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ABSTRACT

Background

The development of metabolic disease is accompanied by changes in gut microbiota phenotype, including
a decrease of beneficial bacteria and increase of pernicious bacteria of the gastrointestinal tract. A Western
(high-fat and high-sugar) diet, sedentary lifestyle and altered gut microbiota diversity have been associated
with an increased risk of developing metabolic diseases such as type 2 diabetes and its associated risk factor,
obesity. Many researchers have studied the link between the gut microbiota and diet. Hence our in vitro
study is aimed at investigating the potential prebiotic effect of an aspalathin-rich unfermented rooibos

extract, Afriplex GRT™ and aspalathin on the faecal bacterial diversity of vervet monkeys fed Western diet.
Methodology

A total of six vervet monkeys (Chlorocebus pygerythrus) were selected from monkeys fed either a maize
based normal diet (standard diet group; n=3) or a high fat diet (Western diet group; n=3) for more than 5-
years. Faecal samples were collected from the animals in both groups at the Primate Unit and Delft Animal
Centre (PUDAC) between 7 — 9 AM. Faecal samples from the two groups were divided into culture-
independent baseline samples (before culture) and culture-dependent samples (after anaerobic culture). The
culture-dependent samples were cultured under anaerobic conditions at 37°C for 10 hours, with or without
Afriplex GRT™ extract or aspalathin. Bacterial genomic DNA (gDNA) was extracted from all samples
using the NucleoSpin® DNA Stool extraction kit. Purified gDNA was sent for metagenomic sequencing for

16S rRNA gene analysis of microbial diversity using an lon Torrent Next-generation Sequencing platform.
Results

Results indicated that the Western diet affects the abundance of several bacterial species. Afriplex GRT™
and aspalathin significantly enhanced the relative abundance of health promoting butyrate-producing
bacteria such as Faecalibacterium prausnitzii in both standard and Western diet groups (p=0.02 and p=0.04,
respectively). A similar trend was observed in other beneficial bacteria such as Eubacterium spp., Sutterella

spp., and Dorea longicatena.

Conclusion

Based on the data observed, it can be suggested that Afriplex GRT™ has a beneficial prebiotic effect on gut

microbiota diversity and gut health.

Keywords: Vervet monkey, Aspalathin, Rooibos, Afriplex GRT™, Gut microbiota and Western diet.
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A mass of dietary fibre substance that is digested as it passes through the

gastrointestinal tract

A deviation from a normal microbial community, such as an imbalance in the

abundance, membership or localization of microorganisms

A cluster of bacterial species that characterizes individuals gut microbiota

Formerly germ-free animals that now carry a defined microbiota. The
composition of the microbiota in these animals is usually determined

experimentally

Organisms that are native to a particular area

It is described as a physiological condition where beta-cells secrete normal
amounts of insulin hormone, but unable to respond normally in the target

tissues of the liver, skeletal muscle and adipocytes

Cytokine produced by the leucocytes

Microorganisms that can survive in environments with low oxygen

concentrations. E.g. the epithelial cells in the gut
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The assortment of microorganisms that inhabit a particular area on a host. The
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Organisms that mutually benefit from each other

It is a non-digestible food compound that is beneficial to the host by selectively
stimulating growth activity of commensal gut bacteria

They are living microbial food supplements that beneficially affect the host by

improving its intestinal microbial balance

Are produced in the caecum and the proximal colon by the anaerobic gut
bacteria through fermentation of dietary fibres and non-digestible
carbohydrates
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CHAPTER |

1. INTRODUCTION



1.1. RESEARCH BACKGROUND

“Bad digestion is at the root of all evil” and “death sits in the bowels” are famous quotes by Hippocrates,
the father of medicine in the 4" century, BC (Gregoire, 2019). Indeed, this is true when it comes to metabolic
diseases. The gut microbiota is an assortment of microorganisms in the gastrointestinal tract that work
together to harvest nutrients from the non-fermented carbohydrates when they reach the colon (Hills et al.,
2019). The gut microbiota plays a crucial role in biosynthesis of vitamins, as it synthesizes vitamin B12 and
vitamin K and steroid hormones. The gut microbiota also interacts with neurotransmitters and plays a role
in the absorption and extraction of various nutrients and metabolites, including bile salts, branched-chain
aromatic amino acids and drugs, and it produces short chain fatty acids (Gentile & Weir, 2018). The gut
microbiota acts by modulating the immune and inflammatory response, as well as regulates the mobility
and integrity of gut barrier, and controls neuronal signalling (Sircana et al., 2018).

The impact of diet on health and quality of life are associated with changes in the diversity of the gut
microbiota in both humans and animals (Amato et al., 2015). Disturbance of the gut microbiota (dysbiosis)
is a major cause of ill health (reviewed by Hills et al., 2019). In the recent years, research shows that gut
dysbiosis is associated with chronic low grade inflammation which underlies the development of metabolic
diseases including diabetes (Brail et al., 2018; Koh et al., 2018). Growing evidence from clinical studies
showed that individuals with insulin resistance are characterized by altered composition of the gut
microbiota, i.e. a high Firmicutes/Bacteroidetes ratio compared with healthy individuals (Zhang, et al.,
2012).

The human diet and gut microbiota have evolved from mainly a plant-based diet to more carnivorous diet
with increased digestibility of food due to cooking and other food processing techniques (Amato et al.,
2015). Non-human Primates (NHP) models are used to study the gut microbiome due to their close
phylogenetic relationship with humans and similar dietary requirements. Microbial profile has been
established, that confirms that metabolic diseases in vervet monkeys corresponds to metabolic diseases in
humans, thereby confirming the relevance of this model to study gut microbial aberrations (Clayton et al.,
2016).

Polyphenols have the ability to modify the gut microbiota, mediated by their antimicrobial activity of the
polyphenols themselves and their breakdown products via enzymatic and bacterial biotransformation
(Possemiers et al., 2011). Rooibos phenolic compounds have been shown to influence the gut microbiota
diversity (Muller et al., 2017). The major bioactive rooibos polyphenol, aspalathin, is a C-glucosyl
dihydrochalcone that is poorly absorbed in the small intestine, mainly due to its hydrophilic nature and the

resistance of aspalathin C-C bond to enzymatic hydrolysis (Zhang et al., 2007). Aspalathin is therefore able
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to reach the large intestine unaltered in substantial quantities. Studies have reported faecal bacteria residing
in the colon of the Lactococcus and Enterococcus genus can hydrolyse the stable C-C bond of various C-
glycosides, including flavone C-glucosides (Braune and Blaut, 2011; Nakamura et al., 2011; Kim et al.,
2014). Current findings have also demonstrated that the aspalathin-rich green rooibos extract Afriplex
GRT™ profoundly affected the microbiota phenotype, suggesting that the beneficial effects of rooibos on
the metabolism could be attributed to its beneficial pre-biotic effects on the microbiome. Whilst some
attention has been given to flavone C-glucosides, to our knowledge dihydrochalcone C-glucosides, such as

aspalathin, have not yet been studied in NHPs before.

1.2. RESEARCH PROBLEM

The incidence of major metabolic diseases such as obesity and diabetes continue to escalate exponentially
world-wide. The impact of diet on health and quality of life has been associated with gut microbiota
diversity. However, a paucity of information remains about the bacteria species involved, their substrate
specificity, and mechanism of degradation of rooibos phenolic compounds. In view of the bioactivity of
aspalathin, insight into its microbial biotransformation would advance our understanding of the relative
importance of this unique rooibos flavonoid as a modulating factor of gut biodiversity. The project intends
to provide answers to the role of rooibos polyphenols in the modulation of gut microbiota, specifically the
enhancement of more beneficial microbiota populations, and suppressing harmful diet induced bacteria,

which are the major causal factors for the development of metabolic diseases such as obesity and diabetes.

1.3. RESEARCH AIM AND OBJECTIVES
AIM

The aim of this study was to perform anaerobic culture on faecal samples, collected from vervet monkeys
fed a standard or Western diet, to assess the potential prebiotic effect of rooibos bioactive phenolic
compounds using aspalathin and aspalathin-rich green rooibos extract Afriplex GRT™ on the gut

microbiota.
OBJECTIVES:

e To culture and isolate microbes from the gut microbiota of the vervet monkey faecal samples using

anaerobic chamber and Speedy Breedy culturing systems, and



e To identify bacterial species using Bioinformatics tools, lon Torrent Next-generation Sequencing and

Ion Torrent Software Torrent Suite™ software.

1.4. RESEARCH QUESTIONS

Rooibos is known to exhibit preventive effects against diabetes and obesity. We propose that a major factor
mediating these effects is through the regulation of gut microbiota by rooibos polyphenols. To this end we
would like to address the following questions:

- What is the effect of diet on the gut microbiota?

- What are the effects of Afriplex GRT™ and aspalathin on the gut microbiota in vervet monkeys
on normal and Western diets?

- Does culturing have an impact on the gut microbiota diversity shifts or growth?

- How will Afriplex GRT™ and aspalathin affect faecal microbial communities during culture?

1.5. PURPOSE AND SIGNIFICANCE OF THE STUDY

The project focuses on the effect of a Westernized diet (high fat and high sugar) on the gut microbiota. The
impact of the diet on health and quality of life has been associated with gut microbiota diversity. Within the
South African context, metabolic disease, particularly obesity, ranks amongst the highest in the world
(Agyemang et al., 2016). Our research aims to establish a greater understanding of the role that flavonoids,
such as aspalathin, a C-glycoside dihydrochalcone, uniquely found in Rooibos spp., play in the modulation
of gut microbiota. Specifically, its enhancement of more beneficial microbiota populations and suppression

of pathogenic bacteria, major causal factors for the development of metabolic disease, were studied.

1.6. DELINEATION OF THE STUDY

This study focused on the use vervet monkeys as a study model, i.e. three monkeys fed a standard diet and
three monkeys fed a Western diet (high fat and high sugar) diet. The study also investigates the role that

Afriplex GRT™ and aspalathin plays on the biotransformation of gut microbiota in vitro.



1.7. OVERVIEW OF DISSERTATION CHAPTERS
Chapter 2: Literature review

The literature chapter reviews existing work relating to the gut microbiota diversity, localization of the gut
microbiota, metabolites produced by the gut microbiota and the dysregulation of the gut microbiota. It also
focuses on the use of a NHP, the vervet monkey as a study model. This chapter further investigates the
prebiotic effects of Afriplex GRT™, an aspalathin enriched rooibos extract and pure aspalathin on anaerobic
faecal sample cultures. Two culturing systems used to culture the bacteria and the principles behind each

technique used for identification of the gut microbiota are also described.

Chapter 3: Methodology

This chapter discusses the experimental design, and the methodology followed in the study. The objective
of this chapter was to illustrate the scientific workflow and how results were obtained. Techniques employed

in this study include basic polymerase chain reaction (PCR) and lon Torrent Next-generation Sequencing.

Chapter 4& 5: Results and Discussion

This chapter reports on data gathered, the first section reports on the quality of the metagenomic sequences
received which were discussed under the alpha and beta diversity sections. The gut microbiota diversity

shifts were analysed and classified by diet of the monkeys.

Chapter 6: Conclusion

The final take home message of the study was discussed based on our findings in context with other related

scientific information in chapter 4.

Chapter 7: References

Includes all references used in this dissertation.



CHAPTER II

2. LITERATURE REVIEW



2.1. GUT MICROBIOTA

Gut microbiota is an assembly of all the microorganism communities in the gut (Berg, 1996). The gut
consists of all three domains of life; eukaryotes (plants, animals and fungi), archaea and bacteria. In 1719
Van Leeuwenhoek had made the first discovery of the gut microbiota, where he observed faeces of a child
under a microscope and he discovered Escherichia coli and Bacillus bifidus. Thirty decades later, an
enormous amount of research had been done to better understand the gut microbiome (Willing & Jansson,
2010). The gut microbiome contains over 3 million genes that encodes for thousands of metabolites, whereas
the human microbiome encodes for only 23000 genes (Rinninella et al., 2019). Quantifying and culturing
anaerobic gut microbiota have been difficult due to the nutritional and cultivation requirements which were
unknown. Due to the advancement in technology 16S rRNA gene sequencing has allowed researchers to
phylogenetically identify and quantify components of the gut microbiota using DNA or RNA extracted
directly from faecal matter (Thursby & Juge, 2017, Rinninella et al., 2019).

The microbial community of the gut is determined by age, environment, diet and phylogeny of the host. The
human colon contains about 200 g of living organisms at a concentration of 10'? microbes/gram gut content.
The gut microbiota has shown to interact with the host in different ways that can be beneficial or harmful
to the host, this includes controlling the host’s inflammatory response to the gut, synthesizing proteins and
small molecules that are utilized by the host and regulates the amount of energy available in the diet
(Sweeney & Morton, 2013).

The function of a healthy gut microbiota to host is to extract energy from digestible and indigestible
nutrients, synthesize vitamin K and B, and enhances pathogenic resistance. The gut microbiota also
modulates the immune and inflammatory response, regulates the mobility and integrity of gut barrier, and

regulates neuronal signalling (Sircana et al., 2018).

Certain communal microbial assemblages can contribute to causing diseases (Possemiers et al., 2011).
Therefore, the gut bacteria have a crucial immune function that protects against pathogenic bacteria
colonization and growth by competitive processes such as modifying the pH, secreting antimicrobial
peptides, metabolising nutrients, producing bacteriocins and affecting cell signalling pathways. Gut
microbiota also prevent bacterial invasions of pathogens by maintaining intestinal epithelial integrity
(Khosravi & Mazmanian, 2013).



2.1.1. Gastrointestinal Track

The gastrointestinal tract is an organ system that extracts and absorbs nutrients from ingested food, and
expels the remaining waste as faeces. The food path starts when it enters the mouth, through the oesophagus,
stomach, small and large intestines, and exits through the anus (Cheng et al., 2010). The first part of the Gl
tract is the oesophagus, which is a tube that connects the mouth and the stomach. The stomach holds food
and liquids, contains acids and enzymes that break-down food for further enzymatic breakdown and
absorption in the small intestines, and for microbial action in the large intestines. The small intestine consists
of three parts namely; the duodenum, jejunum and ileum. The ileum is where most of the nutrients get
absorbed into the bloodstream (Cheng et al., 2010).

The colon is part of the large intestine, which is the final part of the digestive system and hosts most bacteria
responsible for fermentation of indigestible carbohydrates and other micronutrients. The colon consists of
five parts: descending colon, ascending colon, transverse colon, sigmoid colon and caecum, as indicated in
the figure (1C). Its function is to reabsorb fluids and process waste products from the body and prepare for
its elimination (Cheng et al., 2010). The gastrointestinal (GI) tract illustrated in figure (1) represents one of
the largest interfaces (250 — 400 m?) between the host, environmental factors and antigens in the human
body (Cheng et al., 2010).
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Figure 1: Gastrointestinal tract illustration. A) The complete gastrointestinal tract. B) Variety of microbial composition and number across the gastrointestinal tract.
In the stomach there are less microbial diversity compared to the colon. C & D) The lower human gastrointestinal tract where most of the microbiota reside.




2.1.2. Gut biogeography

The mammalian digestive tract contains microbes that have adapted to the regional environment within the
digestive tract, such as the stomach, small intestines, cecum and the colon figure (LA). The stomach and
duodenum have low microbial density with 10° to 10° CFU per gram contents as illustrated in figure (1B).
It is populated by facultative anaerobic species such as Lactobacillus, Streptococcus and Enterococcus
genera. Populations are limited due to acidity, presence of bile secretion and because of the fast rate of

digestion passage (Willing & Jansson, 2010).

The proximal small intestines indicated in figure (1C) is where microbes tend to attach to the intestinal
lumen and mucus layer lining, figure (1D). The small intestine microbial community is dominated by rapidly
growing facultative anaerobes that can endure the presence of bile acids and antimicrobials, while they
compete for simple carbohydrates that are available in the area. Bile acids that are secreted via the bile duct
at the proximal end of the small intestine are bactericidal to certain bacterial species due to its surfactant
properties (Donaldson et al., 2015). A study done by Islam et al. (2011), showed that when feeding mice
excess bile acids stimulate the growth of Firmicutes and inhibits the growth of Bacteroidetes. The study
also showed that using cholic acid simplifies the composition of the gut microbiota of rats (Islam et al.,
2011). The microbial density of the ileum increases from 108 to 10° CFU per gram of contents due to a
slower rate of digesta passage, and increased in numbers of Clostridiales and Bacteriodetes (Willing &
Jansson, 2010).

Microbial community complexity increases when it reaches the large intestine where the microbial density
increases from 10%° to 10 CFU per gram of contents accordingly, and the microbial community is
dominated by gram-positive genera such as; Clostridium, Bacillus, Ruminococcus, and Fusobacterium
(Willing & Jansson, 2010). The cecum is where the small and large intestine connects. The cecum and colon
serve as a site for metabolism of resistant polysaccharides that were not digestion in the small intestines.
The cecum and colon contain the densest and diverse bacterial communities (Donaldson et al., 2015). The
colon contains lower concentration level of anti-microbials, slower transit time and depleted simple carbons

aids the growth of fermentative polysaccharide-degrading anaerobes (Islam et al., 2011).
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2.1.3. Composition of gut microbiota

Gut microbiota is composed of a number of microorganisms, including bacteria, yeasts and viruses. Various
bacterial phyla present in the gut include; Actinobacteria, Bacteroidetes, Deferribacteres, Fibrobacteria,
Firmicutes, Fusobacteria, Lentisphaerae, Proteobacteria, Spirochaetes, Synergistetes, Tenericutes,
Verrucomicrobia and others. There are three major phyla which are Firmicutes, Bacteroidetes and
Proteobacteria. However, more than 90% of the gut microbiota are Firmicutes and Bacteroidetes
(Possemiers et al., 2011). The Firmicutes phylum consists of more than 200 different genera such as
Lactobacillus, Streptococcus, Clostridium, Sarcina, Mogibacterium, Eubacterium, Coprococcus and many
others. Clostridium genera consist of 95% of the Firmicutes. Bacteroidetes consists of many genera such as
Bifidobacterium, Collinsella, Olsenella, Bacteroides, Prevotella, Fibrobacter, and others (Arumugam et al.,
2011). An example of the gut microbiota taxonomy is illustrated in figure (2).

