococcus 
obeum X85101. 

3.89 19d 

R-4121x4 4 Clostridium 
lituseburense 
M59107 

1.41 55c(3), 55d(l) 

R-3384 1 Clostridium 
xylonalyticum, 

10.7 55d 

R-4118 3 Clostridium sp. 
AJ002591 

10.2 55c(3) 

R-3955 1 Clostridium quinii 
X76745 

3.1 55c 

R-3356 2 Clostridium sp. 
U81762 

9.4 55d 

R-3326 1 Clostridium sp. 
Y10030 

7.33 55d 

R-3366 1 Clostridium sp. 
AJ002591 

12.8 55d 

R-3408 1 Clostridium 
sp.D 14638 

10.0 55d 

R-3380 1 Clostridium sp. 
AF157053 

12.8 55d 

R-3773 1 Clostridium 
irregularis 

6.27 55d 

R-3410 1 AB009208 12.7 55d 
R-3364 1 Sporobacter sp. 

AF129863 
3.92 55d 

R-3407 1 Papillibacter sp. 3.46 55d 
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OTUs from Number of Nearest Divergence Source of 
lymph node clones picked neighbour (using 

ARB) 
(%) picks 

sample( # of 
clones picked) 

AF157051 
Other Gram-positive clones 
R-4094 1 Staphylococcus 

pasteuri 
AF041362 

0.2 55c 

R-3763 1 Bifidobacterium 
pseudocatenulatum 
D86687 

0.2 55c 

R-3339 1 Micrococcus 
luteus AF057289 

1.4 55d 

R-3387 1 uncultured bacteria 
AF028352 

12 55d 

R-3383 1 Halobacillus 
litoralis X94558 

12.6 55d 
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Figure E 1: Results of I-LIBSHUFF comparison. 

Homologous and heterologous curves for 16S rRNA gene sequence libraries from the 

lymph node (LNc55; control 5 5-day old, n = 96 vs LNd55; diabetic prone 5 5-day old 

, n = 100) libraries. Comparisons were made using I-LIBSHUFF with 10,000 

randomizations. The margin of error for the P value's 95% confidence interval near 

0.05 was 0.004; Distance is equal to the Jukes-Cantor (1969) corrected evolutionary 

distance. 
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Appendix A 

Table F 1: Nearest neighbour of clones from the faeces of the BB Rat 

OTUs from 
faeces 

Number of 
clones picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of 
picks 

Gram negative clones 
Bacteroides-Cytophaga 
R-4556(38) 38 Bacteroides 

distasonis ATCC 
8503 

0.60 19c(15) 
19d(23) 

R-5902 1 Bacteroides 
distasonis M86695 

13.31 55d 

R-4677(4) 4 Bacteroides 
distasonis M86695 

3.06 19c(2),19d(2) 

R-4667(9) 9 Bacteroides spp. 
AF139525 

1.83 19d(9) 

R-4548(8) 8 Bacteroides spp. 
AF001778 

9.17 19c(8) 

R-4763 1 Bacteroides spp. 
AF001778 

6.7 19c 

R-5838 1 B. splandinicus 
LI6496 

11.17 55d 

R-4625(2) 2 Bacteroides fragilis 
AF133539 

5.21 19d 

R-4763 1 Bacteroides sp. 
AF133539 

6.70 19c 

R-4559(10) 10 B. acidofaciens 
AB021162 

13.82 19c 

R-4804(4) 4 B. distasonis 
AF001767 

14.58 19c(3), 55d(l) 

R-4793(4) 4 B. distasonis 
AF001767 

12.18 19c(3), 55d(l) 

R-4664(4) 4 B. distasonis 
AF001767 

15.07 19d 

R-4833(5) 5 B. distasonis 
AF001767 

11.95 55d(3), 19c(2) 

R-4552(4) 4 B. distasonis 
AF001767 

12.42 19c 
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OTUs from 
faeces 

