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ABSTRACT

Sources of water in the North West Province (NWP) include groundwater, surface water, imported
water and reusable effluent. Nonetheless, despite developed infrastructure, water in the NWP is a
limited resource and the effects of demand exceeding supply come at a great cost. Mining and
agriculture primarily contribute to the economy of the region, however, they are among the main
contributors to water quality problems that are experienced in the province. In recent times it has
been speculated that groundwater systems may contain microorganisms that harbour antibiotic-
resistance genes. Considering the various mechanisms by which bacteria can acquire and transfer
these genes, the microbial quality of the groundwater is questionable. This study aimed to identify
and characterize bacteria isolated from groundwater systems in the North West Province. This was
accomplished by determining the physico-chemical as well as microbial quality (coliforms,
Enterococcus spp. and Heterotrophic Plate Count bacteria) of the groundwater systems of interest.
The Kirby-Bauer and extracellular enzyme production tests were performed to determine the
antibiotic-resistance profiles of the isolated bacteria as well as their pathogenic potential. Lastly,
the presence of antibiotic-resistance as well as virulence genes was determined in the bacteria
isolated. Consistently high TDS levels ranging from 201-1857 ppm were observed throughout this
study. Moreover, the level of coliforms increased as the temperature increased. The highest levels
of coliform contamination were found in areas frequented by cattle. The high use of manure
produced by cattle is one of the sources of organic nutrients for agricultural purposes. Furthermore,
consistently high levels of enterococci were observed in sites S6, S1 and S5. This is alarming
because the presence of enterococci indicates feacal matter in water. Consistently high HPC levels
were observed throughout the duration of the study. The high concentration of HPC in water could
be because of various reasons such as water temperature or the amount of organic matter.
Moreover, 186 isolates were subjected to haemolysin production testing. A sum of 146 isolates
were alpha haemolytic, whilst 20 were beta haemolytic and the remaining 20 were gamma
haemolytic. These isolates were subjected to the Kirby-Bauer disk diffusion test. The highest
antibiotic-resistance was noted for: ampicillin (30ug), ciproflaxacin (5ug), chloramphenicol (30 pg),
oxy-tetracycline (30 pg) and trimethoprim (5 pg). Furthermore, coliforms and Enterococcus spp.
were further tested for the presence of selected virulence genes. In the case of coliforms, all the
screened genes (stx1, stx2, hylA and eaeA) were detected in one Klebsiella grimontii, one
Enterobacter cloacae and two Escherichia fergusonii. Shiga toxin (stx) is among the most
efficacious bacterial toxins ever discovered. The presence of shiga toxin in water could cause
kidney diseases. Furthermore, in the case of Enterococcus spp., the most detected virulence
determinants were hyla and cylA. Lastly, All the isolates were subjected to antibiotic-resistance
gene detection, only 23 of the 186 isolates harboured antibiotic-resistance genes. The most
harboured gene was amp C. Bacillus spp., were the most prominent bacteria that harboured

antibiotic-resistance genes. This suggests that the screened groundwater systems harbour
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potential pathogenic bacteria and that the water might need to go through purification steps before

being consumed by humans and animals.

Keywords: groundwater, antibiotic-resistance, virulence genes, antibiotic-resistance genes
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CHAPTER 1

INTRODUCTION

1.1 Introduction and problem statement

Accessibility to safe and clean water is still a global issue, particularly in developing continents like
Africa and Asia (Boretti and Rosa, 2019). The global use of raw water has increased tremendously
due to the population growth in the past twentieth century (du Plessis, 2017). Thus, some regions
are unable to provide adequate water services, because most water systems that support
ecosystems and nourish rising populations are under stress (du Plessis, 2019). In South Africa,
more than three million people lack access to adequate water supply (Stats SA, 2019).
Additionally, South Africa is amongst one of the countries that have a high scarcity of water, which
is facilitated by the changes in climate that stimulate irregular rainfall (Gbetibouo, 2009; He et al.,
2019).

Groundwater is one of the vital water sources in South Africa (Foster et al., 2008; Braune and Xu,
2010; Rohde et al., 2017). The estimated use of groundwater in South Africa is between 2000 and
4000 ms3/a (DWA, 2011). Furthermore, 65% of groundwater in South Africa is mainly used for
agriculture, with 60% being attributed for irrigation and 5% for livestock watering (DWA, 2012).
Whereas, 13% is utilized in the mining industry, 13% is allocated for domestic water supply in
cities, whilst 3% is attributed to the industrial areas. The remaining 6% of groundwater is used for
rural water supply which includes household use and gardening (DWA, 2013; Hobbs and De
Meillon, 2017). According to Stats SA (2018) only 85,2% of the residents in the North West
Province (NWP) have access to piped water. While, 12% is reliant on the use of boreholes as their

main source of water (StatsSA, 2020).

Water pollution is amongst one of the key environmental problems experienced in South Africa
(Herbig, 2019). This is because municipal wastewater treatment plants are not working efficiently
(DWA, 2009; Herbig, 2019). Consequently, poor quality effluents are spilled into receiving surface
water bodies which ultimately seep into underground aquifers (NWRS, 2013; Herbig, 2019).
Inevitably, when water is polluted, it causes waterborne outbreaks, which not only have financial
implications, but have a severe impact on the social wellbeing of the population and its health
system (Mkwate et al., 2017; Herbig, 2019).

Several studies have reported that the main sources of pollution in the NWP result from industrial
and agricultural activities (Ateba and Maribeng, 2011; Montso et al., 2019). According to Talabi and
Kayode (2020), the most common pollutants found in groundwater include total dissolved solids,
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heavy metals, fluoride, manganese, total hardness, sulphate and nitrate. Moreover, a study by
Ferreira (2011) suggests that the groundwater systems in the NWP are susceptible to faecal
contamination and harbour opportunistic microorganisms. Moreover, recent studies have also
reported the presence of pathogenic Clostridium, vancomycin-resistant Enterococcus and
Escherichia coli in groundwater systems of the NWP (Matlou et al., 2019; Mabeo, 2020; Matloko et
al., 2021). Nonetheless, pollutants such as antibiotics, pharmaceutical wastes and pesticides are
also some of the serious environmental contaminants that present severe health risks to humans
globally (Kaushik et al., 2019). In the last decade, water has been recognised as a favourable
reservoir for antibiotic-resistant bacteria (ARB) and antibiotic-resistance genes (ARGs) (Savin et
al., 2020). Once more, as a result of poorly functioning water treatment facilities, the complete
elimination of ARBs and ARGs has proved difficult (Li et al., 2015; Wang et al., 2020). The findings
of all these studies are a cause for concern and indicate that the provision of groundwater for
agricultural (livestock watering and irrigation), domestic or drinking purposes that are of acceptable
microbial quality may present a challenge. This is particularly important when considering that the
total amount of stored water is decreasing in South Africa and that our taps are running dry (DWS,
2021). Groundwater may soon be one of the sources of water relied upon heavily in South Africa.
So, protection of groundwater resources in South Africa is critical and much needs to be done in
terms of groundwater monitoring. The NWRS (2013) stresses that there is to date no verification of
existing lawful groundwater use which makes its effective regulation difficult. Nonetheless, when
the uses of groundwater are considered, surveillance; resource protection and adequate
disinfection need to be implemented in order to ensure protection from emerging waterborne

pathogens.

1.2 Aims and objectives

The aim of this study was to identify and characterize bacteria isolated from selected groundwater
systems of the North West Province.

The objectives of the study were to:

I. Isolate and identify coliforms, Enterococcus spp., and heterotrophic plate count bacteria

from selected groundwater systems;
Il.  Determine the ability of the isolated microorganisms to produce extracellular enzymes;
lll.  Determine the antibiotic profiles of the isolated microorganisms;

IV. Determine whether the isolated microorganisms harbour antibiotic-resistance and virulence

genes.



CHAPTER 2

Literature review

2.1 Global water crisis

Water is a vital source for life and health and access to it is a fundamental human right
(Naidoo et al., 2016). Cosgrove and Loucks (2015) further explain that water is also crucial
for the development of a country’s economy as well as its surrounding environment.
However, due to mismanagement and scarcity of water resources, the abundance of water
in many regions is declining (Abott et al., 2019; Lu et al., 2019; Ebadi et al., 2020). du
Plessis (2017) explains that the lack of water is due to climate change, urbanization,
changes in demographics and population growth. Authors have defined water scarcity as the
lack of water due to physical shortages or lack of access due to inadequate infrastructure
(Kummu et al., 2016, Lautze and Hanjra, 2014). Furthermore, Bwapwa (2019) states that
every other continent has an area affected by drought and climate change that causes
scarcity of water. According to the World Health Organization (WHO) (2017), approximately
2.1 billion people lack access to clean water globally. Boretti and Rosa (2019), further
explained that the global water demand is rising at about 1% per year, while 4.8 and 5.7
billion people are projected to live in areas that are potentially water-scarce by 2050. Also, it
has been noted that countries that still have inadequate access to clean drinking water are
primarily those in the Sub-Saharan region (WHO, 2017; Verlicchi and Grillini, 2020). The
latter region includes South Africa (Kelbe et al., 2004). This sub-region has a complex
climate that ranges from subtropical to humid to arid; whilst it also has several large river
basins that are cross-border: Zambezi, Limpopo and Orange (Goulden et al., 2009; Liang et
al., 2021).

2.2 Water accessibility and use in South Africa

South Africa is set amongst the countries with the least renewable water resources (UN,
2003). Furthermore, these renewable water resources are currently overexploited (Crookes
et al., 2018). According to Matchaya et al. (2019), South Africa also faces severe water
shortage stresses due to continuous droughts, reduction of surface water supplies and rising
water demand from agriculture. Studies have widely discussed and well-documented water
shortage in South Africa (Mathebula, 2016, Matchaya et al., 2019, Jordaan and
Bezuidenhout, 2016). South Africa is estimated to have a total population of about 58.8

million in 2019, where only 88% of the population has access to safe and clean water



(StatsSA, 2019). According to UKEssays (2018) most of the water used in South Africa
comes from surface water runoff which is withdrawn from approximately 320 dams across
the country. A report by Crookes et al. (2018) states that the water usage per day is
approximately 235 liters per capita per day, which is higher than the global average of 175
liters per capita per day and an average of 15 km? per annum. Water demand is estimated to
rise to 17.7 billion m® by 2030 due to the growth of industry and the population (Steyn et al.,
2020). This exceeds by far the possible water allocation limit.

The water resources in South Africa include groundwater, surface water and return flows.
Surface water systems are inclusive of rivers, dolomite, wetlands and dams. According to
Jaiyeola and Bwapa (2015), 62% of the available water is utilized for irrigation whilst the
urban/domestic sector takes up 27%. In addition, industries like mining use 8% which leaves
only 3% for the forestry plantation sector. This, has led to a pressurized water system and
scarcity of renewable water resources (Hedden and Cilliers, 2014). Groundwater is the only
reliable source of fresh water in many semi-arid and arid areas where there is seasonal or

consistent lack of surface waters (Taylor et al., 2012).

2.2.1 The water situation in the North West Province

The North West Province (NWP), sometimes referred to as the “Platinum province” is a
South African inland province that borders Botswana (NWDACE, 2008). It is situated in the
middle of South Africa's northern frontier and shares boundaries with four other South
African Provinces: North West Cape, South Free State, East Gauteng and Limpopo
(StatsSa, 2019). The backbone of the economy in the province is mining, which creates the
greater part of the area’s total national output and gives employment to a fourth of its
workforce (Ferreira, 2011). The major minerals excavated include platinum, gold, uranium
and diamond. The other key industries in the province include agriculture, farming and
tourism (NWDACE, 2008). Accounting for 8,7% of South Africa’s land area, North West is
characterized as the 4th smallest province in the country (NWDACE, 2008). The province
houses approximately 3 748 436 people (Stats, 2016). Also, most parts of the NWP are
mainly rural, with urban areas such as Rustenburg, Klerksdorp, Potchefstroom and Mafikeng
(Mabeo, 2020). A report by NWDC (2014) states that because water is not generally widely
distributed in the province, creating opportunities for water recycling and purification
investments is imperative. This is done in order to alleviate water pollution induced and

naturally.



The water supply from source to tap in the NWP is mainly provided by four water boards:
Magalies water, Rand water, Sedibeng water and Botshelo water (NWPG, 2013).
Furthermore, surface water, groundwater and dolomite make up the bulk of the water utilized
for domestic use. Nonetheless, the NWP is amongst the provinces that trail behind in terms
of water infrastructure developments in South Africa (Nnadozie et al., 2011; StatsSa, 2019).
This is because the average rainfall in the province ranges between 700 mm on the eastern
side to less than 300 mm in the western part of the NWP. Most parts of the NWP experience
less precipitation and more evaporation, owing to the aridity of the province (Monapathi and
Bezuidenhout, 2017).

2.3 Groundwater systems in South Africa

Groundwater is freshwater contained deep in the soil or pores and creases of rocks
(Younger, 2009). This water resource plays a critical role in the hydrological cycle, soll
formation and plant growth (D’ Odorico et al., 2019). About 30% of the freshwater used
globally comes from groundwater (D’ Odorico et al., 2019). While approximately half of the
world's population depends on groundwater for providing drinking water and more than 40%
of the world's irrigation water is deducted from it (Sierbert et al., 2010). Groundwater is
important for the functioning of the whole water cycle and plays a vital role in the provision
and maintenance of the ecosystem (Braune and Xu, 2010). In addition, groundwater is
perceived to be plentiful and the most convenient water source for human use worldwide
(Gronwall and Danert, 2020). According to Ferreira (2011), in Africa, groundwater is viewed
as a pristine and the cheapest water resource compared to other water sources. This is
because precipitation usually restores groundwater systems and, in some cases, surface
water runoff can recharge it (Ferreira, 2011). Additionally, groundwater systems also serve
as possible drought buffers due to the significant volume of water stored in underground
aquifers. Tempelhoff (2014) alludes that the overall use of groundwater in South Africa

amounts to 15%, meaning that the available groundwater systems are under exploited.

2.3.1 Groundwater systems in the North West Province

Farmlands are primarily cultivated lands in the North West Province (NWP), where crops are
irrigated with groundwater. Research has shown that solid waste dumps, grey water, animal
breeding behaviors and pit latrines are significant non-point sources connected to stagnant
groundwater quality issues in informal settlements of the NWP (Jordaan and Bezuidenhout,

2016). A study conducted by Mpenyane-Monyatsi and Momba (2012) reported high



concentrations of fluoride and nitrate at reservoirs in the NWP. The concentrations of these
compounds, at most places, were above the maximum recommended human consumption
concentrations (Mpenyane-Monyatsi and Momba, 2012). A study conducted by Ferreira
(2011) illustrated that the quality of the groundwater in the NWP exceeded the standards set
by the Department of Water and Sanitation. According to Ferreira (2011), the screened
groundwater was contaminated with potentially pathogenic coliforms. Moreover, 10 years
since the study of Ferreira (2011), other studies have also reported the presence of
potentially pathogenic bacteria that harbor antibiotic-resistance genes in groundwater
systems of the NWP (Mabeo, 2020; Matloko et al., 2021). Even so, Mathebula (2016)
reported that households in many rural communities of the NWP collect groundwater from
communal tanks and taps for domestic purposes.

2.3.2 Groundwater pollution

Contamination of groundwater can occur when man-made products such as petrol, oil, road
salts and chemicals seep into the ground (Senapati and Swain, 1991). There are also
several microbial contaminants, such as pit latrines, agricultural activities and septic tanks
which degrade the quality of groundwater systems (Lapworth et al., 2017) According to
Brown et al (2019) the most common pollutants found in groundwater are inclusive of total
dissolved solids, fluoride, manganese, total hardness, sulfate, nitrate as well as microbial
pollution. Moreover, nitrates and heavy metals are primarily contributed by human farming
and industrial production activites, whereas other pollutants are primarily caused by mineral
weathering and water-rock interactions (Li et al., 2014). Additionally, groundwater and
surface water are intertwined and thus, the water quality of groundwater can also be
influenced by the quality of surface water (Phung et al.,, 2015). Consequently, toxins and
contaminants that seep into groundwater supplies may cause poisoning to domestic animals

or humans that consume it (Singal et al., 2014).

2.4 Physico-chemical parameters

Water quality is a major problem in most countries and environmental degradation caused
by pollution leads to harmful hazards to the environment and health (DWAF, 2012).
Anthropogenic activities, surface runoff and wastewater disposal can contribute to
groundwater pollution and pose a threat to the public water supply (Sasakova et al., 2018).
Water quality is a concept used to describe the appropriateness of water to support different

uses or processes (WHO, 1996). The physical, chemical and microbiological properties of
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water determine the water quality. Therefore, specific physico-chemical parameters of water
must be determined before this resource is used for drinking, domestic, agricultural or

industrial purposes. The following are the most important physical and chemical parameters:

2.4.1 Temperature

Water temperature is significant because it affects the physico-chemical properties of water
and the biological reactions of organisms (Olaniran et al., 2019). High temperatures allow
microorganisms to regrow faster, whereas low temperatures will slow microbial growth
(Collins and Moore, 2017). In addition, rising temperature causes the pH of the water to
reach neutrality and thus favors the growth of microorganisms (Zamxaka et al., 2004). Water

temperature can be measured using a thermometer or multi-probe electronics.

2.4.2 Total dissolved solids

Total Dissolved Solids (TDS) is a term used to describe the inorganic salts and the small
guantities of organic matter found in water solution (WHO, 1996). Usually, TDS are released
from industrial runoff, municipal wastewater and sewage into the water resources (Osode
and Okoh, 2009; Rahmanian et al., 2015). Furthermore, dissolved minerals, gases and
organic constituents can produce aesthetically unpleasant water colour, taste and smell
(Durmishi et al., 2015). Increased salt concentrations give water an unpleasant taste (Arshad
and Shakoor, 2017). Some physiological effects can be directly related to high
concentrations of dissolved salts, including the effects of laxatives and some kidney function
effects (Rahmanian et al., 2015). Water intake that has a high total dissolved solid levels
may cause central nervous system abnormalities, tongue, lip, nose, irritability, and dizziness

paralysis (Gupta et al., 2013).

2.4.3 Salinity and Electrical conductivity

Salinity is a measurement of the concentration of dissolved salts in water. The salinity of the
water is higher during low tide seasons and it increases as the level of the water decreases
(Leidonald et al., 2019). Salinity can either be measured as electrical conductivity or as total
dissolved solids (Nthunya et al., 2018).



According to Tutmez et al (2006) electricity conductivity is determined by the composition of
mineral salts in groundwater and the relationship between mineral salt composition and
electric conductivity is important to understand. The presence of charged particles in water
increases the conductivity in the groundwater (Jiang et al., 2019). In general, as the
concentration of total dissolved solids in the water increases, so does their conductance.
Elevated electrical conductivity levels can affect human health by disrupting the salt and
water balance in heart patients, people with high blood pressure and infants (Memon et al.,
2008).

2.4.4 pH

pH is known as the activity of hydrogen ions and relates to the acidity and alkalinity of the
water. For drinking water, the pH is considered as one of the most critical parameters of
water quality (Omer, 2019). This is because the hydrogen ion concentration (H+) influences
almost all the chemical and biological processes in water. The pH value is a good indication
of whether the water is alkaline or acidic (Trick et al., 2008). While an ideal pH level of
drinking water should be between 6-8.5, living organisms are capable of maintaining a
constant pH balance and are not impaired by water consumption (Banks et al., 2004; Islam
et al.,, 2017). Water consumption with low pH values may cause gastrointestinal disorders
such as ulcers, pain in the stomach, hyper-acidity and creating burning sensations (DWAF,
1996). Unregulated pH can result in drinking water contamination and adverse effects on its

taste, appearance and odour.