It is known that the gut microbiota differs from individual to individual, as suggested by a study conducted
by Tap et al., (2009), where 17 subjects were studied in order to define the phylogenetic core. The study
found that there was no operational taxonomic unit (OTU) defined at 2% dissimilarity. Although the
microbiota differs between individuals, its functions largely remain preserved between individuals. Each
individual’s microbiota is characterized by specific combinations of bacterial species due to inter-individual
and intra-individual variations throughout human life. These assemblages are called enterotypes (Rinninella
et al., 2019). Other sequencing studies suggest that core microbiome exists at the genera level (Willing &
Jansson, 2010). Additionally, a study conducted by Turnbaugh et al. (2008) suggests that core microbiota
could be defined as a functional level than at the species level. Thursby & Juge, (2017) reported that gut

microbiota can be characterized based on the community type, which is called enterotype.
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https://ionreporter.thermofisher.com/ir/secure/analyses/ff8081816c09ddea016c48d9d3a860f1/metagenomics/shared/data/CAF-NT/nthovhogi@mrc.ac.za/SB-14_v1/SB-14_v1_20190731162529899/outputs/MetagenomicsActor-00/S021_SB-12_v1_consensus_krona.html?collapse=false&key=false

2.1.4. Enterotypes

Enterotype bacteria is a cluster of bacteria that characterizes individuals gut microbiota. There are three
enterotypes which are characterized by three dominant bacteria in each enterotype. Each enterotype class is
identifiable by the variation in the levels of one of the three genera, enterotype | (Bacteroidetes), enterotype
Il (Prevotella), and enterotype 111 (Ruminococcus) (Arumugam et al., 2011). Enterotypes are grouped by
function and enumeration of bacteria. Enterotypes characterize individuals and they remain stable
throughout adulthood, they can be restored if they are modified (Rinninella et al., 2019). Each enterotype
with its distinctive cluster of bacteria and respective functional characteristics, each has a distinctive way of
energy generation from fermentable substrates available in the colon. Enterotype | produce its energy from
carbohydrates using glycolysis and pentose phosphate pathways. Enterotypes Il and 11l degrade mucin
glycoproteins of the gut mucosal layer (Rinninella et al., 2019).

Enterotype | contain eight species, (Table 1) and is enriched in Bacteroidetes which co-occurs with
Parabacteroides. Drivers of this enterotype derive its energy from carbohydrates and proteins through
fermentation. The species in this enterotype have high saccharolytic potential due to the genes encoding
enzymes (proteases, galactosidases, hexosaminidases), they use the glycolysis and pentose phosphate
pathways to harvest its energy (Arumugam et al., 2011).

Enterotype I, contains six species, it is enriched in Prevotella and co-occurs with Desulfovibrio which act
in synergy to degrade mucin glycoproteins present in the mucosal layer of the gut. Prevotella is a mucin
degrader and Desulfovibrio removes sulphate by enhancing the rate-limiting mucin desulphation step.
Enterotype I1I is more frequent and it is enriched in Ruminococcus and co-occurs with Akkermansia. Both
these species are able to degrade mucin. These are enriched in membrane transporters, mostly of sugar.
These species update simple sugars and hydrolyse mucin. Enterotypes | and Il are enriched in the
biosynthesis of vitamins; biotin, riboflavin, pantothenate, ascorbate, thiamine, and folate (Arumugam et al.,
2011).
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Table 1: Gut microbiota enterotypes classification on different phyla and effect of diet on gut microbiota in different phyla, (Adopted from Rinninella et
al., 2019)

GUT MICROBIOTA ABUNDANCE

Actinobacteria

Bacteroidetes

Firmicutes Proteobacteria

Verrucomicrobiota

Euyarchaeota Spirochaetes Ref

Enterotype

Slackia

Bacteroides
Parabacteroides

Clostridiales Geobacter
Alkaliphilus

Lactobacillus

Catenibacterium

Methanobrevibacter (Arumugam

smithii et al., 2011,
Rinninella
etal., 2019)

Eggerthella

Prevotella

Veillonella Desulfovibrionaceae

Ruminococcaceae Rhodospirillum
Holdemania Helicobacter
Peptostreptococcaceae  Escherichia
Staphylococcus Shigella
Leuconostoc

Akkermansia
municiphila

Gordonibacter

Sphingobacteria

Ruminococcus
Staphylococcus
Marvinbryantia
Symbiobacterium
Ruminococcaceae
Dialister

Akkermansia
municiphila

Types of diet

High
fibre
diet

Bifidobacterium |,

Prevotellat
Bacteroides )

Eubacterium? Succinivibriol
Oscillibacter?
Butyricicoccust
Sporobacter?!
Blautia

Dorea|
Lanchnospiraceae|
Roseburia)
Feacalibacterium
Ruminococcus|
Erysipelotrichaceae

Trepnema?

High-
fat
diet

Actinobacteria?

Bacteroidetes?
Alistipes?
Barnesiellal

Rosebaria) Bilophilat
Eubacterium rectale|
Ruminococcus bromi),
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2.1.5. Probiotic bacteria

Probiotics are live microbial food supplements that benefit the host by improving its intestinal microbial
balance (Fuller, 1992). Lactobacilli and Bifidobacterium are the two genera that are usually associated with
producing probiotics, they are; i) Lactobacilli genus that secretes SCFA by fermentation of carbohydrates
which produces pyruvate via the glycolytic pathway and ii) Bifidobacterium genus bacteria that ferments
carbohydrates to produce acetate and lactate. Probiotics are characterised by their ability to withstand
conditions in the gastrointestinal tract such as; resisting salivary enzymes, stomach acid, small intestine bile
secretion and enzyme secretion, pH changes and other food components encountered along the passage,
and they also are able to compete with resident microbiota (Binns, 2013). These food supplements
(probiotics) are usually fermented milk products and lyophilized bacteria (Collins & Gibson, 1999). Taking
in probiotics have advantages such as; alleviating symptoms of lactose malabsorption, suppresses cancer,
increases natural resistance to infectious diseases of the intestinal tract, and reduces serum cholesterol
concentrations (Collins & Gibson, 1999).

Probiotics are reported to play a role in prevention of health problems such as, diarrhoea caused by infection
(Plaza-Diaz et al., 2018), antibiotic-associated diarrhoea (Newberry, 2012), irritable bowel syndrome (IBS)
and inflammatory bowel disease (IBD) (Plaza-Diaz et al., 2019), allergic disorders such as atopic dermatitis
(eczema) (Rather et al., 2016) and allergic rhinitis (Berings et al., 2017). Probiotics are also used to treat
gut dysbiosis, as it restores the microbial diversity (Plaza-Diaz et al., 2019). Probiotic VSL#3 is a multi-
strain probiotic tested on overweight or obese patients. It has shown to reduce the concentrations of lipids
and inflammatory markers such as high-sensitivity C-reactive protein, and it enhances insulin sensitivity
and produces changes in the composition of gut microbiota (Plaza-Diaz et al., 2019). Probiotic strain L.
plantarum TENSIA is shown to decrease BMI and blood pressure on obese patients (Sharafedtinov et al.,
2013). Metabolic activity and growth of probiotic bacteria are promoted by prebiotic compounds.
Combination of probiotics and prebiotics are called symbiotics (LeBlanc et al., 2017).

2.1.6. Gut microbiota metabolites

The gut microbiota is the central mammalian regulator for energy intake, as it processes nutrients to produce
compounds that can be utilized by the host. The gut microbiota synthesizes vital metabolites that are not
produced by the host and produces vitamins. Changes in the microbiota composition are likely to influence
the biochemical pathways and metabolic regulation of the host (Brial et al., 2018). Microbial end-products

are metabolites that the host uses in metabolic homeostasis, neurobiology, and immunological processes
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(Brown & Hazen, 2018). Gut microbiota metabolites are produced from different sources such as proteins,
fibres, choline, tyrosine and tryptophan which produces branched chain amino acids and short-chain fatty
acids (SCFA) metabolites (Brial et al., 2018) as illustrated in figure 3.

Carbohydrates and proteins are depolymerised by actions of gut microbiota to produce mono and
oligomeric compounds, which are further broken down into SCFA, CO- and H.. Proteins are broken down
into peptides and amino acids, and then into SCFA, CO: and H, branched-chain fatty acids (BCAAs),
ammonia (NHs), hydrogen sulphide (H.S), amines, phenols, indoles and mercaptans (Blaut & Clavel,
2007). SCFA are used as a source of energy by the host. Butyric acid, a short-chain fatty acid is a source of
energy for the epithelial cells lining in the colon and it impacts cell growth and differentiation. The gases
that are produced i.e. carbon dioxide, hydrogen, and methane may contribute to the equilibrium of the
microbiota. These gases can cause flatulence and distension, which leads to intestinal discomfort when

dietary intake of fermentable substrates is suddenly increased (Binns, 2013).

The gut microbiota breaks down flavonoids, which normally contains 2 phenyl-rings and an oxygen-
containing heterocyclic ring with high metabolic potential. Gut microbiota catalyses reactions using the
following catalytic reactions; O- and C- deglycosylation, demethylation, dehydroxylation, ester cleavage,
reduction of carbon-carbon double bonds, isomerization, ring fission, extension and truncation of the

aliphatic carbon chain and decarboxylation (Braune & Blaut, 2016).

2.1.7. Short chain fatty acids

Short-chain fatty acids (SCFA) are produced in the caecum and the proximal colon by the anaerobic gut
bacteria through fermentation of dietary fibres and non-digestible carbohydrates. The gut microbiota
ferments carbohydrates that are not used by the host to produce carbon dioxide (CO-), hydrogen (H2)
methane (CH4) and SCFA. The most abundant SCFA are butyrate, acetate and propionate. SCFA acts as an
energy source for the mucosal cells of the gut microbiota. The gut microbiota can utilize plant-derived non-

nutritional substance like flavonoids into nutritional metabolites (LeBlanc et al., 2017, Brial et al., 2018).

The SCFA are produced to have localized effects in the hosts gut. Propionate activates intestinal
gluconeogenesis. The effects of SCFA are shown by the stimulation of liver gluconeogenesis mediated by
propionate, which results in new lipid and protein synthesis. Butyrate acts as a source of energy to the gut

mucosal cells, while acetate acts as a precursor for cholesterol synthesis (Byrne et al., 2015).
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Experiments done on animal models (rats) show that there are associations between SCFAs, host
metabolism and disease. Rats supplemented with a diet enriched with butyrate and propionate, showed
improved glucose tolerance ,while the rats on a high-fat diet supplemented with butyrate reduced glucose
intolerance, insulin resistance, obesity, enhanced thermogenesis and mitochondrial function (De Vadder et
al., 2014). Experimental models and data conducted from human studies show that elevated SCFA can

contribute to lowering blood pressure and improving vascular phenotypes (Brial et al., 2018).

The SCFA have been reported to have numerous physiological, biochemical and molecular effects in many
tissues, including muscle, brain tissue, liver, intestines and adipose tissue. It is proposed that acetate
produced by Bifidobacterium can protect the host from lethal infections by improving the intestinal defence
mediated by epithelial cells (Plaza-Diaz et al., 2019).
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Figure 3: List of the essential metabolites produced by the gut microbiota. Once produced in the gut they are
sent into the liver via the portal system to be modified before reaching the general circulation (Plaza-Diaz et al.,
2019).
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2.1.8. The gut barrier function

The gut barrier consists of a mucosal layer overlaying an epithelial cell layer which prevents the passage of
harmful intraluminal substances including foreign antigens, microorganisms and their toxins into the body
circulation (Assimakopoulos et al., 2018). The barrier comprises of several integrated components
including physical, biochemical and immunological factors. Physical factors are the mucus layers and
epithelia, biochemical factors that include enzymes, antimicrobial proteins, and immunological factors such
as immunoglobin A (IgA) and epithelia-associated immune cells (Thursby & Juge, 2017). Mucus is present
throughout the gastrointestinal tract. In the colon, the mucus lining is thicker because it is crucial in
mediating the host-microbiota relationship. Colon mucus is divided into two layers consisting of a dense
impenetrable inner layer and a loose outer coating which is penetrable by bacteria. The outer mucus layer
consists of mucin proteins and diverse repertoire of O-glycans which provides energy and are preferred

binding sites for commensal bacteria (Johansson et al., 2015).

The intestinal mucus layers are built around highly glycosylated gel-forming mucin MUC2, secreted by
goblet cells. There are two groups of mucins, the normal gel forming and the transmembrane mucin. Type
1 is composed of MUC2, MUCsAC that also forms extremely large polymers. The second group of mucins
(MUC1, MUC3) are transmembrane mucins that cover the apical surfaces of the epithelial cells (Johansson
et al., 2011). The glycan structures present in mucins are very complex and diverse and are based on 4 core
mucin-type O-glycans containing N-acetylgalactosamine, galactose and N-acetylglucosamine. The O-
glycans make up 80% of the MUC?2 total molecular weight (Thursby & Juge, 2017). The gut barrier protects
the host against infections and disturbance of the gut barrier layer causes to inflammation in the gut which
leads to development of inflammation-based diseases including diabetes and obesity (Assimakopoulos et
al., 2018).

2.1.9. Dysregulation of the gut microbiota

Dysbiosis is an imbalance of the gut commensal bacteria which leads to susceptibility to infection,
decreased lymphocyte, and intestinal macrophage proliferation and low serum immunoglobulin levels
(Clayton et al., 2018). Dysregulation of the gut microbiome can cause disease or conditions such as Crohn’s
disease, colon cancer, stress and anxiety, food allergies, asthma, autism, eczema, hepatic encephalopathy,

diabetes, obesity and other metabolic related diseases (Holmes et al., 2012, Clayton et al., 2018).

Studies done in humans and animals show that the composition of gut microbiota in lean and obese species
are different (Cani et al., 2007). Increase in Firmicutes: Bacteroidetes (F:B) ratio is a key signal to obesity

(Holmes et al., 2012). It has been suggested that the F:B ratio correlates with body weight, with a ratio
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being higher for obese people. It has been suggested that dietary modulations with polyphenols can reshape
the gut microbial community and enhance host-microbial interactions to provide beneficial effects (Parkar
etal., 2013).

2.1.10. Effects of diet on gut microbiota regulation

Diet is a vital external factor that affects the gut microbiota, it can alter the microbial gut diversity and
ecology. Diet-induced alteration can be detected within 24 — 48 hours after dietary manipulation (David et
al., 2014). Diet alterations happen independently of the body weight and adiposity (Gentile & Weir, 2018).

Westernized diet composed of high-fat, high-sugar diet (HFD) has been associated with altered gut
microbiota which decreases the gut microbiota’s richness and diversity (Murphy et al., 2015). HFD has
been reported to decrease Bacteroidetes phylum, while increasing Firmicutes and Proteobacteria phyla
(Gentile & Weir, 2018, Schnorr et al., 2014, Yastunenko et al., 2012). Parks and colleagues (2013), reported
that body fat percentage growth is positively associated with a relative abundance of the Firmicutes genera
Lactococcus and with Bacteroidetes genera Allobaculum, and are negatively associated with the abundance
of phylum Verrucomicrobia genera Akkermansia (Parks et al., 2013). A human study conducted by
Munukka and colleagues (2012), suggests that overweight/obese women with metabolic disorder had a
higher proportion of bacteria belonging to the Eubacterium rectale — Clostridium coccoides than women
without metabolic disorder and normal weight women (Munukka et al., 2012). High fat diet feeding is also
reported to alter the gut barrier function by reducing tight junction proteins which lead to a leaky gut with
increased circulating lipopolysaccharides (LPS) which is a cell wall component found on Gram negative
bacteria (Gentile & Weir, 2018). Circulating LPS is known to have metabolic consequence to the host due
to an increase of LPS circulating, which poses as a potent inflammatory response via Toll-like 4 receptor
signalling which has been associated with development of cardiovascular and metabolic disease (Gentile &
Weir, 2018).

Table (1) illustrates the enterotype classes present under each phylum, it also lists the changes in the gut
microbiota under high fibre diet and high fat diet. Microbiota accessible carbohydrates (MAC) refers to a
carbohydrate that can be degraded by gut microbiota. There are carbohydrates that cannot be degraded by
microbes such as cellulose (Sonnenburg et al., 2016). MACs play a vital role in microbiota function and
composition. A study conducted by Sonnenburg and colleagues (2016), where mice fed a diet low in MACs
experienced a decrease of numerous taxa and loss of diversity is doubled over generations, and it was not
recovered after reintroduction of MACs. MAC:s are responsible for SCFA production, therefore a reduction
in MAC intake reduces SCFA production (Gentile & Weir, 2018).
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A study conducted by O’Keefe and colleagues (2015) looked at the effect of fat and fibre in increasing risk
of colon cancer on rural South Africans and African Americans. In the study, they compared the microbiota
and metabolome changes of rural South Africans who were eating a standard diet which was high in fibre,
low in fat, and African Americans who ate a Western diet which was high in fat, and low in fibre. They
found that the African Americans had lower gut microbial diversity and higher colon cancer biomarkers
compared to the Africans. When they swapped the diets of the two populations, they observed microbiota
and metabolome shifts within two weeks. The rural South African population presented with increased
colon cancer biomarkers while the African American population’s colon cancer risk biomarkers were

decreased (O’Keefe et al., 2015).

