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Abstract

The diversity and functional potential of the gut bacterial community of healthy South
African individuals are not well understood. This study investigated the gut
microbiomes of two populations: individuals living in rural (n = 45) and urban (n =50)
areas using high-throughput 16S rRNA gene sequencing. The bacterial diversity
(alpha diversity) was not significantly different between rural and urban populations
(Welch test: p = 0.3; Shannon) and that the composition differed significantly between
urban and rural cohorts (PERMANOVA: R2 = 0.03, p < 0.001, higher B-diversity). At
the phylum level, both populations were dominated by Firmicutes, while Spirochete
was uniquely associated with the rural population. Although 24 core bacterial genera
were detected across the two distinct populations, the gut bacterial composition
revealed signatures that was specific to the geographical location and dietary intake
of the individuals. Analysis of the predicted metabolic pathways showed that urban
population had carbohydrates, amino acids, lipids, and xenobiotics metabolism. The
rural cohort was characterized by species richness and more interindividual
homogeneity. In conclusion, the variability of gut bacterial communities within and

between populations differed dietary habits based on lifestyle and geographic location.
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Chapter 1

Literature review

1.1 Introduction
In the environment, microorganisms are pivotal to ecosystem functionality and help facilitate

nutrient cycling, organic matter composition and the sequestration of carbon (Bodelier, 2011).
Microorganisms have shaped the transition of the earth from anoxic to oxic, which has led to
the transition towards modern earth (Falkowski et al., 2008). Although the roles of
microorganisms (i.e bacteria, archaea, fungi and microeukaryotes) in the environment are
increasingly clear, key mechanistic insights regarding microbial communities associated with

animals, including humans is lacking (Ley et al., 2008).

Recently, several studies suggest that the human microbiome (i.e microorganisms and their
genes) is crucial for human health and pivotal in efforts towards defining the one health
concept (Clemente et al., 2012; Human Microbiome Project Consortium, 2012). It has been
suggested that trillions of microorganisms found on human skin and inside the intestinal tract
(Hugon et al., 2015), is now the central focus in efforts to understand the role of the microbiome
(Thursby & Juge, 2017). These microbial communities are primarily dominated by bacteria,
with about 90% of the species (Tremaroli & Backhed, 2012), and include viruses (Reyes et
al., 2012), fungi (Limon et al., 2017), archaea (Hoffmann et al., 2013) in low abundances.
These microorganisms perform various functions for the host, such as breaking down and
fermenting indigestible food components in the colon (Keim & Martin, 2014), production of
vitamins and antibiotics (Nicholson et al., 2012), protection against pathogen invasion
(Baumler & Sperandio, 2016), modulating host immunity and maintaining intestinal
homeostasis (Kinross et al., 2011). However, there is potential for these functions to be
disrupted due to changes in the microbial composition, known as dysbiosis (Carding et al.,
2015). The human gastrointestinal tract (GIT) represents one of the primary boundaries
between the host and external environmental factors (Thursby & Juge, 2017). Throughout
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human life, ingested foods pass through the GIT, along with an abundance of microorganisms
from the environment leading to shifts in the resident microbial population and possibly
effecting changes to the gut (Thursby & Juge, 2017). The microbial composition and diversity
are influenced by many factors including diet (De Filippis & Ercolini, 2018), the use of
antibiotics (Blaser, 2016), host genetics (Rodriguez et al., 2015), hygiene practices (Martinez
et al., 2015) and other lifestyle factors (Conlon & Bird, 2014). Resultantly, changes in the gut
microbiome may lead to the development of diseases such as inflammatory bowel disease,

colon cancer, obesity, and diabetes (Nagao-Kitamoto et al., 2016).

In the last few decades, the human gut microbiome has been extensively investigated for its
role in physiology and diseases (Ji & Nielsen, 2015; Turnbaugh et al., 2007). With increasingly
sophisticated methods (16S ribosomal-RNA (rRNA) gene, or shotgun sequencing) used to
profile and characterise the fecal microbiome (Song et al., 2018), these studies have revealed
significant inter-individual variability across populations from the same country and even
greater variability between those from different countries (European, US and Asia) (Turnbaugh
et al.,, 2007; Consortium, 2010; Huttenhower et al., 2012). In addition, the human gut
microbiome is incredibly diverse and complex with the local environmental or external
influences playing a significant role in its structure (Qin et al.,, 2010; Human Microbiome
Project, 2012). Previous studies have shown even greater variability in the gut microbiomes
of the patients with inflammatory bowel disease (IBD), cardiovascular disease, diabetes, colon
cancer, and obesity compared to healthy controls (Lynch & Pedersen, 2016; Schippa & Conte,
2014). In addition to age- and gender-related gut microbial inconsistencies, it is difficult to
establish the precise relationship between human health and the presence of specific

microbial communities (Carding et al., 2015).

On a global scale, the diversity of the human gut microbiome remains inadequately
characterized, with serious knowledge gaps regarding the gut microbiome of non-western
populations. Ongoing human gut microbiome projects aimed at profiling, characterizing and

creating a reference genome catalog of the gut microbiome have only focused on European,



North American, and Asian populations (Consortium, 2010; The Human Microbiome Project
et al., 2012). Larger longitudinal studies that include populations from Africa, the Middle-East,
and South America are crucial to ascertain the composition and diversity of the intestinal

microbiota of distinct human populations.

There is increasing evidence of significant declines in the number of gut bacterial species and
diversity in urban populations compared to those of rural communities (Gomez et al., 2016;
Ayeni et al., 2018). For instance, the gut microbial taxa involved in breaking down fiber-rich or
resistant-starch food components appear to be among the least abundant taxa in urban
populations (De Filippo et al., 2010). The common hypothesis is that observed specific gut
microbiome patterns are likely due to differences in lifestyle and dietary habits across the

studied populations (Gupta et al., 2017).

In South Africa, the emergence of chronic diseases associated with urbanization and
westernised lifestyles, has increased over the last few decades (Steyna, 2006; van der Merwe
& Pepper, 2006). However, there is no available data regarding the composition and functional

diversity of the gut microbiome of healthy South African individuals.

1.2 The human gut microbiome
The gut microbiome coexists with its host throughout life and plays a significant role in human

health (Baumler & Sperandio, 2016). There is a growing realization that the gut microbiome
develops with the host and that the composition is altered in response to both internal and
external influences (Walsh et al., 2014). Although there are inter-individual and inter-
population variations in the gut microbiome, a conserved set of encoded functions and
microbes are shared between populations or individuals (often referred to as the ‘core gut
microbiome’) (Fujio-Vejar et al., 2017; Qin et al., 2010). In addition to the biochemical and
metabolic functions mentioned earlier, the gut microbiome is crucial for retrieving nutrients
such as amino acids and short-chain fatty acids (SCFAs) from indigestible food components

(i.e resistant-starch), protect the host from pathogenic invasion, and immune system



modulation (Kinross et al., 2011). As a species, we collectively depend on the intestinal
microbiota for various essential functions and thus in a mutualistic relationship (Nagao-
Kitamoto et al., 2016). However, these functions and mechanisms may potentially be disrupted

due to dysbiosis (Barbara et al., 2016).

The dysbiotic state of the gut microbiome has been attributed to various physiological
conditions including obesity, IBD, colon cancer, diabetes, and cardiovascular disease
(Belizario & Napolitano, 2015). Despite several studies suggesting that alterations in the
composition of the gut microbiome may be linked to various diseases, the term “healthy gut
microbiome” remains somewhat contentious and poorly defined (Schippa & Conte, 2014).
Although the composition of the gut microbiota and its role in health and diseases has recently
been subject to intensive studies, our understanding of factors leading to differences in the
gut microbiome of healthy individuals remains unclear (Lloyd-Price et al., 2016). Some reports
suggest a large degree of inter-individual variations in the human gut microbiomes even
without any diseases (Belizario & Napolitano, 2015; Walsh et al., 2014). To determine the
physiological significance of different gut microbial composition associated with either a
normal or dysbiotic state, it is necessary to define a healthy gut microbiome (Konturek et al.,

2015).

Considering the substantial variation between individuals and the fact that several
environmental factors may drive its composition, the microbiome of adult humans is relatively
stable at the phylum level (Hongfei Cui, 2016). Currently, approximately 1 000 species
collectively comprise the gut microbiota of healthy adults (Bik, 2009; Walsh et al., 2014).
Among these, the most abundant species belong to members of the phyla Bacteroidetes and
Firmicutes. In almost all individuals, Bacteroidetes and Firmicutes are present albeit at
different abundances (Bull & Plummer, 2014). For example, urban populations generally have
higher abundances of Firmicutes and less Bacteroidetes, while is directly opposite for rural
populations where Bacteroidetes appear to dominate (De Filippo et al., 2017; Schnorr et al.,

2014). Other prevalent but less abundant members are Proteobacteria, Actinobacteria,



Verrocumicrobia, Cyanobacteria, and Fusobacteria (O'Hara & Shanahan, 2006). Inter-
individual variation, at the species level, is higher than at the phylum level (Eckburg et al.,
2005). For instance, African children from rural Burkina Faso had the exclusive presence of
Prevotella, Xylanibacter, Butyrivibrio, and Treponema species which, were absent in children
from an urban society in Italy (De Filippo et al., 2010). A recent study of individuals from
Denmark, Spain, China and the US identified country- or population-specific microbial
signatures compositions and concluded that local environmental factors such as diet, and host
genetics may play an important role in the composition of the gut microbiome (Li et al., 2014).
Due to the differences in the structure of the microbiome across urban and rural gradients, it
is unclear whether these patterns may hold for individuals from other parts of the world,

including South Africa.

1.3 The role of the human gut microbiome
The gut bacteria colonise the intestinal surfaces, creating stable environments which prevent

invasion by external microorganisms (Guarner & Malagelada, 2003). The functions include
protective, metabolic, trophic (Purchiaroni et al., 2013) and immunological (Guarner &
Malagelada, 2003). Metabolic functions of metabolome include the breakdown of undigested
food (often resistant starch and plant-derived foods) components by anaerobic fermentation,

which produces short-chain fatty acids (SCFAs) (Tan et al., 2014).

SCFAs includes acetate, propionate, and butyrate which are important by-products. These
metabolites play significant roles in maintaining intestinal homeostasis and contribute to host
immune system maturation (Pryde et al., 2002; Thorburn et al., 2014). SCFAs have been
shown to maintain epithelial integrity, alter phagocytosis and chemotaxis, change cells
proliferation and function, and have anti-inflammatory and anti-tumorigenic activities
(Barcenilla et al., 2000; Tan et al., 2014). High levels of SCFAs are associated with regular
consumption of a fiber-rich diet and higher bacterial diversity in the gut (De Filippo et al., 2010).