2.4.5 Chemical oxygen demand (COD)

The first methods for determining COD were established around 150 years ago, and they
involved observing the colour changes of a permanganate solution combined with water
samples (Geerdink et al., 2017). The levels of dissolved oxygen required in water to oxidize
chemical organic matter such as hydrocarbons are referred to as the chemical oxygen
demand (Boyles, 1997). COD is a measure of the short-term effect of wastewater effluents
on the oxygen concentration of receiving water bodies. It can be used as an indicator of the

environmental health of the water.



2.4.6 Phosphates
Phosphates are chemical compounds that contain the phosphorus element and are essential

for plant and animal production (Gupta et al., 2017). Phosphorus is a highly reactive
chemical, essential to life, forming a variety of compounds in terrestrial and aquatic
ecosystems. Phosphorus can be found as the orthophosphate ion (PO, *) in water and is
also present as an essential component of cellular material in all life forms (Domagalski and
Johnson, 2012). In soil, phosphorus is largely retained through an adsorption cycle. Soil has
little capacity to store phosphorus and once the soil's capacity to absorb phosphorus is
surpassed, the waste dissolves and flows more easily through water, either directly into a
stream or down into an aquifer (Domagalski and Johnson, 2012). It has been observed that
the availability of phosphorus will control microbial growth in drinking water. This discovery
creates new possibilities for controlling microbial growth in water distribution systems
through the creation of technologies that effectively extract phosphorus from drinking water
(Miettinen et al.,1997). Phosphates do not affect human health unless they are found in very
high concentrations (Kumar and Puri, 2012).

2.4.7 Nitrites and nitrates

Nitrate and nitrite are ions that occur naturally and are ubiquitous in the environment. Both
are products of nitrogen oxidation, as part of the cycle of development of complex organic
molecules such as enzymes and other proteins needed by all living things (WHO, 2016). The
abundance of free ammonia reaching the distribution system raises nitrate and nitrite levels
in the water, thus contributing to nitrification (WHO, 2011). The most common sources of
both nitrate and nitrite in water include farming practices (inorganic fertilizers and manure),
wastewater treatment, human nitrogen wastes and industrial process discharges (WHO,
2011).

2.4.8 Turbidity

Turbidity is one of the main criteria for analysis of drinking water; it is an indicator of how
pure the water is. Turbidity in water can be induced by particulate matter in the soil near
water sources; it also contributes to the aesthetics of the water. (Rahmanian et al., 2015).
Turbidity is not always a direct threat to public health; however, it can interfere with the
treatment of disinfection or provide a platform for microbial growth by providing nutrients for

the growth of microbial populations while decreasing the efficiency of chlorination in



downstream treatment plants (Azhdarpoor et al., 2019). The detection point is important
when considering possible impacts (DWAF, 1996). High turbidity levels in source water may

indicate in-catchment pollution events (e.g. heavy rain, spills, or groundwater contamination).

2.5 Microbial indicators

One of the key points specifically related to personal and public health, is the study of the
microbiological quality of the water (Sogbanmu et al., 2019). The purpose is to protect
consumers of water from pathogenic bacteria, viruses and protozoa found in water systems
(Wen et al., 2020). Preferably, drinking water should not contain any known pathogenic
microorganisms and it should be free from bacteria indicative of pollution with waste
(Atanasova et al., 2018). To ensure that a drinking water source meets these bacterial
guality guidelines, it is critical that water be regularly examined for contamination indicators
(Afnafu et al., 2017). Since it is nearly impossible to regularly test water for all possible
pathogens, it has led to the use of microbial indicators such as heterotrophic plate count

bacteria, coliforms, faecal streptococci (Some et al., 2021).

2.5.1 Total coliforms

Total coliforms are Gram-negative, non-spore-forming bacilli as well as aerobic or facultative
anaerobic rod-shaped bacteria that ferment lactose at 35 °C within 48 hours. They are also
able to form gas and B-galactosidase during lactose fermentation (Martin et al., 2016). Total
coliforms are a group of bacteria commonly found in soil and vegetation in the aquatic
environment and in mammalian intestines, including humans (Al-Bahry et al., 2014). Their
presence in water is mostly an indicator of the water's hygienic quality, as well as potential
distribution system failures (Snozzi, 2001). In addition, previous studies have shown that the
rate at which coliform bacteria decline is closely associated with increased water
temperatures, pH and nutrient scarcity. A study by Hong et al (2010) found that the physico-
chemical properties of water correlated with the viability, degradation and growth rate of
coliform bacteria. In addition, total coliforms can also survive and thrive in water supply
systems, particularly when biofilms are present. Nonetheless, the adequacy of coliform
bacteria in aquatic environments as a measure of faecal contamination has increasingly
been the subject of discussion (WHO, 2008; Martin et al., 2016).
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2.5.1.1 Faecal coliforms

Faecal coliforms belong to the Enterobacteriaceae family which consists of facultative
anaerobic, Gram-negative, non-spore forming and naturally rod-shaped bacteria (Figueras
and Borrego, 2010). Faecal coliforms are a total coliform subgroup. Their appearance in
water samples suggests recent pollution of the faecal or faecal waste after treatment. This
group of coliform is inclusive of Escherichia coli, Enterobacter spp., Citrobacter spp. and
Klebsiella spp., (Gabutti et al., 2000). These bacteria populate the large intestines and play a
role in the digestive system of mammals including humans and other warm blooded animals.
Faecal coliforms can be identified with inexpensive, reliable and easy to interpret laboratory
methods, thereby making them good indicators of pathogenic microorganisms in water
(Panigrahi et al., 2021).

2.5.1.2 Clinical relevance

Since Escherichia coli was discovered, scientists have a better understanding of phenotypic
and genotypic virulence in the various environments, including water quality (Panigrahi et al.,
2021). Escherichia coli is a prevalent member of faecal coliform found in mammalian feaces
and is also used as a faecal indicator to assess faecal contamination of both pathogenic and
nonpathogenic bacteria in drinking water (Clarkes et al., 2017). Pathogenic Escherichia coli
are essentially partitioned into two categories, namely, intestinal and extra-intestinal
pathogenic Escherichia coli, depending on the point of infection (Rojas-Lopez et al., 2018).
The pathogenicity of a given Escherichia coli strain is determined primarily by specific
virulence factors including adhesives, invasions, haemolysin, toxins, factor erasure, cytotoxic
necrotic factors and capsules (Titilawo et al., 2015). There has been an emergence of shiga
toxin-producing E. coli (STEC) causing bloody diarrhea in hospital patients (Ateba and
Bezuidenhout, 2008; Kalule et al., 2018). A specific Escherichia coli strain called E coli

0157:H7 is known to cause a lot of outbreaks.

2.5.2 Enterococcus spp.

Enterococcus spp. is a genus of Gram-positive, non-catalase producing, facultative
anaerobic bacteria that can exist as single cocci or in chains (Fisher and Phillips, 2009).
Enterococcus spp. has a high tolerance to salt and are known as lactic acid bacteria that
produce bacteriocins (Altheus, 1982). Enterococcus spp. is part of the gastrointestinal flora

of humans and animals and is therefore highly present in faeces and can be found in food
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and water (Cabral, 2010; Molale, 2012). Enterococci isolates are used as an indicator of
faecal contamination in water because they are rapidly released by human and animal
excretions into the environment (Rincé et al., 2003; Algebeleye and Sant'Ana, 2020). This
group's survival was documented to be prolonged than that of faecal coliforms, although
they showed similar patterns of persistence to those of pathogenic bacteria transmitted by
water (Dionisio and Borrego, 1995). Examples of Enterococcus spp. known to date include:
Enterococcus casseliflavus, Enterococcus faecalis, Enterococcus faecium, Enterococcus
gallinarum, Enterococcus avium, Enterococcus villorum, Enterococcus durans,
Enterococcus cecorum Enterococcus hirae, Enterococcus mundtii, Enterococcus dispar and
Enterococcus saccharolyticus. Some of these enterococci like Enterococcus faecium and
Enterococcus faecalis have clinical relevance and have been known to cause infections.
Enterococcus faecium, Enterococcus faecalis and Enterococcus casseliflavus are commonly
found in production animals, human gastrointestinal tract and plants (Klein, 2003; Zaheer et
al., 2020; Holman et al., 2021). Thus infections related to the latter are associated with the

source to which it is commonly found.

2.5.2.1 Clinical relevance

Clinical enterococci are less diverse than those acquired from the environment or other
human sources, with Enterococcus faecalis being the most common (Fisher and Phillips,
2009). Urinary tract infections, abnormal liver septicaemia, endocarditis, post-operative
infection, bacteraemia, and neonatal sepsis are all examples of enterococcal infections
(Muller et al., 2017). For a long time, infection with Enterococcus spp. has been thought to
be harmless to people in Europe (Ramo et al., 2020). However, enterococci have been
mentioned as the second leading cause of lesion and urinary tract infection, as well as the
third leading cause of bloodstream infections in the last decade (Molechan et al., 2019).
Since they are widely distributed in both humans and animals, Enterococcus spp. are
frequently used as bio-indicators for the monitoring of ABR in food animals (Rebelo et al.,
2021). Despite being thought of as commensals, Enterococcus spp. have emerged as one of
the primary causes of bloodstream infections (Raza et al., 2018). According to WHO (2017),
vancomycin resistant enterococci are added to the list of antibiotic-resistant bacteria for
further studies as well as for the development of new drugs. Enterococci immune to
vancomycin are ever more important reasons for morbidity and mortality in developed
countries (Raza et al.,, 2018). While VRE is an important cause of nosocomial sepsis in
these countries, there is limited data on the part that this pathogen plays in South Africa
(Mahabeer et al., 2016).

12



2.5.3 Heterotrophic plate count bacteria

The definition "heterotrophic bacteria” (hpc) comprises all bacteria that utilize organic
nutrients for growth. These bacteria are uniformly present in all kinds of water, food, soil,
vegetation and air (Allen et al., 2004). These species are naturally found in the ecosystem
and can be found in soils, sediments, food, water, human and animal feaces (Pepper et al.,
2018). While generally considered harmless, certain heterotrophic microorganisms are
sometimes opportunistic pathogens, with virulence factors that could affect the health of
consumers with suppressed immune systems (Burgalassi et al., 2021). For more than 100
years, the heterotrophic plate count method, developed by Robert Koch in 1881, has been
used as one of the first drinking water analysis techniques (Allen et al., 2004). Often,
heterotrophic plate count bacterial numbers are used to track treatment performance and
disinfection processes. Higher levels of HPC bacteria in treated water suggest a decline in
the quality of microbiological water, bacterial regrowth, potential stagnation and biofilm
formation (Xi et al., 2009).

2.5.3.1 Clinical relevance of heterotrophic plate count bacteria

There are numerous heterotrophic bacteria that are still not well characterized in water.
These bacteria have different growth requirements and need some media for cultivation
(Pavlov et al., 2004). Heterotrophic plate count bacteria are generally believed not to be
harmful to healthy individuals, but there is increasing knowledge that some of the bacteria
may be pathogenic and have the ability to cause adverse health effects to individuals with
poor health (Kalpoe et al., 2008; Keynan et al., 2007). The majority of the drinking-water
heterotrophic bacteria are not human pathogens (Rusen et al., 1997). Pseudomonas
aeruginosa, Acinetobacter and Stenotrophomonas maltophilia are leading causes of high
death rates in hospital-acquired infections. Furthermore, Pseudomonas aeruginosa is a
common cause of infection among patients who are hospitalized. While, Klebsiella
pneumoniae is a pathogenic Gram-negative bacterium. It has a mucoid phenotype on agar
plates, which is conferred by the polysaccharide capsule attached to the outer bacterial
membrane and fermented lactose (Schreiner, 2013). The first Shiga bacillus infection was
detected in South Africa in 1997 (Pillay et al., 1997). Due to shiga bacillus’s number of
resistance mechanisms, it has acquired resistance to certain antibiotics. Treatment is further
limited by the organism's ability to rapidly establish additional resistance during treatment
(Mudau et al., 2013).
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2.6 Methods of bacterial characterization
2.6.1 Extracellular enzymes

Pathogenicity refers to the capability of a microorganism to cause disease and an
opportunistic pathogen refers to an organism that can infect a host, particularly hosts with
weak immune systems (Wiley et al., 2017; Prinsloo, 2014). The bacteria that have the ability

to cause infections have the following virulence characteristics:

o They can secrete extracellular enzymes
e Cytotoxicity of cells and adherence to cells occurs

¢ They can survive passing through the gastric fluids of the stomach.

Additionally, the bacteria also have the ability to secrete extracellular enzymes that act as
toxins and these toxins are for pathogenicity and can cause diseases in a host (Khashid et
al.,2010). There are a few extracellular enzymes that could be used as markers of possible
pathogenicity (Fiorino et al., 2014). Such enzymes are haemolysin, DNase, proteinase and

lipase.

2.6.1.1 Haemolysin

Haemolysin is responsible for the lysis of erythrocytes (De Croos et al., 2004). Furthermore,
hemolysis analysis is conducted on a medium consisting mainly of soy trypticase and agar in
sheep blood (Ebenebe et al., 2014; Yeh et al., 2015). Trypticase soy enriches the nutrition of
the medium to create a favorable condition for bacterial growth. Supplementing the medium
with 5% sheep blood is essential to determine and identify the haemolytic patterns of
bacteria (Ebenebe et al., 2014; Yeh et al., 2015). Studies have illustrated that bacteria that
are B or a haemolytic on 5% sheep blood have to be subjected to extracellular enzymes
tests (Yeh et al., 2015; Pavlov et al., 2002). According to Prinsloo (2014), if a bacterium

produces two or more extracellular enzymes, it is considered a potential pathogen.

2.6.1.2 Deoxyribose nuclease (DNase)

DNase is a group of enzymes that are responsible for the breakdown of the nucleic acid into
oligonucleotides (Inagaki et al., 2018). This leads to the weakening of the host immune
response by allowing the liberation of nucleotides that are responsible for growth (Palmer et

al., 2014; Sumby et al., 2005). Furthermore, DNase minimizes the production of purulent
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exudate that forms part of the host cell immune response, responsible for the inhibition of the

spread of bacteria to vital tissues (Jubb et al., 2012).

2.6.1.3 Proteinase

Proteinases are a group of enzymes that catalyze the hydrolysis of proteins into short
peptides and amino acids (Sharma et al., 2017). Studies have illustrated that bacterial
species produce proteinases to infect the host and cause disease (Culp and Wright, 2017;
Yang et al., 2007). Furthermore, proteinase producing bacteria have the ability to weaken
the immune system of humans by inactivating immunoglobulin A (IgA) and subsequently
making the host cell susceptible to more pathogens in the environment (Collin and Olsén,
2003).

2.6.1.4 Lipases

Lipases catalyze the hydrolysis of long-chain triglycerides to glycerol and fatty acids (Ayinla
et al., 2017). These enzymes are pathogenic to the host cell, since they reduce the immune
response of the host cell by attacking non-pathogenic bacteria (Propionibacterium acne and
Staphylococcus epidermidis) present on the human skin responsible for protection against
pathogenic bacteria (Park et al.,2013). Staphylococcus epidermidis is a well-known human
cutaneous commensal microorganism that is responsible for human skin protection against

foreign bodies from the environment (Stehr et al., 2003).

2.6.1.5 Gelatinase

Gelatinase is an enzyme that catalyses the hydrolysis of gelatin and other compounds such
as pheromone, collagen, casein and fibrinogen (Balan,2021). Furthermore, gelatinase
hydrolyzes gelatin only while extracellular endopeptidases hydrolyze gelatin and other
compounds (Asitok and Ekpenyong, 2019; Balan, 2019). According to Park et al. (2007),
gelatinase production in water environments is associated with the development of biofilms

and promotes the translocation of bacteria across the intestinal cell layer while in the host.
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2.6.1.6 Lecithinase

Lecithinase enzymes catalyse the hydrolysis of the connection that joins glycerol and
phosphate in lecithin into diglyceride and phosphorylcholine (Ali et al., 2016). The invasion of
lecithinase producing bacteria inside a host is associated with toxicity, such as destruction of
reproductive tissues, erythrocytes and cell membranes (Sharaf et al., 2014).

2.6.2 Antibiotic-resistance profiling of bacteria
2.6.2.1 The development of antibiotic-resistance

The world is facing a major public health problem with antibiotic-resistant bacteria appearing
in drinking water and their related genes. As the use of antimicrobial drugs continues to
increase, the resistance to antimicrobials often increases in bacteria (Rubin & Samore,
2002). The discovery of antibiotics has triggered a huge shift in medicine by defending lives
from pathogenic microorganisms, thus increasing human and animal life spans (Davies and
Davies, 2010; Chropra, 2012). There are four main genetic reactors in which antibiotic-
resistance evolves, namely: human and animal microbiota, hospital and farm aquaculture,
wastewater effluent and surface water, and lastly, surface and groundwater systems
(Baquero et al., 2008). The primary reactor is a human and animal microbiome that is
affected by therapeutic and prophylactic antibiotics (Rochegie et al., 2021). The secondary
reactor includes hospitals, long-term care facilities, farms or any other location where
vulnerable individuals are crowded and exposed to bacterial transmission (Langdon, 2016).
The tertiary reactor is a wastewater reactor, like all other locations where biological
contaminants occur in the secondary reactor. Types include lagoons, wastewater treatment
plants and other places where bacterial populations of various individuals have the ability to
communicate genetically (Baquero et al., 2008). Horizontal gene transfer occurs when
microorganisms obtain foreign DNA material and is regarded as one of the most significant
drivers of microorganism evolution and are generally responsible for the production of

antibiotic /antimicrobial resistance (Zhang et al., 2020).

Additionally, the world has entered a post-antibiotic age where resistance to antibiotics is
expected to intensify, making antibiotic therapy complicated and costly (WHO, 2018). The
prevalence of antibiotic-resistance of bacteria has affected and threatened antibiotic
prevention and treatment which results in high levels of morbidity and mortality (Singh et al.,
2016). The Kirby Bauer method is used to test for the susceptibility of microorganisms to

antibiotics. Antibiotics used for humans can be divided into the following groups according to
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Gibbs et al. (2004): B-lactams, aminoglycosides, quinolones, tetracyclines, tigecycline,
macrolides, ketolides, clindamycin, chloramphenicol, glycopeptides, oxazolidinones,

fosfomycin, cotrimoxazole and polymixins, as outlined in Table 2.1 below.

Table 2.1: Classes of antibiotics

Class of Antibiotic: Characteristics:

1. B-lactam ¢ Includes highly reactive 3-carbon and one nitrogen ring
(Pandey and Cascella, 2020).

o |Interfere with proteins that are responsible for cell wall
synthesis by killing or inhibiting growth (Naclerio and
Sintim, 2020).

e > Beta lactams can bind to penicillin-binding protein (PBP),
thereby interfering with the synthesis of the peptidoglycan,
leading to the cell lysing or dying (Etebu and Arikekpar,
2016).

2. Cephalosporins

Consists of 7-aminocephalosporanic (Tan et al., 2018)

¢ acid nucleus and a side chain containing 3,6-dihydro-2H-
1,3-thiazane rings (Etebu and Arikekpar, 2016).

e Used to treat bacterial infections and diseases arising from
penicillin-producing as well as methicillin-susceptible
staphylococci and streptococci (Healy, 2007).

e > Subdivided into five generations according to their target

organisms

3. Monobactam e Forms part of beta-lactam compounds but is different from
other beta-lactams in terms of its beta-lactam ring that
stands alone and is not fused into a ring (Sykes and
Bonner, 1985).

e > Ability to inhibit aerobic Gram-negative bacteria and
have been proven to be ineffective against Gram-positive
bacteria (Liu et al., 2021).
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4. Macrolides e Categorized by the 14-, 15-, or 16- membered macrocyclic
lactose rings with unusual deoxy sugars L-cladinose and
D-desoamine attached.
e > Able to Kill or inhibit microbes by successfully inhibiting
bacterial protein synthesis (Baquero et al., 2008).

5. Tetracycline e Consists of four hydrocarbon rings and they are known as
by the suffix ‘cycline’.
e Targets the ribosome of bacteria as their mode of action
(antimicrobial activity). They disrupt the addition of amino
acids to polypeptide chains during (Wilson, 2014).
e protein synthesis within bacterial cells (Baquero et al.,
2008).