2.1.11. Specific species related to gut dysbiosis

2.1.11.1.  Faecalibacterium prausnitzii

Faecalibacterium prausnitzii is the sole known species to the genus Faecalibacterium (Lopez-Siles et al.,
2017). Faecalibacterium prausnitzii belongs to the Firmicutes phylum, it is a Gram negative, rod, anaerobic
bacteria. It is non-motile and non-spore forming. It is one of the most abundant bacteria in the gut microbiota
and it makes up about 5% of the gut microbiota. Faecalibacterium prausnitzii is reported to be one of the
main butyrate producing organisms (Martin et al., 2018). This species is reported to contain anti-
inflammatory properties through its ability to induce tolerogenic cytokine by secreting very low levels of
pro-inflammatory cytokines like interleukin 12 (IL — 12) and promotes the secretion of anti-inflammatory
cytokines like IL — 10 (Lopez-Siles et al., 2017).

Several studies show that Faecalibacterium prausnitzii cells or supernatant without the cells could reduce
the severity of acute chronic and low-grade chemical induced inflammation in murine models (Sokol et al.,
2008, Martin et al., 2015). These anti-inflammatory effects were associated with secretion of metabolites
responsible for blocking IL — 8 activation and upregulation of regulatory T- cells (Lopez-Siles et al., 2017).
The Faecalibacterium prausnitzii abundance has been found to decrease in patients suffering from diseases
such as irritable bowel syndrome, colorectal cancer, inflammatory bowel disease and obesity. Contrary to
what is known, a study by Balamurugan and colleagues (2009) showed a higher abundance of F. prausnitzii
species in obese children, and that the higher abundance of the bacterium contributed to increased energy
salvage from non-absorbed carbohydrates (Balamuragan et al., 2009). F. prausnitzii consumes acetate
while producing butyrate. In addition, it reduces the effect of acetate on mucus, and also prevents

overproduction of mucus in the gut (Makki et al., 2018).
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2.1.11.2.  Lactobacillus murinus

Lactobacillus murinus is a Gram positive, rod-shaped non-spore forming bacterium. Research conducted
by Pan and colleagues (2018) showed that mice that were put on a calorie restricted diet exhibited increased
in abundance of L. murinus species after a period of 14 days, suggesting that the species is a key mediator
of the anti-inflammatory and anti-aging effects of calorie restriction (Pan et al., 2018). In another in vitro
study by (Pan et al., 2018) the effect of L. murinus on inflammation were assessed using Caco-2 cells
stimulated with TNF-a. When the cells were cultured with bacterial culture supernatant from the L. murinus
cells, the researchers discovered that IL - 8 secretion was significantly reduced, implying that some soluble
substances secreted by the L. murinus inhibited the production of IL - 8. Recent studies show that L. murinus
protects against necrotizing enterocolitis by acting as an effective first colonizer in gastrointestinal tract of
rat model (Isani et al., 2018).

2.1.11.3. Lactobacillus reuteri

Lactobacillus reuteri is a known and commonly used probiotic found in many sites in the body, such as
skin, breast milk, urinary tract and the gastrointestinal tract. L. reuteri is known to be an effective
prophylactic for diarrhoea (Urbanska et al., 2016). L. rueteri produces ethanol, organic acids and reuterin
is a metabolite possessing antimicrobial properties. Reuterin can inhibit a wide range of microorganisms,
mainly Gram-negative microorganisms. In human studies conducted to investigate the effect of L. reuteri
in patients with diabetes, they administered L. reuteri DSM 17938 strain for 3 months and discovered that
the supplementation did not significantly change the microbial structure but that the treatment was effective

based on the baseline line values of each individual (Mu et al., 2018, Mobini et al., 2017).

L. reuteri has been shown to have anti-inflammatory effects by inducing anti-inflammatory T-regulatory
(Treg) cells (Mu et al., 2018). In studies that correlate L. reuteri to obesity shows that high levels of
Lactobacillus are found on obese individuals (both adults and children). An animal study conducted by Fak
and Béckhed (2012) showed that the beneficial L. reuteri effect on obesity was strain dependent. Three
different strains of L. reuteri were used to test the influence of diet induced obesity, where it was shown
that L. reuteri PTA 4659 effectively reduced the body weight of mice fed high fat diet, whereas mice treated
with L. reuteri L6798 gained more weight, liver and adipose weights were consistent with the body weight
changes (Fak & Backhed, 2012).
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2.1.11.4.  Lactobacillus apodemi

Lactobacillus apodemi is named after the species it was first isolated from, Apodemus speciosus. L. apodemi
is a Gram positive, non-spore forming, non-motile rod-shaped bacteria. It mostly occurs in single cells or
paired cells. When cultured on agar plate, it forms white, convex and smooth colonies with an opaque
border. Grows best under microaerophilic environments (Osawa, 2006). L. apodemi is able to degrade

tannin by producing tannase (Osawa, 2006).

2.1.11.5.  Succinivibrio dextrinosolvens

Succinivibrio dextrinosolvens is a Gram negative, curved bacillus with a monotritrichous flagella. 1t was
first isolated from bovine rumen. S. dextrinosolvens is founds on ruminating species. There were few reports
of this species found in human, and those patients were reported to suffer from bacteremia and
gastrointestinal tract disorders. It was assumed that this species is present in human microbiota but in small
numbers. It is mostly present on high starch diet. S. dextrinosolvens produces acetate, succinate lactate and

formate after fermentation (Hespell, 1992).

2.1.11.6. Prevotella copri

Prevotella copri is a Gram negative, rod-shaped, non-spore forming, non-motile bacteria, it is an obligate
anaerobe. Prevotella genus abundance is associated with plant-rich diets, while the Prevotella genus is also
associated with inflammation and certain diseases in the gut (Ley, 2016), Prevotella copri is known as a
fibre degrader, it also produces SCFA and also helps improve glucose metabolism (De Filippo et al., 2010).
There are other studies which associate P. copri to inflammatory conditions, insulin resistance and glucose
intolerance (Kovatcheva-Datchary et al., 2015). Some effects of P. copri are strain dependent (De Filippis

et al., 2019). P. copri is known to be an important biomarker for diet (Precup & Vodnar, 2019).

2.1.11.7. Prevotella sterecorea

Prevotella stercorea is a Gram negative, non-motile rod-shaped and non-spore forming bacterium (Hayashi
et al., 2007). P. stercorea is a bacterium associated with plant-rich diet, as it ferments fibre. A review
compiled by Precup & Vodnar (2019) highlights that P. copri and P. stercorea growth were stimulated by

[B-carotene and vitamin A found in fruits like mangoes and bananas (Precup & Vodnar, 2019).
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2.1.11.8.  Herbaspirillum

Herbaspirillum is a Gram negative, non-fermentative, curved or sometimes helical bacilli bacterium. It is
mostly found on plants as it is nitrogen fixing bacteria and helps the plant to grow. Herbaspirillum has been
isolated from human infections sites (Marques et al., 2014) but are rarely associated with the cause of
infection. Herbaspirillum has been isolated from blood and sputum of people with leukaemia, cystic
fibrosis, bacteraemia and cellulitis (Tan & Oehler, 2005). There are few strains that are associated with
being human pathogens, information is lacking on their pathogenicity, but it is speculated that

environmental strains may cause pathogenicity to humans (Marques et al., 2014).

2.1.11.9. Bilophila wadsworthia

Bilophila wadsworthia is associated with high fat diet and is known to increase inflammation and glucose
intolerance. B. wadsworthia causes bile acid dysmetabolism and leads to intestinal barrier dysfunction
(Natividad et al., 2018). It causes acute inflammation as it generates hydrogen sulphide via taurine
respiration (O’Keefe et al., 2015).

2.1.11.10. Roseburia spp.

Roseburia spp. are Gram-positive anaerobic bacteria There is a link between Roseburia spp. and gut health.
They form part of the commensal gut bacteria that produce SCFAs and butyrate. Roseburia spp. have anti-
inflammatory properties and maintains immunity. Disturbance in the Roseburia spp. abundance in the gut
microbiota may affect various metabolic processes that are associated with several diseases such as obesity,
T2D, irritable bowel syndrome and others (Tamanai-Shacoori et al., 2017). Depletion of Roseburia spp.
decreases butyrate oxidation and decreases butyrate levels in unhealthy humans (Tamanai-Shacoori et al.,
2017). A study conducted by Neyrinck and colleagues (2012) shows that Roseburia spp. abundance
decreases with high-fat diet feeding and that chitin-glucan increases the abundance of Roseburia spp. in the

gut microbiota (Neyrinck et al., 2012).
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2.2. METABOLIC SYNDROME

Metabolic syndrome (MetS) is an assortment of related conditions such as, glucose intolerance, insulin
resistance, increased blood pressure, excess body fat around the waist and abnormal triglyceride levels.
These occur together increasing the risk of stroke, diabetes and heart disease (Al-Qawasmeh & Tayyem,
2018). There are four metabolic risk factors associated with MetS; elevated post-prandial plasma glucose,
elevated blood pressure, a prothrombotic state, and a pro-inflammatory state (Grundy, 2018). Obesity is a
risk factor related to metabolic disease. Other parameters such as age and sex can influence MetS. It is
reported that MetS are more prevalent in older people, than it is in children and adolescents, with greater
risk in women than with men (Al-Qawasmeh & Tayyem, 2018). Metabolic syndrome complications can
lead to atherosclerosis, heart disease, kidney disease, stroke and type 2 diabetes mellitus (T2DM) (Diamant,
Blaak and de Vos, 2010; Sanderson et al., 2014).

The MetS risk factors cut-off points are dependent on country and population such as the elevated waist
circumference measurements. It is known in the literature that the normal triglyceride levels should range
at >150 mg/dL (1.7 mmol/L), high density lipoprotein cholesterol at around <40 mg/dl (1.0 mmol/L) in
males, and <50 mg/dL (1.3 mmol/L) in females. The systolic blood pressure should be >130mm Hg with
diastolic blood pressure of >85 mm Hg, and the elevated blood glucose levels of 2100 mg/dL (Alberti et
al., 2010). MetS are also linked to insulin resistance (IR) which is described as a physiological condition
where beta-cells secrete increased amounts of insulin hormone, but target tissues such as the liver, skeletal
muscle and adipocytes are unable to respond normally to the insulin. Insulin resistance is reported to be a

precursor of diabetes mellitus (Al-Qawasmeh & Tayyem, 2018).

2.2.1. Diabetes Mellitus

Diabetes Mellitus is referred to as a group of diseases characterised by high blood glucose. There are three
common types of diabetes mellitus; namely, type 1 diabetes, type 2 diabetes and gestational diabetes. Type
2 diabetes (T2D) is the most reported type of diabetes, which is a chronic condition that affects the way the
body processes blood glucose, while type 1 diabetes (T1D) is a chronic condition in which the pancreas
produces little or no insulin. Gestational diabetes is a form of diabetes with high blood sugar affecting

pregnant women mainly in their third trimester of pregnancy (McCracken et al., 2018).

Type 1 diabetes (T1D) is due to an autoimmune process where the body's immune cells attack the pancreatic
beta-cells and kill them, resulting in physical loss of beta-cells and therefore no insulin is produced. Type

2 diabetes (T2D) is a progressive disease characterised by loss of insulin sensitivity by insulin responsive
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cells (insulin resistance), whereby the insulin produced is not efficiently utilized by the body to maintain

normal blood glucose levels (Tuomi, 2005, Kim et al., 2018).

The prevalence of T2D amongst South Africans is high due to an increased genetic predisposition,
sedentary lifestyle and unhealthy diet which contains high sugar and high saturated fats. In South Africa,
there’s an increasing number of people affected by T2D, as per the International Diabetes Federation (IDF),
which estimates that 5.5% of South Africans between the ages of 20 and 79 years have diabetes, thus 1.83
million South Africans in this age group may be afflicted by T2D (IDF, 2017). There are a number of
studies that have demonstrated gut microbiota playing a main role in the initiation and perpetuation of
insulin resistance and type 2 diabetes by triggering low-grade inflammation, however, contribution of the
gut microbiota in development of T2D still needs to be studied further (Backhed et al., 2004, Cani et al.,
2007, Everard & Cani, 2013).

2.2.2. Obesity

Obesity is a chronic disease defined by excessive adipose mass. Obesity is a result of an imbalance between
food intake and energy expenditure resulting in accumulation of fat and adipose mass tissue. Adipose tissue
can be broadly divided into two main anatomical depots namely visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT). Adipose tissue consists of adipocytes, connective tissue, nerve tissue,
immune cells and blood vessels (Oikonomou & Antoniades, 2018). Clinically obesity is characterized by
BMI greater than 30 kg/m? (Lee et al., 2018). World Health Organisation (2018) stats show how obesity
has nearly tripled since 1975 worldwide, and in 2016 more than 1.9 billion 18-year-olds and older adults
were overweight and 13% were obese (Anon, 2018B). A study conducted by Puoane et al., emphasized
that obesity is a major health problem in developing countries, particularly in women. Obesity is associated
with increased risk of developing metabolic associated diseases, such as coronary heart disease, diabetes,
stroke and cancer (Puoane et al., 2002). Obesity treatment is targeted on therapeutic, nutritional and
behavioural management. Several reports suggest that gut microbiota plays a crucial role in the
development of fat mass and altered energy homeostasis. It is proposed that the gut microbiota has the
capacity to increase energy harvested from diet and can modulate host signalling pathways that could

influence the host metabolism and energy balance (Backhed et al., 2004).

Gut microbiota, Gram-negative bacteria produce lipopolysaccharides (LPS) that is a key molecule causing
inflammation and other metabolic diseases. There are a number of studies conducted that show LPS as a
major contributor to metabolic endotoxaemia. There's a relationship between fat feeding, obesity, type 2
diabetes and LPS (Everard & Cani, 2013).
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2.2.3. Diabetes and Obesity association with gut microbiota alterations

Gut microbiota, obesity, and type 2 diabetes are all affected by the hosts genotype, lifestyle, diet, physical
activity and antibiotics (Allin et al., 2015). There are a number of studies that support that obesity and
diabetes can alter the gut microbiota. The first study that showed gut microbiota alterations was associated
with obesity was performed on genetically obese ob/ob mice (Cani et al., 2007). The study revealed an
increase in Firmicutes and a decrease in Bacteroidetes. A study conducted by Backhed et al., (2004) showed
that gut microbiota plays a crucial role in development of fat mass and altered energy homeostasis. The
study revealed that germ-free mice were leaner compared to mice that harboured microbiota since birth,
and after inoculation of the germ-free mice with gut microbiota it induced an increase in fat mass and insulin
resistance (Backhed et al., 2004).

Recently it has been discovered that the metabolites produced by the gut microbiota contribute to the onset
of disease (Cani, 2019). A study by Arah Koh and colleagues (2018) describes how gut microbiota-derived
metabolite imidazole propionate produced from histidine contributes to the development of insulin
resistance and eventually causes T2D (Koh et al., 2018). They compared the portal vein plasma of
participants with obesity and T2D with participants with the same BMI but without T2D, they found that
levels of four metabolites derived from amino acids were higher in T2D than in the controls. They further
showed that imidazole propionate contributes to insulin disorder, as the imidazole propionate is an inhibitor
of the intracellular insulin receptor signalling cascade. Imidazole propionate activates p38Y- p62-mTORC1
pathway, which is the activation of p38Y MAPK which promotes p62 phosphorylation which activates
mechanistic target of rapamycin complex 1 (mTORC1) (Koh et al., 2018).

Recently El Hadji Seck and colleagues (2018) showed a correlation between obesity, gut microbiota and
salt intake. By using more than 1300 individuals from different geographical areas, they found that faecal
salinity was increased amongst obese individuals and that a dose-dependent relationship exists between
faecal salinity and body weight. They also observed that faecal salinity was a predictor of obesity and it
was independent of geographical area, age and sex. Proving that salt levels in the gut and obesity are inter-
linked (Seck et al., 2018). A human study conducted by Wu and colleagues (2010) showed an abundance
of Bifidobacterium abundance to be associated with a lower incidence of overweight, obese and type 2
diabetes (Wu et al., 2010). Seck also found that stool salinity was the key factor associated with depletion

of Bifidobacterium and Akkermansia muciniphila (Seck et al., 2018).
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2.3. ROOIBOS PHENOLIC COMPOUNDS

2.3.1. Rooibos plant

Aspalathus linearis family Fabaceae; tribe Crotalarieae, commonly known as rooibos, is found in the
mountainous area of Cederberg mountains, Western Cape, South Africa (Joubert et al., 2008). Cultivation
of rooibos is mainly concentrated in the Clanwilliam area of the Cederberg and Bokkeveld mountains.
Rooibos geographical distribution is limited, as it naturally grows in the Western Cape and southwestern

areas of the Northern Cape (Morton, 1983). Its geographical distribution is illustrated in figure (4).
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Figure 4: Geographical distribution of rooibos (Aspalathus linearis) in South Africa (Lotter & le Maitre, 2014).
Rooibos is cultivated along the Lambert’s Bay region up to Nieuwoudtville. The areas marked with a cross
represents the cultivated rooibos area, and the triangle represents the area where rooibos grows widely. The wild
type rooibos grows in elevated areas.