The substantial health benefits associated with SCFAs linked with the low consumption of



fiber-rich foods, known to produce them, possibly explains the high prevalence of chronic
diseases such as inflammatory bowel syndrome and irritable bowel disorder in the urban

societies.

1.4 The colonization and establishment of the gut

microbiome
Humans are born sterile and acquire microorganisms during birth, which colonize the skin and

the gastrointestinal tracts during infancy (O'Hara & Shanahan, 2006; Koenig et al., 2011,
Rodriguez et al., 2015; Backhed et al., 2015). Microbial colonization of the gut by newborns is
continuous and may originate from several sources, although the mother is the primary source
(Penders et al., 2006; Palmer et al., 2007). Newborns are first colonized by facultative
anaerobic bacteria, which include Enterobacteriaceae, Streptococcus spp., Staphylococcus
spp and Enterococcus (Guaraldi & Salvatori, 2012). The majority of these first colonizers
belong to species, which may be pathogenic (Marques et al., 2010). However, these microbes
have co-evolved for years with the human host and play important roles such as reducing the
levels of oxygen in the neonate's GIT (Marques et al., 2010). Thus, oxygen-free environments
will promote the proliferation of obligate anaerobes dominated by Bifidobacteria, Bacteroides,
and Clostridium (Guaraldi & Salvatori, 2012). The mode of birth (caesarean or vaginal)
(Dominguez-Bello et al., 2010), type of nourishment (breast-milk, and formula-milk) (Voreades
et al., 2014), administration of antibiotics (either to the mother during pregnancy or infant after
birth), and illness (Koenig et al., 2011; Stearns et al., 2017) influence the structure of the
infant’s gut bacterial community. Consequently, these results in increased variation in the gut
microbiota of individuals and may have a long-term influence on the associated health

outcomes of the host (Marques et al., 2010).

The pattern in which intestinal bacteria colonise newborns delivered vaginally differs from that
born through cesarean method (Dominguez-Bello et al., 2010; Backhed et al., 2015). During

a vaginal delivery, the vaginal and fecal microbiota become major sources of inoculum (Koenig



et al., 2011). Several studies show that the fecal microbiota (termed meconium) of infants
delivered vaginally is dominated by Prevotella, Parabacteroides, Bacteroides, and
Lactobacillus and, after a few months, there are high occurrences of Bifidobacterium and
Bacteroides (Dominguez-Bello et al., 2011; Koenig et al., 2011; Yang et al., 2016). In contrast,
infants delivered through cesareans have fecal microbiota profiles like the mother's skin
microbiota (Palmer et al.,, 2007). Their gut microbiota is dominated by relatively high
abundance of Staphylococcus and Propionibacterium spp. and Corynebacteria, with low
proportions of Bacteroides spp. and Bifidobacteria (Backhed et al., 2015; Dominguez-Bello et
al., 2010; Ravel et al., 2011). The differences between the two delivery modes steadily
decrease over a 4 to 12-month period, with the composition of infants delivered through
caesareans remaining more heterogeneous (Backhed et al., 2015). Although the presence of
other bacterial communities such as Bifidobacterium and Lactobacillus are known to promote
host health (Rastall, 2004), the physiological impact (short- and long-term effects) by other

initial bacterial colonizers is less clear.

The growth and development of the gut microbiota continues during the breast and/or formula
feeding period (Penders et al., 2006). Breastfeeding is a continuous source of potential
probiotic bacteria, which are known to promote initial gut colonization and growth possibly
influencing long-term health (Guaraldi & Salvatori, 2012; Jost et al., 2013). This is due to the
presence of oligosaccharides in breast milk, which promote the growth of Bifidobacterium and
Lactobacillus and further strengthen the development of the immune system (Conlon & Bird,
2014). Several studies have demonstrated that the intestinal colonization of formula-fed
infants follows a different trajectory to that of breastfed infants. Fan et al., (2013) investigated
12 healthy Chinese infants (aged 3 — 6 months) and showed that although the fecal microbiota
of both breastfed and formula-fed may be dominated by similar phyla (Actinobacteria,
Firmicutes, and Proteobacteria) the relative abundance of Proteobacteria in breastfed subjects

and Firmicutes in formula-fed subjects differed significantly (Fan et al., 2013). These findings



provide information on the first diet-related intestinal colonization and the importance of diet

in shaping the structure of the human gut microbiome (Fan et al., 2013).

The introduction of solid food in the infant’s diet, generates a shift towards bacterial consortia
like that of adults (Guaraldi & Salvatori, 2012). A significant decline in Lactobacillus and
Bifidobacterium abundance is observed when milk consumption is reduced, and replaced by
solid foods (Koenig et al., 2011; Voreades et al., 2014; Backhed et al., 2015). At approximately
2 — 3 years old, the bacterial community structure begins to stabilize and is dominated by

Bacteroidetes and Firmicutes (Koenig et al., 2011; Voreades et al., 2014).

1.5 Factors influencing the gut microbiome composition

1.5.1 Diet
Of all the factors which likely influence the composition and structure of microbes in the human

gut, diet remains the most studied due to its significant role in modulating microbiota either
beneficially or detrimentally (Conlon & Bird, 2014). Both long- and short-term dietary factors
have been shown to induce changes in the composition and functional potential of the
intestinal microbiota (David et al., 2014; Scott et al., 2013; Wu et al., 2011). Other studies have
also shown that the gut microbiome may be resilient to change. For instance, the gut
microbiome of mice was shown to revert to the original composition following changes in diet
(Zhang et al., 2012). However, the effects of both long- and short-term dietary patterns on the
gut microbiome are relatively unexplored and may provide clearer cues regarding the effects

of the microbiome on human health.

Carbohydrates, proteins, and fats are major components in the diet of humans, albeit with
differing consumption proportions depending on geography (Benitez-paez et al., 2016, Gupta
et al., 2017). The type and amount of these components present in diets influences bacterial
species and host metabolism (Rajoka et al., 2017). A high-fat and high-sugar diet increases

the ratio of Firmicutes to Bacteroidetes, effects changes on the metabolic pathways in the



microbiome, and alters microbiome-associated gene expression (Turnbaugh et al., 2009). In
a separate study, a high-fat diet was correlated to increased lipopolysaccharides (LPS)
circulation and intestinal permeability (Candido et al., 2018). Intestinal permeability mediates
obesity and systemic inflammation (Moreira et al., 2012). Fat stimulates or increases the
production of bile acids by gut microbiota (O'Keefe, 2008), and has been linked to increased
colon cancer risk (Ou et al., 2013). Some of the bile acids from the gallbladder escape into the
small intestine and enter the colon through the hepatic system, and this process generates a
feedback mechanism increasing dietary fat intake (O'Keefe, 2008). Within the large intestine,
colonic microbiota produce secondary bile acids, using 7 a-dehydroxylation from primary bile
acids (bile acid from the gallbladder) (Ou et al., 2012). However, the type and amount of bile
acids which escape to the colon remain unclear (Conlon & Bird, 2014). Furthermore, how
these mechanisms may be influenced by the gut microbiota in different individuals remains

unclear.

Degradation of proteins normally occurs in the colon where proteolytic bacteria are present
(Macfarlane et al., 1986). A high protein diet increased proportions of Bifidobacteria and
Lactobacilli in mice (Rajoka et al., 2017). Most ingested carbohydrates are fermented by
colonic microbiota (Conlon & Bird, 2014). Fermentation of carbohydrates, such as fiber-rich
components, increases the bacterial biomass in the colon (Simpson & Campbell, 2015). This
leads to the production of metabolites such as SCFAs, major end-product of biodegraded
carbohydrates (West et al.,, 2013). Clarke and colleagues revealed that Parabacteroides
distasonis counts increases and was responsible for approximately 90% of SCFAs produced
in individuals with high carbohydrates intake, particularly high-amylose maize starch (Clarke

etal., 2011).

Current knowledge about the influence of diet on the diversity and functional potential of
intestinal bacteria is based mainly on Caucasian populations, living in western societies and
consuming western diet (i.e. high in sugar and saturated fats). Very few studies have

examined the gut microbiome of traditional farmers/agriculturists (Morton et al., 2015; Gomez



et al., 2016), hunter-gatherers (Schnorr et al., 2014; Obregon-Tito et al., 2015), vegetarians
and omnivores (Kabeerdoss et al., 2012; Kim et al., 2013; MatijaSi¢ et al., 2014). Comparative
studies consistently found major differences among the intestinal microbiomes of urban
populations consuming a western diet, and rural cohort with a low-fat diet (De Filippo et al.,
2010; Schnorr et al., 2014; Martinez et al., 2015; Gomez et al., 2016). Studies by Obregon-
Tito et al. (2015) and Schnorr et al. (2014) reported a significant decline in the gut microbial
diversity of urban or western populations. These studies attributed this decline in diversity to
dietary habits and showed the absence and reduction of Treponema and Prevotella in urban
populations. Developing countries, such as South Africa, are subject to increased rates of
urbanization with increasing populations adopting western lifestyles (Mutavhadsindi & Meiring,
2014). This may affect the gut microbiota and functional processes in both rural and urban
populations. However, there are currently no data available regarding the gut microbiome of

South African individuals and the impact of dietary differences remains undetermined.

1.5.2 Lifestyle
Although a few studies have provided insights regarding the effects of lifestyle on the

microbiome, the influence of non-dietary factors including cigarette smoking, stress, lack of
physical exercise on the gut microbiota is less clear. Cigarette smoking, and the lack of
exercise may alter the intestinal microbiota, which may increase non-communicable diseases
such as colorectal cancer (CRC) (Conlon & Bird, 2014). One study reported a significant
increase of Bacteroides in cigarettes-smoking individuals compared to non-smoking
participants (Benjamin et al., 2012). The influence of other non-dietary factors such as stress
(Mackos et al., 2016), and a lack of exercise (Booth et al., 2012; Campbell & Wisniewski,
2017) on the human gut microbiome have been reported. Stress-induced reductions in
Lactobacilli have been reported in the gut of stressor-exposed animals, such as mice (Tannock

& Savage, 1974; Bailey & Coe, 1999; Sakuma et al., 2013).



1.5.3 Host genetics
Host genetics may influence the composition of the gut microbiota and metabolic pathways

(Turpin et al., 2016; Goodrich et al., 2016; Xie et al., 2016). To reduce other confounding
variables, several studies have assessed the fecal microbiota of monozygotic twin pairs and
unrelated individuals (Zoetendal et al., 2001; Turnbaugh et al., 2009). Results revealed that
the gut microbiomes of monozygotic twins were structurally more similar compared to
unrelated individuals. Turnbaugh and colleagues further showed that the fecal microbiota was
more similar between a mother and a daughter compared to unrelated individuals (Turnbaugh
etal., 2009). Taken together, these studies suggest that the gut microbiota may be determined

by host genetics to a significant degree.