6. Carbapenems e Members of this class play a vital role in the fight against
diseases and infections, as they are able to resist

¢ the hydrolytic action of the beta-lactamase enzyme.

2.6.2.2 Antibiotic-resistance genes

Antibiotic-resistance genes are DNA sequences that impart and administer antibiotic-
resistance to bacteria (Vaz-moreira et al., 2014). There are different ways in which these
antibiotic-resistance genes play a role in resistance. Intracellular antibiotic-resistance genes
are harbored within the genomes of bacterial cells and are subject to and bound by the basic
laws of biology (Xiang et al., 2019). Extracellular antibiotic-resistance genes are DNA
fragments that are not present inside bacterial cells at a particular time (Yu et al., 2021).
Consequently, these antibiotic-resistance genes are freely suspended in their atmosphere.

Bacteria have developed antibiotic-resistance in a variety of ways.

2.6.2.2.1 Macrolide related resistance genes

Macrolides have been acknowledged for years, and a multitude of these molecules have
been developed for clinical use since the introduction of erythromycin into therapy (Yao et
al., 2020). Streptomyces with a 14-, 15-, or 16-member lactose ring is used to make

macrolide antibiotics (Zin et al., 2020). Macrolide resistance is aided by one of two
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pathways. Firstly, by target alteration prompted by ribosomal methylase encoded by erm B
gene (Zin et al.,, 2020). This gene affords a high level of resistance to lincosamides,
streptogramines and macrolides. Macrolides prevent the 23S subunit of the bacterial
ribosome from synthesizing proteins, causing premature peptide release during translation
(Denis et al.,, 1999). Erythromycin is effective against infections of the respiratory,
gastrointestinal, and genital tracts, as well as tonsillopharyngitis, otitis media, acute
bronchitis, primary atypical pneumonia, and skin and soft tissue infections (Zin et al., 2020).
The first erythromycin-resistant streptococci strains were identified in the United Kingdom in
1959 and in North America in 1967 (Lowburry and Hurst, 1959; Leclercq, 2002). Thus far,
ribosomal methylation has been identified as the most common mechanism of resistance to
macrolides and lincosamides. The erm proteins in pathogenic bacteria dimethylate a single
adenine in nascent 23S rRNA, which is part of the large (50S) ribosomal subunit (Weisblum,
1995). Nearly 40 erm genes have been identified. These virulence factors are mostly carried
by self-transferable plasmids and transposons in pathogenic bacteria (Leclercq, 2002).
Bacterial pathogens have four major classes: ermA, ermB, ermC, and ermF. Staphylococcal
gene classes ermA and ermC are common. Streptococci and enterococci have the most
ermB class genes, while Bacteroides species and other anaerobes have the most ermF

class genes (George, 2002).

2.6.2.2.2 Tetracycline related resistance genes

Tetracycline is the most commonly used antibiotic in the treatment and management of
various poultry diseases (Schnappinger and Hillen, 1996). Tetracycline can be taken orally
and has a very low risk of serious side effects. Tetracycline antibiotics are designed
particularly to inhibit bacterial protein synthesis by preventing aminoacyl-tRNA from
interacting with the ribosomal receptor (A) site (Chopra, 2013). Because of the multiple
advantages of tetracyclines, such as their widespread availability, low cost and lack of side
effects, the use of such antibiotics for the treatment of animal and human infections has
increased in recent years (Martinez-Garcia and Lorenzo, 2011). As a result, tetracycline-
resistant bacteria have emerged, limiting the use of these antibiotics. Tetracycline resistance
genes are typically encoded in plasmids as well as transposons and transmitted via
conjugation (Guillaume et al., 2012). However, in some isolates, the relevant genes are also
found on the chromosome. Tetracycline resistance is achieved primarily through the
acquirement of tet genes, which include efflux pumps, ribosomal protection and enzymatic
discontinuation. Antibiotic-resistance is also influenced by mutations (Koo and Woo, 2011).
Tet genes found in Gram-negative bacteria are associated with efflux pumps, which are
encoded by the tetA, tetB, tetC, tetD and tetG genes (Skockova et al., 2015). Tetracycline

resistance could be wused to assess antibiotic-resistance genes. Furthermore,
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epidemiological-molecular analysis of resistant strains to these compounds can broaden

knowledge of effective treatments and prevent capital loss (Gao et al., 2012).

2.6.2.2.3 Ampicillin related resistance genes

Since the late 1970s, ampC-lactamases have been studied. The majority of these enzymes
are cephalosporinases, but they can hydrolyze all -lactams to some extent (Sanders, 1987).
Ampicillin antibiotics work by inhibiting membrane-bound enzymes involved in bacterial cell
wall synthesis. Ampicillins are frequently used to treat enteric fever, respiratory infections,
urinary tract infections, skin and soft tissue infections, and other infections (Kaushik et al.,
2019). Organisms that overexpress ampC -lactamases are a major clinical concern because
they are typically resistant to all B-lactam drugs except cefepime, cefpirome, and
carbapenems (Girlich et al., 2000). The widespread use of ampicillin has resulted in the
development of B-lactamase enzymes (Soeung et al., 2020). These enzymes catalyze the
hydrolysis of the amide bond of a four-membered B-lactam ring, conferring resistance to cell
wall destruction (Labbate et al., 2009). There are four types of B-lactamases: A, B, C, and D.
Serine enzymes are classified into classes A, C, and D, whereas Zn-metalloenzymes are
classified into class B. The most common mechanism of resistance displayed by most

bacterial species is Class A (Barlow et al., 2004).

2.6.2.2.4 Class 1 integron related resistance genes

Genes from class 1 integrons have been linked to the capture and spread of antibiotic-
resistance genes in the environment (Gonzalez-Plaza et al., 2019). They are distinguished
by three characteristics: an integron-integrase gene (intl), a recombinant site (attl), and a
promoter (PC) (Gillings et al., 2015; Li et al.,, 2021). Class 1 integrons have been well
identified and documented in Gram-negative microorganisms, and their role in the
distribution and spread of antimicrobial resistance has also been validated and identified
(Lina et al., 2007). They are linked to a variety of resistance gene cassettes, but the majority
of integrons contain an aadA resistance determinant that encodes streptomycin-
spectinomycin resistance (Fluit and Schmitz, 2004). Trimethoprim resistance determinants
are also repeatedly detected. These gene cassettes impart resistance to a variety of
antibiotics, including aminoglycosides, B-lactams, chloramphenicol, and others (Doherty et

al., 2000). Class 1 integrons present a hazard in water environments because they are not
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removed by traditional water purification processes, increasing their likelihood of being

present in drinking water (Giilings et al., 2015).

2.6.2.3 Kirby Bauer method

In the 1950s the Kirby Bauer disk diffusion test for susceptibility testing was developed
(Hudzicki, 2009). There were no criteria at the time the approach was adopted that led to a
lot of inconsistencies (Hudzicki, 2009). As a result, the World Health Organization (WHO)
developed the process in 1961 (Gautam et al., 2013). This approach is highly recommended
by the Clinical and Laboratory Standards Institute (CLSI) to assess the efficacy of
antimicrobials against a pathogenic aerobic or facultative anaerobic bacterium; it decides
whether a bacterium is susceptible or intermediate to a specific antimicrobial (Vineetha et al.,
2015). Testing how microorganisms react to antibiotics is important for medicinal
prescriptions. This test is cost-effective and can be carried out with ease in contrast with
other methods of dilution (Gautam et al., 2013).

2.6.3 Bacterial Virulence

The ability of a microorganism to cause a disease in the host is referred to as virulence
(Jajere, 2019). Microorganisms have a variety of virulence mechanisms that allow them to
evade host defenses, enter host cells and disable or lyse host cells (Sarowska et al., 2019).
Virulence mechanisms are constantly evolving and being passed down between microbes
via a process known as lateral or horizontal gene transfer (Emamalipour et al., 2020).
According to Jajere, (2019) virulence genes could be used to assess risk and develop
intervention techniques. This is so that the discovery of virulence genes may lead to the
development of rapid screening tests to expedite effective isolation measures in hospitalized
patients or to postpone hospitalization after carriage decontamination (Green et al., 2019).
Comparative sequence analyses shed light on bacterial pathogenic mechanisms, allowing
the detection of known virulence proteins with conserved sequences or motifs, as well as

new virulence proteins (Fournier and Raoult, 2017).

2.6.3.1 Virulence factors

Virulence factors are described as constituents that increase a pathogen’s ability to cause a

disease (Pontes et al., 2020). Several of these virulence factors are known to be produced
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only by particular bacterial strains. Furthermore, these factors can be cytosolic or
membrane-associated (Sharma et al., 2017). The cytosolic factors allow the pathogen to
make rapid biochemical, sensory and structural changes (Zhang and Rock, 2008). Whilst the
membrane associated virulence factors assist the pathogen in cell attachment and evasion
of the host organism (Cossart and Lebreton, 2014). Secretory factors are critical
components of the bacterial arsenal that aid the pathogen in navigating the host's innate
immunity (Patel et al., 2017). Also, secretory virulence factors in extracellular pathogens
work together to destroy healthy cells (Kholdi et al., 2021).

2.6.3.1.1 Shiga and verotoxin

Shiga toxins (Stxs), are a highly toxic class Il ribosome-inactivating protein. These toxins are
virulence factors that cause major clinical symptoms of Stx-mediated pathogenicities, such
as gastrointestinal symptoms, haemolyticuremic syndrome (HUS) and neurological
dysfunction (Detzer et al., 2020). The shiga toxin, first isolated in Shigella dysenteriae, is
expressed by two molecular different genes: stx1 and stx2 (Zhang et al., 2008). Interestingly,
shiga toxins in dairy cattle animals are assumed to be important environmental reservoirs for
Stx-producing Escherichia coli (STEC). However, other developing or emerging reservoirs of
the toxin-producing bacteria have not been fully studied (Hwang et al., 2021). Another known
group of toxins the verotoxins share similar characteristics with shiga toxins, hence, they
were hamed shiga-like toxins (Hwang et al., 2021). These verotoxins were first observed in
Canada from several E. coli isolates during the 1970’s (Karmali et al., 2018). In recent times,
Pal and Ayele (2017) reported on the ability of Verotoxins to cause gastrointestinal diseases

and haemorrhagic colitis.

2.6.3.1.2 Intimin

Intimin as well as its transposons intimin receptor (Tir) are microbial proteins that facilitate
binding between human cells and pathogenic organisms that attach and efface (A/E) (Yang
et al., 2018; Bhatt, 2020). It is usually located and reported present in Enteropathogenic
Escherichia coli (EPEC) and Enterohaemorrhagic Escherichia coli (EHEC) (Hartland et al.,
2000). This virulnece gene is expressed by the gene eaeA and produces A/E lesions which

cause enteropathogenic and enterohaemorrhagic related diarrhea (Hosein et al., 2019).
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2.6.3.1.3 Cytolysin, aggregation substance, extracellular surface protein

Todd's 1934 study of cytolysin or hemolysin was the first to characterize enterococcal
virulence factors in depth (Coburn et al., 2003). Cytolysin is an Enterococcus faecalis toxin
that displays B-haemolytic characteristics and has the ability to deteriorate the immune
systems of humans (Laverde et al., 2011). The five expressed cytolysin genes cylA, clyS,
clyB, cylM, cylL are located on the cytolysin operon (Ali et al.,, 2021). This operon
encompasses two promoters, namely, the structural gene promoter P. and the regulator
gene promoter Pr (Sellek et al., 2013). The expression of the cylosin genes has been

involved in numerous known enterococci related diseases (Lang et al., 2020).

Aggregation substance expressed by the asa gene.is a virulence factor in Enterococcus
spp., that facilitates efficacious attachment between bacteria. In so doing, plasmid exchange
occurs as part of the bacterial sex pheromone system (Jett et al.,, 1994). Aggregation
substance also plays a critical role in adhesion, which facilitates cell-to-cell communication
between donor and inheritor strain (Hallgren et al., 2009).

Extracellular surface protein, a cell wall-linked protein, is known to play a critical role in the
antibiotic-resistance of Enterococcus spp. (Sellek et al., 2013). This is achieved by
promoting the adhesion, incursion and colonization of Enterococcus spp. on the immune
system of the host (Kafil et al., 2013 It is expressed by the esp gene, which consists of 5622

bp and is known to promote biofilm formation in Enterococcus spp. (Sakuma et al., 2009).
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CHAPTER 3

Materials and Methods

3.1 Study site

Groundwater samples were collected from 15 boreholes in Potchefstroom and surrounding
areas. Four sites were located at the North West University Potchefstroom campus, whilst
three sites were located close to the university’s premises. METSI (a sampling site
previously known as Gerhard minnebron) was selected as the study reference site as it lies
20 km’s out of Potchefstroom. Additionally, six sampling sites were located in private
boreholes surrounding the Loopspruit River. The Loopspruit River falls under the eastern
reach of the three sub-catchment areas of the Mooi River. The Mooi River is the main supply
of water in Potchefstroom. The coordinates of each sample site were generated using Global
Positioning Systems (GPS). The map shown in Figure 3.1 was generated using ArcMAP
(10.6) which was developed by ESRI (Environmental Systems Research Insitute

(www.esri.com). The use of the respective groundwater is presented in Table 3.1 below.
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Figure 3.1. A map depicting the geographical location of groundwater systems of interest (The map
was created by Bredenhann, 2021).
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Table 3.1 — The various use of groundwater from all sample sites.

Site Groundwater use

S1 Drinking, livestock watering and irrigation
S2 Drinking, livestock watering and irrigation
S3 Drinking, livestock watering and irrigation
S4 Drinking, livestock watering and irrigation
S5 Drinking, livestock watering and irrigation
S6 Drinking, livestock watering and irrigation
S7 Drinking, livestock watering and irrigation
DK Irrigation

BG Irrigation

LS Irrigation

LV Irrigation

H Irrigation

FD Irrigation

SG Irrigation
GM Irrigation

DK - Draak, BG - Botanical garden, LS - Laureus, LV - Lavaria, H - Hombre, FD - Fannie du Toit, SG - Sportsground, GM —
METSI

3.2 Sample collection

Samples were collected in May 2019, July 2019, February 2020 and September 2020. The
sample collection technique was determined by the physical setting of the sampling sites
(US EPA, 2006). Samples were collected using either the pipe or the tap outlet, which was
then sprayed with ethanol for sterilization. Furthermore, the taps or pipes were purged for
approximately 5 minutes prior to sampling to prevent collection of stagnant water in the
pipelines (Molale, 2012). Approximately 1 £ groundwater samples were collected aseptically,
using gloves in labelled sterilized glass bottles (sterilized prior to sampling) and thereafter
capped immediately. All groundwater samples were kept on ice in a sealed cooler box and
analyzed within 12 hours of sampling (DWAF, 2000).

3.3 Physico-chemical analyses

The physical analysis of the water samples was performed onsite using a calibrated
Oakton testerTM multi-parameter probe (Thermo Fisher scientific, US). The physical

parameters measured in this study were pH, temperature, salinity and total dissolved solids.
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A sterile glass beaker was used for the measurement of all physical parameters and
measurements were conducted in triplicates. The multi-parameter probe was rinsed with
distilled water prior and after each physical parameter was measured (Molale, 2012). This
was done in order to minimize the possibility of contamination. The chemical parameters
were measured within 12 hours of sampling. The chemical parameters such as phosphate
(cat.2106069), nitrate (cat.2106169), and chemical oxygen demand (cat. 2125815) were
measured in miligrams per liter (mg/L) using the HACH DR 2800™ (HACH, US).
The physico-chemical parameters obtained was compared to the South African Target
Water Quality Range (DWAF, 1996).

3.4 Enumeration of bacterial isolates

3.4.1 Coliforms and Enterococcus spp. enumeration

The membrane filtration technique was used to enumerate coliforms and Enterococcus spp.
isolates from water samples. The filtration system was sterilized with 70% ethanol and
thereafter washed with sterile distilled water. Triplicates of 100 ml water samples were
filtered through a 0.45 pm diameter, 47 mm grid PALL Corporation sterilized filter
membranes (PALL Life Sciences, Mexico) and placed on MLG agar to select for coliforms
(Oxoid, RSA). The MLG agar plates were incubated for 24 hours at 37 °C. The green
colonies (representing coliforms) on the filter membranes were counted and recorded as
colony forming units per 100 ml. Thereafter, these green colonies were aseptically cultured
at least 3 times on nutrient agar using the streak plate technique for isolation and purification
purposes, and incubated at 37 °C for 24 hours. Triplicates of 100 ml water samples were
fitered through a 0.45 pm diameter, 47 mm grid PALL Corporation sterilized filter
membranes was placed on KF-Streptococcus agar supplemented with 1ml 2,3,5-
Triphenyltetrazolium chloride (TTC) for every 500 ml to select for Enterococcus spp. (Oxoid,
RSA) (Molale, 2012). The dark purple colonies of interest on the filter membranes were
counted and recorded as colony forming units per 100 ml. Selected dark purple colonies
(representing Enterococcus spp.) were aseptically cultured at least 3 times on nutrient agar
using the streak plate technique for isolation and purification purposes, and incubated at 37
°C for 24 hours.
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3.4.2 Heterotrophic plate count bacteria enumeration

A serial dilution series ranging from (10* to 10° ml) was prepared on the collected
groundwater. For each diluent (10 to 10° ml), 100 ul was spread plated on solidified R2A
agar (Merck, US) (Zhou et al., 2010). All plates were incubated for 4-7 days at room
temperature. Post incubation, colonies were counted and recorded as colony forming units
per 100 ml. Random colonies were selected and subjected to purification using the streak
plate method and incubated for 4-7 days (Mabeo, 2020). This purification step was
conducted thrice. After the third purification step, the morphology of all colonies, in terms of

shape; colour and size of the bacterium was noted.

3.5 Preliminary identification of isolates
3.5.1 Burke’s Gram reaction

The purity of the isolates selected was confirmed with Gram staining. The bacterial smears
were prepared from cultures grown in nutrient agar (coliforms and Enterococcus spp.) and
R2A agar (HPCs) overnight at 37 °C for 24 hours. The slides were stained with 1% Gram's
crystal violet for 1 minute, rinsed, stained with Gram's iodine for 1 minute, decolourized with
acetone alcohol and counter-stained with Gram’s safranin for 1 minute (Pandolfi & Pons,
2004). The slides were inspected at 1 000x magnification under the oil immersion objective
of a light microscope (Nikon E200, China). Purple and red stained organisms were regarded
as Gram-positive and Gram-negative microorganisms, respectively. Presumptive
Escherichia coli stained pink and were deemed to be Gram-negative, whilst, presumptive
Enterococcus spp. stained purple and thus were deemed Gram-positive. The HPC isolates
were grouped according to their reaction to Gram staining, where HPC bacterial cells that
stained purple were deemed Gram-positive and the ones that stained pink were deemed

Gram-negative (Tsholo, 2019).

3.5.2 Identification of presumptive coliforms

All Gram-negative isolates were subjected to the triple sugar iron (TSI) agar test to validate
the presumptive coliform isolates. Presumed coliforms isolates were inoculated using a zig-
zag streak and stab technique on TSI agar slants (Merck, US) using an inoculation needle
(Molale, 2012). The slants were incubated for 18 hours at 37 °C. A positive TSI agar reaction
test was confirmed when an air bubble formed in the agar and the colour of the agar colour
changed from red to yellow with the absence of a black precipitate indicating Hydrogen

sulfide production.
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3.5.3 Identification of presumptive Enterococcus spp.

The catalase activity of all presumed Enterococcus isolates was evaluated using the agar
slant method defined by the Health Protection Agency (Parshionikar et al., 2009). An isolate
was deemed catalase-negative if no gas bubbles were produced when treated
with 3% hydrogen peroxide H.O,. Enterococcus spp. are known to be catalase negative.