The rooibos plant, Aspalathus linearis is a shrub-like bush, with needle-like leaves with branches that are
60 cm in length which is green/brown in colour, the leaves are 2-6 cm in length, and they produce yellow
flowers that occur in short clusters as indicated in figure (5) (Dahlgren et al., 1968). There are two types of
rooibos which are used in tea production, namely the Nortier which can be cultivated and Cederberg which
is the type that grows wildly (Morton, 1983).
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2.3.2. Bioactive properties of rooibos

Rooibos is low in tannin content, alkaloids and caffeine free. It is known as herbal beverage amongst the
locals; because it alleviates nervous tension, ingestion, heartburn and nausea. It also improves appetite,
promotes sound sleep and alleviates infantile colic on infants (Morton, 1983; Schmid et al., 1998). Rooibos
tea is available in two forms, as oxidized (fermented) rooibos or green (unfermented) rooibos. Green
(unfermented) rooibos, contains much higher levels of polyphenols than the oxidized (fermented) rooibos,

the product that is commonly prepared as herbal tea (Joubert et al., 2008).

Figure 5: Aspalathus linearis flowering plant, (https://www.superfoodly.com/red-rooibos-tea-benefits/)
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2.3.3. Dietary polyphenols

Polyphenols are a group of phytochemicals which are found in plant-based foods that are associated with
maintaining health. Dietary polyphenols possess anti-inflammatory and anti-oxidative properties that
influence glucose and lipid metabolism (Hanhineva et al., 2010). Polyphenol intake is associated with
lowering risks of major chronic diseases including diabetes, cardiovascular diseases and cancer and their
recommended dietary intake is 1 g/day (Parkar et al., 2013). There are two major classes of polyphenols;
hydroxycinnamic acids and flavonoids (Parkar et al., 2013). Flavonoids contain various structural classes
such as flavanols, flavanones, anthocyanidins and isoflavones (Hanhineva et al., 2010). The
hydroxycinnamic acids are a class of aromatic acids having a C6-C3 skeleton and a natural

phenylpropenoic acid compounds, which occur as esters or glycosides.

Unfermented rooibos contains about 4% to 12% aspalathin, at the concentration is 49.9 mg/g and other less
plentiful polyphenols such as nothofagin 10.8 mg/g, isoorientin 3.6mg/g, orientin 2.3 mg/g, rutin 1.3-1.7
mg/g, isovitexin 0.7 mg/g, vitexin 0.5mg/g, and other (Kreuz et al., 2008). Isoorientin has been associated
with anti-hyperlipidemic and anti-mutagenic activity (Sezik et al., 2005; Snijman et al., 2007), anti-
inflammatory, anti-nociceptive activity and gastroprotective activity (Kipeli et al., 2004; Zucolotto et al.,
2009) and hepatoprotective activity (Deliorman Orhan et al., 2003). Orientin has been associated with anti-

adipogenesis activity properties and anti-mutagenicity (Snijman et al., 2009).

2.3.4. Aspalathin

Aspalathin is a C-glucosyl dihydrochalcone flavonoid found in the rooibos plant species. Highest quantities
of aspalathin are found in the unprocessed rooibos plant, and it is a chemical marker for Aspalathus spp.
Aspalathin is found only in rooibos spp. and it is believed that it protects the plant against oxidative stress
caused by environmental factors (Diamant, Blaak & de Vos, 2010). It is reported to have glucose-lowering
effects, ameliorates insulin resistance in vitro, protects heart cells, lowers cardiovascular risk factors and

protects beta cells against oxidative stress (Muller et al., 2017).

Aspalathin is found in the leaves of Aspalathus linearis along with its flavone derivatives isoorientin and
orientin, with isoorientin being more abundant than orientin. The flavone equivalents of another C-glucosyl
dihydrochalcone, nothofagin, are vitexin, and isovitexin which are present at significantly lower levels than

orientin and isoorientin (Joubert et al., 2013). There are other major compounds which are, quercetin-3-O-
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robinobioside, rutin, hyperoside, and isoquercitrin, of which quercetin-3-O-robinobioside and rutin are

present in the highest quantities (Muller et al., 2017).

Aspalathin chemical structure, indicated in figure (6) has been described as 3'-C, -D-glucopyranosyl-
2',3,4,4' 6'-pentahydroxydihydrochalcone (Koeppen & Roux, 1966). Aspalathin has a C-glycoside (sugar)
which is directly linked to the flavonoid nucleus via an acid resistant and enzyme resistant C-C bond. It has
molecular formula, C12H24011, @ molecular weight of 452.412 g/mol (Johnson et al., 2018), and a chemical

structure as indicated in figure (6a).

(A) (B)
OH
HO OH OH Molecular Fgrmula: C,H,0,,
Formula Weight: 452.40866
Composition: C(55.75%) H(5.35%) O(38.90%)
(0] Molar Refractivity: 108.66 +0.3 cm?®
OH Molar Volume: 2721 +3.0cm?
OH O Parachor: 851.5+4.0cm?
HO OH Index of Refraction: 1.730 + 0.02
Surface Tension: 95.9 + 3.0dyne/ecm
HO Density: 1.662 + 0.06 g/cm®
Dielectric Constant: Not available
Polarizability: 43.07 + 0.5 10%cm?
RDBE: 10
Monoisotopic Mass: 452.131862 Da
Nominal Mass: 452 Da
Average Mass: 452.4087 Da
M+: 452.131313 Da
M-: 452.13241 Da
[M+H]+: 453.139138 Da
[M+H]-: 453.140235 Da
[M-H]+: 451.123488 Da
[M-H]-: 451.124585 Da

Figure 6: Chemical structure of Aspalathin (a) Aspalathin consists of the glycosyl group and dihydrocholane
structure, and it is 3'-C-,-D-glucopyranosyl-2',3,4,4',6'-pentahydroxydihydrochalcone, (b) Molecular properties of
aspalathin (ChemSketch freeware, ACD labs).

During fermentation of rooibos, a colour change is observed from green to red/brown colour, which is
caused by the conversion of its reactive polyphenols such as aspalathin to its flavanone analogues
isoorientin and orientin (Krafczyk & Glomb, 2008). Isoorientin is formed via (R)/(S)-eriodictyol-6-C-B-D-
glucopyranoside convention of aspalathin, while orientin doesn’t form via this mechanism. Orientin is
formed as a result of isoorientin undergoing opening of its vinyl ester structure, bond rotation and closing
of the ring structure (Krafczyk & Glomb, 2008).
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2.3.5. Afriplex Green Rooibos Extract® (GRT)

Afriplex green rooibos extract is an aspalathin-rich extract formulated from green rooibos tea. Afriplex
GRT™ js prepared as a standardized pharmaceutical grade extract by Afriplex (Pty) Ltd (Paarl, South
Africa). Afriplex GRT™ contains ca. 12% aspalathin amongst the other polyphenolic green rooibos plant
components. To-date, Afriplex GRT™ has been used in a number of studies conducted by the SAMRC
(Muller et al., 2017). Using a high fat and high sugar diet-induced vervet monkey model the effects of
rooibos on the gut microbiota was compared to monkeys on maize diet. It was observed that due to the
Afriplex GRT™ treatment Firmicutes to Bacteroidetes (F/B) ratio increased in diabetic vervet monkeys,
(Muller, in 11th World Congress on Endocrinology and Metabolic Disorders, 2017), this correlated with
improved blood glucose and lipid parameters (Orlando et al., 2019). Bacterial species which are relevant
to contributing positively to human metabolic disease also increased (Muller, in 11th World Congress on
Endocrinology and Metabolic Disorders, 2018). Based on previous and current studies, it was shown that
Afriplex GRT™ has several health benefits such as having a positive influence on regulating blood glucose

levels (Muller et al., 2012) and regulating LDL-cholesterol levels in vervet monkeys (Orlando et al., 2019).

2.3.6. Bioavailability of aspalathin

Bioavailability of bioactive food compounds is dependent on a number of factors such as; absorption,
distribution, metabolism and excretion. Factors such as interaction with other food components limit or
enhance the bioavailability of polyphenols in the digestive system (Rein et al., 2013). Aspalathin is ingested
by drinking rooibos or consuming food supplemented with rooibos extract. Aspalathin is hydrophilic which

results in poor bioavailability (Johnson et al., 2018).

A study conducted by Huang and colleagues (2008) using Caco-2 monolayer cells demonstrated that the
absorption of aspalathin was better in green rooibos extracts than in pure compound aspalathin. This
indicates that the action of aspalathin is aided by other plant components present in the extract. An in vivo
study conducted by Kreuz and colleagues (2008), they found a number of metabolites in the urine of pigs
fed with an aspalathin enriched, green rooibos extract equalling 157-167mg aspalathin/kg body weight/day.
No aspalathin or metabolites were detected in the plasma of the pig, but aspalathin and several metabolites
were detected in the urine. This showed that glycosylation of aspalathin was not prerequisite for absorption
of aspalathin (Kreuz et al., 2008).

Human studies have been done on to establish the bioavailability of rooibos phenolic compounds. A study
by Courts & Williamson (2009), served 300 mL of green rooibos infusion which contained 91.2 mg

aspalathin/subject. Urine samples were collected and it was found that 0.74% of the total aspalathin
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consumed was excreted over 12 hour period in the form of 3-0-methylaspalathin (162 mg) and 3-0-
methylaspalathin glucuronide (87 mg), with the first metabolite predominant (Courts & Williamson, 2009).
In another human study conducted by Stalmach and colleagues (2009), 500 mL of fermented rooibos and
green rooibos beverage were consumed on different occasion by the same subject, and 8 metabolites were
found in the human urine. The main metabolite found after ingestion of green rooibos was an O-methyl-
aspalathin-O-glucuronide, while eriodictyl-O-sulfate was the main metabolite after ingestion of fermented
rooibos (Stalmach et al., 2009).

We believe that use of plant-based prebiotic phenolic compounds can modulate changes in the gut
microbiota, in particular the rooibos phenolic compound aspalathin is of interest. Prebiotics are defined as
substrates that are selectively utilized by host microorganisms for the health benefit of the host (Gibson et
al., 2017). For food to be classified as prebiotic, it must not be hydrolyzed or absorbed in the upper
gastrointestinal tract, it must be a selective substrate for a limited number of beneficial commensal bacteria
in the gut stimulating growth of the beneficial bacteria, and it must be able to alter the guts composition for
a healthier gut microbiota composition (Gibson et al., 2010). Aspalathin meets these criteria as it resists
deglycosylation by enzymes of the small intestine and reaches the lower intestines in large amounts.
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2.4, USE OF NON-HUMAN PRIMATE IN RESEARCH

Research involving non-human primates (NHPs) has played a vital role in many of the medical and
scientific advances of the past century. NHPs are used because of their similarity to human physiology,
neuroanatomy, reproduction, development, cognition, and social complexity. Yet, it is these very
similarities that make the use of NHPs in biomedical research a considered decision (Phillips & Everling,
2014). NHPs used for biomedical research include; Cebus albifron (new world monkeys), Lemur catta
(ring-tailed lemurs), Saimiri sciureus (squirrel monkeys), Aotus trivirgatus (owl monkeys), Papio spp
(baboons), Macaca mulatta (rhesus macaques), Saguinus spp (marmosets) and Chlorocebus aethiops
(African green monkey, vervet). The total number of non-human primates used in research was 71 317 in
2010 according to the United States Department of Agriculture (USDA) (Animal Welfare Institute, 2018).

Non-human primates are increasingly used in pharmaceutical and bioterrorism experiments. Researchers
continue to promote the development of NHP models for a variety of human diseases and conditions. NHPs
are natural hosts of infectious agents and they are also susceptible to many human infections such as measles
and tuberculosis. Newly acquired NHPs are usually quarantined for 3 months before introducing them into
a colony (Parrott, 2019). NHP models are being used to study the gut microbiome due to their close
phylogenetic relationship and similar phylogeny with humans. However, the human gut microbiota has
evolved from a mainly plant-based diet to a humanised diet in which the digestibility of food is increased
by cooking and other food processing techniques. Fortunately, for researchers most NHPs readily accept a

humanised diet, making NHPs ideal models to study diseases related to diet.

Vervet monkeys (Chlorocebus pygerythrus) also known as the African green monkey, are long-tailed
monkeys. Vervet monkeys belong to the Chlorocebus genus, there are six species under the genus
recognized in Africa namely; Ch. aethiops, Ch. cynosures, Ch. djamdjamensis, Ch. pygerythrus, Ch.
sabaeus, and Ch. tantalus, of which Ch. Aethiops was recorded as occurring in Southern Africa (Groves,
2001).

Vervet monkeys are medium sized primates which live in highly social groups of up to 50 individuals, they
have long canines which protrude 3.2cm from the gum line. Males are bigger than females. Males range
from 420mm to 600mm in height and from 3.9kg to 8.0kg in weight, while the females range from 300mm
to 495mm in height and 3.4kg to 5.3kg in weight. Vervet monkeys have approximately equal length of arms
and legs, and they use all four limbs to move around on both land and trees, they can also swim (Ramulondi,
2014).
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The vervet monkey is one of two African non-human primate species, endemic to Southern Africa, and
which is most commonly utilized in biomedical research (Kavanagh et al., 2007; St Clair et al., 1981).
Vervet monkeys are used in many fields including virology, bacteriology, parasitology, neurology,
toxicology, reproduction and cell biology and they have proven to be particularly useful in the areas of
cardiovascular and metabolic disease (Fairbanks et al., 2010; Fincham et al., 1998; Kavanagh et al., 2007;
Louw et al., 1997; Martin et al., 1990; Rudel et al., 1981; Smuts et al., 1992; Suckling & Jackson, 1993;
Wallace et al., 2005).

Non-human primates are used as models to study human disease as they are more biologically relevant
research models and are unmatched in terms of their relevance than other animals used to study many
human conditions (Clayton et al., 2018). Recently, Amato et al, conducted the study showing differences
in response to diet between humans and vervet monkeys (Amato et al., 2015). Humans show relative
abundances of Firmicutes and reduced relative abundances of Bacteroidetes while vervet monkeys had an
opposite pattern of a reduction in Firmicutes relative abundances and an increase in Bacteroidetes relative

abundances in response to a Western diet (Amato et al., 2015).
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2.5. CULTURING SYSTEMS

There are various techniques of culturing anaerobic bacteria such as using the special anaerobic culture
media (pre-reduced media), anaerobic jar (GasPak anaerobic system), anaerobic bags or pouches, anaerobic
chamber (anaerobic glove box), and the Speed Breedy culturing system. Pre-reduced media and anaerobic
jars can be used to collect and transport samples under aerobic conditions. In this study two methods used
for anaerobic culture were the anaerobic (glovebox) chamber and the Speedy Breedy® precision
respirometer.

2.5.1. Anaerobic chamber

Anaerobic chambers, also known as an anaerobic glove box, are atmosphere control units designed to be
used when working with oxygen sensitive specimens, products with containment needs, and/or general
isolation control. These units allow researchers to easily process, culture and examine samples without

exposure to atmospheric oxygen.

Charcoal

Palladium

Desiccant

Gas canister

Orange-

anaerobic gas mix j‘«
Y

Control knobs
Green- H; gas

Airlock inter-transfer

Incubator chamber

Gloves

Figure 7:1llustration of the anaerobic glove box (Image captured at Cape Peninsula University of Technology)

Anaerobic chamber is an ideal anaerobic incubation system as it provides an oxygen-free environment at a
stable pressure for culture of a large number of species. Anaerobic chamber’s atmosphere is made up of
85% N, 10% CO;and 5% H,. The chamber has glove port where rubber or neoprene gloves are used by
the operator to perform manipulations within the chamber. There is an exchange chamber which is airlocked

with the inner and outer chamber. The anaerobic chamber is fitted with a palladium catalyst and activated
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charcoal. The palladium converts the O, present in the chamber into water using H, and the activated

charcoal keeps CO; present in the chamber is for optimal growth of anaerobic bacteria species.

Media that was used for anaerobic culturing was maximum recovery diluent (MRD), Scheadler agar and
Brain heart infusion (BHI) broth. MRD is a peptone saline diluent which is used for serial dilution. MRD
contains low peptone digest concentration of animal tissue which helps maintain the organisms for 1-2
hours of dilution without multiplying (www.oxoid.com, 2018). Schaedler blood base agar is used for

recovery of bacteria encountered in the gastrointestinal tract and found it to be successful in supporting
growth of fastidious anaerobic microorganisms (Schaedler, 1965). Schaedler contains casein peptone, soy
peptone, dextrose, yeast extracts, Tris (hydroxymethyl)-aminomethane, meat peptone, sodium chloride, L-
cysteine, hemin, vitamin K, defibrinated sheep blood, agar and demineralized water at pH 7.6 (Schaedler,
1965). BHI medium is used to cultivate a wide range of microorganisms. It is a nutritive media which
contains; calf brain infusion, beef/pig heart infusion, proteose peptone, dextrose peptone, sodium chloride
and disodium phosphate (Sandven et al., 2009). These supply nutrients and proteins needed to supplement

the growth of fastidious and non-fastidious growth of microbes.

2.5.2. Speedy Breedy system

The Speedy Breedy culturing system is a portable, sensitive, precision respirometer which detects and
monitors microbial activity. These detections are determined as a consequence of pressure transients
relating to gaseous exchanges within a closed culture vessel of a specific working volume, as a result of
microbial respiration (Speedybreedy.com, 2018). This device measures pressure consistently in the vessel.
A rise in pressure occurs when fermentative organisms multiply inside the vessels. An increase in cell
number is reflected by the increase in pressure measured as mbar/min as well as overall pressure in the
vessel in millibars. Speedy Breedy detects the pressure in the mini-fermenter vessel by measuring the
deformation of a membrane in response to the pressure generated by CO, produced by microorganisms.