1.5.4 Antibiotic
Evidence of both short and long-term use of antibiotics (for infection treatment) result in distinct

temporal perturbation in the human gut microbiota (Jakobsson et al., 2010; Léfmark et al.,
2006). It has been demonstrated that the composition of the gut microbiota may be disrupted
for prolonged periods depending on the type of antibiotics (Jernberg et al., 2005; Jernberg et
al., 2007). Jernberg et al. showed that within two years, Bacteroides species did not revert to
the original count, after 7 days intake of clindamycin (Jernberg et al., 2007). A study by
Jakobsson and colleagues assessed the short- and long-term effects of metronidazole and
clarithromycin, a standard treatment against Helicobacter pylori in patients with gastric ulcer
(Jakobsson et al., 2010). The authors observed a significant decline in members of
Actinobacteria immediately after treatment, in both throat and fecal microbiota of patients.
However, a study using animal models (murine) suggested that, although the gut microbiome
can be disrupted by antimicrobial agents, it could steadily revert to a relatively new and stable
composition (Cho et al., 2012). More studies are needed to determine antibiotic-based impact

on gut bacterial population over extended periods.



1.5.5 Geography
A study by Suzuki and Worobey reported that there are variations in the gut microbiome of

individuals from colder regions compared to those living in warmer regions. This is ascribed
to the fact that individuals from colder regions potentially consumed, extracted and stored
more energy from dietary fats (Suzuki & Worobey, 2014). In a separate study, the functional
profiles and fecal microbiota differed significantly between individuals living in the US and
those living in rural areas of Malawi and Venezuela (Yatsunenko et al., 2012). This study
demonstrates that geography has a significant influence on the composition of the gut
microbiome (Gupta et al., 2017). However, knowledge about variations in the gut microbiome
of individuals from the same country and ethnic background, but different local geography

(rural and urban) is limited.

1.5.6 Age and gender
Due to altered physiology in elderly individuals, decreased intestinal motility and secretion of

gastric acids, and changes in dietary and lifestyle habits, the gut microbiome of the elderly
differs markedly from that of younger adults (Biagi et al., 2010). For instance, most elderly
individuals have relatively low proportions of Bacteroides and Bifidobacteria species (Biagi et
al., 2010), reduced amylolysis processes, and low levels of SCFAs (Rampelli, et al., 2013).
Whilst, Fusobacteria, Clostridia, Eubacteria, and facultative anaerobes are higher in
abundance (Woodmansey, 2007). Studies on intestinal microbiota with large cohorts of
Europeans revealed distinct age- and gender-related variations. These studies showed that

the ration of Bacteroides-Prevotella was higher in males than in females (Mueller et al., 2006).

1.6 The gut microbiome in diseases
The significance of the intestinal microbiota in human health is clear (D’Argenio & Salvatore,

2015). A substantial body of research suggests that the intestinal microbiota may play a key
role in the manifestation of various metabolic and GIT-related diseases (Cho & Blaser, 2012;

Belizario & Napolitano, 2015; Nagao-Kitamoto et al., 2016). The evidence suggests that



dysbiosis of the gut bacterial community may cause various metabolic diseases (Carding et
al., 2015). These include inflammatory bowel disease (Wu et al., 2013), obesity (Walters et
al., 2014), colon cancer (Hagland & Sgreide, 2015), type 1 and type 2 diabetes mellitus
(Bertoni et al., 2010; Barlow, Yu, & Mathur, 2015), atherosclerosis (Koeth et al., 2013), and

asthma (West et al., 2015), prevalent in western or urban societies.

It has been proposed that the development of obesity in children (Karlsson et al., 2012) and
adults (Turnbaugh & Gordon, 2009) is influenced by the relative proportions of Bacteroidetes
and Firmicutes. However, the role of intestinal bacteria on the disease appears to be
inconsistent from one study to the next. Schwiertz and colleagues observed very low
Firmicutes to Bacteroidetes ratios in obese individuals compared to lean controls (Schwiertz
etal., 2010). In contrast, Duncan et al., (2008) reported no differences in Bacteroidetes counts
between obese and non-obese controls nor was there evidence that Bacteroidetes and

Firmicutes contributed to obesity (Duncan et al., 2008).

1.7 Current methods for studying the human gut

microbiome
For years, human gastrointestinal tract microorganisms were studied using traditional

cultivation-based methods or techniques (McDonald et al. 2015). The advantage of using
cultivation techniques is that the isolates can be recovered and used for other downstream
analysis (Dicksved, 2008; Browne et al. 2016). However, these approaches require a large
amount of work in relation to the output, and only about 10-25% of the GIT microorganisms
have been successfully cultured (Eckburg et al., 2005). Culture-independent methods, which
analyse DNA extracted directly from a sample, have expedited studies on the gut microbiome.
These include taxonomic diversity, how many of which microbes are present in a community
(Franzosa et al., 2015) and functional metagenomics which describes biological functions of
an entire community or members of a community (Morgan and Huttenhower 2012). To

investigate bacterial communities efficiently, studies are combining high-throughput DNA



sequencing with other genome-scale platforms such as proteomics and metabolomics

(Vernocchi et al., 2016; Maier et al., 2017).

Briefly, metagenomic studies on the human gut microbiota comprise several experimental
steps, namely collection of fecal samples, metagenomic DNA extraction, massive DNA
sequencing, and data analyses with bioinformatics (Song et al., 2018). Several molecular
techniques including culture-independent methods have been developed to elucidating the
gut microbiota (Table 1.1). Each technique has different applications to the study of the gut
microbiota. Many researchers have employed sequence analysis of the 16S rRNA marker
gene (Hold et al., 2002; Human Microbiome Project Consortium, 2012; Martinez et al., 2015;
Carbonetto et al., 2016; Fujio-Vejar et al., 2017; Hansen et al., 2019). Using 16S rRNA gene
is relatively cheap and simple to sequence only the 16S sequences from a microbiome
(Caporaso et al., 2010). This 1.5 kbp gene is sufficiently conserved to allow amplification and
the ubiquitous sequences and regions vary with greater or lesser frequency over evolutionary
time (Jovel et al., 2016). Bacterial 16S rRNA genes has 9 hypervariable regions (V1-V9) that
show sequence diversity and uses a barcode-like method to differentiate bacterial taxa, and
sometimes but not always, species level resolution is possible (Allaband et al., 2018). There
are many considerations in choosing which primers to use (Soergel et al., 2012). However,
the best option is to use the same PCR primers as other studies which would be easy to
compare the results, such as V1 - V3 or V3 - V5 primers previously used for the Human
Microbiome Project (Human Microbiome Project, 2012). The 16S amplicons are matched
against several databases including GreenGenes (DeSantis et al., 2006), the Ribosomal
Database Project (Cole et al., 2009), and Silva (Pruesse et al., 2007). Sequences assayed in
this manner have been characterized for close association of the gut microbiota with human
health and diseases (Vesterbacka et al., 2017, Mullish et al., 2018). Although more recently
this approach has been overshadowed by metagenomics (i.e shotgun sequencing), 16S rRNA

gene sequencing is still robust and well characterized approach that yields sufficient



information about bacterial communities, even with relatively small number of sequences per

samples (below 200 thousand) (Laudadio et al., 2018).

More recent researchers employ whole genome shotgun sequencing (WGS) for human gut
microbiome (Ranjan et al., 2018; Rampelli et al., 2019). Whole genome shotgun sequencing
is rapidly displacing 16S rRNA amplicon analysis because it can provide genome content,
functional potential and readily resolve species-level and strain-level classification (Allaband
et al., 2018). This method bypasses gene-specific amplification and randomly sequences all
fragmented DNA in a community including other microorganisms such as eukaryotes and
viruses (Clooney et al., 2016). An important consideration is that WGS and 16S methods use
different databases for classification of taxa (Laudadio et al., 2018). However, the amount of
obtained WGS sequence data leads to few challenges in terms of data processing, analysis
and storage. Sequencing platforms for WGS such as lllumina HiSeq 2500 can yield over 1
Tbp of raw sequence data which increases several-fold during downstream processing and
analysis (Clooney et al., 2016). It also requires higher coverage (10-30 million of reads), to
identify and understand the bacterial genes (Ranjan et al., 2016). Overall, WGS remains more
expensive than 16S sequencing, less tolerant of low microbial biomass or contaminated
samples, and analytic approaches are complex and computationally expensive (Allaband et

al., 2018).

Other prevalent non-sequencing culture-independent methoods for molecular profiling of the
intestinal microbiome include metabolomic and metaproteomic techniques that use mass
spectrometry (MS) (Melnik et al., 2017) and nuclear magnetic resonance (NMR) spectrometry
(Jacobs et al., 2008; Cox et al., 2019). The MS and NMR profiling techniques has been used
to identify bacterial products and metabolites, such as fatty acids, vitamins, bile salts, and

polyphenols (Vernocchi et al., 2016; Cox et al., 2019).

Table 1.1: Techniques used to characterize the gut microbiota.



Technique Description Advantages Limitations References
Culture-based Isolation of bacteria on Cheap, semi- Labour intensive, Guarner, F. &
selective media guantitative culture <30% of gut Malagelada,
microbiota 2003;
Ingham et al.,
2007
DGGE/TGGE Gel separation of 16S Fast, semi- No phylogenetic Muyzer, 1999
rRNA amplicons using quantitative, bands identification, PCR
denaturant/temperature  can be excised for bias
further analysis
T-RFLP labelled primers are Fast, semi- No phylogenetic Marsh, 1999;
Fluorescently amplified and then quantitative, cheap identification, PCR Hayashietal.,
restriction enzymes are bias, low resolution 2003
used to digest the 16S
rRNA amplicon.
Digested fragments
separated by gel
electrophoresis
DNA microarray Set of regular arranged Phylogenetic Low detection limit, Paliy et al.,
spots of DNA recognition identification, semi- Hybridization biases = 2009

elements positioned on
microscopic slides

quantitative, fast

Novel
species/strains
unidentified

16S rRNA gene Massive parallel Phylogenetic PCR bias, Extensive McCartney et
sequencing sequencing of partial identification, data analysis al., 2002;
16S rRNA marker gene  quantitative, fast, Dethlefsen et
identification of al., 2006
unknown bacteria
Metagenomic Massive parallel Phylogenetic Expensive, analysis Breitbart et
shotgun sequencing of the whole identification, of data is al, 2006;
sequencing genome quantitative computationally Manichanh et
intense al., 2006

Abbreviations: DGGE, denaturing gradient gel electrophoresis; TGGE, temperature gradient gel electrophoresis; T-RFLP,
terminal restriction fragment length polymorphism.