Number of 
clones picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of 
picks 

R-4554(5) 5 Bacteroides sp. 
AF139524 

13.11 19c(3), 55d(2) 

R-5843(3) 3 Bacteroides sp. 
AF139524 

12.39 55d(2), 55c(l) 

R-4550(8) 8 B. acidofaciens 
AB021162 

12.07 55d 

R-5915 2 B. acidofaciens 
AB021157 

11.32 55d 

R-4734 1 B. acidofaciens 
AB021162 

13.11 19d 

R-6700 1 AF 157051 5.28 55c 
R-4659 1 B. acidofaciens 

AB021157 
16.22 19d 

R-6714 1 B. acidofaciens 
AB021157 

12.63 55c 

R-6697 1 B. acidofaciens 
AB021157 

13.34 55c 

R-6684 1 B. acidofaciens 
AB021157 

14.31 55c 

R-5865 1 B. acidofaciens 
AB021157 

13.58 55d 

R-4570 1 B. acidofaciens 
AB021157 

12.43 19c 

R-6698 1 B. acidofaciens 
AB021157 

15.04 55c 

R-4748x5 5 Bacteroides sp. 
AF139524 

<0.000 19d(4), 55c(l) 

R-4796 2 B. acidofaciens 
AB021162 

<0.000 19c 

R-4792 2 Bacteroides 
Splandicus 

14.07 55c(l), 19c(l) 

R-4560x5 5 Bacteroides sp. 
AF157056 

<0.000 19c 

R-6671x6 6 Prevetolla bivia 
LI6475 

7.77 55c 

R-4795x8 8 Prevetolla spp. 
AB009241 

7.55 55c(5), 19c(3) 

R-4827x8 8 Prevetolla spp. 
AF040719 

8.89 55c(5), 55d(2) 
19c(l) 

R-4566x6 6 Tannerella spp. 
AJ400254 

11.92 19c 

R-4784 2 Tannerella spp. 
AJ400254. 

13.11 55c(l), 19c(l) 
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OTUs from 
faeces 

Number of 
clones picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of 
picks 

R-4762x6 6 Tannerella spp 
AB009191 

12.18 55d(3), 55c(l) 
19c(l), 19d(l) 

R-4641 3 Tannerella spp 
AB009191 

13.86 55d(2), 19d(l) 

R-4631 1 Tannerella spp 
AB009191 

19d 

R-5859x4 4 Tannerella sp. 
AB009211 

13.67 55c(2) 
55c(2) 

R-4557 3 Tannerella sp. 
AB009211 

55d(l) 
19c(2) 

R-6736 2 Tannerella sp. 
AB009211 

13.31 55c 

R-6655 2 Tannerella sp. 
AB009211 

14.31 55c 

R-4571 1 Tannerella sp. 
AB009211 

13.89 19c 

R-4820 1 Tannerella sp. 
AB009211 

13.58 19c 

R-5845 1 Tannerella sp. 
AB009211 

14.55 55d 

R-5903 1 Tannerella sp. 
AB009211 

17.77 55d 

R-5931 1 Tannerella sp. 
AB009211 

12.92 55d 

R-5871 2 Tannerella sp. 
AB009211 

13.11 55d 

R-4816 3 Tannerella sp. 
AF001767 

14.25 55c(l), 55d(l), 
19c(l) 

R-5885 1 Tannerella sp. 
AB009202 

11.95 55d 

R-5905 1 Tannerella sp. 
U81730 

13.89 55d 

Proteobacteria 
R-4671xl7 17 Escherichia coli 

U0096 
<0.000 19d(16), 

19c(l) 
R-5854 2 Helibacter 

rodentium U96298 
0.4 55c(l), 55d(l) 

R-4563 1 Pseudomonas 
antimicrobica 
AB021384 

6.53 19c 

R-4794 1 Escherichia coli 17.18 19c 

192 



OTUs from 
faeces 
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clones picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of 
picks 