3.6 Extracellular enzyme

3.6.1 Haemolysis

The haemolysin protein is responsible for the lysis of red blood cells, thus, the production of
haemolysin serves as a virulence characteristic of microorganisms (Payment et al., 1994).
Briefly, pure coliform, Enterococcus spp. and HPC isolates were streaked on 5% sheep
blood agar (BioMérieux, SA) and incubated at 37 °C for 24 hours (Xiaoet al.,
2009). Thereafter, the bacteria were classified as either alpha (a), beta (B) or gamma
(y) haemolytic (Xia et al., 2009). The presence of a distinct greenish-black ring around
the colony was noted as o haemolysis (Seker, 2010). A zone of clearing where
inoculation occurred was noted as p-haemolysis (Xiao et al., 2009; Hoeffler, 1977). Whilst,
the absence of haemolysin production (only bacterial growth) was noted asy-
haemolysis (Tetlock et al., 2012; Seker, 2010). Isolates that produced a- and -
haemolysin were selected for further testing of extracellular enzyme production
(Upadhyaya et al., 2010).

3.6.2 DNase

Ten grams of DNase agar (Oxoid, RSA) was used and prepared according to the
manufacturer’s instructions. Additionally, 0.025 g of toluidine blue (Sigma, Germany), an
indicator agent, was added to the DNase agar. Toluidine blue binds to an organisms
hydrolyzed DNA resulting in bright zones of clearing where inoculation occurred (Sen et
al., 2010). The bacterial smear was spot inoculated on DNase agar and incubated for 48
hours at 37 °C. After incubation, the plates were flooded with 1 mol HCI (Merck, Germany)

and screened for DNase activity (Pavlon et al., 2004).
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3.6.3 Lipase

Tryptone soy agar (Merck, Germany) was prepared following the manufacturer's
suggestions. Thereafter, 2 ml of Tween80 (Sigma Aldrich, US) was added to Tryptone soy
agar. Pure coliform, Enterococcus spp. and HPC isolates were spot inoculated on the agar
and incubated at 37 °C for 48 hours. A halo around the inoculation spot was noted as a
positive result (Mzimkhulu, 2018).

3.6.4 Proteinase

Pure coliform, Enterococcus spp. and HPC Isolates were screened for proteolytic enzyme
production on skimmed milk agar plates (Sen et al., 2010; Janda & Bottone, 1981). The
following were prepared and autoclaved separately: 1,5 g of skimmed milk (Oxiod. England)
in 50 ml distilled water, 1,9 g of Brain Heart Infusion Broth (Merck, Germany) in 50 ml of
distilled water and 100 ml of nutrient agar (Merck, Germany). The ingredients were mixed
together post autoclaving. The mixture was poured into sterile petri dishes and left to solidify
(Saran et al., 2007). Isolates were inoculated and the plate incubated at 37 °C for 48 hours.
The development of transparent zones around the colonies indicated proteolytic activity
(Boominadhan et al., 2009).

3.6.5 Gelatinase

The production of gelatinase in pure coliform, Enterococcus spp. and HPC isolates was
determined by using gelatine powder as described by (Sen et al., 2010). Purified 24 hour
cultures were stab inoculated into nutrient agar slants (Merck, Germany) supplemented with
12% gelatin (Oxoid, UK). After incubation at 28 °C for seven days, the tubes were chilled for
30 minutes in cold conditions (5-10 °C). Cultures that remained liquefied were considered

positive for gelatin hydrolysis (dela Cruz and Torres, 2012).

3.7 Kirby Bauer disk diffusion test - Antibiotic susceptibility testing

The Kirby-Bauer disk diffusion method (developed by Kirby and co-workers, 1966) was used
to determine the antibiotic susceptibility of coliform, Enterococcus and HPC
bacteria. Overnight cultures were grown in Muller-Hinton broth (Merck, RSA) for 24 hours at

37 °C. Using the spread plate technique, 100 ul of the overnight culture was spread plated
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evenly on the surface of Mueller-Hinton (Merck; RSA) agar plates. The plates were left to dry
for five minutes, then antibiotic disks of interest were placed on the plates, using sterilized
forceps. Plates were incubated (uninverted) at 37 °C for 24 hours. After incubation, inhibition
zones were measured (in mm) and compared to Performance Standards for Antimicrobial
Susceptibility Testing (2018) provided by the Clinical and Laboratory Standards Institute
(CLSI). Antibiotics used were commercially prepared antibiotic disks (Mast Diagnostics, UK)
of varying concentrations (Mabeo, 2020). The antibiotics of interest were: ampicillin (AMP,
10 pg), chloramphenicol (C, 30 pg), ciprofloxacin (CIP, 5 ug), erythromycin (E, 15 ug),
kanamycin (K, 30 ug), neomycin (NE,30 ug), oxytetracycline (OT, 30 pg), penicillin (Pen-G,
10 pg), streptomycin (S, 25 ug), trimethoprim (W, 5 ug) and vancomycin (VA, 30 ug).

3.8 Molecular identification of bacteria
3.8.1 Coliform and Enterococcus spp.

Pure coliform and Enterococcus spp. isolates were cultured overnight at 37 °C in Brain Heart
Infusion broth and then harvested by centrifugation. A genomic DNA isolation kit was used to
extract total DNA. The DNA was extracted following the manufacturer’s instruction
(Macherey-Nagel, Germany). Overnight bacterial broth was prepared and 2 ml of the
bacteria was centrifuged for 3 minutes at 13000 rpm prior to the DNA extraction. The
resultant DNA’s quality and concentration were determined using the Nanodrop™ 1000
Spectrophotometer v.3.5.2 (Thermo Scientific, US). The isolates were also subjected to gel
electrophoresis using 1.5% agarose gel in 1x TAE buffer [20 Mm Acetic acid, 40 mM Tris
and 1mM EDTA at pH 8.0]. The gel contained 10 ul of ethidium bromide and it was run at
80V for 45 minutes.

3.8.2 DNA extraction of HPC bacteria

The DNA of pure heterotrophic plate count bacteria was subjected to extraction using
a Chemagic DNA isolation kit (PerkinElmer, Germany). The instructions were followed as
recommended by the manufacturer. Overnight bacterial broth was prepared and 2 ml of the
bacteria was centrifuged for 3 minutes at 13 000 rmp prior to the DNA extraction. The
concentration and quality of the resultant DNA was measured using a Nanodrop™ 1000
Spectrophotometer v.3.5.2 (Thermo Scientific, US). The isolates were also subjected to gel

electrophoresis using 1.5% agarose gel in 1x TAE buffer [ 20 Mm Acetic acid, 40 mM Tris

30



and 1mM EDTA at pH 8.0]. The gel contained 10 ul of ethidium bromide and it was run at
80V for 45 minutes (Mabeo, 2020).

3.8.3 Polymerase Chain Reaction

All the PCR reactions were performed using a 1000Cycler (Biorad, UK) thermocycler. The
PCR reactions amounted to a volume of 25 ul and contained 2 uyl of DNA template (20-40
ng/ul), 12,5 ul of DreamTaq mastermix (2mM MgCl,, 0.2 mM of each dNTP, 0.025 pl Tag-
polymerase) (Thermo Scientific, US); 1yl (10um/pmol) of forward primer and 1 pl
(10um/pmol) of reverse primer. The remaining volume was made up with nuclease free

water. The PCR products were confirmed using gel electrophoresis.

3.8.3.1 Confirmation of coliform bacteria (E. coli)

A duplex PCR reaction was used to detect coliform bacteria (E. coli) in groundwater samples
(Ferreira, 2011). The duplex PCR reaction contained lacZ and mdh primers (Table 3.2).
Each PCR reaction contained 2 pl of DNA (20-40 ng/ul), 12,5 pl of DreamTaq mastermix
(2mM MgCI2, 0.2 mM of each dNTP, 0.025 pl Tag-polymerase) (Thermo Scientific, US); 0.5
Ml (Bum/pmol) lacZ forward primer and 0.5 pl (5um/pmol) of lac Z reverse primer; 0.5 pl
(5um/pmol) of mdh forward primer and 0.5 ul (5um/pmol) of mdh reverse primer. The rest of
the 25 ul volume was made up of nuclease free water. Cycle conditions consisted of initial
denaturation at 95°C for 300 seconds, 40 cycles of denaturation at 95°C for 30 seconds,
annealing at 55°C for 30 seconds and extension at 72°C for 60 seconds. The final extension

was at 72°C for 300 seconds. PCR reactions were processed in an ICycler (Bio-Rad, UK).

Table 3.2: Primer sets used for duplex PCR

Primer [Specificity [Sequence (5'....3’) Size Reference
(bp)
mdh E. coli FW: GGTATGGATCGTTCCGACCT  [301 Tarr et al., 2004

RV: GGCAGAATGGTAACACCAGAGT

lac Z E. coli FW: CTGGCGTAATAGCGAAGAGG [228 Ram and Shanker,

RV: GGATTGACCGTAATGGGATATG 2005

31



3.8.4 Gel electrophoresis

PCR amplification products were visualized using ethidium bromide staining agarose gel
electrophoresis. Electrophoresis was conducted using 1.5% (w/v) Seakem agarose gels in
1x TAE buffer [20 Mm Acetic acid, 40 mM Tris and 1mM EDTA at pH 8.0]. The gel contained
10 pl of ethidium bromide and it was run at 80V for 45 minutes. 2 pl of PCR was mixed with
5 pl 6 x oOrange loading dye (Fermentas Life Sciences, US) and loaded into the gel. Each
gel contained a 1lkbp molecular marker (O'GeneRuler, Fermentas Life Sciences, US) to

indicate the molecular weight of the product (Ferreira, 2011).

3.8.5 16S rRNA amplification

All the presumptive coliform, Enterococcus spp. and HPC isolates were subjected to 16S
rRNA amplification. The PCR steps in section 3.8.3 were used. The thermal cycling
conditions included an: initial denaturation at 95°C for 120 seconds; 30 cycles of
denaturation at 95°C for 30 seconds; annealing at 54°C for 30 seconds; extension at 72°C
for 60 seconds; and the final extension at 72°C for 300 seconds. The primer sequences are
presented in Table 3.5. The product was subjected to gel electrophoresis, as described

in section 3.8.4.

3.9 Virulence detection
3.9.1 Coliform

Total bacterial DNA was prepared as described by Blanco et al. (2013). The base
sequences and predicted sizes of the amplified products for the specific oligonucleotide
primers used in this study are shown in Table 3.3 below. The amplification conditions
for stx1 and stx2 were as follows: initial denaturation at 96 “C for 3 minutes; 25 cycles of a
secondary denaturation at 96 ‘C for 60 seconds; and annealing at 59 ‘C for 45 seconds;
extension at 72 °C for 90 seconds. The amplification conditions for hylA, and eae A were the
same as stx1l, except, the annealing temperature was 53 °C for 45 seconds PCR

amplification was done using the 1000C™ (BioRad, UK) thermal cycler.
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Table 3.3: PCR primer sequence for determination of coliforms virulence genes

Virulence factor Target [Primer sequences Product size
gene (bp)
Shiga toxin Stx 1 F- ACACTGGATGATCTCAGTGG- 614

R- CTGAATCCCCCTCCATTATG

Shiga toxin Stx 2 F- CCATGACAACGGACAGCAGTT- |779

R- CCTGTCAACTGAGCAGCACTTTG

Hyaluronidase hylA F- ACGATGTGGTTTATTCTGGA 165

R- CTTCACGTGCCATACATAT

Intimin eae A [F- GACCCGGCAACAAGCATAAGC 384

R- CCACCTGCAGCAACAAGAGG

3.9.2 Enterococcus spp.

The detection of virulence genes was performedin separate PCR reactions
for asal and gelE, and for cylA, esp, and hyl. The PCR reaction was prepared as described
in section 3.8.3. Samples were amplified by denaturing at 95 °C for 3 minutes, followed by
30 cycles of 95 °C for 30 seconds, annealing at 56 ‘C for 30 seconds and 72 °C for 1
minute. This was followed by a final step of 72 °C for 5 minutes (Molale, 2016). The
sequences and the amplicon sizes of the primers are summarized in Table 3.4 below. The

PCRmax Alpha Cycler thermal cycler was used to amplify the DNA sequences.

33



Table 3.4: PCR primer sequence for determination of virulence gene for Enterococcus spp.

Virulence factor Target [Oligonucleotide sequence (5’-3’) Product

Gene size (bp)
Aggregation asal |ASA 11F- GCACGCTATTACGAACTATGA 375
substance

ASA 12R-TAAGAAAGAACATCACCACGA

Cytolysin cylA CYT IFFACTCGGGGATTGATAGGC 688

CYT lIbR- GCTGCTAAAGCTGCGCTT

Enterococcal esp ESP 14F-AGATTTCATCTTTGATTCTTGG 510

surface protein ESP12R- AATTGATTCTTTAGCATCTGG

Gelatinase gelE GEL11F- TATGACAATGCTTTTTGGGAT 210

GEL 12R- AGATGCACCCGAAATAATATA

Hyaluronidase hyl HYL n1F - ACAGAAGAGCTGCAGGAAATG 276

HYL n2R - GACTGACGTCCAAGTTTCCAA

3.10 Detection of Antibiotic-resistance genes

All PCR reactions were prepared as described in section 3.8.3. The sequences and
amplicon sizes of all the antibiotic-resistance primers are summarized in Table 3.5 below. All
the PCR products were subjected to gel electrophoresis as described in section 3.8.4, in

order to see whether the target genes were amplified.

3.10.1 ermF and ermB

The following conditions for the thermal cycling were used as described by (Fourie, 2017):
initial denaturation at 95 °C for 300 seconds, 35 cycles of denaturation at 95 °C for 30
seconds, annealing (ermF at 50 °C for 30 seconds and ermB at 48 °C for 60 seconds),

elongation at 72 °C for 120 seconds and final extension at 72 °C for 300 seconds.
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3.10.2 ampC

For amplification of the ampC gene the following thermal cycling conditions were used: initial
denaturation at 94 °C for 5 minutes, 33 cycles of denaturation at 94 °C for 30 seconds,
annealing at 49 °C for 30 seconds, elongation at 72 °C for 60 seconds and final extension at
72 for 7 minutes (Coertze and Bezuidenhout, 2018).

Table 3.5: Oligonucleotide antibiotic-resistance gene primers for PCR amplification

Target | Sequence (5’ - 3°) Size Reference

gene (bp)

blatem | TEM F - ATT CTT GAA GAC GAA AGG GC 1150 | Costa et
TEM R - ACG CTC AGT GGA ACG AAA AC al., 2007

ermF ermF-F- CGG GTC AGC ACT TTACTATTG 466 Fourie, 2017
ermF-R - GGA CCT ACC TCA TAG ACA AG

ermB | ermB-F- GAA AAG GTA CTC AAC CAA ATA 638 Fourie, 2017
ermB-R-AGT AAC GGT ACT TAA ATT GTT
TAC

Intl1 HS463A F- CTG GAT TTC GAT CAC GGC ACG | 473 Labbate et al.,
HS464 R- ACATGC GTG TAAATC ATC GTC G 2008

ampC | ampC-F- TTC TAT CAA MAC TGG CAR CC 550 Coertze and
ampC-R - CCY TTT TAT GTACCC AYG A Bezuidenhout,

2018

tetM tetM-FW- ACA GAA AGC TTATTA TAT AAC 171 Aminov et al.,
tetM-RV- TGG CGT GTG TCT ATT GAT GTT 2001
CAC

16S F- AGAGTT TGATCM TGG CGC AG 1465 | Jhang et al.,

rRNA R- GG TTACCT TGT TAT GATTT 2006

3.10.3Intl

The intl gene has previously been amplified by (Ozgumus et al.,, 2007; Coertze and
Bezuidenhout, 2018). The thermal cycling conditions were as follows: initial denaturation at
95 “C for 5min; 30 cycles of denaturation at 94 °C for 30 seconds; annealing at 64 ‘C for 30

seconds; extension at 72 °C for 60 seconds; and the final extension at 72 ‘C for 5min.
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3.10.4 blaTtem

The PCR conditions for detection of blarem genes were as follows: initial denaturation at 95
°C for 5 minutes, 30 cycles of denaturation at 95 °C for 60 seconds, annealing at 60 °C for
60 seconds, elongation at 72 °C for 60 seconds and final extension at 72 °C for 5 minutes
(Costa et al., 2007).

3.10.5tetM

For detection of tetM genes the PCR protocol was used as described by Aminov et al.,
(2001). Briefly, PCR conditions were as follows: initial denaturation at 95 °C for 300 seconds,
35 cycles of denaturation at 95 °C for 45 seconds, annealing at 55 °C for 45 seconds,
elongation at 72 °C for 45 seconds and final extension at 72 °C for 420 seconds.

3.11 Statistical analysis

Microsoft Office Excel 2019 was used to determine all statistical analyses relating to the
physico-chemical and microbiological parameters, such as averages, standard deviation,
minimum and maximum values. Microsoft Excel was also used to generate all pie charts and
bar graphs. Canoco 4.5 (Canoco for Windows Version 4.0, GLW-CPRO ©) for windows was
used to construct redundancy analysis biplots (RDA) in order to determine the correlation
between the physico-chemical and microbiological data (Ter Braak, 1990). The statistical
correlation of the physico-chemical and microbiological data was determined using Statistica
14.0 and correlations were marked significant at P < 0.05. Mega 7.0 was used to construct
all phylogenetic trees.
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CHAPTER 4

Results

Introduction

This chapter highlights the results and provides a summary of the overall quality of the
groundwater systems of interest. It comprises different segments: physical and chemical
parameters, microbial parameters, correlation between microbial and physico-chemical
parameters, species diversity, haemolysis and extracellular enzyme production, as well as
antibiotic susceptibility testing and gene detection. Groundwater was collected from 15
boreholes in autumn (May 2019), winter (July 2019), summer (February 2020) and spring
(September 2020). This was done in order to assess the quality of the groundwater and
observe the variation between the different seasons. The groundwater sites of interest were
located at the North West University, as well as private farms surrounding the Loopspruit
River. The North West University sites included: GM (METSI), SG (Sportsground), LS
(Laureus), BG (Botanical garden), DK (Draak), LV (Lavaria), FD (Fannie du Toit) and H
(Hombre). Groundwater samples were not collected at site S3 during summer and spring
due to the COVID lockdown restrictions and the availability of the farmer. Lastly, water
samples were not collected at site GM during spring due to technical related issues.

4.1 Physico-chemical groundwater quality analysis

The water samples collected from groundwater systems of interest were subjected to
physical and chemical quality testing. The overall measured physico-chemical parameters

are presented in Table 4.1.

4.1.1 Temperature

Temperature is a physical parameter that indicates how hot or cold something is (Ali and Ali,
2018). The measured temperature of groundwater samples is presented in Table 4.1 below.
During autumn, the highest groundwater temperature was observed at sites H and GM (26.3
°C) whilst the lowest groundwater temperature was observed at site S3 (8.8 °C). Overall, the
trend in autumn showed relatively high water temperatures for a season that is expected to
have much cooler water temperatures, with an overall average of 20.95 + 5.20 °C. The

measured highest and lowest groundwater temperatures in winter (21.5 °C and 7.6 °C) were
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observed at sites S6 and S3, respectively. Furthermore, during summer, the highest
groundwater temperature was measured at site S6 (26.9 °C) whilst the lowest groundwater
temperature was measured at sites S5 and LV (20.9 °C). During spring, the highest and
lowest groundwater temperatures were measured at sites S5 (20.4 °C) and SG (34.2 °C),
respectively. Overall, the highest (26.48+4.31 °C) and lowest (14.90+3.55 °C) average
groundwater temperatures were observed during spring and winter, respectively. Noticeably,
the measured groundwater temperatures at all sampled sites were over 20 °C during
summer and spring. Additionally, the measured groundwater temperature at some sites
during spring were above 30 °C [S4 (33.4 °C), DK (30.1 °C), H (30 °C) and SG (34.2 °C)].