1.8 Problem statement
On a global scale, there are clear knowledge deficits regarding our understanding of the

human gut microbiome. Moreover, the studies have focused on providing insights regarding
the microbiomes of individuals from Europeans, and US. Cross-population studies have only
focused on population from remote rural communities whose lifestyles resemble either the
Neolithic revolution or traditional/cultural communities (hunter-gatherers or traditional
farmers/agriculturists) compared to individuals from highly industrialized societies. These
study designs are important for understanding the interaction of the host-microbes and may
explain some of the environmental adaptations of the gut microbiome during the evolution of
humans and their lifestyles. However, there is still a gap in knowledge about the composition
of the gut microbiota of modern human populations from distinct geographical areas, with

different lifestyles, yet similar genetic and ethnic background. Moreover, the transition from



rural to urban and the subsequent adaptations to western lifestyles and dietary habits, may

alter and decrease the gut bacterial diversity of traditional communities.

1.8.1 Aim
To elucidate the gut microbiomes of healthy South African individuals from rural and urban

localities.

1.8.2 Objectives
e To characterize the gut microbiota of rural and urban populations.

e To determine the relative influence of diet, geography and different lifestyles on the gut

microbiota.



Chapter 2

Materials and methods

2.1 Ethical clearance
Ethical clearance for the study (EC160630-051) was approved on 26/04/2017 by the Faculty

of Health Sciences Research Ethics Committee and Faculty of Natural and Agricultural
Sciences: Ethics Committee at the University of Pretoria. All the study procedures and

experiments were conducted in-line with the relevant ethical guidelines and regulations.

2.2 Study area
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Figure 2.1. The geographic locations of Ha-Ravele, Tshikombani and Pretoria.
(Source: Google Maps).

The City of Tshwane (Pretoria) one of the major metropolitans in Gauteng Province was
identified as the urban location of the study. Ha-Ravele a village outside a small town called
Makhado (Vhembe District in Limpopo Province) was the identified rural location. However, to
get to the total number of required participants, additional number of participants were
recruited from another village called Tshikombani located north-east of Makhado Town. The

geographical locations of the three sampled sites are shown in Figure 2.1.



While the two selected rural communities are a modern human population, they still practice
some of their traditional life ways especially when it comes to the food they eat and the
preparation. They still cook food in open-fire (Figure 2.2A) and they grow and process their
own maize meal (Figure 2.2B), a common staple food in rural areas. Subsistence farming is
still a very common practice and some people continue to rely on it for their food supply. Most
households have their own garden where they grow maize in summer seasons, and leafy
vegetables (Chinese cabbage, Amaranthus, Solanum retroflexum, Corchorus olitorius,
Cucurbita pepo and spinach) all year round. A typical lunch or supper meal contain maize
meal (porridge), a portion of leafy vegetable and sometimes with protein (beef/chicken/fish)
Figure 2.2C. Thus, their diet contains a substantially amount of dietary fiber. Additionally,
participants from both rural areas have contact with the urban society when they go

approximately twice a month to buy food and other household supplies.

i R R V- A \\ < ‘
Figure 2.2. Traditional lifestyle features of Ha-Ravele and Tshikombani populations. (A) Washing the maize grains
before grinding them to make maize meal, (B) cooking food in open fire remains one of the most preferred methods to
cook food in these communities and (C) a typical supper or lunch meal. (Images source: My Venda (@MyVenda) |
Twitter, https://twitter.com/MyVenda)

2.2 Participant recruitment
Participants from Ha-Ravele were a group of soccer players and were recruited through their

team manager. Participants from Pretoria (Hartfield and central business district) and
Tshikombani were recruited randomly through direct approach. A total of 100 healthy
volunteers equally divided between genders and locations (rural (25 males and 25 females)
and urban (25 males and 25 females)) were recruited, respectively. Participants were aged

between 18 — 50 years, had not taken antibiotics for at least 6 months prior to volunteering,



were healthy and have not been diagnosed with any inflammatory-related bowel diseases or
gastrointestinal diseases (i.e stomach ulcers). Volunteers were given a briefly description of
the study protocol and completed informed consent forms to participate including agreement

with the study confidentiality statement.

2.3 Sample collection
A total of 100 stool samples were collected between the months of April to July 2017.

Participants collected the first stool of the day, using the provided fecal/stool collection kit
(Easy Sampler® Stool collection Kit, Hounisen Lab Equipment A/S, Skanderborg, Denmark).
Volunteers were briefed on how to use and collect the sample with minimal contamination
following the detailed instructions included in the sampling kit. After sample collection, samples
were collected from participants within 2 hours and transported on dry ice in a cooler box to
the laboratory at the University of Pretoria. Samples were stored at -80°C prior DNA isolation.

Samples will be stored at -80°C for a maximum of 15 years for use in further research studies.

Upon sampling, volunteers were required to complete a questionnaire focusing on dietary,
lifestyle, anthropometrics, Bristol Stool Chart (BSC) score, and medical/clinical information
(Figure 2.3). The medical information included: blood type, usage of antibiotics and/or other
medication six months prior sample collection and if participant has been diagnosed with
gastrointestinal related diseases. The height and weight of each volunteer was recorded to
calculate the body mass index (BMI) using a normal household bathroom scale and measuring

tape (>2 meters).



Metadata
Summary

@&\ Location )
Clinical \

informati
on

Maize meal: Daily (73) Weekly (22)
Fast foods: Daily (19) Weekly (38) Monthly

(38)
Gender: Male (45) Female (50) Fruits & Vegetables: Daily (32) Weekly (25)
Age: Range (18-50) Mean (23.75) Monthly (38)

Figure 2.3. A summary of the covariates collected during sampling. The hexagon radial chart reflects each of
the metadata category. The covariates and responses are listed in a box of corresponding colour. The number
in the brackets is the number of participant’s responses.

2.2 DNA extraction
Stool samples were thawed for 30 min at room temperature prior to DNA extraction. DNA was

isolated using MO BIO PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA)
following manufacturer’'s instruction, with minor modifications. Briefly, approximately 0.25

grams of stool sample was aliquoted into Power-Bead tubes using a sterile disposable wooden



spatula (Lasec Laboratories, RSA). The tubes (with samples) were gently vortexed to mix prior
to adding 60pl of the lysis reagent. Samples were incubated in a water-bath for additional 30
min at 55°C to maximize lysis (additional step not specified in the protocol). The suspension
was centrifuge at 10,000 x g for 30 seconds at room temperature prior to transferring 2 ml of
supernatant into a clean collection tube. Then, 250 pl of inhibitor removal reagent (provided)
was added into the samples and incubated on ice for 5 minutes. The inhibitor removal reagent
removes organic and inorganic substances that may reduce DNA purity. About, 1.2 ml of
highly salt concentrated solution was added to allow DNA to bind to the binding column. Next,
500ul of ethanol was added then centrifuged at room temperature for 1 minute at 10,000 x g
to wash the bound DNA. The DNA was eluted into 100yl filter-sterilised autoclaved Millipore
water. NanoDrop™ 2000/2000c Spectrophotometer (Thermo Scientific, Waltham, MA, USA)

was used to perform DNA quantification following manufacturer’s protocol.

2.3 Agarose gel preparation and electrophoresis
The agarose gels were prepared using SeaKem® LE Agarose powder (Sigma Aldrich, St

Louis, USA). Two percent [w/v] agarose gels prepared in 100ml TAE buffer solution (0.2%
[wiv] Tris, 0.5% [v/v] acetic acid, 1% [v/v] 5 M EDTA [pH 8]). Samples were mixed with GelRed
loading dye (Bio-Rad Laboratories Ltd, RSA) in a ratio of 1:3. Next, samples were loaded and
ran for 30 to 90 minutes at 90V. The DNA fragments were compared against a 1 kb DNA
Ladder (KAPA Biosystems Inc., Wilmington, USA) under the UV light using digital imaging
system, Molecular Imager® GelDocTM XR+ System (Bio-RAD, RSA) and Image LabTM

Software.

2.3 16S rRNA gene amplification and sequencing
The 16S rRNA genes PCR amplification and sequencing were performed at MR DNA

(www.mrdnalab.com, Shallowater, TX, USA).



http://www.mrdnalab.com/

2.3.1 16S rRNA gene PCR amplification
The V4 region of the 16S rRNA gene was amplified using the 515F/806R (Caporaso et al.,

2011) primer set. Polymerase chain reaction (PCR) reactions were carried out in triplicates of
25ul, each containing 13.0 ul of PCR grade water (MOBIO Laboratories Inc., Carlsbad, CA),
10.0 pl of HotStarTaqg Plus Master Mix kit (containing DNA polymerase, buffer, MgCI2 and
dNTPs, Qiagen, USA), 0.5 pl of forward primer (10uM), 0.5 ul reverse primer (10uM) and 1.0
pl of DNA template. Thermal cycling conditions: initial denaturation step at 94°C for 3 minutes,
followed by 28 cycles of final denaturation step at 94°C for 30 seconds, annealing at 53°C for
40 seconds and extension at 72°C for 1 minute and the final elongation step at 72°C for 5
minutes. PCR products were assayed in 2% agarose gel as described in section 2.3, the
expected fragment bands were 300 — 350 bp. All samples (triplicates) were pooled together
in equal proportions based on their molecular mass and DNA concentrations (standard
amount: 240 ng of DNA per sample and 4nM). Next, pooled samples were purified using

calibrated Ampure XP beads (Beckman Coulter Inc.).

2.3.2 16S rRNA gene sequencing
The pooled and purified PCR products were used to prepare DNA library using lllumina

TruSeq DNA library (adds adaptors and sequencing primers) (http://www.illumina.com/)
following manufacturer’'s protocol. Sequencing was performed on lllumina MiSeq Platform

(Illumina, San Diego, CA, US) using MiSeq Reagent Kit version 3 (http://www.illumina.com/)

to obtain 2 x 300 base pairs (bp) reads following manufacturer’s protocol.

2.4 Data and statistical analysis


http://www.illumina.com/
http://www.illumina.com/

2.4.1 16S rRNA gene sequence data processing
The 16S rRNA gene sequences were processed (demultiplexing and filtered) using

Quantitative Insights into Microbial Ecology (QIIME) pipeline (v1.9.1) (Caporaso et al., 2010).
Barcodes, primers, adapter sequences, sequences with ambiguous base call and sequences
less than 150 bp were removed. Chimeric sequences were removed through Uchime
implemented in QIIME (Edgar, 2010). Operational Taxonomic Units (OTUs) were clustered at
97% sequence similarity. Sequences that failed to match the reference set were subsequently
clustered de novo at 97% similarity using UCLUST algorithm (Edgar, 2010). The final OTUs
were taxonomically classified using BLAST alignment method against the Greengenes 13 8

reference database (McDonald et al., 2012).

2.4.2 Bacterial community composition analysis
Abundance OTUs table and taxonomic assignments in each sample was generated from

QIIME (Caporaso et al., 2010). Bacterial relative abundance and heat map plot at genus level
analysis were performed using MicrobiomeAnalyst online software

(http://www.microbiomeanalyst.ca.) (Dhariwal et al., 2017).