The deformation of the membrane is directly proportional to the pressure inside the vessel.

Speedy Breedy is a two-chamber vessel instrument (figure 8) that maintains culture conditions within
purpose-designed disposable culture vessels. Samples are introduced via a rubber injection port into the 50
mL vessel. The vessel has a propeller that homogenizes the culture conditions for rapid microbial growth
conditions. The mini-fermenter culture vessels are supplied with various dry media capsules designed for
the specific purpose i.e. anaerobic microbial growth. Speedy Breedy is used in a number of applications

such as testing for levels of contamination, or sterility. The Speedy Breedy culturing media used in this
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study was specially prepared for anaerobic microbial culturing however the content is undisclosed

(proprietary information).

Culture vessel
Incubation

Chamber

Sample injection
septum

Monitor

Culturing Media
and sample

Figure 8: Speedy Breedy culturing system, indicating the incubation chamber (a, b) and the culturing vessels (a, d).
Speedy Breedy system consists of two chambers that can operate independently, controlled by a computer system (c)
that monitors temperature and pressure during the microbial growth. The Speedy Breedy vessels (d) are supplied with
the specific culturing media contained in a capsule which dissolves as the rotor rotates during microbial culture

(Speedy Breedy, Bactest Limited, United Kingdom).
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2.6. METAGENOMICS

Metagenomics is an analysis tool that can be used to study complex microbial communities collected
directly from their environments, without culturing or isolation. It is an useful tool to elucidate various
characteristics of a sample and to identify microorganisms species present and can provide insight into the
metabolic activities and functional roles that the microbes play in the environmental samples (Ghosh et al.,
2019). Various metagenomics analysis techniques provide information on taxonomic diversity (which
species are present) and functional metagenomics (role each species play in the diversity). Taxonomic
diversity analysis is achievable by amplification of targeted specific genes using PCR primers such as the
variable regions V1 — V9 of 16S rRNA, 18S rRNA and ribosomal ITS before gene sequencing. There are
two most commonly used methods of metagenomic analysis, which are the amplicon-based method and

whole metagenomic shotgun sequencing (Ghosh et al., 2019).

2.6.1. Types of metagenomic analysis

Whole-genome shotgun (WGS) sequencing is a more precise method of sequencing as it randomly selects
fragments from the entire genome. With this method of analysis, samples can be classified up to species
level, but it is more expensive to run as it requires extensive analysis (Ranjan et al., 2016). WGS can be
further be divided into two sequencing methods, namely sequence-based screens and functional screens.
Sequence-based screens focus on describing microbial diversity and genome sequences of a sample, while
the functional screens identify the functional gene product, but it does not identify which species it
originates from (Madhavan et al., 2017). WGS allows higher sequencing depth for detection of rare taxa
(Ghosh et al., 2019).

Another type of metagenomic analysis is the amplicon-based 16S rRNA sequencing method, this contains
two amplicon-based methods focused on, which are the 16S rRNA and 18S rRNA/ribosomal ITS. The 16S
rRNA sequencing is a widely used technique for microbial diversity analysis for environmental samples
such as the soil and gut microbiota, amongst others. This method solely relies on investigating the
hypervariable regions (V1-V9) of the bacterial 16S ribosomal RNA to make community-wide taxonomic
assignments. 16S rRNA sequencing works by grouping almost identical sequences in the same operational
taxonomic unit (OTU). Some degree of divergence is allowed, but sequence has to be >97% to be grouped
under the same OTU. 16S rRNA has its disadvantages as it cannot distinguish between two species that
have the same OTU. It is generally sensitive until the genus level (Morgan & Huttenhower, 2012). The 18S
rRNA is normally used for fungal identification. The 18S rRNA region contains both hypervariable and

conserved regions. The internal transcribed spacer region (ITS) is positioned between the 18S and the 5.85S
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regions. ITS is used for analysing fungal diversity on samples (Ghosh et al., 2019). For our current study,

we have used the amplicon-based method focusing on the 16S rRNA region.

2.6.2. lon torrent

lon torrent is a semiconductor sequencing method of our choice. lon torrent sequences DNA by detecting
hydrogen ions produced by the DNA sample through the release of hydrogen ion during polymerization of
DNA on a semiconductor chip. lon torrent is different from other sequencing technologies because it uses
a pH-based sequencing strategy and there are no modified nucleotides or optics used.

2.7.3. lon torrent principle

A semiconductor chip contains an array of microwells that each contains many copies of single stranded
DNA template embedded on a microbead with a DNA polymerase. Each well gets flooded with a single
unmodified deoxyribonucleoside triphosphate (ANTP) at a time. The incorporation of a nucleotide onto the
single strands forms a covalent bond which releases pyrophosphate and a hydrogen ion. If the nucleotide
in the well corresponds to the next available nucleotide, it incorporates into a growing complementary
strand by DNA polymerase. If the nucleotide is not complimentary, then there’s no assimilation. The
hydrogen ion that gets released during polymerization changes the pH of the solution and that gets detected
by ion-sensitive field-effect transistor (ISFET) which seats on a layer underneath the wells of the
complementary metal-oxide- semiconductor (CMOQOS) chip. The unattached dNTP which remains
uncharged are washed before the next cycle when a different dNTP is introduced. The ISFET transmits the
chemical information into the computer to be digitalized, this is all recorded as sequencing, process happens
every 15 seconds (Rusk, 2010, Pennisi, 2010).

2.7.4. lon torrent library preparation

Next generation library is a collection of similar sized DNA fragments with known adapter sequences added
to the 5’-end and the 3’-end. Library preparation contains four steps i.e., DNA fragmentation or target
selection, adapter sequences, size selection, and final library quantification and quality control. DNA
fragmentation takes place by a physical method or enzymatic methods of fragmentation. Mostly, when the
guantification size is known, PCR amplification is used as the primers focus and amplify the region of
interest within the desired size range. Adapter sequences are added to the DNA fragment, specific adapter
sequences are added and the adapter sequences, usually 20 — 30 base pairs long, and their fragments are
known. One adapter attaches to the 5’-end while the other attaches to the 3’-end. One adapter sequence

contains the primer annealing site while the other adapter contains the DNA binding site where sequencing

40



will start. The third step of library preparation is selecting the library fragment size (Chen et al., 2018).
There are two methods that can be used for this, it is either electrophoresis separation-based method or the
bead-based size method. The bead-based separation employs the use of magnetic beads with variant buffer
concentrations to isolate the DNA fragment size of interest. Size selection is critical as it affects the
downstream process of DNA sequencing. The last step of library preparation is library quantification and
quality control. Accurate analysis is vital as this affects sequencing, for analysis of these DNA fragments
either bioanalyzer system is used or the gPCR is used. Bioanalyzer provides fragment size and library
concentrations, while g°PCR measures the amplifiable library information but lacks library size information.

gPCR is the most accurate form of analysis to use (Chen et al., 2018).
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3.1. ANIMAL SELECTION

A total of six vervet monkeys (Chlorocebus pygerythrus) were randomly selected from two main groups:
1) the standard diet group (n=3) which received a maize based normal diet, and 2) the Western diet group
(n=3) which was supplied with a high fat diet (Table 2). The normal diet comprised of 11% fat, 15% protein,
74% carbohydrates, while the Western diet consisted of 40% fat, 15% protein, and 44% carbohydrates. The
animals were maintained on their respective diets for a minimum of 5 years prior to their selection for
participation in this study. The monkeys were fed twice daily (morning and noon), receiving food at each
time point, and they were supplemented with fresh fruits and vegetables. Physiological parameters such as

body weight and fasting blood glucose concentrations were measured for the selected animals.

Table 2: Characteristics of the monkeys selected for the study

Monkey Diet Sex Body Weight | Age (years) Blood glucose level
number (kg) (mmol/L)

M249 Standard diet Male 5.34 kg 20 4.2

M268 Standard diet Male 4.82 kg 19 4.0

M238 Standard diet Male 4.95 20 6.3

M403 Western diet Female | 3.98 kg 12 6.5

M281 Western diet Male 3.19 kg 18 10.4

M343 Western diet Male 5.79 kg 16 12.4

3.2. ANIMAL CARE AND ETHICS APPROVAL

The vervet monkeys participating in this study were in-house bred and maintained at the Primate Unit and
Delft Animal Centre (PUDAC) of the South African Medical Research Council (SAMRC), in accordance
to all the relevant guidelines and standard operating procedures. All animals were housed in a sterile,
airconditioned area with temperature ranging from 23 — 26°C; humidity of 45-50% and 12-hour light cycle.
The animals were contained individually in a single cage (900cm x 700cm x 1200cm) with foraging pans
and grooming panels that allowed social interactions. Furthermore, animals were allowed to leave their

home cages to interact with other animals with the aid of additional exercise cages. Ethical approval on the
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use of animals was obtained from the Ethics Committee for Research on Animals (ECRA) of the SAMRC

(Ref 08/18).
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3.3. SAMPLE COLLECTION AND HANDLING

The faecal samples were collected from the animals in both groups at PUDAC between 7- 9 AM. Faecal
samples were collected from clean stainless-steel cage pans and transferred into sterile stool collection
containers. The containers were immediately place into an anaerobic jar and kept under anaerobic
conditions at room temperature using AnaeroGen (Thermo scientific, USA) until culture at the SAMRC

and Cape Peninsula University of Technology, District six campus, respectively.

3.4. SPEEDY BREEDY CULTURING

A faecal slurry was prepared by dissolving one gram of faecal sample in 9mL of distilled water. The faecal
samples were vortexed at the high speed for three minutes, followed by centrifugation at 13000xg for five
minutes. The supernatant, composing of the gut microbiota, was retained as the object of interest. After the
solution was centrifuged, 500uL of the solution was transferred into 50mL Greiner tube and it was topped
up with distilled water for a final volume of 50mL without addition of any rooibos phenolic compounds.
Samples cultured with Afriplex GRT™ and aspalathin were added to the faecal slurry solution, respectively.

Afriplex GRT™ and aspalathin were dissolved in water and the final volume was made up to 50mL.

The sample solution was added aseptically to the Speedy Breedy fermentative vessels, using a 50mL sterile
syringe. The samples were then cultured at 37°C for 10-hour period using Speedy Breedy culturing system.
The bacterial growth curves were monitored using the Speedy Breedy software throughout culturing. The
Speedy Breedy anaerobic culture media is an all culture broth which composed of proteose peptone, beef
extract, yeast extract, malt extract, dextrose and ascorbic acid (pH= 7.2). The media was provided lab-ready
inside the sterile anaerobic fermentative vessel provided by Speedy Breedy (Bactest Limited, UK). After

culturing the samples were then centrifuged and the pellet used for DNA extraction.

3.5. ANAEROBIC CHAMBER

Maximum Recovery diluent (MRD) media was prepared and conditioned under an 85% N, 10% CO and
5% H, anaerobic chamber for 24 hrs. Anaerobically, faecal slurry was prepared in a 50mL Greiner tube
using the Maximum Recovery Diluent (MRD) media. One gram of faecal sample was dissolved in 10 mL
of MRD. The mixture was vortexed and allowed to settle for 15 minutes. One millilitre of sample was

aliquoted in 9mL of MRD media and serial dilutions were prepared up-to 10® dilution. One hundred
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microliters of each sample were pipetted onto a 5% sheep’s blood agar plate, and then incubated for 24 to

48 hours at 37°C, to assess the growth of bacterial colonies.

After the 48 hours incubation period, colony forming units (CFU) were counted. Single colonies were
picked and inoculated in 10mL Brain Heart Infusion broth (BHI) and incubated for 72 hrs at 37°C. After
cultivation, ten millilitres of cultured samples were removed, and used for subsequent DNA extractions and

Gram staining.

Gram staining was done from the samples cultured on broth media and also on the plated single colonies
according to the standard operational procedure. The slides were examined with x100 oil-immersion

objective lens on a light microscope (Olympus, Life Bioscience).

3.6. TREATMENT CONCENTRATIONS

3.6.1. Aspalathin

In this study two concentrations of aspalathin tested to see which concentrations would invoke change in
the gut microbiota. The two concentrations that were used were 100uM and 1mM. After repeated
experiments that were conducted it was concluded that 1mM concentration was more effective than 100uM.
Therefore, the ImM concentration was used for the rest of the study. Aspalathin has a molar weight of

452g/mol that was adjusted to get the desired concentrations. The final volume for each sample was 50mL.

3.6.2. Afriplex GRT™

The Afriplex GRT™ concentration used, 100mg/L, was selected based on previously conducted cells
culture studies, as this concentration was not toxic to the cells used, therefore, it was assumed it was safe

to be used for anaerobic bacterial culture (Muller et al., 2012). The final volume was 50mL.
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3.7. DEOXYRIBONUCLEIC ACID (DNA) EXTRACTION

Deoxyribonucleic acid (DNA) was extracted using the NucleoSpin® DNA Stool kit (Macherey-Nagel,
Germany), according to the manufacturer's instructions. Briefly, 250mg weighed pellet or 500uL dissolved
pellet was used for the extraction. Pellets were obtained from 50mL Speedy Breedy vessel or 10 mL from
anaerobic chamber. Extracted DNA was eluted in 50ul of elution buffer and assessed in terms of
concentration and purity using the NanoDrop ND-8000 (Thermo Scientific, USA). Samples with a DNA
concentration less than 20ng/uL or a ratio of absorbance of A260/280 less than 1.8, and A260/230 less than
1.9 were repeated for further purification and to meet the quality standards of DNA. A supplementary table
containing the quantity and quality of the DNA used for PCR and metagenomic sequencing is presented
under Appendix A (Table S1).

3.8. POLYMERASE CHAIN REACTION (PCR)

3.8.1. Primer preparation

Quantification of different taxa by PCR was performed using primers targeting Firmicutes, Bacteroidetes,
and All Bacteria. All primer sets were purchased from the Integrated DNA Technologies (Integrated DNA
Technologies Inc., Coralville, United States) at a 100uM stock solution. Working solutions of each primer

set were prepared at 10uM. Primers used are illustrated in table (3).

Table 3: The list of primers and annealing temperature used

Category Primers Base pairs | Annealing temperature
b
(bp) 0

Forward primer Reverse primer

Firmicutes 5" ATG TGG TTT | 5> AGC TGA CGA | 20 20 49.15
ATT TCG AAG  CAACCATGCAC3
CA3’

Bacteroidetes | 5° CAT GTG GTT | 5 AGC TGA CGA | 21 20 48.35
TAA TTC GAT | CAACCATGCAG3’
GAT 3’

All bacteria | 5 ACT CCT ACG | 5 ATT ACC GCG | 20 17 55
GGA GGC AGC | GCTGCT GG 3’
AG3
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Melting temperature was calculated using the Marmur and Doty equation illustrated in equation (1) and

annealing temperature was calculated using annealing temperature formula in equation (2).

41(G+C)-16.4
G+C+A+T

Tm = 64.9 + Eq. (1)

The above equation was chosen as the most appropriate equation as the primers used have base number of
more than 13 bases. The annealing temperature was calculated based on the melting temperature obtained,
using equation (2).

= T sec Eq. (2)

Ta

The annealing temperature for each primer set were represented in table (3).

3.8.2. Conventional PCR Composition

The conventional PCR was performed using the Veriti 96 well Thermal Cycler (Applied Biosystems,
California, United States) using Hot Star Tag polymerase kit (Qiagen, Germany). Given in the table below
(4) are the Master Mix reagents making a 20uL total volume for each DNA product.

Table 4: The PCR reaction mixture. This table contains the reagents and volume needed for a successful PCR
reaction

Order | Component Volume Final Company
(uL) concentration

1. Nuclease free | 8.375 x1 Ambion (USA)
water

2. Q solution 5 x1 Qiagen (Germany)

3. 10x PCR Buffer 25 x1 Qiagen (Germany)

4, MgCI 2 x1 Qiagen (Germany)

5. dNTPs 0.5 x1 Qiagen (Germany)

6. Primer A 125 10uM Integrated DNA Technologies
(Forward) (Coralville, IA USA)

7. Primer B 1.25 10puM Integrated DNA Technologies
(Reverse) (Coralville, IA USA)

8. Taq DNA 0.125 x1 Qiagen (Germany)
polymerase

9. Template DNA 1 x1 -
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The final reaction mixture was prepared for 32 samples in duplicate. Three primer sets were used as
illustrated in table (3).

Table 5: PCR program. The PCR reaction is set for 35 cycles with different annealing times for each gene used.

Step PCR temperature (°C) Time (minutes) Cycle
Initial denature 95 15 1x
1. Denaturation 94 05-1
2. Annealing Table 2 05-1 S
3. Extension 72 1
Final extension 72 10 1x
Storage 4 0 -

PCR program was set according to the parameters set on table (5). The integrity of extracted DNA was

assessed using a 1.5% agarose gel.
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3.9. THE 16S METAGENOMIC SEQUENCING (ION TORRENT NEXT GENERATION
SEQUENCING)

3.9.1. Amplification and Library preparation

In order to unravel the effect of diet and/or phenolic compounds on gut bacteria, targeted 16S ribosomal
RNA (rRNA) metagenomic sequencing was performed on thirty-two DNA samples using the lon Torrent
platform at the Central Analytical Facility (CAF), Stellenbosch University. To this end, hypervariable
regions from polybacterial samples were amplified using the Ion 16S™ Metagenomics Kit, according to
the manufacturer’s guidelines. Target regions were amplified from 2puL DNA, across 25 cycles with two
primers pools on the SimpliAmp Thermal Cycler (ThermoFisher Scientific, USA). The presence of
amplified products was verified on the PerkinElmer LabChip® GXII Touch (PerkinElmer, Waltham, MA,
USA), using the X-mark chip and HT DNA NGS 3K reagent kit according to the manufacturer’s protocol.
Following verification, PCR products from the two primer pools were combined for each sample, purified
with Agencourt™ AMPure™ XP reagent and eluted in 15uL nuclease free water. Purified amplicons were

guantified on the Qubit 4.0 Fluorometer using the Qubit 1x dsDNA HS assay Kit according to the protocol.