4.1.2 Total Dissolved Solids (TDS)

Total dissolved solids (TDS) are inorganic salts and small amounts of organic matter that are
present in a water solution (Chang, 2005). During autumn the highest and lowest TDS
values were measured at sites S6 (1482.37 ppm) and S4 (201 ppm), respectively. The TDS
values of groundwater sampled during winter were also elevated with the highest and lowest
values observed at sites S5 (1856 ppm) and BG (413.33 ppm), respectively. However, TDS
values at sites BG, LS and LV were within the TWQR guideline. Additionally, the highest
TDS value measured during summer was observed at site S6 (1399 ppm) whilst the lowest
value was measured at site GM (121.3 ppm). Similar to the results observed in summer, the
highest TDS values observed during spring were measured at site S6 (1302 ppm).
Nonetheless, the lowest TDS value during summer was measured at site S1 (340 ppm).
Thus, the measured groundwater TDS values were generally high during this study and
exceeded the TWQR standards (0-450 ppm) (DWAF, 1996), Table 4.1.

4.1.3 Salinity

The amount of salt in water is measured as salinity. High salt levels in water interfere with
the binding of dissolved oxygen consequently, reducing the amount of dissolved oxygen in
the water. There are no TWQR guidelines available for salinity of groundwater. Site S4 (854
ppm) had the highest level of salinity during autumn, whilst site S7 (199 ppm) had the lowest
salinity level in autumn. In winter, the highest and lowest nitrate levels were measured at
sites S6 (855 ppm) and LS (213 ppm). Similar to the observations of winter, the highest
salinity level measured during summer was observed at site S6 (700 ppm). The lowest
salinity level during summer was observed at site GM (61.2 ppm). Lastly, groundwater from

site S7 had the lowest measured salinity level (202 ppm) during spring. Overall, as depicted
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in Table 4.1, site S6 had the highest salinity level in winter, summer and spring. The trend
witnessed during this study showed that the salt content was higher in colder seasons as

compared to the warmer seasons.

4.1.4 pH

pH is a measure used to determine the acidity or basicity of an aqueous solution (Nola et al.,
2002). All measured pH levels are presented in Table 4.1. Groundwater assessed at site S3
(8.2), during autumn, displayed the highest pH level whilst the lowest pH level was
measured at site LV (6.7). Furthermore, the pH of groundwater during winter was highest
and lowest at sites GM (7.89) and BG (6.5). These results were consistent during summer
as both the highest and lowest pH levels were observed at sites GM (7.89) and BG (6.5) with
the same pH measurements. In general, the pH measurements of groundwater collected
during winter and summer, at the various sites, were in close proximity. Lastly, during spring,
the highest and lowest groundwater pH levels were measured at sites S6 (7.43) and SG
(6.58). Overall, the measured pH levels of all sampled groundwater, across the four
seasons, were within the recommended TWQR standards (5.0 - 9.5) (DWAF, 1996). Also,
there was no evident difference in the pH values when comparing the warmer (summer and

spring) and colder seasons (autumn and winter).

4.1.5 Chemical Oxygen Demand (COD)

The amount of dissolved oxygen required in water to oxidize chemical organic materials is
known as the chemical oxygen demand (COD) (Christensen et al., 1992). The COD levels
for the duration of the study are summarized in Table 4.1. During autumn, the highest COD
level was observed at site DK (16.45 mg/L) whilst the lowest COD level was measured at
site S6 (0.76 mg/L). In winter, the highest and lowest COD levels were measured at sites S7
(72 mg/L) and LV (0.33 mg/L). Similar to the observations of winter, the highest COD level
measured during summer was observed at site S7 (111 mg/L). The lowest OCD level during
summer was observed at site H (1.07 mg/L). Similarly, groundwater from this site (H) also
had the lowest measured COD level (0.33 mg/L) during spring. Lastly, the highest COD level
during spring was measured at site S6 (111 mg/L). The COD levels of the groundwater
systems of interest fluctuated for most sites throughout the duration of the study. However,
elevated COD levels were more prevalent during the warmer seasons (summer and spring)
as compared to colder seasons (autumn and winter). No TWQR standards are available for
COD levels in groundwater (DWAF, 1996).
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4.1.6 Phosphates (PO42)

Phosphates are chemicals that comprise the element phosphorus and have an impact on
water quality by producing excessive algae growth (Carpenter et al., 1998). The phosphate
levels recorded for the duration of this study are documented in Table 4.1. During autumn,
the highest phosphate level was observed at site S5 (4.3 mg/L) whilst the lowest phosphate
level was measured at site S3 (0.01 mg/L). In winter, the highest and lowest phosphate
levels were measured at sites S6 (1.02 mg/L) and S7 (0.03 mg/L). Whilst, the highest
phosphate levels were observed at site S7 (0.96 mg/L), during summer. The lowest
phosphate level measured during summer were observed at site LV (0.01 mg/L). This is
similar to the results observed in spring where the lowest phosphate levels were also
measured at site LV (0.1 mg/L). Lastly, the highest phosphate level measured during spring
was measured at site S6 (2.9 mg/L). There are currently no TWQR standards for acceptable
phosphate levels in groundwater. Nonetheless, groundwater phosphate levels measured

during this study were below 5 mg/L.

4.1.7 Nitrate (NO%)

Nitrate is a type of dissolved nitrogen that naturally occurs in soil and water. It is the principal
source of nutrition for plants which can be used as fertilizer (Sasakova et al., 2018). All
nitrate levels measured in this study are summarized in Table 4.1. Site S6 (20.23 mg/L) had
the highest level of nitrates during autumn, whilst site S1 (0.12 mg/L) had the lowest nitrate
level in autumn. In winter, the highest and lowest nitrate levels were measured at sites DK (4
mg/L) and S1 (1.01 mg/L). Similar to the observations of autumn, the highest nitrate level
measured during summer was observed at site S6 (4.1 mg/L). The lowest nitrate level during
summer was observed at site H (0.67mg/L). Lastly, groundwater from sites FD and LS had
the lowest measured nitrate level (0.89 mg/L) during spring. Overall, as depicted in Table
4.1, the lowest levels of nitrates were measured in site S1 (0.12 mg/L) and the highest levels
of nitrates were observed at site S6 (20.23 mg/L) respectively. In general, the measured
nitrate levels in the sampled groundwater were below the TWQR (<10 mg/L) and suitable for
irrigation purposes. This is with the except for nitrate levels measured at site S6 during
autumn. This phosphate level exceeded the current TWQR (DWAF, 1996).
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Table 4.1. — The physico-chemical groundwater quality analysis of samples collected throughout the four seasons in May 2019, July 2019, February 2020
and September 2020.

TEMPERATURE TDS SALINITY cop PO NOs-
SEASON SITES pH * *
c ppm ppm mg/L mg/L myg/L
TWOR N/A 0-450 N/A 5.9.5 N/A N/A <10
51 18.5 518 332 7.3 5.62 0.06 0.12
52 13.5 497.68 330 7.21 3.45 0.51 0.24
53 8.8 854.67 555.7 8.2 8 0.01 5.51
54 215 201 354 7.02 2.67 0.06 5.52
55 146 798 421.33 7.5 2.67 43 3.37
6 19.3 1482.37 593 7.31 0.76 329 20.23
57 b4 503 189 6.52 56 0.51 37
AUTUMN
MAY DK 25 722 451 7.37 16.45 0.33 0.22
2019 BG 22.4 854 459.67 7.26 7.76 2.1 0.36
LS 225 701.67 322 6.74 3.59 0.1 0.85
Lv 25.2 632.3 325.9 67 26 0.142 2.1
H 26.3 864.3 47267 6.74 9 1.63 0.98
FD 23.66 856 601 7.04 12.18 4 0.2
3G 25.7 854 540 6.57 12.2 2.1 0.44
GM 26.3 752.8 394.72 7.48 1.43 0.13 0.2
AVG 2095 £ 520 739.52 + 279.13 456.80 £ 158.71 724+ 0.46 6.27 + 4595 132 £1.51 2942516
51 18 506 243 6.75 12 017 2
WINTER
52 147 495 233 7312 2 0.01 22
JuLY
2019 53 76 925 435 724 11 017 39
54 13.1 814 390 6.3 22 0.031 1.36
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55 18.22 1857 658 5.86 7 058 1.01
56 215 1700 855 5.86 11 1.02 24
57 20.1 798 237 7 72 0.03 24
DK 132 512 312 673 12.55 058 4
BG 122 41333 243.66 6.5 8.37 0.96 2.03
LS 14 350.66 213 742 233 0.99 265
LV 142 37866 231.33 7.1 0.33 0.954 238
H 123 298.66 445,66 5.85 6.13 0.74 28
FD 123 813.33 397.66 7.36 178 0.5 29
5G 153 849.66 415.66 6.7 11.33 03 1.89
am 168 628.66 415.66 7.89 1.33 0.96 177
AVG 14.90 % 355 796.06 + 445.24 382.042 + 17845 7.00£0.35 1314 £17.39 0.56+0.40 241082
51 248 487 235 875 2 0.94 4
52 238 463 223 743 32 0.05 1.01
53 - - - - - - -
54 249 774 380 723 g 0.51 2
55 209 1260 630 5.96 2 0.02 2
SUMMER 56 %9 1399 700 5.88 7 03 41
FEBRUARY
2020 57 259 518 247 5.95 111 0.96 24
DK 229 673 328 B.65 35 0.067 1.02
BG 215 553 268 6.5 3.99 0.45 36
LS 214 1066 525 7.14 422 0.02 1.22
Lv 209 685 356 7.2 3 0.01 0.8
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H 219 933 459 6.85 1.07 0.01 0.67
FD 231 841 412 7.47 423 0.59 0.55
56 228 604 294 6.74 10 0.58 0.79
aM 243 1213 §1.2 7.89 2.44 0.21 1.02
AVG 232921389 732.57 + 357.06 365.59 £ 1706 7.03£0.36 18.11 £29.51 0.34 £0.34 1.82£1.24
51 234 340 231 7.36 2 0.16 2.8
52 215 33 289 7.18 1.21 0.51 1.09
53 - - - - - - -
54 33.4 574 385 7.2 9 0.31 1.01
S5 20.4 1067 232 7.2 72 0.22 1.04
56 236 1302 459 7.43 111 29 14
s7 256 899 202 §.92 36 0.59 33
SPRING
SEPTEMBER DK 30.1 760 283.96 7 125 0.76 1.2
2020
BG 267 645 455 7.01 1.02 0.48 1.65
Ls 235 522 396. 6.98 122 2 0.89
Lv 256 670 2458 6.78 23 0.1 18
H 30 546 366.9 6.99 0.33 0.22 1.9
FD 26.3 566 400 7 45 0.37 0.89
56 342 675 309.66 6.58 2 1.45 117
GM - - - - - - -
AVG 26.48 431 684.92 + 272,51 332.24 £ 96.19 7.05+0.23 1962 +34.24 0.81+0.83 1.55£0.75

Values of levels at all sites, as well as average values of levels of all sampling sites per groundwater are presented and + standard deviation values. TDS - Total Dissolved
Solids; NOs™ - Nitrate, PO4+? - Phosphate, COD - Chemical Oxygen Demand. BG - Botanical gardens, SG - Sportsground, LV - LaVaria, LS -Lareus, GM - METSI, DK - Draak,

FD - Fanie; H - Hombre. TWQR - Target Water Quality Range; AVG — Average.

43




4.2 Microbial groundwater quality analysis

This section highlights the microbial quality of the 15 groundwater systems of interest. The
average bacterial levels of coliforms, Enterococcus spp. and HPC’s were recorded during
autumn (May 2019), winter (July 2019), summer (February 2020) and spring (September
2020).

4.2.1 Coliform bacteria

Coliforms were isolated, enumerated and documented in cfu/ml as displayed in Table 4.2
below. Throughout the study, coliforms were identified at nine sampled sites (S3, S6, GM,
S4, S5, DK, H, BG and FD). During autumn, coliforms were identified at three sites (S3, S6
and GM); with the highest and lowest coliform levels measured at sites S3 (53 cfu/ml) and
GM (27 cfu/ml), respectively. In winter, coliforms were present in four sites (S4, S5, DK and
H). Furthermore, the highest and lowest coliform levels were measured at sites H (238
cfu/ml) and DK (39 cfu/ml), respectively. Similarly, in summer, coliforms were identified at
four sites (S5, S6, BG and FD). The highest and lowest coliform levels in summer were
measured at sites S5 (165 cfu/ml) and BG (39 cfu/ml), respectively. In autumn and winter,
coliforms were not detected at site BG. Additionally, coliforms were detected in three sites
(S5, S6 and BG) during spring. The highest coliforms levels during spring were measured at

site S5 (538 cfu/ml) whilst the lowest coliform levels were measured at site BG (134 cfu/ml).

Overall, throughout the seasons, the average faecal coliform levels measured ranged from
53 to 538 cfu/ml. The highest coliform levels were measured at site S5 (538 cfu/ml) during
spring, whilst the lowest coliform levels were measured at site GM (53 cfu/ml) during
autumn. The average level of coliforms measured was 15.93+ 36.46 cfu/ml in autumn,
44 .47+ 87.73 cfu/ml in winter, 72.93+ 128.87 cfu/ml in summer and 72.92+ 161.88 cfu/ml in
spring. Thus, as the temperatures of the seasons increased, the levels of coliforms also

increased.

4.2.2 Enterococcus spp.

The levels of Enterococcus spp. in the groundwater systems of interest were recorded and
documented in Table 4.2 below. Five sampled sites (S1, S4, S5, S6 and S7) were recorded
to have the presence of Enterococcus isolates in autumn. Also, during autumn, the highest
level of Enterococcus isolates was observed at site S1 (746 cfu/ml) with the lowest level

recorded at site S7 (86 cfu/ml). In winter, Enterococcus isolates were found present at 10
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sites. The lowest Enterococcus levels were witnessed at sites S3 (53 cfu/ml) and GM (53
cfu/ml). The highest level of Enterococcus isolates in winter was observed at site S1 (532
cfu/ml). In summer, Enterococcus isolates were present at nine sites (S1, S4, S5, S6, S7,
BG, LV, H and GM). Out of the nine sites, site H had the lowest Enterococcus levels (134
cfu/ml), whilst site S4 had the highest Enterococcus levels (539 cfu/ml). The Enterococcus
levels in spring, as presented in Table 4.2, were relatively high. The highest Enterococcus
levels were witnessed at site S7 (866 cfu/ml), and the lowest at site LV (76 cfu/ml).

Overall, the presence of Enterococcus isolates was consistent at sites S4 and S5,
throughout the study. Furthermore, Enterococcus isolates were detected at only 13 sites
(S1, S3, $4, S5, S6, S7, DK, LS, LV, SG, GM, H, and FD). Thus Enterococcus isolates were
not detected at sites BG and S2. The average Enterococcus levels within all groundwater
systems ranged from 53 to 866 cfu/ml as seen in Table 4.2. The lowest overall average
Enterococcus levels (86.8£193.61 cfu/ml) were measured in autumn and the highest overall
average were measured in September 2020 (232.38+ 305.47 cfu/ml). Also, the overall trend
throughout this study, showed higher levels of Enterococcus isolates during the warmer

seasons (summer and spring) as compared to the colder seasons (autumn and winter).

4.2.3 Heterotrophic plate count bacteria (HPC)

Heterotrophic plate count bacteria were detected in all sampled sites, as depicted in Table
4.2, detection levels varied between the different sites and ranged from 0 to 718666.87
cfu/ml. During autumn, HPC bacteria were identified at 11 sites (S1, S2, S3, S4, S5, S6, S7,
DK, BG, FD and GM). Additionally, Heterotrophic plate count bacteria were identified in
winter, summer and spring at all sampled sites. The HPC levels in autumn were generally
high, with the highest and lowest HPC levels witnessed at sites S3 (718666.67 cfu/100ml)
and BG (39966 cfu/100ml), respectively. In winter, the highest and lowest observed HPC
level was at sites GM (536000 cfu/ml) and LV (174333.3 cfu/ml). In summer, the HPC levels
ranged from 174333.3 cfu/ml to 536000 cfu/ml. The highest observed HPC level in summer
was witnessed at site S1 (536000 cfu/ml). Lastly, the highest and lowest observed HPC level
in spring was observed at sites S5 (532333 cfu/ml) SG (167668 cfu/ml). HPC bacteria levels
in groundwater increased as the seasons got warmer. During winter, summer and summer,

HPCs were identified at all sites with varying HPC levels between sites.

HPC bacterial levels in groundwater increased as the seasons became warmer.
Furthermore, during autumn, summer and spring, HPCs were identified at all sites with
varying HPC levels between sites. The lowest levels of HPCs obtained during autumn at site

BG (39966 cfu/ml). Autumn results indicated eleven sites having the presence of HPCs,
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whilst the remaining four sites (LS, LV, H, SG) showed no trace of HPCs. However, HPC
bacteria were successfully isolated in all water samples from autumn. The level of HPCs in

the groundwater systems across the North West Province is extremely high compared to the
other two groups.
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Table 4.2 — The Microbial groundwater quality analysis of samples collected throughout the four seasons in May 2019, July 2019, February 2020 and

September 2020.
SEASON SITES Coliforms Enterococcus spp. HPCs
cfu100mli cfu100mli cfu/100ml
TWQR N/A N/A N/A
51 1] 7486 34533333
52 0 0 672000
53 59 1] T18666.67
54 0 169 4133333
55 0 152 394000
56 127 149 3973333
57 0 86 404000
AUTUMN
MAY DK 1] 1] 405333
2018 BG 0 0 30966
LS 0 0 0
LV 1] 1] 0
H 0 0 0
FD 1] 1] G996638
5G 0 0 0
GIM 53 1] B96333.3
AVG 15.93 £ 36.46 86.8 + 193.61 345931.13 £ 278030.62
51 1] 532 536000
WINTER 52 0 0 532666
JuLy
33 0 53 532333
2019
54 155 159 232333
35 235 229 213333
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S6 0 172 196000
7 0 0 362665
DK 39 359 399666.67
BG 0 0 426333.3
LS 0 385 376666.67
Lv 0 134 1743333
H 238 0 236667
FD 0 0 346200
SG 0 198 392667
GM 0 53 536000
AVG 44.47+ 87.73 152.27+ 166.96 36625760+ 131687.42
s1 0 532 536000
s2 0 0 532666.67
S3 . ; ;
sS4 0 539 532362
S5 165 159 2323333
SUMMER S6 208 229 2133333
FEBRUARY 7 0 172 196000
2020
DK 0 0 362666.67
BG 303 359 309666.67
LS 0 0 4263333
Lv 0 385 376645
H 0 134 174333.3
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FD 238 0 236689
56 0 0 346200
GM 0 198 392669
AVG 72.93+ 128 87 19407+ 195.26 354135 50+ 127676.28
s1 0 746 786000
52 0 0 532200
53 - - .
S4 0 0 532200
85 538 169 532333
56 276 523 2323333
s7 0 866 256235
DK 0 0 176000
SPRING
SEPTEMEER BG 134 0 362666.67
2020 LS 0 0 199666 67
LV 0 76 426398
H 0 289 376200
FD 0 352 176333.3
56 0 0 167668
GM . - _
AVG 72.92: 161.88 232,38+ 305.47 365864152 189751.01

Values of levels at all sites, as well as average values of levels of all sampling sites per groundwater are presented and + standard deviation values. BG - Botanical gardens,

SG - Sportsground, LV - LaVaria, LS - Lareus, GM - METSI, DK - Draak, FD - Fanie; H - Hombre. HPCs - Heterotrophic plate count bacteria, TWQR - Target Water Quality

Range; AVG — Average.
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4.3 Correlation of the physico-chemical and microbiological parameters

The correlation of all microbial and physico-chemical parameters per season was
determined by using redundancy analysis (RDA) plots. Correlations in the RDAs were
determined by the size of the angles between the plots. The smaller the angle between the
parameters, the closer the correlation. Additionally, the statistical association of all measured
physico-chemical and microbial parameters was determined using basic correlation matrices
with all significant correlations at p< 0.05 using Statistica 14.0 (StatSoft, US). The p-values

per season are summarized in Table A2-A5 in Appendix A.