2.4.3 Analysis of the bacterial community metabolic potential
The microbiome functional profiling was predicted using phylogenetic investigation of

communities by reconstruction of unobserved states (PICRUSt) (Langille et al., 2013).
PICRUSt is a computational approach to predict the metabolic functional potential of the
bacterial community by matching 16S rRNA maker gene sequences with a closely related
reference genome annotation, Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathways database (Kanehisa & Goto, 2000). Using the clustered (at 79%) OTU file derived
from QIIME, a reference phylogenetic tree is created from Greengenes database (DeSantis
et al., 2006) and the gene contents are assigned to nodes. PICRUSt might also use ancestral
state reconstruction algorithms if the sequenced genomes are unavailable (Langille et al.,

2013). This creates an annotated table of gene counts. The gene counts were normalized per


http://www.microbiomeanalyst.ca/

sample and inferred in KEGG (Kanehisa & Goto, 2000) classifier implemented in PICRUSH.
The relative abundance of functional pathways in the microbial community between groups
was analysed and visualized using Statistical analysis of taxonomic and functional profiles
(STAMP) software (Parks, 2014). KEGG functional analysis was performed at level three
which shows different metabolisms and pathways (e.g carbohydrates, amino acids, etc) of the

bacterial community.

2.4.4 Statistical analysis
Statistical analysis and visualizations were performed in R Studio version 3.2.3. (http://www.r-

project.org) (R Core Team, 2016), using vegan (Oksanen et al, 2017) and phyloseq (McMurdie
& Holmes, 2013) packages. Diversity parameters (Shannon and observed OTUSs) of the
bacterial community were compared using analysis of variance (ANOVA) and Welch t-test.
Non-metric distance scaling (hnNMDS) plots using the Bray-Curtis, and unweighted UniFrac
distance measures and permutational multivariate analysis of variance (PERMANOVA) were
performed in MicrobiomeAnalyst (Dhariwal et al.,, 2017). Differences in of abundance of
bacterial phylum, genera and KEGG pathways between populations were performed in
STAMP (Parks et al.,, 2014) using Welch’s t-test with the false detection rate correction.
Correlations between bacterial taxa abundance and environmental variables or metadata was
determined by Pearson’s test in R Studio (R Core Team, 2016), using the MicrobiomeSeq

package (http://www.github.com/umerijaz/microbiomeSeq).



http://www.r-project.org/
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Chapter 3

Bacterial community diversity and composition

3.1 Introduction
The role of the gut microbiome and its importance to human health has become a prominent

area of research (Lloyd-Price et al., 2016). In the past decade, several studies have
demonstrated the influence of the gut microbiome on host health, revealing crucial insights
regarding its non-homogenous nature across populations (Consortium, 2010; Ehrlich &
Consortium, 2011; Human Microbiome Project, 2012; Nishijima et al., 2016). Other studies
have suggested that the variations in community composition may be due to factors including
different lifestyles and dietary habits (De Filippo et al., 2010), hygiene practices (Martinez et
al., 2015), pathogen exposures (Morton et al., 2015), geographical locations (Suzuki &
Worobey, 2014; Yatsunenko et al., 2012), cultural traditions and subsistence stratagems
(Obregon-Tito et al., 2015). However, due to the high variability among individuals, key
guestions remain regarding the role played by each of these factors in structuring the

microbiome and regulating associated functional processes.

While it is not yet clear which factor plays a dominant role in shaping the gut microbiome,
several studies have attributed variations in gut microbiomes across populations to
methodological biases such as primer choice (Brooks et al., 2015), DNA extraction and
amplification (Gerasimidis et al., 2016). However, these reasons may not fully explain these
variations as several studies using similar methodologies have also shown high variability
across individuals (Turnbaugh et al., 2007; Human Microbiome Project, 2012; Huttenhower et
al., 2012). Taken together, these studies suggest that the extent to which methodological
biases skew observations in gut microbiome studies may be overestimated (Clooney et al.,

2016).

To understand these differences and the high variability in the structure of the gut microbiomes

of healthy individuals, several studies have assessed the microbiomes of individuals living in



urban and rural locations. These studies have assessed the combined effects of different
lifestyles and environmental factors on the gut microbiome (Yatsunenko et al., 2012; Schnorr
et al., 2014; Obregon-Tito et al., 2015). Geographic locality includes unique factors such as
the local environment, host genetics, and cultural traditions or lifestyles, which may play a
central role in the assembly of the gut microbiomes (Gupta, 2017). For instance, studies
assessing rural and urban individuals have shown variations in the composition of the gut
microbiomes between urban and rural individuals (De Filippo et al., 2010; Gomez et al., 2016).
These differences were ascribed to high-fat and -sugar consumption in urban individuals in
contrast to high fibre low-fat and sugar diets in rural populations (Nakayama et al., 2017;
Kisuse et al., 2018). Recent studies have also shown that rural populations subject to
urbanization or industrialization tend to harbour comparatively lower gut bacterial diversity

(Ayeni et al., 2018).

A study by Martinez and colleagues (2015), demonstrated that western diet, lifestyles including
hygiene practices were associated with reduced bacterial dispersal rates, gut microbiome
structure alterations and higher inter-individual variations in the urban population (Martinez et
al., 2015). Gomez and colleagues (2016) investigated two rural traditional communities
(hunter-gatherers and Bantu agriculturalists) and demonstrated that their gut microbiome
profiles follow a gradient of traditional subsistence strategies and lifestyles (Gomez et al.,
2016). The disparate geographic locations provide an opportunity to understand factors
contributing to the high variability and may clarify the influence of local environmental

exposures on the gut microbiota (Clemente et al., 2015).

However, many studies on rural and urban individuals have focused on geographically and
culturally distant populations, where confounding factors such as diverse host genetics and
ethnicity cannot be separated. For instance, traditional rural individuals from Africa and South
America are often compared to western individuals from Europe and North America
(Yatsunenko et al., 2012; Morton et al., 2015; Rampelli et al., 2015). Host genetics has been

shown to play a role in the composition of the gut microbiome (Goodrich et al., 2014; Bonder



et al., 2016), which may explain observed high variabilities in the gut microbiomes across
populations from different ethnic groups (Dehingia et al., 2015; Fujio-Vejar et al., 2017). To
reduce the effects of the different confounding factors, this study will characterize the gut
microbiome of healthy black South African adults from rural and urban areas. We recruited
participants from two villages in the Vhembe district of the Limpopo Province, representative
of the rural cohort and other cohort from Pretoria, one of the major metropolitan areas in
Gauteng Province, South Africa. To assess community composition and structure, 16S rRNA
gene amplicon sequencing was used. By comparing the gut bacteria of these two populations,
we predict that the rural and urban gut microbiome profiles will have low inter-population
variation, due to low genetic variability between the cohorts. In addition, it is expected that the
rural population may harbor distinct gut microbiota from urban individuals due to more
traditional lifestyles and dietary regimens. It is also predicted that low inter-individual variation
in the gut microbiomes will be observed in rural individuals and high inter-individual variations

in urban individuals.

3.2 Results

3.2.1 Characteristics of participants

In total, 100 stool samples from healthy male and female adults were collected for this study.
Five of those samples were excluded from further analysis due to sample quality. All 5 samples
were retrieved from rural males. The 95 remaining samples, comprised of 50 urban (25

females and 25 males), and 45 rural (25 females and 20 males) were analyzed.

Metadata from participants recording the diet, lifestyle, anthropometrics, and medical or
clinical characteristics of all 95 healthy adult participants are listed in Table 3.1. Participants
ranged from 19 to 49 years (30,5 £ 8,77) in urban and 18-35 years (24 +5,38) in the rural
group. Ninety-one participants including rural and urban were obese with BMI values above
30kg/m?, while the remaining four were overweight with BMI values greater than or equal to

25kg/m?. All participants from both rural and urban areas were omnivorous. The mean intake



of total dietary fibre from fruits and vegetables was 2.22 grams and 1.52 grams per day (g/day)
for rural and urban population, respectively. About 51% of rural participants consumed fast-
foods at a frequency of between 2 to more than 5 times a month. In contrast, 50% of the urban
cohort declared fast-food (or takeaways i.e burgers, chips, pizza, etc) consumption at a
minimum of 3 times per month to daily. On average, 49% of rural participants consumed fast
foods once a month. In terms of dietary fiber intake, 69% of rural participants indicated that
they consume an average of 3 portions of fruits and/or vegetables per day, while most of the
urban individuals consumed at least one portion a day. When the difference was compared
using one-way ANOVA, the difference in fibre-rich food consumption between rural and urban
cohorts was statistically significant (p = 0.001). Most of both rural and urban alcohol
consumers indicated that they consume at least 4 drinks a month. These beverages in

included beers, ciders, wines or a shot of liquor.

Table 3.2: Participants characteristics. Data are expressed by mean and standard deviation (SD). The p - values
are determined by one-way ANOVA.

Characteristics Rural Rural Rural Urban Urban males Urban P-value
females males Group females group (ANOVA)

Anthropometrics

Age mean +SD 25.52(5,11) 22,1(5,21) 24(5,38) 31,2(9,20) 29,8(8,45) 30,5(8,77) | <0,001
Age range 18-37 18-35 18-35 19-46 19-49 19-49 <0.001
BMI, mean + SD = 25,5(5,5) 40,04(4,16) = 41,13(10,08) @ 46,1(11,44) 44(7,9) 45(9,8) 0,03

(Kruskal test)

Clinical information

Birth-mode V(20);c(5) v(20) V(40);c(5) V(22);c(3) v(24);c(1) V(46);c(4)
Birth-place hp25 hp20 hp45 hp25 hp24; h(1) hp59;h(1) -
Blood type

Digestive - - - - = - -
diseases

Dietary information
Pap (maize d25 d20 5(0) d(11);w(14) d(17);w(8) 3,82(1,42) 0,001

meal)



consumption
(mean £SD)
Fast foods
(mean £SD)
Fruits and
vegetables
(mean £SD)
Lifestyle
Smoker
Drinker
Alcohol use
p/m

Others
Breastfeed
Breastfeed
period
Antibiotics
Probiotics

Bistrol chart

4 glass

24

> 6 month

4 glass

20

> 6 month

1,8(1)

2,22(0,52)

1,91(0,28)
1,77(0,42)

0,47(0,89)

1,02(0,14)

3,68(0,51)

13

4 glass

25

> 6 month

12

4 glass

25

> 6 month

Abbreviations: v — vaginal, ¢ — caesarean, hp — hospital, h — home, d — daily, w — weekly.