Library preparation was performed from 100ng pooled amplicons for each sample using the NEXTflex
DNA Sequencing Kit. Briefly, 40uL of each purified pooled PCR product was end-repaired at 22°C for 30
minutes, using 3uL Endrepair enzyme mix and 7pL End-repair buffer in a final volume of 50uL. The end-
repaired products were purified with Agencourt™ AMPure™ XP reagent. Nineteen microlitres end
repaired product was ligated to 4L lonCode™ Barcode Adapter with the addition of 31.5uL Ligation mix
at 22°C for 15 minutes. The adapter-ligated, barcoded libraries were purified with Agencourt™ AMPure™
XP reagent and quantified using the lon Universal Library Quantitation Kit. Quantitative PCR (qPCR)
amplification was performed using the StepOnePlus™ Real-time PCR system (ThermoFisher Scientific)
and library fragment size distributions were assessed on the LabChip® GXII Touch (PerkinElmer,
Waltham, MA, USA), using the X-mark chip and HT DNA NGS 3K reagent kit according to the

manufacturer’s protocol.

3.9.2. Template preparation, enrichment and sequencing

Libraries were diluted to a target concentration of 10pM. The diluted, barcoded, 16S libraries were
combined in equimolar amounts for template preparation using the Ion 510™, Ion 520™ & Ion 530 Chef
Kit. In brief, 25uL of the pooled library was loaded on the lon Chef liquid handler using Reagents, Solutions
and Supplies according to the protocol. Enriched, template positive ion sphere particles were loaded onto

an lon 530™ Chip. Massively parallel sequencing was performed on the Ion S5™ Gene Studio using the

50



Ion S5™ Sequencing Solutions and Sequencing Reagents Kits according to the manufacturer’s protocol.
Flow space calibration and BaseCaller analyses were performed using default analysis parameters in the
Torrent Suite Version 5.12.0 Software. Raw run data was uploaded to the relevant lonReporter cloud

account.

3.10. AMPLICON DATA PROCESSING AND ANALYSIS

Generated raw sequence data files (.fastq) were pre-processed to exclude reads shorter than 10 base pairs
(bp) and subjected to taxonomic and diversity analyses using the Quantitative Insights In Microbial Ecology
pipeline (QIIME 2) using standard scripts and parameters. The latter is an open source bioinformatics
software package that aids with the preparation, analysis and visualisation of large datasets (Caporaso et
al., 2010). The OTUs were taxonomically classified using the BLAST method, as implemented in QIIME.
Curated MicroSEQ® 16S reference library v2013.1 and Curated greengenes V13.5 were used as the
refencing databases. A maximum E-value of 1E-10 was used to record an OTU assignment. To measure
the alpha diversity, multiple rarefaction analysis, i.e. iterative (10x) subsampling at different depth intervals,
was performed and the Chaol richness estimator, observed OTUs and Shannon diversity index computed
for each rarefied OTU table (Chao, 1984; Shannon, 1948). To test for significant differences between the
sample groups, non-parametric two-sample t-tests were performed for each alpha diversity metric. The
OTUs were further grouped into phylotypes according to their taxonomic identities, ranging from the
phylum to species level, and the relative sequence abundance of the identified taxa evaluated per sample.
For genus cut-off, percentage identity value is 97%, while species cut-off value is 99%. The difference in
percentage match between the top hit and the next hit is 0.2%, if a genus or a species is found within this

range of percentage difference, then it will be reported as slash call.

3.11. STATISTICAL ANALYSIS

All the results were analysed using GraphPad Prism® 8. Statistical analysis was done using unpaired
parametric t-test with Welch’s correction and non-parametric Mann-Whitney test analysis. The results were

expressed as the mean + standard error of mean (SEM). A probability of p < 0.05 was considered significant.
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4.1. RESULTS STRUCTURE
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Figure 10:Schematic representation of the results.



4.2. OBSERVED CULTURABLE BACTERIA

The faecal samples were collected from vervet monkeys fed a normal maize diet and Western diet. Fresh
stools were collected and immediately placed into an anaerobic jar to preserve the anaerobic environment
until culture. In the laboratory baseline samples were taken before culture for analysis (culture-independent)
and the rest of the samples were prepared and cultured under anaerobic conditions (culture-dependent)

using anaerobic chamber and a Speedy Breedy culturing systems for 48 hours and 10 hours respectively.

For Gram staining after anaerobic culturing light microscopic images (figure 11) were captured under oil-
immersion with a light microscope. Mixed cultures of Gram-negative and Gram-positive bacteria were
observed in all samples, with Gram-negative being dominant. Gram-negative rods and Gram-positive cocci
were also observed in all the images. In both experimental groups Gram-negative, short-chained rods were
most dominant. Figure 11(A — B) demonstrates a cultured faecal sample obtained from the standard diet-

fed monkeys and figure 11(C — D) were samples obtained from the Western diet-fed monkeys.
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Normal diet High fat

Figure 11: Bacterial images of Gram stained cultured faecal samples observed under 1000X magnification using a light microscope. Faecal samples obtained
from standard diet-fed monkeys (A - B) demonstrated mixed cultures that were dominated by gram-negative short rods and few gram-positive cocci. Western diet
images (C - D) was dominated with gram-negative short and long rods, with a few Gram-positive cocci.
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4.3. DNA, PCR AND GEL ELECTROPHORESIS

The DNA from culture-independent and culture-dependent faecal samples were extracted using the

NucleoSpin® DNA Stool (Macherey-Nagel) kit. Gel electrophoresis was run on 1.5% agarose Figure (12),

with PCR products targeting the two most abundant phyla Bacteroidetes and Firmicutes. All bacteria

targeted all other gut microbiota phyla present. The size of the Firmicutes and Bacteroidetes PCR products
were found to be 100 bp, while all bacteria PCR products were about 150 bp. This indicates that all PCR

reactions were a success, and all the targeted phyla were present, with all bacteria primer amplification

products being bigger than those of Firmicutes and Bacteroidetes.
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Figure 12: The 1.5% agarose gel electrophoresis. This shows the specificity of PCR amplification with three specific
primer sets. PCR products amplified from the monkey’s faeccal DNA samples with group-targeted primers as follows:
Gel A-Bacteroidetes, Gel B - Firmicutes and Gel C - all bacteria.
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4.4, ALPHA DIVERSITY

Alpha diversity represents the number of different species that were detected in a sample. In this case, it
detected the abundance of the species in a faecal sample obtained from the standard diet and Western diet-

fed monkeys.

4.4.1. Preliminary optimization work

Two anaerobic culturing devices were proposed to be used for enumeration of the gut microbiota namely
anaerobic chamber and Speedy Breedy culturing systems. Preliminary work was done to determine which
culturing device would best suit our needs. Anaerobic chamber and Speedy Breedy were used for 48 hours
and 10 hours respectively. DNA extraction and metagenomic sequencing were done. The figure below
illustrates the number of species observed based on the alpha diversity of the species using the two anaerobic

culturing systems used.

30 - o — Standard diet Anaerobic chamber
H S  — Western diet Anaerobic chamber
é 20 - Standard diet Speedy breedy
B o — \Western diet Speedy breedy
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Sequences per sample

Figure 13: Comparison of two anaerobic culturing methods, anaerobic chamber and Speedy Breedy culturing
systems. Speedy Breedy contains higher number of sequences per sample and higher number of species observed
compared to anaerobic chamber. Stats presented as mean +SEM.

Preliminary work revealed that the Speedy Breedy system performed better for anaerobic culture of bacteria
from faecal samples as higher number of species diversity were detected from the cultures. The samples
cultured using Speedy Breedy allowed deeper sequencing to be done, as compared to the samples from the

anaerobic chamber. Speedy Breedy standard diet was allowed to be sequenced 49870 times per sample
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while anaerobic chamber sample allowed 9982 sequences per sample. Therefore, the Speedy Breedy

culturing system was used for further experimental work.

Speedy Breedy culturing system was used to determine optimum aspalathin concentration that could be

used for anaerobic culture. The figure below compares aspalathin concentrations used which were 100 uM

and 1 mM, respectively. When comparing the aspalathin concentrations on both diet groups, 1 mM

concentration proved to promote higher species diversity than 100 uM. Therefore 1 mM concentration was

used aspalathin in further studies.
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Figure 14: Comparison of aspalathin concentrations. 100 uM and 1mM for standard and Western diets. ****P <

0.001.
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4.4.2.

Results
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Figure 15: The representation of the sequences obtained per sample. A) Number of observed species and B)
Shannon index rarefaction, C) Chaol index using the Viola plot, D) Chaol index using bar graph representing the
standard diet and Western diet at 9982 sequences per sample of culture-dependent and culture-independent sequences.
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Figure (15) represents alpha diversity of the culture-dependent and cultured-independent sequenced data
using species observed, Chaol and Shannon index estimator. Figure 15(A) represents the number of
observed species which is the number of different species observed under each sample group. It shows that
baseline samples had higher diversity compared to culture-dependent samples. Additionally, Western diet
samples contained higher species diversity than the standard diet. Figure 15 (B) and (C) represents species
diversity measured using the Shannon Index and Chaol index abundance estimator, respectively. Looking
at both alpha diversity graphs, we can conclude that they both show the same correlations that the baseline
samples were more diverse than the culture-dependent samples. Figure 15(D) illustrates that the baseline

samples have double the culture-dependent diversity using Chaol index estimator.
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45. BETADIVERSITY

Thirty-two faecal samples were sent for 16S rRNA targeted metagenomic sequencing using the lon Torrent
Next Generation Sequencing platform at Central Analytical Facility (CAF), out of 32 samples, 6 were faecal
samples cultured in the anaerobic chamber and 26 were those cultured using the Speedy Breedy culturing
system. The figure below represents an overall distribution of 32 faecal samples that were sequenced. The
PCoA analysis was classified based on diet using Bray-Curtis distance measure. Figure (16) represents
samples classified based on diet fed, the red spheres represents Western diet fed monkeys and blue spheres
represent standard diet fed monkeys group. Samples cultured with anaerobic chamber are clustered together
and circled in red, whilst most of the samples cultured using Speedy Breedy are clustered in one area and

they are circled in yellow.

PC2 (15.98 %)

. Standard diet

. Western diet

‘o“.

PC1(34.85 %)

PC3 (11.8 %)

Figure 16: Representation of the principle coordinate analysis (PCoA) plot based on species, measured using
Bray-Curtis distance. The first principle component (PC1) represented the highest proportion at 31.84%, followed
by PC2 15.98% and PC3 11.8%. It is observed that the faecal samples cultured using anaerobic chamber are clustered
together in one area, while other samples cultured from the Speedy Breedy are also clustered together in one area. This
method showed dissimilarities between the two-culturing systems.

62




45.1. Effect of diet on faecal sample obtained from the standard diet fed monkeys

The PCoA below represents the 16S rRNA targeted metagenomic sequencing analysis data derived from
standard diet, looking at all the treatment groups i.e. culture-independent, and culture-dependent which
consists of samples cultured without rooibos phenolic compounds, aspalathin and Afriplex GRT™., The
results obtained show that baseline samples clustered together in one area while the culture-dependent

samples also clustered together in a separate area. Clustering is not as pronounced in standard diet.

O Uncultured

PC2(22.72 %)

A Qo
. Cultured (Control)
° . Aspalathin
o
o . Afriplex GRT™
L]
° °
° )
o
o o
PC1(64.97 %)
PC3(7.15 %)
o PC2 (22.72 %)
B
(o]
(@]
(]
8 o
L] .o
(+]
[
o

PC3(7.15%)

PC1 (64.97 %)

Figure 17: Representation of the PCoA for baseline (culture-independent) and cultured-dependent samples
obtained from the standard diet-fed monkeys. Data measured using Bray-Curtis distance measure. (PC1)
represented the highest proportion at 64.97%, followed by PC2 22.72% and PC3 7.15%. From the results obtained, it
shows that the culture-independent samples are clustered together while the cultured samples are scattered. Both plots
represent the same PCoA, the bottom plot is turned 90° along the horizontal axis.
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45.2. Effect of diet on faecal sample obtained from the Western diet fed monkeys.

Western diet-fed samples PCoA clustering was monitored. There was more pronounced clustering effect of
the spheres between culture-dependent and culture-independent samples. Figure (18) shows that culture-
independent samples clustered together in one area while the culture-dependent samples clustered together

in another area.
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Figure 18: Representation of the PCoA of the faecal samples obtained from the Western diet monkeys, measured
using Bray-Curtis distance measure. PC1 (64.1%) represents the highest proportion, followed by PC2 (18.43%) and
then PC3 (8.44%) of the sample. Results obtained showed that the culture-independent samples were clustered together
while the rest of the cultured samples were clustered together in another area, which confirms dissimilarities between
the samples.
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Principle of co-ordinate analysis allows us to arrange multi-variable data into clusters so that it is easy to
associate the data. There are ten principle components affecting the principle co-ordinate analysis plot. The
first 3 components are the most abundant, and those are the ones plotted on the 3D principle coordinate
analysis. There are 4 distance measuring techniques which were used i.e. Manhattan, Bray-Curtis, Shannon

index and CHISQ, with regards to this study analysis we used Bray-Curtis distance measuring tool.

Diet plays a role in the gut bacterial species that are observed per sample. Therefore, samples from each diet
group are expected to cluster together. Figure (16) illustrates PCoA that is classified by diet with blue
representing standard diet-fed monkey samples, while red represents the Western diet-fed monkeys.
Principal components (PC) are ranged from the highest to the lowest with PC1 being the highest percentage.
PC1 has 34%, PC2 at 15.98% and PC3 at 11.8%. Standard diet samples were distributed through-out the

PCoA. Western diet samples were clustered in two regions, close to PC1 and other close to PC2.

There is a difference with samples cultured using the different culturing methods. Anaerobic chamber
cultured samples were on the top right-hand corner of the PCoA plot. And they were clearly distinguished
from the rest of the plot. They are marked with a red ring around them. This expressed that Speedy Breedy
was more reliable source for culture. We were unable to conduct further experiments using the anaerobic
chamber as it broke down and could not fix for a whole year since certain components required re-

fabrication. Therefore, we do not have conclusive data.

Figure (17) illustrates distribution of standard diet-fed monkey samples and figure (18) illustrates sample
distribution for Western diet-fed monkeys’ samples. Both figures Bray-Curtis was used to investigate the
beta diversity of the species. Samples used were that of Speedy Breedy culturing and culture-independent
samples. On both diet groups culture-independent samples cluster together. Standard diet-fed monkey
samples had no clear cluster or distribution among the cultured samples. Western diet samples had distinct
clustering as we noted that culture-dependent samples; in the presence of Afriplex GRT™ and that of
aspalathin are clustered together in the same area. The limiting factor is that we had 3-4 samples in each

treatment group, therefore, we cannot make a conclusion on the cultured samples based on few data points.
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4.6. EFFECT OF DIET ON NON-CULTURED SAMPLES

4.6.1. Gut microbiota phyla distribution

The gut microbiota is composed of numerous phyla such; Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Verrucomicrobia, Tenericutes, Spirochaetes, Lentisphere and Synegistetes. The figure
below represents the distribution of the gut microbiota phyla under culture-independent conditions,
classified by diet. A total of 10 phyla were detected as indicated by OTU count percentages from each diet
as shown in figure (19).

Fibrobacteres
Synegistetes
Lentisphere
Spirochaetes
Tenericutes
Verrucomicrobia
Actinobacteria
Proteobacteria
Bacteroidetes

OTU count pecentage (%)
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EEEEEEN NN

Firmicutes

Standard diet Western diet

Figure 19: Distribution of the gut microbiota phyla. Representation of Bacterial phyla detected from faecal samples
obtained from the standard diet-fed and Western diet.
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Figure 20: Representation of the three dominant gut microbiota phyla (Firmicutes, Proteobacteria, and
Bacteroidetes) from the standard diet, compared to the Western diet. The results indicate that Firmicutes were
decreased from 40.7% to 26.33%, and Bacteroidetes decreased from 25.67% to 21.33%, Proteobacteria increased
from 25.67% to 43.33% respectively.

The Western diet affects the general distribution of bacterial phyla. In figure (19) under a standard diet,
Firmicutes was the most abundant phylum, followed by Bacteroidetes and Proteobacteria. The Western

diet decreases the abundance of Firmicutes and Bacteroidetes while it increases that of Proteobacteria.

The abundance of phyla in standard diet consisted of Firmicutes 40.67%, Bacteroidetes 25.66%,
Proteobacteria 25.67%, Actinobacteria 1.67%, Verrucomicrobia 4%, Tenericutes 1.167%, Spirochaetes
0.9%, Lentisphere 0.3%, Synegistetes 0.08%, and Fibrobacters 0.095%.