4.3.1 Autumn

Figure 4.1 below is a redundancy analysis (RDA) plot indicating the correlation between the
measured physico-chemical and microbial parameters in autumn. As depicted in Figure 4.1,
the temperature had a positive correlation with pH, p = 0.028 during autumn. Also, a
statistically significant positive correlation was observed between TDS and both phosphates
as well as nitrates, p = 0.019 and p = 0.020, respectively. Additionally, coliforms had a
positive correlation with TDS and nitrates, with p-values of p = 0.003 and p = 0.000,
respectively. A positive correlation was also observed between TDS and nitrates p = 0.020.
Site S6 was highly associated with nitrates, TDS and coliforms. No positive correlations were
observed between Enterococcus spp. and HPCs to all measured physico-chemical

parameters.
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Figure 4.1 — Redundancy analysis (RDA) triplot depicting the correlation between varying physico-chemical
(TDS, COD, P0O4%, NOz’) and microbiological parameters (Coliforms, Enterococcus spp., HPCs) at various sites
during the autumn season — May 2019. The red arrows represent the physico-chemical parameters, and the blue

arrows represent the microbiological parameters. All circles are indicative of the various sampling sites. TDS -

Total Dissolved Solids, NOs™ - Nitrate, PO4? - Phosphate, COD — Chemical Oxygen Demand, DK -Draak, BG -
Botanical gardens, LS - Laureus LV - LaVaria, H — Hombre, FD - Fanie du Toit, SG - Sportsground, GM —
METSI.

4.3.2 Winter

The redundancy analysis (RDA) plot depicting the correlation between physico-chemical and
microbial parameters in winter is presented in Figure 4.2 below. The sites that were mostly
influenced by the positive association between HPCs and coliforms are sites GM, S3, BG,
S4, FD, H and S5. The association is backed by statistics, as HPC had a positive correlation
with coliforms (p = 0.041). Figure 4.2 further showed a close association between salt and
TDS, p = 0.00. Although Figure 4.2 shows a close association between Enterococcus spp.
and temperature, the p-value was p = 0.390, thus there is no statistical significance between

the two parameters. Just as TDS was a prominent parameter in autumn, it remained a
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dominant parameter in winter. Although correlations were observed for most parameters,

pH, COD and HPCs yielded no correlation with other parameters.
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Figure 4.2 — Redundancy analysis (RDA) triplot depicting the correlation between varying physico-chemical
(TDS, COD, PO4%, NOs’) and microbiological parameters (Coliforms, Enterococcus, HPCs) at various sites
during the winter season — July 2019. The red arrows represent the physico-chemical parameters, and the blue

arrows represent the microbiological parameters. All circles are indicative of the various sampling sites. TDS -

Total Dissolved Solids, NOs™ - Nitrate, PO4? - Phosphate, COD — Chemical Oxygen Demand, DK -Draak, BG -
Botanical gardens, LS - Laureus LV - LaVaria, H — Hombre, FD - Fanie du Toit, SG - Sportsground, GM —
METSI.

4.3.3 Summer

Figure 4.3 below is a redundancy analysis (RDA) plot indicating the correlation between the
physico-chemical and microbial parameters measured in summer. A statistically significant
correlation was observed between nitrates and Enterococcus spp., p = 0.030. Furthermore,
temperature and TDS had a statistically significant correlation, p = 0.004. Site S1 showed
close association with Enterococcus spp., Figure 4.3. Additionally, phosphates had a

positive correlation with temperature, p = 0.035. Nonetheless, no significant correlations
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were observed for COD, coliforms, HPCs and pH with other measured parameters in

summer.
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Figure 4.3 — Redundancy analysis (RDA) triplot depicting the correlation between varying physico-chemical

(TDS, COD, POs%, NOz) and microbiological parameters (Coliforms, Enterococcus, HPCs) at various sites

during the summer season — February 2020. The red arrows represent the physico-chemical parameters, and the
blue arrows represent the microbiological parameters. All circles are indicative of the various sampling sites. TDS

- Total Dissolved Solids, NOs - Nitrate, PO4? - Phosphate, COD — Chemical Oxygen Demand, DK - Draak, BG -
Botanical gardens, LS - Laureus LV - LaVaria, H — Hombre, FD - Fanie du Toit, SG - Sportsground, GM —
METSI.

4.3.4 Spring

The redundancy analysis (RDA) plot depicting the correlation between physico-chemical and
microbial parameters measured during spring is presented in Figure 4.4 below.
Temperature, salt, pH, phosphate and HPCs illustrated no positive correlation with the other
measured parameters. However, a positive correlation was observed between COD and
TDS, p = 0.000. In addition, coliforms had a statistically significant correlation with TDS and
COD, with p-values of p = 0.008 and p = 0.001, respectively. Additionally, similar to the
statistical significant observed during summer, nitrates and Enterococcus spp. had a

significant correlation, with a p = 0.001.
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Figure 4.4 — Redundancy analysis (RDA) triplot representing the relationship between varying physico-chemical

(TDS, COD, NOz, P0O4?*) and microbiological parameters (Coliforms, Enterococcus, HPCs) at various sites

during the spring season — September 2020. The red arrows represent the physico-chemical parameters, and the
blue arrows represent the microbiological parameters. TDS - Total Dissolved Solids, NOs~ - Nitrate, PO.? -

Phosphate, COD - Chemical Oxygen Demand DK-Draak, BG- Botanical gardens, LS- Laureus LV- LaVaria, H —
Hombre, FD- Fanie du Toit, SG - Sportsground, GM - METSI.

4.4 Species diversity of bacteria from groundwater systems in the North West

Province

A total of 188 isolates were identified post 16S rRNA gene sequencing. Figure 4.5 below is a
pie chart illustrating the presence (in percentages) of the three bacterial groups of interest.
Of all identified 188 bacterial isolates, 26 (14%) belonged to the coliform bacterial group, 44
(23%) belonged to the Enterococcus bacterial group, and lastly, 118 (63%) belonged to the
HPC bacterial group. The accession numbers of the bacterial isolates identified in this study

are presented in Annexure B.
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Figure 4.5 — Pie chart illustrating the prevalence of coliforms, Enterococcus spp., and HPC isolates identified in
groundwater systems of the North West Province.

4.4.1 Diversity of the coliform bacterial group

Figure 4.6 is a pie chart illustrating the diversity and prevalence of coliforms in the
groundwater systems of interest. Sub pie charts (Figure 4.6a - 4.6d) representative of each
season can be found in the Appendix A. A total of six species were identified within the
isolated coliform bacterial group: Escherichia fergusonii, Citrobacter freundii, Enterobacter
cloacea, Klebsiella grimontii, Citrobacter braaki and Buttiauxella agrestis. Escherichia
fergusonii was the most dominant species, making up 54% (14) of the overall population of
coliforms identified. Two Citrobacter species were identified during the study, Citrobacter
braaki and Citrobacter freundii, 11% (2) and 15% (3), respectively. In autumn and winter,
(Figure 4.6a and Figure 4.6d Appendix B), the only coliform species identified was
Escherichia fergusonii accounting for 100% in autumn and 100 % in winter. In summer, a
total of five coliform species were identified, the most prevalent being Escherichia fergusonii,
comprising 8 (58%) isolates (Figure 4.6¢c — Appendix B). The remaining four coliform species
identified during summer included Citrobacter freundii 2 (14%), Citrobacter braaki 2 (14%),
Klebsiella grimontii 1 (7%) and Enterobacter cloacea 1 (7%). A total of six coliform species
were identified in spring (Figure 4.6d Appendix B). Escherichia fergusonii and Citrobacter

freundii were the most prevalent species in spring, accounting for 50% of the overall species
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diversity in spring. The least detected species in spring were Klebsiella grimontii 1 (12%) and

Enterobacter cloacea 1 (12%).

W Escherichia fergusonii m Citrobacter freundii W Enterobacter cloacea
u Klebsiella grimontii m Citrobacter braaki w Buttiauxella agrestis

Figure 4.6 — Pie chart illustrating the diversity and prevalence of coliforms isolated from groundwater systems of
interest in the North West Province.

4.4.1.1 Phylogenetic analysis of the coliform bacterial group

Figure 4.6.1 presented below is a phylogenetic tree derived from 16S rRNA gene
sequences. Two representatives of each species were used to construct the tree. The
outgroup used for this section was Candida albicans (AF134720.1). There were two clusters
evident in this section, namely cluster A and cluster B. Under cluster A there were three
subgroups, Al, A2.1 and A2.2. There was only one sub-group under cluster B. The only
species under cluster B was Buttiauxella agrestis (OKO30977.1). The bootstrap value
between cluster A and cluster B was 99%. Furthermore, Enterobacter cloacea
(OK0O30980.1) was the only species under cluster Al. Enterobacter cloacea was also under
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cluster A2.2, with 70% similarity to Citrobacter braaki species. Sub-cluster A2.1 only
consisted of two Escherichia fergusonii species, which had a 95% similarity. Under sub-
cluster A2.2, there were three different species, namely, Citrobacter braakii, Citrobacter
freundii, and Enterobacter cloacea. Citrobacter freundii (OKO30979.1) and Citrobacter
freundii (OK0O30984.1) had 35% similarity.

X Citrobacter freundii 0K030979.1 ——

63 L Citrobacter braak i 0K030984.1

Cluster A B L Citrobacter freundii 0K030990.1
70

— A2.2

Citrobacter braak ii OK030975.1

63 Enterobacter cloacae 0K030976. 1

—

—— Escherichia fergusonii OK030978.1
62 A2.1

9% L Escherichia ferqusonii 0K030982.1

o

Enterobacter cloacea OK030980.1 }— Al
Cluster B

Buttiauxella agrestis OK030977.1 ]— B

Candida albicans AF134720.1 ]_ Outgroup

—— Klebsiella grimontii AF134720.1

100 Kiebsiella grimontii OK030998.1

Figure 4.6.1 - Phylogenetic tree (Neighbour joining tree) of coliform isolates derived from 16S rRNA gene

sequences. A Neighbour joining tree was constructed using the Jukes Cantor model and 1000 bootstraps.

4.4.2 Diversity of the Enterococcus spp. group

The species diversity and prevalence of Enterococcus species identified during this study
are displayed in Figure 4.7 below. The sub-pie charts (Figure 4.7a-4.7d) for each season are
presented in Appendix B. A total of nine Enterococcus species were identified during this
study: Enterococcus casseliflavus, Enterococcus faecalis, Enterococcus gallinarum,
Enterococcus dispar, Enterococcus saigonensis, Enterococcus saccharolyticus,

Enterococcus mundtii, Enterococcus villorum and Enterococcus saccharolyticus.
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Enterococcus casseliflavus 19 (43%) was the most predominant species observed overall in
the Enterococcus spp. group. The second most prevalent species observed were
Enterococcus faecalis 9 (21%) followed by Enterococcus gallinarum 7 (16%). Furthermore,
Enterococcus dispar, Enterococcus saigonensis, Enterococcus saccharolyticus and
Enterococcus mundtii were the least detected species, all amounting to 2% each. Compared

to the coliform group, the Enterococcus group had more species diversity.

In autumn 2019, only three Enterococcus spp. were identified (Figure 4.7a AppendixB):
Enterococcus gallinarum, Enterococcus casseliflavus and Enterococcus faecalis. The most
prevalent species identified in autumn was Enterococcus faecalis, comprising 6 (46%)
isolates. Enterococcus gallinarum and Enterococcus casseliflavus accounted for 3 (23%)
and 4 (31%) of the total Enterococcus spp. identified during autumn. Additionally,
Enterococcus spp. that were present in groundwater during autumn, were also detected
during winter. Enterococcus faecalis accounted for 2 (50%) of the total diversity of
Enterococcus spp. group identified during winter (Figure 4.7b AppendixB). Whilst, 1 (25%)
Enterococcus gallinarum and 1 (25%) Enterococcus casseliflavus were also detected in
winter. A total of five Enterococcus spp. were identified in groundwater during summer
(Figure 4.7d AppendixB). The least detected species were Enterococcus faecalis 1 (6%) and
Enterococcus hirae 1 (6%). In summer, Enterococcus gallinarum 2 (13%) and Enterococcus
villorum. 2 (13%) were detected although in low levels. Furthermore, a total of seven
Enterococcus species were identified in spring 2020: 1 (9%) Enterococcus mundtii, 4 (37%)
Enterococcus casseliflavus, 2 (18%) Enterococcus hirae, 1 (9%) Enterococcus gallinarum, 1
(9%) Enterococcus dispar, 1 (9%) Enterococcus saigonensis and 1 (9%) Enterococcus

saccharolyticus.
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Enterococcus faecalis = Enterococcus casseliflavus Enterococcus hirae
Enterococcus villorum = Enterococcus gallinarum = Enterococcus dispar

= Enterococcus saigonensis = Enterococcus saccharolyticus = Enterococcus mundtii

Figure 4.7 — Diversity and prevalence of Enterococcus species isolated from groundwater systems of interest in

the North West Province.

4.4.2.1 Phylogenetic analysis of Enterococcus spp.

Figure 4.7.1 below presents a neighbour joining phylogenetic tree derived from partial 16S
rRNA gene sequences. Two representatives of each species was used to construct the tree.
The outgroup used for this tree was Penicillium chrysogenum (M55628.1). There were a
total of two clusters, namely, Cluster A (A1 and A2) and Cluster B. Under cluster B, two
Enterococcus species were evident, namely, Enterococcus mundtii (MZ680544.1) and
Enterococcus dispar (MZ680535.1). Cluster A was divided into two subgroups (Al and A2).
In sub-group Al, there was a 77% similarity between cluster A1.1 and cluster Al1.2. The
species under sub-cluster A1.1 was Enterococcus hirae, and the species under A.1.2 was
Enterococcus villorum and Enterococcus casseliflavus. Within cluster Al1.2, there was a 78%
similarity between Enterococcus villorum and Enterococcus casseliflavus. Under cluster
A2.1, there was a total of 10 Enterococcus faecalis species. Under cluster A2.2, two different

Enterococcus species were present, namely Enterococcus casseliflavus, Enterococcus
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gallinarum, Enterococcus saccharolyticus and Enterococcus saigonensis. Enterococcus

casseliflavus was under both cluster A1.1 and cluster A2.2.

26 —— Enterococcus casselfiaws MZ6805621 )

33 — Enterococcus saccharolyticus MZ680560.1

o

9 - Fnterococcus casseliflavus MZ680554.1

Cluster A Enterococcus gallinarum MZ680548.1

79 9 — Enterococcus gallinarum MZ675451.1
§

oo

—— Enterococcus saigonensis MZ680538.1 _

) — Enterococcus faecalis MZ676459.1
10

[

— Enterococuus faecalis MZ680559.1
— Enterococcus hirae MZ680553.1
0 — Enterococcus hirae MZ680561.1

9

Cluster B

—~
—_—

—— Fnterococcus villorum MZ675448.1

Enterococcus mundtii MZ680544.1 B

Enterococcus dispar MZ680535.1

Figure 4.7.1 — Phylogenetic tree of Enterococcus species derived from 16S rRNA gene sequences. A Neighbour

joining tree was constructed using the Jukes Cantor model and 1000 bootstraps.

4.4.3 HPC bacterial group diversity

The HPC group diversity for each season is presented in Table 4.3 below. A total of 27 HPC
genera were identified in this study. These genera are: Bacillus, Pseudomonas,
Brevundimonas, Sphingomonas, Microbacterium, Tahibacter, Fictibacillus,
Stenotrophomonas, Sphongopyxis, Exiguobacterium, Paenibacillus, Xanthomonas,
Lysobacter, Acinetobacter, Vogesella, Elstera, Ensifer, Caulobacter, Chryseobacter,

Flavobacterium, Sphingobium, Brevibacterium, Hydrogenophaga, Nevskia, Lysinibacillus,
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Aeromonas, and Chitinimonas. The most prevalent HPC genera in this study was Bacillus,
accounting for eight (19%) species. The most prevalent species within the Bacillus genus
was Bacillus cereus 10 (9%) and the most infrequent Bacillus species were Bacillus niacini 1
(4%) and Bacillus simplex 1 (4%). Bacillus cereus was more dominant in autumn and spring.
The second most prevalent HPC genera in this study was Stenotrophomonas 17 (14%),
followed by Pseudomonas 14 (12%). There was only one species found under the
Stenotrophomonas genus, namely Stenotrophomonas maltophilia. A total of 17
Stenotrophomonas maltophilia isolates were identified during this study. Furthermore, 8
(12%) Stenotrophomonas maltophilia isolates were identified in autumn, 5 (7%) in winter, 2
(8%) in summer and 2 (8%) in spring. Under the Pseudomonas genus, a total of eight
species were identified in this study. Pseudomonas songnenensis was the most prominent
species within the genus. Most of the Pseudomonas species were identified in winter. The
Aeromonas, Lysinibacillus, Nevskia, Brevibacterium, Flavobacterium and Caulobacter
genera were the least dominant genera, amounting to one (0.85%) isolate each.

4.43.1 Phylogenetic analysis of HPC bacteria

Figure 4.7.2 below is a neighbour joining tree of HPC bacteria. Two representatives of each
species are represented in the phylogenetic tree. The tree is divided into two clusters Cluster
A and Cluster B. Cluster B comprises of two sub-groups, B1 and B2. Cluster A is also
divided into sub-groups, A1 and A2. Cluster B1 was mainly dominated by Bacillus spp. and
Paenibacillus spp. The other genera under cluster Bl are Fictibacillus, Brevibacillus,
Exiguobacterium, Lysinibacillus. Bacillus simplex (OKO65838) and Brevibacterium
frigoritolerans (OKO87650) had a 100% bootstrap value. Furthermore, cluster B2 consisted
of 4 Microbacterium species, namely, Microbacterium chocolatum (OKO65641),
Microbacterium aurum (OK0O65645), Microbacterium zeae (OKO65642) and Microbacterium
(OKO65832). Cluster A2 is further differentiated into two sub-clusters. These sub-clusters

have a bootstrap value of 92%.
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Table 4.3 — Species diversity of HPC isolates identified from the selected groundwater systems.