2,56(1,4)

1,52(0,61)

1,76(0,43)
1,5(0,50)

1,02(1,22)

1,16(0,37)

0,04(0,56)

0,003

0,001

0,05
0,04

0,01

0,02

0,002

0,02 (chi-

square)



3.2.2 Most abundant phylotypes were shared between rural and urban Individuals

653 4158 1215

Urban Rural
Figure 3.1 Venn diagram showing unique and shared OTUs between two populations.
The 16S rRNA gene sequencing resulted in a total of 7 701 098 reads, with an average of
297.38. Analysis of quality trimming resulted in 5 821 330 reads, grouped into 5 863 OTUs
using a 97% cut-off threshold. Samples were rarefied to the lowest sample number of 31 924.
The majority of OTUs were shared between rural and urban population, 4158 OTUs (69%),
with 653 OTUs (11%) and 1215 OTUs (20%) assigned to urban and rural individuals,

respectively (Figure 3.1). This suggests higher gamma diversity in the rural population.

3.2.3 The gut microbiota between rural and urban individuals showed no significant
difference in bacterial diversity
To determine bacterial richness between the two populations several alpha diversity measures

were using (Figure 3.2). Shannon diversity showed no significant difference in bacterial
diversity between rural and urban individuals (Welch test: p = 0.3; Figure 3.2A). There was
no difference in Shannon diversity was observed based on gender between rural and urban
individuals (Welch test: p = 0.1 for males and p = 0.3 for females, respectively Figure 3.2B-
C). Bacterial species richness based on Observed OTUs revealed a significant difference in

species richness between urban and rural individuals (ANOVA: p = 0.001 Figure 3.2D).
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Figure 3.2 Boxplots of the alpha diversity indices. Plot A — C is comparison of rarefied
Shannon diversity in the gut microbiota of rural and urban populations (plot A: rural-orange,
urban-blue; plot B: rural males-yellow, urban males-green; plot C: rural females-blue, urban
females-red). Plot D is the species richness estimate based on Observed OTUs compared
between rural and urban cohorts (rural females-blue, rural males-yellow, urban females-red,
urban males-green).
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Figure 3.3: (A) Non-metric multidimensional scaling (nMDS) plot based on Bray-Curtis dissimilarity index shows
separations between rural and urban populations. (B) nMDS plot based on unweighted Unifrac distance to show
relative contributions of other environmental factors shaping the bacterial communities from rural and urban
populations.



3.2.4 High dispersion between two populations consistent with geography
Beta-diversity based on Bray-Curtis dissimilarity matrix was used to assess the contribution of

geography on the population structure of the gut microbial communities. The rural and urban
gut bacterial communities were heterogeneous and clustered based on geographic location
(PERMANOVA: R? = 0.03, p < 0.001, higher B-diversity; Figure 3.3A). To further assess
differences in gut bacterial communities of the two populations, beta-diversity based on
unweighted Unifrac distance was performed to disentangle the relative contributions of other
environmental factors shaping the bacterial communities. The results suggest that rural
bacterial community composition is similar and more homogenous whereas urban samples is

more variable and heterogenous Figure 3.3B.

3.2.5 Bacterial community relative abundance

3.2.5.1 Difference in Faecal Bacterial Communities Between rural and urban individuals
Gut bacterial community abundance was compared at different taxonomic levels to determine
bacterial taxa in rural and urban populations. In total, 11 phyla contributed more than 2%
relative abundance of the gut bacteria in rural and urban populations (Figure 3.5). At phylum
level, Firmicutes dominated the gut bacteria of rural and urban individuals with no significant
difference (relative abundance, 66% and 62% in rural and urban respectively; t-test: p = 0.33).
In both groups, Bacteroidetes were the second most dominant phylum and significantly higher
in urban compared to rural population (relative abundance, 20% and 28% in rural and urban,
respectively; t-test: p = 4.83e™). Proteobacteria were marginally higher in rural samples
(relative abundance, 8% and 6% in rural and urban respectively; t-test: p = 0.01). The main
discriminant phylum was Spirochetes, which was only present in rural samples (relative
abundance, 3%). Moreover, less abundant phyla included Actinobacteria, Verrocumicrobia,
Lentisphaerae, Elusimicrobia, Tenericutes, Cyanobacteria, Euryarchaeota, and unknown

phyla which contributed about 3% and 4% relative abundance in rural and urban, respectively.



However, Actinobacteria and Verrocumicrobia were significantly higher in urban samples than

in the rural group (t-test: p = 0.01 and p = 0.01 respectively).
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Figure 3.5. Phylum Composition of rural and urban gut bacterial communities that contribute more than
2% of the relative abundance of each sample. On the x-axis is the sample names and the y-axis the relative
ahiindance

At genus level, most sequences were unclassified (Figure 3.6). The rural and urban

populations were enriched with Prevotella with no significant difference between the two



groups (t-test: p= 0.38). However, Bacteroides were significantly higher in urban samples (t-
test: p= 1.18e®). Blautia, Parabacteroides, Succinivibrio, Bifidobacterium, Akkermansia,

Oscillospira, and Sutterella were significantly abundant in urban samples, whereas only

Roseburia were significantly abundant in rural samples. Other genera that were present but
showed no significant difference between the two groups included Faecalibacterium,
Ruminococcus, Clostridium, Coprococcus, Dorea, Haemophilus, Lachnospira, Eubacterium,
Streptococcus, Veillonella, Catenibacterium, Desulfovibrio, Dialister, and
Phascolarctobacterium. Interestingly, when the taxa at genus level were adjusted to merge all

small taxa with less than 10 000 counts, Treponema were detected only in rural samples.
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Figure 3.6 Heat-map of taxa at genus level that remained unchanged (core microbiome) in
composition across all samples (rural and urban), based on relative abundance (>2%).



3.2.6 Bacterial taxa associations with metadata
Pearson’s correlation (p-value < 0.05) analysis were performed to identify specific microbial

taxa that correlated with metadata such as diet, smoking, BMI, and dietary factors between
two populations (Figure 3.7). At phylum level, the rural group showed a strong association
between breastfeeding and the abundance of Euryarchaeota (p < 0.001) at phylum level and
Methanobrevibacter (p < 0.001) at the genus level (98% participants were breastfeeding). Our
data also revealed positive correlations between the breastfeeding period and the abundance
of Firmicutes in the rural group (p < 0.01). A total of 98% of the rural group indicated that they
were breastfed for at least 6 months to over 1 year. Inversely, Proteobacteria showed a
statistically significant (p < 0.01) negative correlation with the breastfeeding period in the rural
group. A strong negative association (p < 0.01) between Lentisphaerae abundance and
antibiotics was observed in the rural group (96% of participants who did not take any antibiotics
6-month prior sample collection). In the urban group, there was a statistically significant (P <
0.01) positive correlation between mode of birth and Lentisphaerae taxa. At genus level, fruit
and vegetable consumption was strongly correlated with Sutterella and Parabacteroides
relative abundance in the urban group, P < 0.01. Pap (maize meal), probiotics, birthplace,
blood type, the frequency of stool per day/week, Bistro chart, menstrual cycle and pregnancy
(between women) all showed some level of positive and negative correlations at phylum and
genus level in the two populations (not shown in the heat-maps). However, these factors were

not statistically significant.
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Figure 3.7 The heat-maps show Pearson's correlation (p-value less than 0.05) between bacterial community
abundance and collected metadata for the two populations at phylum and genus level.

3.3 Discussion
This study characterized the intestinal bacterial community of 45 healthy adults from rural

villages and 50 healthy adults living in Pretoria. Several previous studies showed that the gut
microbiomes of rural individuals differ from individuals living in urban areas with western
lifestyles (De Filippo et al., 2010; Yatsunenko et al., 2012; Clemente et al., 2015). These
studies have reported that alpha diversity is higher in rural individuals (De Filippo et al., 2010;
Yatsunenko et al., 2012; Clemente et al., 2015). These studies have also revealed diet as the
primary driver of variations in the gut microbiome. Contrary to previous studies, the focus of

this study was to compare the gut microbiomes of rural and urban individuals with the same



ethnicity. In this study, alpha diversity showed no significant difference between the two
populations. Although current research suggests that diet exerts the largest effect on the gut
microbiomes (Donaldson, 2016), these results suggest that when the gut microbiomes are not
confounded by genetic variations, diet may have a minor influence on the gut microbiomes

individuals.

Community structure visualized using non-metric multidimensional scaling (nMDS) of
unweighted UniFrac distance revealed distinct clustering along nMDS1 between the two
groups, indicating a strong core division in gut microbiome phylogeny between rural and urban
individuals. The mean values of unweighted UniFrac distance also show a lower within-group
variability among rural individuals than the urban group. This similarity in the phylogeny among
rural cohort is probably a result of proximity community living and parallel lifestyles. It is likely
that the homologous pattern in the microbiomes of rural individuals is also influenced by the
consumption of the same foods. The rural cohort consisted of Vhavenda people who eat the
same staple food (i.e pap and a side of meat, chicken or leafy-vegetables) and preparation is
similar from household to household. Whereas, within the urban the structure of the gut
microbiomes appears scattered, suggesting that there are several influences that are shaping
the gut microbiomes. Similar results regarding high within-group variability in the gut
microbiomes of urban cohorts have been reported (Ayeni et al., 2018; Obregon-Tito et al.,
2015). Several factors can be attributed to the observed high within-group variability in urban.
A study by Martinez and colleagues (2015) reported that observed heterogeneity in urban
populations can arise from great variability in cultural backgrounds, lifestyle, and dietary habits
when compared with non-urban populations (Martinez et al., 2015). In this study, the urban
cohort consisted of individuals from a different cultural background with diverse lifestyle and
dietary habits. Geography has a strong influence on the composition of gut microbiomes,
results in this study showed that the gut microbiomes of rural and urban populations clustered
according to geographic origin. Our findings support previous reports that geography plays a

role in structuring gut bacterial communities (Yatsunenko et al., 2012; De Filippo et al., 2017)



The analysis of gut microbiomes was dominated by three major phyla, Firmicutes,
Bacteroidetes, and Proteobacteria which is consistent with previously observed gut
microbiomes of other human populations (The Human Microbiome Project et al., 2012).
Previous studies have indicated that urban populations have less microbial richness than non-
urban (or rural) populations (Schnorr et al., 2014; Rampelli et al., 2015). In this study, rural
individuals had phylum Spirochete which was absent in urban individuals. A noteworthy
feature of the fecal bacteria composition of the South African population is the equal
dominance of Firmicutes in both rural and urban populations. These findings differ from
previously reported urban and rural populations in that the Firmicutes to Bacteroidetes (F/B)
ratio is high in urban populations while Bacteroidetes to Firmicutes (B/F) ratio is higher in rural
population. Schnorr et al. (2014) found relatively high B/F ratio in Hadza, a rural hunt-gatherer
community in Tanzania, while their urban (ltalians) counterparts had a higher F/B ratio. De
Filippo et al. (2010) also reported similar findings when children from Burkina Faso were
compared with children living in an urban area in Italy. The F/B ratio relates to dietary habit
(Portune et al., 2017) as well as host physiology (Mariat et al., 2009; Turnbaugh & Gordon,
2009). Populations consuming high amounts of animal protein/fats and high-fat-high-sugar
diets (or western diets) tend to exhibit higher F/B ratios, whereas those consuming high
amounts of vegetables (or plant-derived foods) and legume have higher B/F ratio (Gomez et
al., 2016). Due to the modern lifestyles and socioeconomic status in many rural areas of South
Africa, perhaps the rural cohort have adapted to the urban diets (including high consumption
of animal protein, fats and sugar) which resembles western diets than that of other rural African

areas from previous studies (Schnorr et al., 2014; Gomez et al., 2016).