The phyla distribution of the Western diet showed that Proteobacteria was the most abundant phylum with
43.33%, followed by Firmicutes 26.33%, Bacteroidetes 21.33%, Actinobacteria 0.64%, Verrucomicrobia
3.39%, Tenericutes 0.48%, Spirochaetes 2.67%, Lentisphere 0.33% and Synegistetes 0.54%. Figure (20)
compares the shift in the phyla due to diet. The Western diet decreased the Firmicute abundance by 11% *
8.3% and Bacteroidetes by 4% * 2.49% whilst Proteobacteria was increased by 17.33% * 6.96%.
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4.6.2. Gut microbiota genera distribution
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Figure 21: Representation of the overall genus distribution as classified by diet for faecal samples obtained from
either standard diet-fed or Western diet monkeys.
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Figure 22: Representation of the gut microbiota genera obtained from culture-independent faecal samples
classified by diet. A) Eubacterium (431+£16.82, p=0.0004), B) Coprococcus (107+42.72, p=0.079), C)
Pyramidobacter (2442, p=0.053) and D) Succinivibrio (4311+934.4, p=0.114) were increased in high fat diet, while
E) Roseburia (259+30.11, p=0.0178) and (F) Prevotella (1992+5110, p=0.72) were decreased. Data presented as mean
+ SEM, p<0.05*, p<0.01** Stats analysed using Welch’s t-test.
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Baseline culture-independent data was used to determine the effect of diet on the gut microbiota genera.
The Western diet caused a shift in the gut microbiota genera. The standard diet contained more diverse
genera distribution than the Western diet’s diversity as observed in figure (21). The Western diet caused a
depletion of Lactobacillus and Streptococcus while it increased the abundance of Acinetobacter,
Ruminobacter and Succinivibrio genera. The results obtained show that the most dominant families in both
diet groups were; Prevotella, Lactobacillus, Ruminobacter, Acinetobacter, and Faecalibacterium. Genera
which were found to be decreased by the Western diet were; Prevotella, Lactobacillus, Faecalibacterium,
and Roseburia. However, Eubacterium and Succinivibrio were increased by the Western diet. The most
prominent changes were of Prevotella, decreased from 19.56% to 12.35%, while Acinetobacter increased
from 10.47% to 42.53% bacterial OTU percentage.

Figure (22) represents specific genera that were observed and showed some changes due to the Western
diet intake, at culture-independent state. The genera Coprococcus, Succinivibrio, Roseburia, and
Eubacterium were increased under the Western diet with Eubacterium being significantly increased.
Roseburia and Prevotella were decreased with Roseburia being significantly decreased by the Western diet.
The Western diet depleted several of the most beneficial species, while the abundance of many harmful

bacteria increased.
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4.6.3. Overall species distribution
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faecal samples from a standard diet and Western diet, respectively. Species belonging to the Bacteroidetes phylum were abundant at a standard diet as compared
to the Western diet. Species belonging to the Proteobacteria phylum were more abundant on Western diet than on the standard diet. Data presented as mean +

Figure 23: A-B) The Relative abundance of the overall distribution of the gut microbiota species at the species level. The species compared obtained from
SEM on a log10 scale.
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4.6.4.

Beneficial species on the gut microbiota
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Figure 24: Beneficial gut bacterial species. Representation of the effect of diet on specific bacterial species, which
play a role in maintaining gut health. Data presented as Mean + SEM. Western diet vs. standard diet, *=p<0.05.
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Harmful species on the gut microbiota
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Figure 25: Harmful gut bacterial species. Representation of the effect of diet on specific bacterial species, regarded
to be harmful to gut health were found to be increased in high fat fed monkeys. Data presented as mean + SEM.

Western diet vs. standard diet, **=p<0.005.
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The overall representation of bacterial species based on culture-independent samples. Species found under
the Bacteroidetes and Firmicutes phyla, were more abundant in the standard diet group, compared to the
Western diet group. However, species under the Proteobacteria phyla were more abundant in the Western
diet group compare to the standard diet group. Species that have a probiotic effect such as Bifidobacterium
adolescentis, Lactobacillus reuteri, and Lactobacilllus murinus were depleted in the Western diet-fed
monkeys. While species which are known to be potentially harmful to gut health, and with pro-
inflammatory properties such as Helicobacter spp., Succinivibrio dextrinosolvens, and Acinectobacter
johnsonii were enriched in Western diet-fed monkeys (figure 23).

Figure (24) illustrates that Prevotella copri, Lactobacillus apodemi, Lactobacillus murinus, and
Faecalinacterium prausnitzii abundance were decreased with Faecalibacterium prausnitzii significantly
decreased (1233 £3283.8; p = 0.0411) by the Western diet. Figure (25) represents the increased abundance
of potential harmful bacteria Catenibacterium mistuokai, Succinivibrio dextrinosolvens, Bilophila
waadsworthia, and Rumminococcus spp., with Catenibacterium mistuokai (481+28.6 with P= 0.005) being
significantly increased on the Western diet.
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4.7. EFFECT OF ANAEROBIC CULTURING

CULTURE- CULTURE-DEPENDENT
INDEPENDENT CONTROL
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. Bacteroidetes
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Figure 26: Representation of the most dominant phyla. Comparing the effects of treatment during culturing for both standard diet and high fat diet groups.
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4.7.1. Effect of culturing and favoured species during culturing
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Figure 27: The effect of diet on cultured species. A) Prevotella copri (740.7+12.18, p=0.61), B) Prevotella
stercorea (13360, p=0.97), C) Lactobacillus apodemi (9008+2018, p=0.013), D) Lactobacillus murinus (94.3+24.8,
p=0.041, E) Faecalibacterium prausnitzii (16+£17.18, p=0.39) and F) Catenibacterium mistuokai (15.5+9.179,
p=0.26) Data analysed using Welch’s t-test, presented as mean + SEM. Aspalathin and/or GRT vs control, * p<0.05.
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Anaerobic culturing is known to enumerate selected microorganisms based on their environmental and
nutritive requirements. Certain phyla are favoured during culturing and some are discriminated against.
Bacteroidetes phylum is not favoured during anaerobic culturing. When comparing culture-dependent to
culture-independent (baseline) samples in both standard diet and Western diet-fed samples, Bacteroidetes
were decreased, while Firmicutes and Proteobacteria were increased. In the standard diet group,
Bacteroidetes were decreased from 28% to 3%, Proteobacteria increased from 28% 38.5% and Firmicutes
increased from 44% to 59%. In the Western diet group, Bacteroidetes were decreased from 23% to 3%,
Firmicutes were increased from 31% to 60%, while Proteobacteria abundance decreased from 48% to 37%
as illustrated in figure (26). Certain species are favoured during culturing, such as Lactobacillus murinus
and Lactobacillus apodemi which were significantly increased in the Western diet culture-dependent

samples, whilst these were depleted in the culture-independent state.

Figure (26) summarises the effect of culturing using baseline culture-independent samples compared to
culture-dependent samples to assess the phyla percentage shifts. For culture-dependent samples, the control
untreated samples were compared to aspalathin or Afriplex GRT™. For the standard diet, aspalathin
increased Bacteroidetes abundance slightly from 3% to 5% (2% +0.94%), Firmicutes increased from 59%
to 77% (13.33% * 19.82%) and Proteobacteria decreased from 38% to 18% (14.3% =+ 20.4%). Comparing
control to Afriplex GRT™ all the phyla abundance (Firmicutes (2.67% £20.06%), Bacteroidetes (0.67% *
1.2%) and Proteobacteria (5.3% + 22.23%)) remained unchanged. Therefore, use of aspalathin and

Afriplex GRT™ on standard diet had no major effect on the bacterial phyla derived from a standard diet.

Under a Western diet, aspalathin did not affect Proteobacteria as they only slightly increased from 37% to
39% (2.33% + 22.76%), Firmicutes decreased from 60% to 57% (2.3% * 21%) while Bacteroidetes slightly
increased from 3% to 4% (0.33% =+ 1.88%). However, Afriplex GRT™ decreased Proteobacteria from
37% to 28% (7.33% * 22.5%), increased Firmicutes from 60% to 63% (4.67% * 19.8%) and Bacteroidetes
by 3% to 9% (2% * 2.63%). Therefore, in Western diet-fed monkey faecal samples bacterial phyla were
not changed by aspalathin. However, in the presence of Afriplex GRT™ there were notable changes, as it

decreased the prevalence of Proteobacteria and increased the prevalence of Bacteroidetes.
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4.8. EFFECT OF ROOIBOS PHENOLIC COMPOUNDS ON CULTURED GUT MICROBIAL

4.8.1. Effect of aspalathin and Afriplex GRT™ on phyla
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Figure 28: The effect of aspalathin and GRT on cultured gut microbiota phyla. Graphs represents A) Firmicutes
cultured without aspalathin or GRT (0.33+23, p=0.98), B) Firmicutes with aspalathin (19+18.4, p=0.36), C)
Firmicutes with GRT (7+£17.6, p=0.71), D) Bacteroidetes without aspalathin or GRT (0.67+£1.2, p=0.64), E)
Bacteroidetes with Aspalathin (1+1.7, p=0.59), F) Bacteroidetes with GRT(6+2.4, p=0.078), G) Proteobacteria
without rooibos phenolic compounds (2.67+20.56, p=0.64), H) Proteobacteria with Aspalathin (20.33£19.1, p=0.36),
and 1) Proteobacteria with GRT (9+20.7, p=0.68). Statistics analysis was done using t-test with Welch’s correction,
data presented as mean+ SEM.
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4.8.2. Effect of Aspalathin and Afriplex GRT™ on the genera
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Figure 29: Representation of relative abundance of the cultured genera level, comparing control, aspalathin and
GRT of standard diet and high fat diet faecal samples.
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4.8.3. Effect of aspalathin and Afriplex GRT™ on relative abundance of specific genera of standard

diet
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Figure 30: Relative abundance of standard diet cultured gut microbiota genera using aspalathin and GRT. A)
Catenibacterium (aspalathin (35.67+30.31, p=0.35), GRT (161.5+51.13, p=0.19)), B) Escherichia (aspalathin (443
379, p=0.42), GRT (193+488, p=0.72)), C) Salmonella (GRT (1174488, p= 0.52)), D) Helicobacter (aspalathin (23.67
+ 25.5), GRT (102.5+ 108.7, p= 0.52)), E) Faecalibacterium (aspalathin (111+ 32.6, p = 0.17)), F) Prevotella
(aspalathin (1472+1875, p=0.51), GRT( 1842+1195, p=0.22)) control vs aspalathin or Afriplex GRT™., Data
presented as mean + SEM.
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4.8.4. Effect of aspalathin and Afriplex GRT™ on relative abundance of specific genera of Western
diet
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Figure 31: Relative abundance of Western diet cultured gut microbiota genera using aspalathin and GRT. A)
Faecalibacterium (aspalathin 20.6+19, p=0.35), GRT (87.8+24, p=0.053)). B) Prevotella (aspalathin 502+2343,
p=0.84), GRT (7560+446, p=0.20)). C) Lactobacillus (aspalathin 22336+32325, p=0.52), GRT (29746+26887,
p=0.35)). D) Enterococcus (aspalathin (413.5+182.8, p=0.25), GRT (14290+5753, p=0.24)). E) Clostridium
(aspalathin 14.8+22.3, p=0.16), GRT(1388+2237, p=0.63)) and F) Enterococcus (ASP (1388+2237, p=0.63),
GRT(3208+2082, p=0.36)) Data presented as mean + SEM. Aspalathin or GRT vs control.

82




Figure (30) represents data observed from cultured gut microbiota genera that were derived from the
standard diet-fed monkey faecal samples. It was found that there was no correlation observed amongst the
gut microbiota genera following treatment with aspalathin or Afriplex GRT™. However, in figure (31),
the Western diet fed monkey faecal samples it was found that Afriplex GRT™ had an effect on the
beneficial genera, increasing the abundance of “good” gut bacteria and decreasing “bad” bacteria. Figure
(31) showed that Faecalibacterium, Prevotella, Clostridium and Enterococcus abundance increased in the

presence of Afriplex GRT™ while Streptococcus abundance decreased.
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Effect of aspalathin and Afriplex GRT™ on relative abundance of specific species of the

4.8.5.

standard diet
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Figure 32: The effect of rooibos phenolic compounds (aspalathin or GRT) on standard diet samples. Data

presented as mean + SEM.

84



%
%,
v|_ -2 %
o b
K

I T T T oy
Q Q Q Q o A
Q Q Q Q 2,
S Q o S Z
© © < « o

NLO [el919€( JO JaqUINN
Iwapode snjj1oeqoloe

M
H T«
%
= ¢
1L _T«,
s
o b
%
I T T T e
o o o o o %
S S S S 2
S S S S 7.
S S S S O
© © < I

NLO [ela19eq Jo JaquinN
sifewiue snjjioeqoloe]

<

%
%
H - 2o %
%, b
I T T T T %
Q 9 9o 9 9 o A
m © m & o 2
IS SR S 25
NLO [eli810€e( JO JaquinN
snulNw snjjioegoloe
(@]
I
%
_|_ BRZ
.\WQ%
2
o,
o b
2
I T T T T ey
o 9o 9o 9 9o o %
S 9 9 9 9 2
S © © o© © 7.
S ® © < [V (V)

NLO [els@10eq Jo JaquinN
11913l snjjioeqoloe

@)

,\a\O
<,
%,
(S
2, %
o b
Y
r T T 1 o
g 8 8 °
7
3 = & ke
N1O [elis10eq O IsquinN
sifeuiben snjj1oeqoloe
LL
,\&\0
<,
%,
)
2, %
o\&\ &
I T T 1 o
o o o o ,\\v
o o o 2,
S S S .
S s} =] O
© < N

N1O [eua1oeq Jo JaquinN
snifeAljes snjj1oeqoloe

L

Figure 33: The effect of aspalathin or GRT on standard diet faecal samples. Data presented as mean + SEM.

Aspalathin and GRT vs control, * p<0.05.
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Figure 34: The effect of aspalathin or GRT on standard diet faecal samples. Aspalathin or GRT did not affect the

abundance of the specific gut bacteria during culture. Data presented as mean + SEM.
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Figure 35: The effect of Aspalathin and GRT on Western diet monkey faecal samples. Data presented as mean +

SEM. Aspalathin and GRT compared to control samples, * p<0.05 and ** p<0.001, respectively.
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Figure 36: The effect of aspalathin or GRT on Western diet monkey faecal samples. Aspalathin, GRT compared

to control samples, * p<0.05.
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Figure 37: The effect of aspalathin or GRT on Western diet monkey faecal samples. Aspalathin, GRT compared

to control samples, * p<0.05.
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At a species level, due to the large diversity, only a few species were statistically affected by the treatment.
From the faecal samples of standard diet monkeys, under culture, GRT (figure 34) decreased the abundance
of Lactobacillus murinus (GRT (105+31.5, p=0.036). Western diet monkey faecal samples, cultured with
either aspalathin or GRT (figures 35 to 37) GRT increased the abundance of Prevotella copri, Prevotella
stercorea and Faecalibacterium prausnitzi significantly. While the presence of GRT decreased the
abundance of Lactobacillus apodemi species. Whilst aspalathin decreased the presence of Lactobacillus

apodemi and Salmonella enterica significantly.
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4.9. SUMMARY TABLE

The summary table compares the effect of a Western diet on baseline culture-independent samples, the

effect of Western diet on culture-dependent samples and the effect Afriplex GRT™ extract.

Table 6: Effect of Western diet before and after culturing, and GRT™ treatment

Species Culture- Culture- Culture-dependent
independent dependent effect of Afriplex
Western diet Western diet  GRT™

Faecalibacterium { 0 T

prausnitzii

Prevotella copri 2 0 0

Prevotella stercorea N No change T

Lactobacillus murinus { 0 \’

Catenibacterium mitsuokai 1 0 \2

Lactobacillus apodemi 1 0 \2

Lactobacillus animalis 1 0 \’
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CHAPTER YV

5. DISCUSSION



5.1. ALPHA DIVERSITY RICHNESS OF THE VERVET MONKEYS

Western diet plays a major role in altering the diversity of the gut microbiota. A study conducted by Amato
and colleagues (2015) showed that the alpha diversity of monkey fed a Western-diet fed was higher
compared to the non-western (standard) diet-fed monkeys (Amato et al., 2015). Amato’s findings correlates
with the data observed in our study, in which we show that the Western diet-fed monkeys had higher species
diversity than the standard diet-fed monkeys. However, human studies conducted by Yatsunenko and
colleagues (2012), and Schorr and colleagues (2014), showed that there are higher species diversity in

humans on a non-Western diet (Schnorr et al., 2014, Yatsunenko et al., 2012).

An in vivo study conducted by David and colleagues (2014) examined if dietary interventions in humans
alters gut microbial communities in a rapid, diet-specific manner. They compared plant and animal-based
diets, they found that changing the macronutrients to animal-based diet decreases Firmicute abundance
whilst bile tolerant microorganisms were increased (David et al., 2014). Our findings are in support of this,
as both Firmicute and Bacteroidetes abundance was decreased in the Western diet fed monkeys whist
Proteobacteria were increased in the both baseline culture-independent and cultured and samples.
However, species diversity was reduced approximately by half in the culture-dependent samples, and

regardless of culture, the Western diet was found to have higher species diversity than the standard diet.

5.2. EFFECT OF DIET ON THE GUT MICROBIOTA

Baseline culture-independent samples were collected so that we could assess the role diet plays in reshaping
the gut microbiota phyla, genera, and species. The data showed that the diet played an essential role in
reshaping the gut microbiota and this data correlates with numerous studies reported in the literature
(Collins et al., 2016, Mastrocola et al., 2018). From our study, we observed that the Firmicutes phylum of
the standard diet-fed monkey faecal samples was the most dominant followed by Bacteroidetes then
Proteobacteria. Our results are similar to the vervet monkey study results conducted by Amato and
colleagues (2015). However, according to a study conducted by Yatsunenko and colleagues (2012) on
humans consuming a plant-based diet, Bacteroidetes were more abundant, followed by Firmicutes with
Proteobacteria being less dominant but still detectable (Hildebrandt et al., 2009, Yastunenko et al., 2012,
Amato et al., 2015).