Genera

Species

Autumn

Winter

Summer

Spring

Bacillus

Bacillus simplex

1

Bacillus tropicus

Bacillus cereus

Bacillus piscis

Bacillus safensis

Bacillus pumilus

Bacillus halotolerans

Bacillus niacin

Pseudomonas

Pseudomonas

taiwanensis

Pseudomonas

benzenivorans

Pseudomonas

hibiscicola

Pseudomonas

aeruginosa

Pseudomonas

geniculate

Pseudomonas monteilii

Pseudomonas

songnenensis

Pseudomonas fulva

Brevundimonas

Brevundimonas albigilva

Brevundimonas

aurantiaca

Brevundimonas

denitrificans

Brevundimonas nasdae
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Sphingomonas

Sphingomonas trueperi

Sphingomonas

ginsenosidimutans

Sphingomonas panacis

Sphingomonas ursincola

Microbacterium

Microbacterium

saccharophilum

Microbacterium

chocolatum

Microbacterium zeae

Microbacterium aurum

Tahibacter

Tahibacter aquaticus

Fictibacillus

Fictibacillus

phosphorivorans

Fictibacillus aquaticus

Stenotrophomonas

Stenotrophomonas

maltophilia

Sphingopyxis

Sphingopyxis soli

Sphingopyxis

bauzanensis

Exiguobacterium

Exiguobacterium

mexicanum

Paenibacillus

Paenibacillus lautus

Paenibacillus

yonginensis

Paenibacillus

glucanolyticus

Xanthomonas

Xanthomonas floridensis

Lysobacter

Lysobacter

hankyongensis

Acinetobacter

Acinetobacter kookii

Acinetobacter johnsonii
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Acinetobacter Iwoffii - 1 - -
Vogesella facilis 1 1 1 -
Vogesella
Vogesella perlucida - - - 1
Elstera Elstera litoralis - 1 - -
Ensifer Ensifer adhaerens - 1 - 1
Caulobacter Caulobacter segnis - - - 1
Chryseobacterium 1 - - -
phosphatilyticum
Chryseobacter
Chryseobacterium - - - 1
cucumeris
) Flavobacterium - - 1 -
Flavobacterium _
aquidurense
) . Sphingobium 1 1 3 1
Sphingobium ]
yanoikuyae
) ) Brevibacterium - - 1 -
Brevibacterium o
frigoritolerans
Hydrogenophaga Hydrogenophaga caeni - - - 2
Nevskia Nevskia aquatilis - 1 - -
o Lysinibacillus - - - 1
Lysinibacillus ) o
sinduriensis
Aeromonas - 1 - -
Aeromonas
molluscorum
Chitinimonas Chitinimonas viridis 1 - - 1
GRAND TOTAL 34 31 21 32
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84 Pseudomonas geniculata OK065850.1
100 Pseudomonas hibiscicola OK065634.1
100 Pseudomonas geniculata OK065651.1
Xanthomonas floridensis OK087639.1
Lysobacter hankyongensis OK087638.1
Tahibacter aquaticus OK065644.1
49 Nevskia aquatilis OK065640.1

Hydrogenophaga caeni OK065646.1
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%
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100
I— Brevibacillus ginsengsoli OK065848

Exiguobacterium mexicanum OKO087627

Lysinibacillus sinduriensis OK065639

100

100 Fictibacillus phosphorivorans OK065846
70 Fictibacillus phosporivans OK065627
50 Bacillus niacini OK087666
Bacillus simplex OK065838
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100 Brevibacterium frigoritolerans OK087650 : B1

99 Bacillus cereus OK087669
66 100 Bacillus cereus OKO087670
Bacillus tropicus OK065633

100 Bacillus halotolerans OK087658

39 99 Bacillus halotolerans OK087662
Bacillus piscis OK087631

77 Bacillus pumilus OK087656

Bacillus safensis OK087638

|

100 Bacillus tropicus OK065635
71 Bacillus pumilus OK087663

62 Bacillus safensis OK087664 J
Flavobacterium aquidurense OK087642

99 |_': Chryseobacterium cucumeris OK065654
100 Chryseobacterium phosphatilyticum OK065833

Candida albicans AF134720.1 }— Outgroup

Figure 4.7.2 — Phylogenetic tree (Neighbour joining tree) of HPC species derived from 16S rRNA gene

sequences. A Neighbour joining tree was constructed using the Jukes Cantor model and 1000 bootstraps.
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4.5 Haemolysis and Extracellular enzyme production

4.5.1 Overall haemolysin patterns of coliforms, Enterococcus spp. and HPC
bacteria

A total of 188 isolates comprising coliforms, Enterococcus spp. and HPC bacteria were
subjected to haemolysis testing. The results displayed in Figure 4.8 and Table A6 (Appendix
C), are an illustration of the haemolysis patterns observed in all bacterial isolates obtained
during this study. A total of 146 (78%) isolates were alpha haemolytic. Whilst, 20 (11%)
isolates were beta haemolytic and the remaining 20 (11%) were gamma haemolytic. In
autumn, a total of 42 isolates were either beta or alpha haemolytic. Of these, two (5%) were
coliforms, 13 (31%) were Enterococcus spp., and 27 (64%) were HPC isolates. Isolates
showing the lowest beta and alpha haemolysis patterns were isolates collected during

summer.

Beta mWAlpha mGamma

Figure 4.8 — Pie chart illustrating the overall haemolysis pattern of 186 bacterial isolates comprising Coliforms

Enterococcus spp. and HPC bacteria isolated from selected groundwater systems in the North West Province.
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4.5.2 Extracellular enzyme production

A total of 146 isolates were subjected to extracellular enzyme production testing, 20
coliforms, 39 Enterococcus spp., and 87 HPC bacteria, Table A6 (Appendix C). Four
extracellular enzymes were screened, namely: proteinase, lipase, gelatinase and DNase.
The results per bacterial group are presented in Figures 4.9, 4.10 and 4.11.

45.2.1 Extracellular enzyme production of coliforms

Figure 4.9 presented below, outlines the extracellular enzyme production observed amongst
the coliform group. The overall percentages of extracellular production of coliforms are
presented in Table A7 (Appendix C). A total of 20 coliforms which were alpha/beta
haemolytic were further screened for enzymatic activity. Of these 20, only six isolates
displayed enzyme production, Escherichia fergusonii, Citrobacter freundii, and Citrobacter
braakii. Proteinase and DNase were the enzymes predominantly produced by the coliform
group. Proteinase production was observed in 4 (66%) Escherichia fergusonii isolates and 1
(17%) Citrobacter freundi isolate. Additionally, as depicted in Figure 4.9, none of the
coliforms screened during this study produced lipase. Nonetheless, DNase and gelatinase
production were observed in 1 (17%) Citrobacter freundii spp. and 1 (17%) Escherichia
fergusonii spp., respectively. Overall, Escherichia fergusonii was the coliform group which

displayed the most extracellular enzyme production.

45
4
© 3.9
kS
5 3
©
Q 25 = Proteinase
°
b 2 ®m Lipase
2
£ 15 Dnase
=] B Gelatinase
< 1
0

Citrobacter braakii Citrobacter freundii Escherichia ferg usonii

Coliform bacterial group
Figure 4.9. A summary of the overall extracellular enzyme production profile of coliforms isolated from the

groundwater systems of interest.
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45.2.2 Extracellular enzyme production of Enterococcus spp.

The overall percentages of extracellular production of Enterococcus spp. are presented in
Table A8 (Appendix C). Figure 4.10 is a graph presenting the extracellular production profile
of 39 Enterococcus spp. in groundwater systems across the North West Province. Of the 39
Enterococcus spp. screened, 35 displayed extracellular enzyme activity (Figure 4.10). Also,
all 35 Enterococcus isolates that displayed enzyme isolates produced proteinase.
Furthermore, proteinase production was observed in 15 (42%) Enterococcus casseliflavus
isolates, 1 (3%) Enterococcus dispar, 6 (17%) Enterococcus faecalis, 6 (17%) Enterococcus
gallinarum, 3 (9%) Enterococcus hirae, 1 (3%) Enterococcus mundtii, 1 (3%) Enterococcus
saccharolyticus, 1 (3%) Enterococcus saigonensis and 1 (3%) Enterococcus villorum.
Gelatinase was the second most produced extracellular enzyme among the Enterococcus
bacterial group. A total of 5 (14%) isolates produced gelatinase, with 1 (2.8%) being
Enterococcus casseliflavus, 1 (2.8%) Enterococcus faecalis, 1 (2.8%) Enterococcus
gallinarum, 1 (2.8%) Enterococcus hirae and 1 (2.8%) Enterococcus saigonensis. Lipase
was the least produced enzyme and produced by 1 (3%) Enterococcus casseliflavus isolate,
1 (3%) Enterococcus gallinarum isolate and 1 (3%) Enterococcus hirae isolate. DNase was
also produced less by the Enterococcus spp. group and these isolates included 1 (3%)
Enterococcus casseliflavus, 1 (3%) Enterococcus faecalis, 1 (3%) Enterococcus gallinarum
and 1 (3%) Enterococcus saigonensis (Figure 4.10). Overall, Enterococcus casseliflavus and
Enterococcus gallinarum were the two Enterococcus spp. which produced all the

extracellular enzymes that were screened in this study.
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Figure 4.10 — A summary of the extracellular enzyme production profiles of various Enterococcus spp. isolated

from the groundwater systems of interest.

45.2.3 Extracellular enzyme production of HPC isolates

The overall percentages of extracellular production of HPC bacteria are presented in Table
A9 (Appendix C). Extracellular enzyme production testing was performed on the 87
alpha/beta haemolytic HPC bacteria and the results are presented in Figure 4.11 below. Of
the 87 alpha/beta haemolytic HPC bacteria, 52 produced extracellular enzymes. Protease
production was predominantly observed in Stenotrophomonas maltophilia. A total of 6 (16%)
of the 37 protenaise active isolates were Stenotrophomonas maltophilia isolates. The
second highest HPC protease producing species was Fictibacillus phosphorivans 3 (8%).
Bacillus pimilus, Brevundimonas aurantiaca, Pseudomonas geniculate, Sphingopyxis soli
and Pseudomonas taiwanensis did not produce proteinase, however, they produced other
extracellular enzymes. Fifteen HPC isolates produced lipase: 1 (7%) Acinetobacter
johnsonii, 1 (7%) Acinetobacter kookii, 2 (14%) Bacillus cereus, 1 (7%) Bacillus safensis, 1
(7%) Fictibacillus phosphorivorans, 1 (7%) Lysobacter hankyongensis, 1 (7%) Paenibacillus
lautus, 1 (7%) Pseudomonas geniculate and five (36%) Stenotrophomonas maltophilia.
Furthermore, Stenotrophomonas maltophilia were the highest DNase producing species
among the HPC group. The second highest DNase producing HPC species was
Fictibacillus phosphorivorans, Figure 4.11. A total of three HPC isolates produced gelatinase
in this study. These isolates are Brevundimonas aurantiaca one (33.33%),

Chryseobacterium phosphatilyticum one (33.33%) and Vogesella facilis one (33.33%).
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Figure 4.11 — A summary of the extracellular enzyme production profiles of HPC bacteria isolated from groundwater systems of interest.
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4.6 Antibiotic-resistance

The antibiotic-resistance profiles of 188 of isolates comprising coliforms, Enterococcus spp.
and HPCs was determined. Penicilin G (10 pg) and Vancomycin (30 pg) were only
screened on Gram-positive isolates. This is because Gram-negative bacteria have a cell wall
(peptidoglycan layer) that is surrounded by protein layers and lipopolysaccharides (Chow,
2021). These protein layers inhibit the mode of action of these two antibiotics. Thus, 11
antibiotics were screened on all Gram-positive bacteria and 9 antibiotics were screened on

all Gram-negative bacteria.

4.6.2 Antibiotic-resistance profiles of coliforms

The overall antibiotic-resistance of 26 coliforms was determined and the results are
presented in Table 4.4. All screened isolates were resistant to ampicillin (100%) and
chloramphenicol (100%). The latter isolates comprised 14 Escherichia fergusonii, 4
Citrobacter freundii, 3 Citrobacter braaki, 2 Enterobacter cloacea, 2 Klebsiella grimontii and
1 Buttiaxella agrestis. Furthermore, a total of 18 (69%) coliforms were resistant to
erythromycin and trimethoprim. Escherichia fergusonii (86%) showed the highest resistance
to erythromycin, whereas Buttiaxella agrestis was susceptible to erythromycin. Amongst the
18 trimethoprim resistant coliforms, Escherichia fergusonii (86%) showed the highest
resistance, followed by Citrobacter braakii (67%). Furthermore, Citrobacter freundii,
Enterobacter cloacea and Klebsiella grimontii each showed 50% resistance to trimethoprim.
A total of 16 (62%) coliforms were resistant to oxy-tetracycline, amoxicillin and neomycin.
Additionally, between 50 and 67% of Citrobacter braakii, Escherichia fergusonii, Citrobacter
cloacea, Klebsiella grimontii and Citrobacter freundii showed resistance to ciprofloxacin.
Also, 12 (46%) coliforms were resistant to streptomycin with Escherichia fergusonii
accounting for 71% of the streptomycin resistant isolates. Nonetheless, streptomycin

resistance was also observed in the Citrobacter spp.
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Table 4.4 — Antibiotic-resistance profiles of coliforms isolated from groundwater systems of interest.

Antibiotics
No. of
Species isolates AMP E 0T CIP C AMO NE ] 8
(N

n (%) n (%) n (%) n (%)* n (%) n(%)* n (%) n (%) n (%)
Escherichia fergusonii 14 14 (100) 12 (86) 10(M) 9 (64) 14 (100) 11(79) 9 (64) 12 (86) 10(71)
Citrobacter freundli 4 4(100) 2(30) 2 (50) 2 (30) 4 (100) 2 (30) 2(50) 2(30) 1(25)

Enterobacter cloacea 2 2(100) 1(50) 1(50) 1(50) 2 (100) 1(50) 1(50) 1(50) 0

Klebsiella grimontii 2 2(100) 1(30) 1(50) 1(50) 2 (100) 1(50) 1(50) 1(30) 0
Citrobacter braakii 3 3(100) 2 (67) 2 (67) 2 (67) 3 (100) 1(33) 2 (67) 2 (67) 1(33)

Buttiauxella agrestis 1 1(100) 0 0 0 1(100) 0 1(100) 0 0
Total 26 26 (100) 18 (69) 16 (62) 15 (58) 26 (100) 16 (62) 16 (62) 18 (69) 12 (46)

Amp- Ampicillin (10 pg), C — Chloramphenicol (30 pg), CIP — Ciprofloxacin (5 pg), E — Erythromycin (15 pg), NE — Neomycin (30 pg), OT - Oxy-tetracycline (30 ug), S -
Streptomycin (25 pg), W = Trimethoprim (5 pg), Amo — Amoxicillin (30 ug), VA-Vancomycin (30 pg), PEN-Penicillin (10 pg) *Percentage (%) was determined as a function of
the number of isolates of the coliform spp., thus (n/(N) x 100).
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Table 4.5 — Antibiotic-resistance profiles of Enterococcus spp. isolated from groundwater systems of interest.

Antibiotics
Species No. of PEN VAN AMP E ) CIP c AMO NE W §
isolates

(N) N  n()’ n)y 0y nl) o0ty n)" %) n() Ny n(e)
Enteracoccus faecalis 9 9(100)  9(100)  9(100)  9(100) 9(100)  9(100)  9(100)  9(100)  T(78)  9(100) 4 (44)
Enterococcus casseliflavus 19 19(100) 19(100)  16(84)  12(63) 15(79)  16(84)  19(100) 19(100) 19(100)  14(74) 12(63)
Enterococcus hirae 3 3(100)  3(100) 1(33) 2(67)  1(33) 1(33) 1(33) 1(33) 1(33) 1(33)  1(33)
Enterococeus villorum 2 2 (100} 2(100) 1(50) 1(50) 0 0 0 0 0 0 0
Enterococcus gallinarum 7 7(100)  7(100) 5 (1) 4(57)  5(T1) 3 (43) 1(14)  7(100)  6(86) 1(14)  1(14)
Enterococcus dispar 1 1(100) 1(100) 0 0 0 0 0 0 0 0 0
Enterococcus saigonensis 1 1(100)  1(100)  1(100)  1(100)  1(100)  1(100)  1(100)  1(100)  1(100)  1(100) 1(100)
Enterococcus saccharolyticus 1 1(100)  1(100) 0 0 0 0 0 0 0 0 0
Enterococeus mundfii 1 1(100) 1(100) 0 0 0 0 0 0 0 0 0
Total 44(100) 44(100) 44(100)  33(75) 29(66) 31(70)  30(68)  31(70)  37(84)  34(77)  26(59) 19(43)

Amp- Ampicillin (10 yg), C — Chloramphenicol (30 pg), CIP — Ciprofloxacin (5 pg), E — Erythromycin (15 pg), NE — Neomycin (30 ug), OT - Oxy-tetracycline (30 pg), S —
Streptomycin (25 pg), W = Trimethoprim (5 pg), Amo — Amoxicillin (30 ug), VA-Vancomycin (30 ug), PEN-Penicillin (10 pg) *Percentage (%) was determined as a function of
the number of isolates of the coliform spp., thus (n/(N) x 100).
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4.6.3 Antibiotic-resistance profiles of Enterococcus spp.

The overall antibiotic-resistance of 44 Enterococcus spp. was determined and the results are
presented in Table 4.5 above. All the Enterococcus spp. isolated in this study were resistant
to penicillin (100%) and vancomycin (100%). Between 75% and 84% were resistant to
amoxicillin, neomycin and ampicillin. All Enterococcus casseliflavus screened (19) as well as
6 (86%) E. mundtti showed high resistance to neomycin. However, three Enterococcus
species groups (E. dispar, E. saccharolyticus, E. mundtii) were susceptible to ampicillin. Of
the 26 (59%) Enterococcus spp. resistant to trimethoprim, all 9 E. faecalis spp. screened
were resistant. A sum of 31 (70%) Enterococcus spp. were resistant to oxy-tetracycline and
chloramphenicol. While only 19 (43%) Enterococcus spp. were resistant to streptomycin. E.

saccharolyticus and E. mundtii were only resistant to penicillin and ampicillin.

4.6.4 Antibiotic-resistance profiles of HPC bacteria

The antibiotic-resistance profiles of 118 HPC bacteria are presented in Table 4.6 below.
Most HPC bacteria illustrated resistance to the screened antibiotics. Bacillus simplex
showed resistance to all 11 antibiotics screened. Amongst the Bacillus spp., B. tropicus and
B. niacini showed the least resistance to the screened antibiotics. Elstera litoralis also
showed resistance to oxytetracycline and trimethoprim. The highest resistance was to oxy-
tetracycline (81%) and chloramphenicol (77%). Stenotrophomonas maltophilia isolates
showed 100% resistance to ampicillin, erythromycin, oxy-tetracycline, ciproflaxacin,
chloramphenicol, neomycin and amoxicillin. Fictibacillus phosphorivans isolates expressed
100% resistance to penicillin, vancomycin, ampicillin, erythromycin, ciprofloxacin,
chloramphenicol, streptomycin, neomycin and amoxicillin. A total of 84 (71%) HPC bacteria
were resistant to erythromycin. Amongst the three bacterial groups of interest in this study,
HPC bacteria showed the highest resistance to ampicillin. A total of 18 HPC species were
susceptible to erythromycin. Similar to the coliforms and Enterococcus spp., HPC bacteria

also showed minimal resistance to streptomycin.
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Table 4.6 — Antibiotic-resistance profiles of HPC bacteria isolated from groundwater systems of interest.