Among minor phyla of gut microbiota, Spirochaetes and subsequently Treponema at genus
level distinguished the rural from the urban population. Treponema like Prevotella is involved
in degradation of resistant starch such as hemicellulose, and xylan (De Filippis & Ercolini,
2018). Previously, Spirochaetes were only reported from the intestinal microbiomes of non-

human primates and ancient human populations (Ley et al., 2008). However, relatively high



abundances of Spirochaetes are observed among human populations with non-western
lifestyles i.e., traditional, agriculturists and hunter-gatherer communities (Schnorr et al., 2014;
Morton et al., 2015). As a result, few authors have suggested that the absence of Spirochaetes
and Treponema represent a part of the human ancestral gut microbiome that gradually
declined through adoptions to modern lifestyles (Obregon-Tito et al., 2015; Gomez et al.,

2016). This explains why Spirochaetes and Treponema were absent in the urban populations.

The human gut microbiota can be assigned to one of three enterotypes, Prevotella,
Bacteroides and Ruminococcus species which are driven by long-term diets (Arumugam et
al., 2011). In a recent study, only Bacteroides and Prevotella enterotypes were associated with
diets rich in animal protein and carbohydrate, respectively, but not Ruminococcus (Wu et al.,
2011). Although the enterotype analysis was not performed like in previous studies, using the
core gut microbiome analysis Prevotella, Bacteroides and Ruminococcus were among the
core OTUs that remained unchanged across all 95 samples. These results suggest that the
gut microbiome of rural and urban populations could be driven by three enterotype clusters

influenced by their long-term dietary habits.

In addition, Prevotella were most prevalent in the composition in both rural and urban samples,
while Bacteroides significantly dominated the urban samples. Prevotella contains a wide range
of carbohydrate- acetate-, protein-fermenting and Hz-producing bacteria such as Prevotella
ruminicola (Zhang et al., 2014). The dietary habits of the two populations are characterized by
high amounts of starches such as maize, rice, and bread with low average daily consumption
of vegetables and fruits in urban compared to rural. It is therefore not surprising that the
Prevotella genera dominated the gut microbiomes of both rural and urban cohorts. On the
other hand, Bacteroides have been associated with the metabolism of animal proteins,

saturated fats and an array of amino acids.

Regarding correlations, Sutterella and Parabacteroides were strongly correlated with an
average (p/d) consumption of fruits and vegetables in urban population. Although Sutterella

species have been associated with human disorders such as, down syndrome, autism, and



inflammatory bowel disease, their role in the human gastrointestinal tract is less clear (Hiippala
etal., 2016). Parabacteroides has been identified as one genus responsible for digesting high-
fiber diets in the gut microbiome (Martinez et al., 2010), suggesting that there are some
urbanites who consume fiber-rich diets. Studies have indicated that the dominance of
members of Methanobrevibacter (prominent archaeon), particularly M.smithii, affects bacterial
digestion of polysaccharides metabolism thereby influencing host calories to harvest and
adiposity (Samuel & Gordon, 2006; Hansen et al., 2011). Here, phylum Euryarchaeota and
subsequently the genus Methanobrevibacter were both strongly correlated (P < 0.001) with
breastfeeding in rural populations. To our knowledge, we were unable to find the association
of breastfeeding with relatively high levels of Methanobrevibacter or Euryarchaeota in
literature. However, the high prevalence of genus Methanobrevibacter in infants (Grineet al.,
2017) and adults is common and are involved in the production of methane through the

reduction of CO; using H, or formate (Gaci et al., 2014).

3.4 Conclusion
The 16S rRNA gene analysis of the gut microbiome of rural and urban populations in South

Africa revealed similar species diversity between two populations and are enriched with
Firmicutes. We hypothesize that lack the of species diversity difference between rural and
urban populations is due to less genetic variances between the cohorts. Several previous
studies have demonstrated that human gut microbiomes are driven by long term diets and can
be grouped into three enterotypes, the rural gut microbiome is driven by plant-based diet, thus
Prevotella dominance, while the urban is driven by Prevotella and Bacteroides. Although
geographic locations did not have any significant effect of the species diversity (Shannon
index), several environmental factors such as geographic location and various life ways and
dietary habits explained and separated the gut microbial community structures of rural and
urban populations. Thus, in agreement with previous studies, the composition of the gut

microbiomes of rural and urban populations varies.



Chapter 4

Predicted metabolic functional potential of the
bacterial community

4.1 Introduction
The microbiome of healthy individuals varies substantially within and among individuals (The

Human Microbiome Project et al., 2012). In addition to external environmental influences,
ecological relationships among our microbial inhabitants have been shown to be important
contributors to these variations (Faust et al., 2012). In nature, organisms coexist in complex
ecological niches with various symbiotic relationships including; mutualism, commensalism
(Woyke et al., 2006) and parasitism (Faust et al., 2012). Within these defined ecological
niches, microorganisms may exchange or compete for nutrients, signalling molecules, or
immune evasion mechanisms (Woyke et al., 2006). While such ecological interactions have
been studied extensively in environmental microbiomes (Barberan, Bates, Casamayor, &
Fierer, 2014; Cao et al., 2018; Eveillard et al., 2019), the range of normal interactions among
human-associated microbes and how their occurrence influence host health or disease is less

clear.

The intestinal microbiota interacts with the host in several ways with effects on the health and
intestinal homeostasis (Parfrey et al.,, 2011). The human-associated microbiomes directly
interact with the host through secreted metabolic products, immune modulation, and the
capacity to perform various biochemical activities (Flint et al., 2012). Previous studies have
shown that the gut bacterial composition is shaped by substrate availability (David et al.,
2014), physiological status (Rampelli et al., 2013; Vesterbacka et al., 2017) and their response
to dietary changes (Wu et al., 2011). For example, metabolic outputs of short-chain fatty acids
(SCFA) by the gut microbiota may be influenced by the supply of dietary substrates and by
diet-mediated changes in the composition of the microbiota (Richards et al., 2016). Thus, in

several ways, intestinal bacteria have co-evolved with the human host to facilitate the



acquisition of nutrients and contribute to maintaining homeostasis in response to various

human lifestyles.

The synthesis of gut bacterial metabolites is primarily influenced by diet, especially the
proportion of proteins, fats, and non-digestible carbohydrates consumed. Metabolites are
determined by the chemical compaosition or the structure of substrates and microbial metabolic
pathways (Richards et al., 2016). Recently, whole-genome and/or amplicon approaches have
shown that the metabolic functions of intestinal bacteria demonstrate extensive metabolic
versatility (Abubucker et al., 2012; Huttenhower et al., 2012; The Human Microbiome
Consortium, 2012). These studies have shown that the functional potential of the human gut
microbiome is essential for understanding the role of the microbiota in health and disease

(Huttenhower et al., 2012).

Several cross-population studies have compared the metabolic functional profiles of traditional
societies with industrial populations, using shotgun metagenomics approaches (Yatsunenko
et al., 2012, Rampelli et al., 2015, Obregon-Tito et al., 2015). These studies have provided
further insights into functional adaptations of gut microbiota to various diet (De Filippo et al.,
2010), cultural or traditions lifestyles (Rampelli et al., 2015), and subsistence practices
(Obregon-Tito et al., 2015). The functional potential of rural populations includes enriched
phosphotransferase and alpha-amylase pathways, typically associated with high consumption
of foods containing complex plant polysaccharides (Obregon-Tito et al., 2015). The predicted
functional potential of the gut microbiota of rural communities also indicated a lifestyle reliant
on subsistence farming as prevalent in rural communities (Obregon-Tito et al.,, 2015).
Meanwhile, predicted functional potential in the urban populations appear to be enriched in
several metabolic pathways linked to the breakdown of sugars, bile acids and amino acids
(Obregon-Tito et al.,, 2015). These metabolic pathways are consistent with western diets,
which are enriched in simple sugars, animal proteins, and fats (Ou et al., 2013; David et al.,
2014). Although functional profiles of industrialized and non-industrialized lifestyles highlight

metabolic variations among populations with different lifestyles, it is still unclear whether the



observed metabolic functional trends are due to the types or quantities of foods consumed,
traditional or cultural practices, geographic location, genetics, or other influencing factors.
Furthermore, within African populations, the current available data on the functional aspects
of the gut microbiome is based on populations with agricultural (Obregon-Tito et al., 2015) and

hunter-gatherer (Rampelli et al., 2015) lifestyles.

Here, we present a comparison of the metabolic and functional potential of the gut microbial
community from rural populations in the villages of Tshikombani and Ha-Ravele, and
individuals living in Pretoria, a metropolitan area. The rural volunteers were comprised of
individuals who partly relied on subsistence farming of vegetables, maize meal and some
fruits. These individuals reported a diet with a high intake of plant-derived foods or
carbohydrate-rich foods. The previous chapter showed that both populations are enriched with
Prevotella, which indicates a high intake of carbohydrates-rich foods. Therefore, we predict
that there will be no variation in the carbohydrate metabolism, due to the dominance of
Prevotella, we predict that there may be high functional redundancy in the carbohydrate
metabolisms between the two groups. Additionally, amino acids, bile acids, and lipids
metabolism are predicted to be enriched in an urban cohort. This is because the urban
population had significantly higher Bacteroides abundance analysis (Figure 3.6, chapter 3). A
study by Ou and colleagues showed relatively higher counts of Bacteroides in subjects
consuming diet high in animal protein and fats (Ou et al., 2013). Although the rural cohort
maintains a predominately pastoral lifestyle, these individuals may have access to some
processed foods. However, survey responses from the rural volunteers indicated generally
low consumption of fast-foods on average compared to the urban cohort (Table 3.1). Fast
foods or western diets typically consumed in urban areas are distinguished by high saturated-
and trans-fats and low mono- and polyunsaturated fats (Singh et al., 2017). Several studies
have demonstrated that a high fat diet increases the proportion of Bacteroides and other
anaerobic microflora (Fava et al., 2013; Wu et al., 2011). Therefore, lipids metabolism and

related pathways is predicted to be higher in urban samples.