In our study, Proteobacteria was found to be the most abundant phylum followed by Firmicutes and then

Bacteroidetes. Suggesting that in vervet monkeys a Western diet decreases Bacteroidetes and Firmicutes
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abundance while Proteobacteria increases. However, in the study reported by Turnbaugh and colleagues
(2008) the Western diet-associated faecal community had a significantly higher relative abundance of
the Firmicutes and a significantly lower relative abundance of the Bacteroidetes, (Turnbaugh et al, 2008).
In the mice study reported by Hildebrandt and colleagues (2009), high-fat feeding of 40% fat as energy
increased the Proteobacteria and decreases Bacteroidetes phylum. Supporting our findings that Western
diet changes gut microbiota which leads to an increase in the prevalence of Proteobacteria in mice
(Carmody et al., 2015).

At a genus level, our study showed that the Acinetobacter, Ruminobacter, Eubacterium, Succinivibrio, and
Pyramidobacter were increased with Western diet-feeding, with Eubacterium being significantly increased
as compared to a normal diet. Acinetobacter is a known pathogenic species reported to be increased by
high-fat feeding (Ou et al., 2013). It is reported that Roseburia, Prevotella, Lactobacillus, and
Ruminobacter are decreased by a Western diet with Roseburia being significantly decreased and

Lactobacillus being depleted.

A study conducted by Russell and colleagues (2011) showed that subjects with a high protein/low
carbohydrate diet have reduced Roseburia and Eubacterium rectale in their gut microbiota and a decreased
proportion of butyrate in their faeces (Russell et al., 2011). A study by Million and colleagues (2012)
reported that certain species in the Lactobacillus genera were decreased in obese individuals. Whilst
Lactobacillus and Bifidobacterium species are associated with normal weight (Million et al., 2012). Our
findings showed that the Prevotella genus was decreased on the Western diet, however this not statistically
significant. This data correlates with a study reported by Schnorr (2014), where they looked at the gut
microbiota from the Hadza people of Tanzania on a standard diet compared to the Italians who were on a
Mediterranean diet. It was found that the Hadza people had higher Prevotella, Eubacterium, and
Succinivibrio compared to the Italians (Schnorr et al., 2014). In addition, the study (Ou et al., 2013) also
confirmed that humans on a high fibre diet were found to have higher Prevotella, Succinivibrio, and
Oscillospira spp. The study by Amato and colleagues (2015) contradicted our findings in terms of the
abundance of Prevotella. They found decreased Prevotella in monkeys on a standard diet whilst our study
shows that Prevotella was increased in the standard diet and decreased in the Western diet. However, our
findings are in agreement with the findings of De Filippis and colleagues (2019). Our study showed that
the Succinivibrio genus was low in a standard diet and increased by the Western diet. However, other studies
(Ou et al., 2013, and Schnorr et al., 2014) in humans was not in support of our study in terms of

Succinivibrio genus.
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At the genus level, our study showed that Roseburia spp. and Faecalibacterium prausnitzii were decreased
in the Western diet-fed monkey faecal samples and this correlates with the data reported by both Neyrinck
(2012) and Tamanai-Shacoori (2017). Faecalibacterium prausnitzii is known to be a butyrate-producing
bacterium that plays an essential role in preventing metabolic diseases and has been used to treat dysbiosis.
The abundance of Faecalibacterium prausnitzii promotes a healthy gut and it is known to have anti-

inflammatory properties (Ganesan et al., 2018).

Bilophila wadsworthia was found to be increased in the Western diet-fed monkey’s faecal samples. This
species causes acute inflammation and generates hydrogen sulphide via taurine respiration (O’Keefe et al.,
2015), which leads to intestinal barrier dysfunction (Natividad et al., 2018). Similarly, to our findings,
Bilophila wasworthia was also increased in Western diet-fed monkey’s faecal samples (Amato et al., 2015).
In addition, Catenibacterium mistuokai was found to be increased in the Western diet-fed monkey. A study
reported by Clarke and colleagues (2012), on humanized mice fed high-fat diet showed that
Catenibacterium mistuokai was also increased along with other species such as Clostridium innocuum and

Eubacterium dolichum (Clarke et al., 2012) and this report correlates with the data observed in our study.

5.3. IMPACT OF CULTURING ON THE GUT MICROBIOTA DIVERSITY SHIFTS OR
GROWTH

5.3.1. Choice of anaerobic culturing system

Anaerobic culturing enumerates bacterial species based on their environmental and nutritive needs. Strict
anaerobic bacteria tend to be difficult to grow under simulated anaerobic conditions. There were two
anaerobic culturing systems i.e. Speedy Breedy and anaerobic chamber culturing systems used in our study.
In both methods, samples were enumerated on broth media. Our results showed that the Speedy Breedy
was a better culturing system to use as we got higher species diversity and we got higher sequences per
sample. There is not much-published data on the Speedy Breedy as mostly it is used by the food industry
to detect contamination in their food samples (SpeedyBreedy.com, 2018). The anaerobic chamber we used
broke down while we were still doing a pilot study, we couldn’t do any further analysis and we do not have
enough data to properly compare the two systems. However, conclusions made were based on the pilot
study data Beta diversity showed that samples cultured using anaerobic chamber and the Speedy Breedy

clustered in different areas indicating that the results achieved by the two systems were dissimilar.
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5.3.2. Comparing culture-independent and culture-independent metagenomics techniques

The baseline culture-independent sequenced data is mostly used by researchers because it is relates to the
in vivo microbiota diversity, and it’s not labour intensive, easy to characterize and profile complex
communities, it enables taxonomic composition and functional metagenomics studies (Cocolin et al., 2013,
Hiergeist et al., 2015). Culture-independent metagenomics technique compared to culture-dependent
methods can provide direct and in-depth insight into the composition of the microbiota. While culture-
dependent techniques do not detect organisms with low abundance (Hiergeist et al., 2015). From our
findings it was noted that that there were differences in bacterial species alpha and beta microbial diversity
when comparing culture-dependent and culture-independent techniques. The culture-independent samples
had higher species diversity compared to culture-dependent techniques. Our study showed that the culture-
independent samples on beta diversity were clustered together in one area while the culture-dependent also

clustered together in a separate area.

5.3.3. Species favoured due to culturing

Culturing is known to favour certain microorganisms due to their environmental, nutritive and oxygen
requirements. In this study, it was noted that the Bacteroidetes phylum was not favoured with culturing, as
most of the species abundance was decreased and depleted. Based on our findings this suggests that many
of the species belonging to the Bacteroidetes phylum are either unculturable or slow to grow as the culturing
period for the Speedy Breedy culturing system was shorter. Our findings showed that bacterial species such
as Bifidobacterium adolescentis, Collinsella aerofaciens, Bacteroides intestinalis, Bacteroides vulgatus,
and Prevotella spp. classified under the Bacteroidetes phylum detected at baseline culture-independent
samples were depleted during culturing. However, most species belonging to the Firmicutes phyla were
favoured during culturing as the number of species (OTU) detected increased when compared to those of
the baseline culture-independent data. The Lactobacillus genera were highly favoured during culturing as
it increased the number of species OTU detected. When comparing the standard diet to the Western diet
data, Lactobacillus murinus and Lactobacillus apodemi species were significantly increased.
However, Lactobacillus vaginalis abundance was depleted during anaerobic culturing. Lactobacillus genus
is a facultative anaerobe; hence it grows at a faster rate than other strict anaerobe bacteria. A study
conducted by Vartoukian (2016) reported on the in vitro culture of unculturable bacteria; showed that
Prevotella spp. and other unculturable bacterial species need siderophore-like/iron-chelating agents to

stimulate their growth. (Vartoukian et al., 2016).
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5.4. SHIFTS IN THE MICROBIAL COMMUNITY INFLUENCED BY ROOIBOS PHENOLIC
COMPOUNDS, i.e. ASPALATHIN AND AFRIPLEX GRT™

Anaerobic culturing shifts the phyla distribution. Our findings showed that the OTU percentage for
Firmicutes and Proteobacteria phyla in both Western and the standard diet groups was at a similar
abundance level. However, the Bacteroidetes phyla showed a slight increase in the Western diet as
compared to the standard diet. This data allowed us to determine the effect of aspalathin and Afriplex
GRT™ on the gut microbiota in vitro. Aspalathin and Afriplex GRT™ did not have a significant effect on
the phyla of the gut microbiome species. Although, Afriplex GRT™ decreased the prevalence of
Proteobacteria diversity in the Western diet-fed monkeys and increased the prevalence of the Firmicutes
in the standard diet fed monkeys, however the changes were not significant. Faecalibacterium and
Prevotella genus. were found to be increased when treated with Afriplex GRT™. This was supported by a
study reported by Popa and colleagues (2019) that showed that Prevotella levels were higher in diets high
in polyphenolic compounds (Popa et al., 2019).

Aspalathin and Afriplex GRT™ suppressed the growth of Lactobacillus genus and this is supported by a
study reported by (Parkar et al., 2008) where polyphenol compounds were tested with Lactobacillus
rhamnosus species and it was found that out of all tested polyphenols, quercetin and naringenin gave the
highest inhibitory effects on the growth of the Lactobacillus rhamnosus species. Both aspalathin and
Afriplex GRT™ in the standard diet and Western diet showed an inhibitory effect on Lactobacillus species,
with Lactobacillus murinus being significantly decreased by Afriplex GRT™ in the standard diet fed
monkey samples and Lactobacillus apodemi significantly decreased by both aspalathin and Afriplex

GRT™ in the high fat fed monkey samples.

In our study, we show the “good” gut microbiota species were increased in the presence of Afriplex GRT™
while decreases the prevalence of the pathogenic species. Prevotella genus, in faecal samples from Western
diet-fed monkeys, were increased by Afriplex GRT™ with Prevotella copri and Prevotella stercorea
significantly increased by Afriplex GRT™ whilst the growth of pathogenic species such as Salmonella
enterica was inhibited by Afriplex GRT™, and aspalathin. These findings are in support of Tzounis (2007)
showing that polyphenols benefited the growth of species such as Lactobacillus and Bifidobacterium and

inhibited the growth of pathogenic bacteria (Tzounis et al., 2007).

Furthermore, the results obtained demonstrate that aspalathin did not invoke changes in the gut microbiota
diversity while Afriplex GRT™ invoked changes. This may be due to aspalathin being a single phenolic

compound that is not easily broken down by the bacteria due to its stable C-C glycosidic bond. A study by

97



Courts & Williamson (2009), showed that aspalathin needs to be methylated before it can be taken up by
the cells. This might be the case in this study (Courts & Williamson, 2009). However, as Afriplex GRT™
is an aspalathin-rich unfermented rooibos extract that contains a complex mixture of polyphenols, its effect
was more pronounced and was shown to suppress the pathogenic bacteria while it enumerated the beneficial

bacteria.
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6.1. CONCLUSION

The gut microbiota has been termed the hidden organ as it protects the host against pathogenic bacteria,
maintains the gut barrier function and has a number of metabolic functions. The growing interest in the
role of the intestinal microbiota metabolic diseases development has gained interest, although it
remains a relatively new area of research. Diet is linked to altered gut microbiota diversity, and therefore
has been amongst the factors of interest in the field. Our study was able to show that the Western diet
decreases the prevalence of Firmicutes and Bacteroidetes phyla which are associated with beneficial
microbes. Whilst it also increased the prevalence of Proteobacteria phylum, associated with pathogenic gut
bacterial species, supporting the notion that diet alters the gut microbiota distribution. The study also
suggests that culturing decreases the microbial richness as demonstrated by the decreased abundance of

Bacteroidetes, enriched Firmicutes and Proteobacteria phylum.

Natural compounds, such as medicinal plants have gained attention due to their ability to modulate the gut
microbiota for beneficial effects. The study also evaluated the potential prebiotic effect of rooibos phenolic
compounds using aspalathin and aspalathin-rich green rooibos extract Afriplex GRT™ on the gut
microbiota regulation. Here we showed that the treatment of in vitro cultures with Afriplex GRT™
increases the prevalence of beneficial bacteria such as Faecalibacterium prausnitzii and Prevotella copri.
This then suggests that Afriplex GRT™ was able to reverse Western diet induced gut microbiota changes,

and that Afriplex GRT™ could be used as a beneficial prebiotic on gut health.

6.2. STUDY LIMITATIONS

— The biggest limitation was the number of animals used. We used three animals in each study group
instead of the five planned in the study due to the unavailability of the Speedy Breedy culturing
vessels.

— The second limitation for this study was equipment failure. The anaerobic chamber kept on leaking
and breaking down, and the repair process for it is still ongoing. Therefore, we could not conclude
our work on it.

— The third limitation was the closure of the Speedy Breedy company in 2018. The vessels we used

for anaerobic culturing were unavailable which limited the number of samples we were able to do.
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6.3. FUTURE WORK

— We are planning to increase the number of animals used for this study.
— We have to look at the breakdown products of aspalathin by action of microbial species.
— We are also planning to do an in vitro study using human samples of obese and normal weight

subjects to elucidate the effect that the microbiome phenotype has on metabolic disease.
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Appendix A: Similarity reports and ethics approval

Turnit in Report

ORIGINALITY REPORT

21. 13+ 13, 11«

SIMILARITY INDEX INTERMET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

www.mdpi.com

Internet Source

1%

Submitted to University of Stellenbosch, South

Africa
Student Paper

1%

www.tandfonline.com 5
Internet Source 0/0
n www.nature.com 1,

Internet Source /0
H portlandpress.com 5

Internet Source 0/0
n Arpita Ghosh, Aditya Mehta, Asif M. Khan. 4 "

0

"Metagenomic Analysis and its Applications",
Elsevier BV, 2019

Publication

Kl

afriplexgrt.com

Internet Source

M. Brink, C. Rhode, B.M. Macey, K.W.
Christison, R. Roodt-Wilding. "Metagenomic
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Appendix B: Output

SYMPOSIA
Oral Presentation

N Mangwana C.J.F. Muller, R. Mundembe and N Thovhogi. The effects of rooibos phenolic compounds
on the gut microbiota of vervet monkeys. South African Medical Research Council, Conference Centre. 9™
annual Biomedical Research and Innovation Platform Symposium. 210ctober 2019.

Poster presentations

N Mangwana C.J.F. Muller, R. Mundembe and N Thovhogi. The effects of rooibos phenolic compounds
on the gut microbiota of Vervet Monkeys. Stellenbosch University African Microbiome Institute Workshop
and Sympossium, Stellenbosch Institute for Advanced Study (STIAS) Conference Centre. 28-30 November
2019.

CONFERENCES
Poster presentation

N Mangwana C.J.F. Muller, R. Mundembe and N Thovhogi. The effects of rooibos phenolic compounds
on the gut microbiota of vervet monkeys. South African Medical Research Council, Conference Centre,13th

Annual Early Career Scientist Convention: Western Cape, South Africa, 9-110ctober 2018.

Workshop and Convention

N Mangwana, AfricaBio Convention 2019, Durban ICC, Durban South Africa 26 — 28 August 2019.
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Appendix C: Additional tables

Table S1: DNA concentrations and ratio.

Sample Sample name Sample ID Conc. A260/A280 | A260/A230
no (Normal diet (ND)/ ng/uL
Western diet (WD)

SB-1 238 Uncultured ND 190.1 1.85 214
SB-2 238 Control ND 250.3 1.85 2.35
SB-3 238 Aspalathin ImM ND 118.4 1.84 1.69
SB-4 238 GRT ND 135 2.13 1.56
SB-5 249 Uncultured ND 170.5 1.84 2.07
SB-6 249 Control ND 190.1 1.84 1.87
SB-7 249 Aspalathin ImM ND 166.8 1.85 2.39
SB-8 249 GRT ND 133.8 1.85 2.71
SB-9 268 Uncultured ND 193.6 1.83 2.10
SB-10 268 Control ND 147.4 1.85 2.15
SB-11 268 Aspalathin 100uM ND 214.6 1.85 2.25
SB-12 268 Aspalathin ImM ND 164.1 1.85 2.20
SB-13 268 GRT ND 123.9 1.85 241
SB-14 281 Uncultured WD 131.8 1.85 2.20
SB-15 281 Control WD 158.5 1.84 2.18
SB-16 281 Aspalathin 1mM WD 149.1 1.83 1.69
SB-17 281 GRT WD 116.2 1.83 2.67
SB-18 343 Uncultured WD 137.5 1.77 1.42
SB-19 343 Control WD 228.1 1.83 2.10
SB-20 343 Aspalathin 100uM WD 177.3 1.82 1.83
SB-21 343 Aspalathin 1mM WD 250.4 1.87 2.13
SB-22 343 GRT WD 198.4 1.85 2.71
SB-23 403 Uncultured WD 193.6 1.86 2.60
SB-24 403 Control WD 196.5 1.85 2.13
SB-25 403 Aspalathin 1mM WD 268.1 1.85 1.84
SB-26 403 GRT WD 155.5 1.87 2.47
AC-27 268 Uncultured ND 195.2 1.82 1.69
AC-28 268 Control ND 146.4 1.82 1.88
AC-29 268 Re-cultured ND 1235 1.80 1.46
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AC-30 343 Uncultured WD 216.5 1.83 1.94
AC-31 343 Control WD 257.1 1.83 211
AC-32 343 Re-cultured WD 228.6 1.82 2.02
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