U0096 
Gram-positive clones 

Bacillus, Lactobacillus and Stre ptococcus 
R-4553x25 25 L. acidophilus 

M55802 
0.40 55c(5), 55d(l 1) 

19c(4), 19d(5) 
R-6670 1 L. acidophilus 

M55802 
3.48 55c 

R-4666 10 L. acidophilus 
M99704 

<0.000 55c(3), 55d(l), 
19d(6) 

R-4673x6 6 L. reuteri X76328 0.20 55c(l), 
555d(l), 
19c(l), 19d(3) 

R-4676 2 L. murinus 
AF157049 

<0.000 19d 

R-6703 1 Lactobacillus sp. 
AF157050 

14.31 55c 

R-5852x4 4 Gemella 
haemolysens 
Y13365 

13.15 55c(l), 55d(3) 

R-4629 Streptococcus 
infantis 

3.04 19d 

R-5924 Gemella 
haemolysens 
Y13365 

10.68 55d 

Clostridium superfamily 
R-5857 3 Eubacterium plautii 

DSM4000 
4.55 55d(3) 

R-4754 1 Oscillospira sp. 
U81762 

5.2 55c(l), 55d(l), 
19(1) 

R-6680 1 Oscillospira sp. 
U81762 

13.15 55c 

R-6704 1 Oscillospira sp. 
U81762 

4.98 55c 

R-6714 1 Eubacterium plautii 
DSM4000 

12.63 55c 

R-6666 1 Ruminococcus 
flaveciens 
AF030450 

8.80 55c 

R-6721 1 Ruminococcus 
flaveciens 
AF030449 

9.23 55c 

R-6696 1 Ruminococcus 
flaveciens 
AF030449 

9.73 55c 
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faeces 
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clones picked 

Nearest neighbour 
(using ARB) 

Divergence 
(%) 

Source of 
picks 

R-5896 2 Ruminococcus 
flavofaciens 
AF030448 

3.30 55d 

R-6731 1 Ruminococcus 
callidis X85100 

7.44 55c 

R-6708 1 Ruminococcus albus 
X85098 

3.93 55c 

R-4549 1 Ruminococcus 
torques L76604. 

8.22 19c 

R-6692 1 Ruminococcus 
productus L76595 

7.10 55c 

R-4669x4 4 Ruminococcus sp. 
94964 

19c 

R-4723 2 Eubacterium 
fissicatena 
DSM3598 

1 19d 

R-5858 2 Eubacterium 
ventriosum DSM 
3988 

11.87 55d 

R-6685 2 Eubacterium 
ventriosum DSM 
3988 

1.61 55c 

R-5897 1 Eubacterium 
plexicaudatum 
AF157058 

5.81 55d 

R-6654x4 .4 Clostridium 
lituberenses 
M59107 

1.20 55c(3), 55d(l) 

R-5907x4 4 Clostridium 
xylanolyticum 
X71855 

5.40 55d 

R-4828 1 Clostridium 
xylanolyticum 
X71855 

7.55 19c 

R-5855 2 Clostridium sp. 
AB009173 

9.11 55d 

R-6735 1 Clostridium sp. 
AB009173 

6.89 55c 

R-6653 2 Clostridium sp. 
AB009173 

8.72 55c 

R-6664 3 Clostridium sp. 
AB009173 

6.91 55c 

R-5846 1 Clostridium sp. 10.02 55c 
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Nearest neighbour 
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Divergence 
(%) 

Source of 
picks 

AB009173 
R-5895 1 Clostridium sp. 