4.2 Results

In the previous chapter, substantial inter-population variability in the gut microbiome
composition was shown. To investigate whether the gut microbiomes of rural and urban South
African populations have different functional capacity, we used the PICRUSt online software
tool (Langille et al., 2013). The inferred functional analysis of the gut bacterial communities
revealed several differences in gene abundance between the two populations. The KEGG
pathway predictions revealed a high abundance of functional potential including metabolism,
human diseases, environmental information processing, and genetic information processing

(Table 4.1).

At level Il KEGG, several differences in the predicted functional pathways between the two
groups were observed (Figure 4.1). There was a low abundance of genes involved in the
metabolism of carbohydrates in the rural cohort compared to urban. The lipids, amino acids,
and bile acids metabolism-related genes were significantly enriched in the urban population.
Other metabolic processes that were abundant in the urban cohort included glycan

biosynthesis and biosynthesis of other secondary metabolites.

Table 4.3 Level 1 KEGG pathways as annotated by PICRUSt. Significant differences (Welch test; p-value < 0.05)
in abundances were observed between the two populations.

Level 1 KEGG pathways Rural: mean rel. Urban: mean rel. p-values

freq. (%) freq. (%)
Cellular Processes 3.42021527411 3.18321166353 0.0595024135382
Cellular Processes and 4.04116068588 4.12859455229 0.0201829294729
Signalling
Environmental Information 14.1093535473 13.488192414 0.00470093555612
Processing
Genetic Information 23.3506973617 23.1238660827 0.138340717064
Processing
Human Diseases 0.689882567621 0.69643698148 0.385411789044
Metabolism 48.8122220687 49.7833369749 4.37274879351e-05
Organismal Systems 0.784478070044 0.788954698452 0.742157061912

Poorly Characterized 4.79199042463 4.80740663265 0.40917008553
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Figure 4.1 Predicted functional pathways of rural and urban populations inferred in KEGG pathways
database from 16S rRNA gene sequences using PICRUSt and visualized in STAMP. The predicted
functional pathways were significantly enriched in urban population compared to rural group, (Welch
test; P < 0.05).

To further characterize some of the functional differences, additional analysis was carried out
at level 3 KEGG pathways. Overall, 83 pathways were identified and showed significant
differences between the populations (Annexure 1). Of these, 71 pathways (85%) were more
abundant in the urban population, including several pathways associated with protein
digestion and absorption, Tricarboxylic acid cycle (TCA - cycle) and pyruvate pathways. Other
carbohydrate related pathways, such as pentose-glucuronate interconversions, galactose,
pentose-phosphate pathway, and starch and sucrose metabolism, showed no significant
difference between the two populations. However, amino sugar and nucleotide sugar
metabolism were enriched in the urban cohort (p = 0.03). The pathways related to lipid
metabolism were differentially distributed. Fatty acid elongation (p = 0.02), steroid biosynthesis
(p = 0.03), secondary bile acids biosynthesis (p = 0.02), sphingolipids metabolism (p = 1.69e-
3) and biosynthesis of unsaturated fatty acids (p = 0.05) were significantly enriched in urban
population. Amino acids metabolic pathways such as phenylalanine and tyrosine metabolism
were significantly enriched in the urban group (p = 0.02 and p = 4.49e-3, respectively) while

tryptophan metabolism showed no differences between the populations.



Results showed that both populations had several pathways that are related to xenobiotic
metabolism (Annexure 2 and 3). This included xenobiotics pathways which are metabolized
by the cytochrome p450 family, such as benzoate and aminobenzoate. Other xenobiotic
degradation pathways include atrazine, xylene, and ethylbenzene. While xenobiotic
degradation metabolism was significantly higher for KEGG pathways assigned at level 1 in
urban population, level 3 assigned pathways did not show significant difference between the
two populations. In general, very few antibiotic synthesis pathways were observed including;
streptomycin and vancomycin biosynthesis. All these pathways were higher in the urban

cohort, (p =4.68e-4, p = 1.08e-3, respectively; Annexure 2).

4.3 Discussion
Culture-independent 16S rRNA sequencing provides an essential overview regarding

potential biological functions of bacterial communities. Here, 16S rRNA analysis of gut
microbiomes from the South African rural and urban populations suggests enrichment and
differences in various functional pathways including metabolic, genetics and environmental
information processing that aligns with the dietary and environmental factors experienced by
these communities. The results show that the gut microbial taxa of both populations were
related to many physiological functions (carbohydrate, amino acid, and glycan metabolism).
These functions may contribute to the host’s wellbeing. For example, glycans have diverse
biological functions which are distinct from nucleic acids and proteins, such as the
maintenance of cell or tissue structure, molecular signal transduction, and cell recognition

(Varki, 2016).

In contrast to our hypothesis, carbohydrate metabolism was significantly higher in the urban
population. Predicted carbohydrate pathways suggests that the gut microbiota of urban
individuals is more active with simple sugars pathways such as galactose, sucrose and no
complex carbohydrates digestion pathways. These results agree with the dietary record

investigated in this study, where the urban volunteers reported a higher consumption of fast-



foods and processed foods known to contain high amounts of added simple sugars (Sanders,
2016). The abundance of pathways involved in simple sugar metabolism has been reported
in western diet-associated gut microbiota of the obesity-induced mice (Turnbaugh et al., 2008).
Lower activity of carbohydrates metabolism within the rural gut microbiota differs from other
rural African populations (De Filippo et al., 2010, Schnorr et al., 2014) with pathways involved
in complex carbohydrates digestion or resistant starch. Amino acids, bile acids, and lipids
metabolisms were enriched in the urban, reflecting a high intake of diets rich animal protein
and fats. These findings agree with the initial hypothesis. Comparable results were reported
in previous studies (O'keefe et al., 2007; Ou et al., 2013) where the urban population had high
genes for secondary bile acid metabolism which was associated with animal-based diet.
Although secondary bile acids biosynthesis pathway has a key function in cholesterol
homeostasis, the resulting metabolites are also considered potentially carcinogenic (Vipperla

& O'Keefe, 2012; O'Keefe et al., 2015).

The increased abundance of xenobiotic degradation pathways in both rural and urban
population is noteworthy. In an ecosystem or niche, pathways associated with xenobiotic
biodegradation and metabolism play a role in bioremediation (Singleton, 1994, Das et al.,
2016). The presence of bacterial genes related to xenobiotic biodegradation pathways
indicates the adaptation of the gut microbial community in the two populations to degrade
environmental contaminants or toxins. Although xenobiotic metabolism is typically reported in
natural environments (Zhou et al., 2016) and other animals (Hu et al., 2018), humans are
exposed to numerous xenobiotics, and the majority of these are in the form of pharmaceuticals
(Haiser & Turnbaugh, 2013). For instance, both populations exhibited higher abundances of
pathways involving cytochrome P450. Cytochrome P450 enzymes metabolize external
substances such as chemicals and drugs/medications which are ingested, as well as internal
toxins substances that are formed within cells (Lynch & Price, 2007). These observations are
consistent with the impact the metabolism of drugs including antibiotics has on the intestinal

bacteria (Saad et al., 2012; Haiser and Turnbaugh, 2013). Additionally, these findings may



support the fact that both populations have easier access to therapeutic drugs/medications,

which is a signature of industrialized lifestyles even in the rural population.

4.4 Conclusion
A detailed analysis of the functional attributes of the gut bacterial community of healthy rural

and urban South Africans has been performed. Predicted functional pathways suggests that
urban microbiota is enriched and metabolically more active with, carbohydrates, amino acids,
lipids and bile acid biosynthesis, while rural gut microbiota had lower activity of these
metabolisms. An increase in dietary diversity and in protein and lipid intake in the urban
population could have caused an increase of the metabolic capabilities towards degradation
of a wider range of carbohydrates and utilization of a higher number of available amino acids
and lipids. Although the abundance of metabolic pathways differed between two populations,
there were no predicted functional metabolic pathway specific or unique to one population
despite difference in geographic location. Suggesting that the urban and rural diet could be

similar.



Chapter 5

Summarizing research findings and providing future
perspectives

Summary of the dissertation and future perspectives

Taken together, this exploratory study describes gut bacterial community data from an
understudied population thus, providing a starting point for further comparative work on
structure and functional potential of the gut microbiota of healthy South African population. A
detailed analysis of the gut microbiota of healthy South Africans clearly reflects Firmicutes
dominated gut microbiota in two populations living in two distinct geographical locations.
Further analysis revealed distinct microbial signatures and a higher degree of Heterogeneity
between populations, however, without significant differences in species diversity within the
two populations. This study also provided notable evidence that there was no significant
difference in species diversity between the two populations. It can be speculated that the lack
of species diversity could be due to less genetic variation between the two populations.
However, this speculation serves as a basis for further gut bacterial community research. It is
important to pursue further research in this area with the use of additional populations or group

either Xhosas, Zulus or Tsongas to improve our understanding on these observations.

Moreover, variability of gut bacterial communities within and between populations could be
due to differing dietary habits based on lifestyle and demographic factors. This is especially
evident with phyla Spirochete that is only present in rural population. The comparison between
rural and urban populations gut microbiota allowed the identification of taxa that seem to have
been lost (phyla Spirochete and genus Treponema) in the urban corhot, possibly as a result
of dietary variance or changes. In this context, the increase in dietary diversity and in protein
and lipid intake in the urban population could have caused an increase of the metabolic
capabilities towards degradation of a wider range of carbohydrates and utilization of a higher

number of available amino acids and lipids.



The study of external influences on gut microbiota composition and function is especially
pertinent because the human living environment is becoming rapidly urbanized. Such changes
may interrupt the healthy development of the microbial community and increase risk of
associated diseases, such as inflammatory bowel diseases. Moving forward, gut microbiota
studies must be incorporated into a broader framework of environmental exposure, for a
thorough understanding of how external factors contribute to gut microbial community

assembly and affect the quality of human health.

Limitations of the study
The predictive nature of PICRUSt as a computational tool is limited by the accuracy and

comprehensiveness of the database of reference genomes (Langille et al.,, 2013).
Environments which are less extensively covered in the reference database, such as the
human gut microbiome, are less accurately described by predictive analysis (Nagpal et al.,
2016). However, the use of PICRUSt as an affordable approach prior to more expensive
‘omics analysis is suitable due to the thousands of uncultivated microbial communities for

which only marker gene surveys are currently available (Petri et al., 2017).

Annexures
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Annexure 1: Level 3 KEGG pathways. A total of 83 various metabolic pathways that
showed significant variations between the two cohorts (Welch test, p < 0.05).
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Annexure 2: Level 3 KEGG pathways for the urban population. A total of 34 various
metabolic pathways that showed significant variations within genders (Welch test, p <
0.05).
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Annexure 3: Level 3 KEGG pathways for the rural population. A total of 34 various metabolic
pathways that showed significant variations within genders (Welch test, p < 0.05).
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