AB009173 
6.48 55c 

R-6717 1 Clostridium sp. 
AB009173 

6.89 55c 

R-5864 3 Phascoloribacterium 
faecium X72867 

4.72 55c(2), 55d(l) 

R-5870 2 Papillibacter sp. 
AF157051 

5.01 55d 

R-5861 1 Papillibacter sp. 
AF157051 

8.10 55d 

R-5894 1 Papillibacter sp. 
AF157051 

4.37 55d 

R-4551 1 Papillibacter sp. 
AF157051 

6.10 19c 

R-4798 1 Butyrivibrio 
crossotu X89981 

8.05 19c 

R-5880 1 Butyrivibrio 
flbrisolvens 
AB004910 

6.70 55d 

R-4823 1 Clostridium 
aminobutyricum 
X676161 DSM 2634 

7.84 19c 

R-4555 1 Clostridium sp. 
AB009208, 

13.86 19c 

R-5839 1 Clostridium sp. 
AF018558 

7.67 55d 

R-6667 1 Clostridium sp. 
AF129861 

5.20 55c 

R-6663 1 Clostridium viridae 
X81125 

7.06 55c 

R-6668 1 Clostridium sp. 
AF087943 

55c 

R-6674 1 Clostridium sp. 8.46 55c 
R-6675 Clostridium sp. 

Y10030 
13.70 55c 

R-5867 1 Clostridium 
aminovalericum 
M23929 

10.48 55d 

R-5928 1 Clostridium sp. 
Z95708 

55c 

R-5881 1 Clostridium sp. 
AJ002591 

10.02 55d 

R-4785 1 Clostridium sp. 6.25 19c 
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Source of 
picks 

AJ002591 
R-6689 1 Clostridium 

polysaccharolyticum 
X77839 

11.17 55c 

R-6690 1 Clostridium 
polysaccharolyticum 
X77839 

10.94 55c 

R-6705 1 Clostridium sp. 
AF001766 

9.15 55c 

R-6710 1 Clostridium sp 
Y10584 

11.38 55c 

R-4654 1 Clostridium sp 
Y10584 

4.00 19d 

R-4736 1 Clostridium sp. 
U81762 

12.78 19d 

R-4743 3 C. fusiformis 
AF028349 

19d 

R-4632 1 C. fusiformis 
AF028349 

8.01 19d 

R-4802 2 C. fusiformis 
AF028349 

7.55 19d 

R-6661 1 Allobaculum 
stercoricanus 
AF028352 

14.66 55c 

R-6729 1 Eubacterium 
plexicaudatum 
AF157058 

2.43 55c 

R-6733 1 AB009189 5.16 55c 
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Figure F 1: Results of I-LIBSHUFF comparison. 

Homologous and heterologous curves for 16S rRNA gene sequence libraries from faeces samples 

are shown. A) shows the Fd55 vs Fc55 libraries, B) shows Fdl9 vs Fd55. Comparisons were 

made using I-LIBSHUFF with 10,000 randomizations. The margin of error for the P value's 95% 

confidence interval near 0.05 was 0.004; Distance is equal to the Jukes-Cantor (1969) corrected 

evolutionary distance. 

Genetic distance 

Genetic distance 
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Figure F 2: Comparison of Faeces Libraries - Fraction of Shared OTUs 

A. The estimated fraction of shared OTUs between Fc55 (Aotu shared) and Fd55 (Botu shared) is 
shown. At a genetic distance of 0.03, Aotu shared is 29%, while Botu shared is 26%. The curves 
follow each other closely as genetic distance increases. B. The estimated fraction of shared OTUs 
between Fcl9 (Aotu shared) and Fdl9 (Botu shared) is shown. At a genetic distance of 0.03, 
Aotu shared is 18%, while Botu shared is 27%. The curves follow each other closely as genetic 
distance increases. C. The estimated fraction of shared OTUs between Fcl9 (Aotu shared) and 
Fd55 (Botu shared) is shown. At a genetic distance of 0.03, Aotu shared is 21%, while Botu 
shared is 15%. The curves follow each other closely as genetic distance increases. 
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G e n e t i c D i s t a n c e 

- • — Distance vs A otu shared 
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