Antibiotics
Species No. of PEN VAN AMP E oT ciP c AMO NE w s
isolates
(N)

n{%)* n (%" n {%)* n {%)* n {%)* n {%)* n(%)* n {%)* n {%)* n{%)* n {%)*
Bagillus simplex 1 1 (100} 1(100) 1 (100} 1(100) 1(100) 1 (100) 1(100) 1(100) 1(100) 1(100) 10100}
Bacillus tropicus 2 2 (100} 2 (100) 0 0 0 0 0 0 0 0 1(50}
Bacillus cereus 10 10 (100) 10 (100) 8 (80) & (80) 5 (50) & (80) 10 (100) 8 (80} 6 (60) 10(100) 3(30)
Bagillus piscis 2 2 (100} 2 (100) 1(50) 2 (100) 2(100) 1 (50) 0 2 (100) 1(50) 0 1(50)
Bacillus safensis 2 2 (100} 2 (100) 1(50) 1(50) 1(50) 1 (50) 2 (50) 1(50) 1 (50} 1(50) 1(50}
Bacillus purmilus 3 3 (100} 3{100) 1(33) 2 (67) 2 (67) 1(33) 3(100) 2 (67} 1(33) 1(33) 1(33)
Bacillus halotolerans 2 2 (100} 2{100) 1(50) 1(50) 1(50) 1(50) 1(50) 1(50) 1(50) 0 1(50)
Bacillus niacin 1 1(100) 1100} 0 0 ] 0 0 0 ] ] 1(100)

Pseudomonas taiwanensis 1 — - 1(100) 1(100) 1(100) 1 (100) 0 1(100) 1(100) 0 0

Pseudomonas benzenivorans 1 — - 1(100) 1 {100) 1(100) 1 {100) 1 (100) 1(100) 1(100) 1(100) 0

Pseudomonas hibiscicola 1 - - 1 (100} 1(100) 1(100) 1 (100) 1(100) 1(100) 1(100) 1(100) 0

Pseudomonas aeruginosa 2 — - 2 (100} 2 (100) 2100} 2 (100) 1(50) 1 (50) 2 (100) 1 (50} 0
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Pseudomaonas geniculata

Pseuwdomaonas monteilii

Pseudomonas songnenensis

Pseudomonas fulva

Brevundimonas albigilva

Brevundimonas aurantiaca

Brevundimonas denitrificans

Brevundimonas nasdae

Sphingomonas fruepert

Sphingomonas ginsenosidimutans

Sphingomonas panacis

Sphingomonas ursincola

Microbacterium saccharophilum

Microbacterium chocolatum

1

1(100)

1(100)

1(100)

1(100)

2 (100)

2 (100)

2 (50)

1(100)

3 (100)

2 (50)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

2 (100)

2 (100)

2 (50)

1(100)

3 (100)

4(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

2 (100)

2 (100)

4.(100)

1(100)

3 (100)

4(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

2 (100)

2 (100)

2 (50)

1(100)

3 (100)

2 (50)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(50)

1(50)

1(25)

1(100)

3 (100)

4(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

2 (50)

1(100)

3(100)

4(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

2 (100)

2 (100)

2 (50)

1(100)

3(100)

2 (50)

1(50)

1(50)

3(75)

2(67)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)

1(100)
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Microbactenum zeae

Microbacterium aurum

Tahibacter aquaticus

Fictibacillus phosphorivorans

Fictibacillus aquaticus

Stenotrophomonas malfophilia

Sphingopyxis soli

Sphingopyxis bauzanensis

Exiguobacterium mexicanum

Paenibacillus lautus

Faenibacillus yonginensis

FPaenibacillus glucanolyticus

Xanthomonas floridensis

L ysobacter hankyongensis

Acinstobacter kookii

Acinetobacter johnsonii

Acinetobacter hwoffi

4 (100)

1(100)

5 (100)

2 (100)

1(100)

1(100)

1(100)

4 (100)

1(100)

5 (100)

2 (100)

1(100)

1(100)

1(100)

2 (50)

0

1(100)
5 (100)

2 (100)

17 (100)

1(50)

1(100)

1(50)
0

1(100)

1(100)

0
1(100)

2 (50)

1(20)

1 (100)

3(75)

1(100)

0
5 (100)

2 (100)

17 (100)

1(50)

1{100)

4(100)

1 (100)

4 (100)

1(100)
4(80)

2 (100)

17 (100)

2 (100)

1(100)

1(100)

1(100)
1(100)

4(100)

1(20)

1 (100)

2 (50)

0
5 (100)

2 (100)

17 (100)

1(50)

1(100)

1(100)

1(100)

2 (50)

1 (100)

4 (100)

0
5 (100)

2 (100)

17 (100)

1(50)

1(100)

1(100)

1(100)
1(100)

4(100)

4 (100)

1 (100)

3(75)

1(100)

1(100)
5 (100)

2 (100)

17 (100)

1(50)

1(100)

1 (50)
1(100)

1(100)
1(100)

2 (50)

1 (100)

2 (50)

0
5 (100)

2(100)

15 (88)

1(100)

1(50)
1(100)

1(100)

1(100)
1(100)

2 (50)

2(100)

1 (100)

1(25)

17(100}

1(50)

1(100)

1(50)
1(100)

1(100)

2(50)

1(100)
5(100)

2(100)

10(59)

1(100)

1(100)

1(100)
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Vogesella facilis 3 - - 2(6T) 3 (100) 2 (67) 2(67) 3(100) 3 (100) 2(87) 0 0
Vogeseila perfucids 1 - - 1(100) 1 (100) 0 1(100) 0 1 (100) 0 0 0
Elstera litoralis 1 - - 0 0 1(100) 0 0 0 0 1(100) 0
Ensifsr adhasrens 2 - - 0 1(50) 1(50) 0 0 1(50) 0 1(50) 0
Caulobacisr segnis 1 — — 4] a 1 (100) L] 1 (100) a 4] 1{100) 1]
Chryseobacterium phosphatilyticum 1 — — 1 (100 a 1 (100) L] 1 (100) a 4] 1(100) 1]
Chryseobacterium cucumers 1 — — 4] 1 (100) 1 (100) L] 1 (100) a 4] 1(100) 1]
Flavobacterium aquidurense 1 - - 0 1(100) 1{100) 0 1(100) 0 0 1(100) 0
Sphingobium yanoikuya 1 — — 4] a 1 (100) L] 1 (100) a 4] 1{100) 1]
Erevibacterium frigoritolerans 1 - - 0 0 1{100) 0 1{100) 0 0 1(100) 0
Hydrogenophaga caeni 1 - - 4] 1] 1 (100} 0 1 (100) 1] 4] 1(100) 0
Nevskiz aqustilis 1 - - 0 0 1{100) 0 1{100) 0 0 1(100) 0
Lysinibacillus sinduriensis 1 1(100) 1(100) 0 0 1(100) 0 1(100) 0 0 1{100) 0
Aesromonas molluscorum 1 - - 4] 1] 1 (100} 0 1{100) 1] 0 1(100) 0
Chitinimonas virdis 2 - - 1(50) 1(50) 1(50) 1(50) 1(50) 1(50) 1(50) 1(50) 1(50)
Total 118 (100) 41(35) 41(35) 79(64) 84(71) 95(8B1) 74(63) 91(77) BO(68B) 64(54) 64(54) 36 (31)

Amp- Ampicillin (10 pg), C — Chloramphenicol (30 ug), CIP — Ciprofloxacin (5 pug), E — Erythromycin (15 pg), NE — Neomycin (30 ug), OT - Oxy-tetracycline (30 ug), S -
Streptomycin (25 pg), W — Trimethoprim (5 pyg), Amo — Amoxicillin (30 pg), VA-Vancomycin (30 pg), PEN-Penicillin (10 pug) *Percentage (%) was determined as a function of
the number of isolates of the coliform spp., thus (n/(N) x 100).
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4.7 Characterisation of isolates

4.7.2 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes and

virulence genes of the coliforms identified in this study

The phenotypic and genotypic characteristics of coliforms are summarized in Table 4.7
below. All 26 coliforms were subjected to antibiotic susceptibility testing as well as detection
of ARG’s and virulence genes. The MAR phenotypes of isolates resistant to three or more
antibiotics were noted. A total of 7 MAR phenotypes were observed in the screened coliform
isolates. One hundred percent (7/7) of the MAR phenotypes observed in the coliform
bacterial group comprised ampicillin and oxy-tetracycline. Additionally, 86% (6/7) comprised
amoxicillin and chloramphenicol while 71% (5/7) comprised ciprofloxacin. Two Escherichia
fergusonii isolates were resistant to eight antibiotics and harboured four virulence genes
(stx1, stx2, hylA and eaeA). One of these isolates (OKO30978.1) harboured the ermB
resistance gene. Only one Citrobacter freundii isolate was resistant to three or more
antibiotics (AMP-C-CIP-OT-W). One Enterobacter cloacae (OK030995.1) showed resistance
to six antibiotics (AMO-AMP-C-CIP-OT-W) and harboured three virulence genes (stx1, stx2
and eaeA). Whereas another E. cloacae isolate was resistant to five antibiotics (AMO-AMP-
C-CIP-OT) and harboured the blarem, ampC resistance genes. One Klebsiella grimontii also

harboured the ampC and blatem gene but also the intl gene.

4.7.3 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes and

virulence genes of the Enterococcus spp. identified in this study

The phenotypic and genotypic characteristics of Enterococcus spp. are summarized in Table
4.8 below. All 44 Enterococcus spp. were subjected to antibiotic susceptibility testing as well
as detection of ARG’s and virulence genes. A total of 8 MAR phenotypes were observed in
the screened Enterococcus spp. group. One hundred percent (8/8) of the MAR phenotypes
observed in Enterococcus spp. bacterial group comprised of vancomycin and penicillin.
Additionally, 88% (7/8) comprised chloramphenicol and ampicillin, while 50% (4/8)
comprised ciprofloxacin. In total, seven isolates were resistant to all 11 antibiotics. These
isolates included one Enterococcus saigonensis, two Enterococcus hirae, three
Enterococcus gallinarum and one Enterococcus faecalis. Furthermore, five Enterococcus
spp. harboured the ampC gene: three Enterococcus casseliflavus isolates, one
Enterococcus hirae and one Enterococcus saigonensis. The Enterococcus casseliflavus

isolate (MZ675459.1) which harboured the ampC gene, also harboured gelE and asal
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virulence gene. One Enterococcus hirae (MZ2680553.1) which showed resistance to all 11
antibiotics harboured four antibiotic-resistance genes, blaren, intl, ampC and ermB. Whilst a
Enterococcus saigonensis isolate also showed resistance to 11 antibiotics and harboured
three antibiotic-resistance genes Intl, ampC, tetM. Lastly, a Enterococcus gallinarum
(MZ675447.1) isolate and one Enterococcus hirae (MZ675547.1) harboured the hly and cylA
virulence genes.
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Table 4.7: Phenotypic and genotypic characteristics of coliforms isolated from groundwater systems of interest

Species S . Isolate Antibiotic-resistance .
Antibiotic-resistance phenotype accession number genes Virulence genes
AMO-AMP-C-CIP-E-OT OK030997.1 stx1, stx2, hylA, eaeA
0OK030988.1
AMO-AMP-C-E-NE-OT-W-S stx1, stx2, hylA, eaeA
OKO030978.1 ermB
Escherichia fergusonii
OK030994.1
AMO-AMP-C-CIP-E-OT-W
OK030991.1
AMO-AMP-C-CIP-OT OK030989.1
Citrobacter freundii AMP-C-CIP-OT-W OK030996.1
AMO-AMP-C-CIP-OT-W OK030995.1 stx1, stx2, eaeA
Enterobacter cloacae
AMO-AMP-C-CIP-OT OK030980.1 blarem, ampC
AMO-AMP-OT-W 0OK030998.1 stx1, hylA, eaeA
Klebsiella grimontii
AMO-AMP-C-CIP-OT OK030999.1 blatewm, intl, ampC

Amp — Ampicillin (10 pg), C — Chloramphenicol (30 ug), CIP — Ciprofloxacin (5 ug), E — Erythromycin (15 pg), NE — Neomycin (30 pg), OT — Oxy-tetracycline (30 ug), S -
Streptomycin (25 pg), W = Trimethoprim (5 pg), Amo — Amoxicillin (30 pg), VA — Vancomycin (30 pg), PEN — Penicillin (10 ug).
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Table 4.8 — Phenotypic and genotypic characteristics of Enterococcus spp. isolated from
groundwater systems of interest.

. A . Isolate Antibiotic-resistance )
Species Antibiotic-resistance phenotype . Virulence genes
accession number genes
MZ675458.1
MZ675449.1
AMO-AMP-C-CIP-OT-PEN-S-VA-W
MZ675451.1
MZ676459.1 ermB, tetM
Enterococcus
faecalis MZ675445.1
AMO-AMP-C-CIP-E-NE-OT-PEN-VA-W
MZ675454.1
AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W MZ680541.1
AMO-AMP-C-OT-PEN-S-VA-W MZ680532.1
MZ675446.1
MZ680533.1
MZ680554.1
AMO-AMP-C-E-NE-OT-PEN-VA-W
MZ680551.1
Enterococcus MZ675451 1 c
casseliflavus : amp
MZ675459.1 ampC
gelE, asal
AMP-C-CIP-E-OT-PEN-VA-W MZ675457 1
MZ680534.1
AMO-AMP-C-CIP-E-NE-OT-PEN-VAN-W
MZ675450.1 ampC
AMO-AMP-E-NE-OT-PEN-W MZ680543.1
MZ675452.1
AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W MZ675456.1
Enterococcus
gallinarum MZ680537.1
AMO-AMP-C-E-NE-OT-PEN-S-VA-W MZ6754471 hly, cylA
Enterococcus MZ680553.1 blatewm, intl, ampC, ermB
hirae AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W
MZ675547.1 hly, cylA
Enterococcus AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W
saigonensis MZ680538.1 Int1, ampC, tetM

Amp- Ampicillin (10 pg), C — Chloramphenicol (30 pg), CIP — Ciprofloxacin (5 pg), E — Erythromycin (15 pg), NE
— Neomycin (30 pg), OT - Oxy-tetracycline (30 pg), S — Streptomycin (25 pyg), W — Trimethoprim (5 yg), Amo —
Amoxicillin (30 pg), VA-Vancomycin (30 ug), PEN-Penicillin (10 pg).
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4.7.4 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes of
the HPC isolates identified in this study

The phenotypic and genotypic characteristics of HPC bacteria are summarized in Table 4.9
below. All 118 HPC bacteria were subjected to antibiotic susceptibility testing as well as
detection of ARG’s. In totality, 11 MAR phenotypes were observed in the screened HPC
bacterial group. Additionally, 91% (10/11) of the observed phenotypes comprised ampicillin
whilst 82% (9/11) comprised amoxicillin and chloramphenicol. In total, five isolates were
resistant to all 11 antibiotics. These isolates included three Fictibacillus phosphorivans, one
Bacillus simplex, and one Bacillus safensis. Furthermore, the following 11 MAR HPC isolates
harboured the ampC antibiotic-resistance gene: two Stenotrophomonas maltophilia, one
Bacillus simplex, one Bacillus halotolerans, one Bacillus safensis, two Bacillus cereus, one
Fictibacillus phosphorivans, one Chitinimonas viridis, one Vogesella facilis as well as one
Pseudomonas songnenensis. Two Fictibacillus phosphorivans isolates were resistant to 11
antibiotics (AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W) and harboured the ermF antibiotic-
resistance gene. Additionally, one of the latter isolates (OK065623.1) harboured the ampC
resistance gene. Furthermore, Bacillus simplex displaying a MAR phenotype was resistant to
11 antibiotics and harboured three antibiotic-resistance genes: blatem, ampC, tetM. Lastly,
one Stenotrophomonas maltophilia (OK065840.1) and one Acinetobater kookii
(OK065826.1) harboured the intl antibiotic-resistance gene.
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Table 4.9 — Phenotypic and genotypic characteristics of

groundwater systems of interest.

HPC bacteria isolated

from

Species

Antibiotic-resistance phenotype

Isolate
accession number

Antibiotic-resistance genes

Bacillus simplex AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W OK065837.1 blarem, ampC, tetM
Bacillus halotolerans AMP-C-CIP-E-OT-PEN-VA-W OK087658.1 ampC
Bacillus safensis AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W 0K087638.1 ampC
0K087670.1 ampC
Bacillus cereus AMO-AMP-C-E-NE-OT-PEN-S-VA-W
OK087655.1 blarem, ampC, tetM
Acinetobater kookii AMO-AMP-C-CIP-E-OT-S-W 0K065826.1 int1
Acinetobacter Iwoffi AMO-AMP-C-CIP-E-NE-OT-S-W 0OK065647.1 ermB
0K065835.1
AMO-AMP-C-E-NE-OT-S-W OK065836.1
0K065842.1
OK065650.1
0K065843.1
OK065830.1 ampC, tetM, ermF
OK065840.1 int1, tetM
Stenotrophomonas
maltophilia 0OK065827.1 ampC, ermB, tetM, ermF
AMO-AMP-C-CIP-E-NE-OT-S-W OK065825.1
0K065629.1
OK065622.1
OK087634.1
OK087662.1
OK065653.1
OK065844.1
pE Lcst:jbh"’:frii'\'/‘; . AMO-AMP-C-CIP-E-NE-OT-PEN-S-VA-W OK065621.1 erme
OK065623.1 ampC, ermF
Chitinimonas viridis AMO-AMP-C-CIP-E-OT-S-W OK065836.1 ampC, ermF
Sphingopyxis soli AMO-C-CIP-E-OT-W 0OK065834.1
Brevundimonas AMO-AMP-C-CIP-E-NE-OT-W OK065838.1
albigilva
Brevundimonas AMO-AMP-C-CIP-E-NE-OT-S-W OK065652.1
aurantiaca
Vogesella facilis AMP-CIP-E-OT-S-W OK065650.1 ampC
Psg":ndigmggas AMO-AMP-OT-S-W OK065648.1
Pseudomonas AMO-AMP-C-CIP-E-OT-S-W 0OK087538.1 blaTEM, ampC

songnenensis

Amp- Ampicillin (10 pg), C — Chloramphenicol (30 pg), CIP — Ciprofloxacin (5 pg), E — Erythromycin (15 pg), NE
— Neomycin (30 pg), OT - Oxy-tetracycline (30 pg), S — Streptomycin (25 pg), W — Trimethoprim (5 yg), Amo —
Amoxicillin (30 pg), VA-Vancomycin (30 pg), PEN-Penicillin (10 pg).
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CHAPTER 5

Discussion

Introduction

The Department of Water and Sanitation has recently reported that the dam levels in South
Africa are decreasing, thus the dependence on other sources of water such as groundwater
is increasing (DWS, 2021). Groundwater is an important source of freshwater particularly in
developing countries such as Malawi, Nigeria, Lesotho, Mozambique and South Africa
(Adeogun et al., 2015; Aladejana et al., 2020). To guarantee safe consumption, this source
of water must meet a certain standard of quality based on the physico-chemical and
microbial composition (Ferreira, 2011; Aladejana et al., 2020; Nwankwo et al., 2020). The
results obtained in the previous chapter will be discussed in order to ascertain if the water
guality from the evaluated groundwater systems is safe for use for various purposes. The
guality of the physico-chemical and microbial parameters of groundwater will be linked to
several activities done in the area. The health risk to humans and animals utilising and being
exposed to these groundwater systems will be addressed, taking into consideration the
existence of possible pathogens and observed species with potentially virulent

characteristics.

In this study, the groundwater at several sites (DK, BF, LS, LV, H, FD, SG and GM) is used
for irrigation; while the groundwater at the private farms (S1, S2, S3, S4, S5, S6 and S7) is

used for irrigation, livestock watering and drinking purposes.

5.1 Physico-chemical parameters

5.1.1 Temperature

One of the most important characteristics of groundwater is temperature which influences its
ecological processes (Ali and Ali, 2018). Several studies have stated that groundwater
temperature varies from time, space and depth (Horton et al.,, 2001; Tague et al., 2007,
Bethke and Johnson, 2008). Furthermore, groundwater temperature changes which occur
over time can highlight the potential aftereffects of climate change and urbanisation (Green,
2016). To date there is no guideline for the suitable temperature for groundwater.
Nonetheless, the groundwater temperature of the systems of interest increased as the

seasons got warmer. A total of five sampled sites had temperatures greater than 20 °C in
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autumn. Similar observations were reported in several studies across the world (Gunarathna
et al.,, 2016, Vadde et al., 2018 Graff and Neidell, 2020; Mabeo, 2020). According to
Aladejana et al. (2020) higher groundwater temperatures during the dry season may be
attributed to evaporation and transpiration. This is because climate change can impact soil
infiltration thus resulting in deeper percolation which facilitates groundwater recharge from
the hydrological cycle (Green, 2016). Allen et al. (2004a) further explains that climate change
not only affects the quantity but also the quality of groundwater. As sea levels rise, salt water
may infiltrate coastal aquifers, influencing groundwater quality and pollute drinking water
sources (Allen et al., 2004b).

The groundwater temperature during winter was cold, with the lowest temperature at 7.6 °C.
Whilst, groundwater temperatures increased in summer and spring, reaching a maximum of
26.3 °C and 34.2 °C, respectively. The cold temperatures frequently observed in
groundwater systems during the winter are affected by both air and ambient temperature
(Schneider, 1961). According to Chen et al (1999) cold irrigation water slows down the
growth of plants. Drosg (2013) further explained that although crops have varying degrees of
resiliency, if the temperature is too low, it reduces the plants enzyme activity and changes
the fluidity of cellular membranes. Nonetheless, studies by Dong et al (2016) and Fahlquist
(2003) investigated the ideal water temperature for irrigation purposes and it was found to be
between 17 °C - 25 °C. Thus, the groundwater temperature of most sites during autumn,
summer and spring was suitable for irrigation and allowed for optimum crop yield. However,
the temperature has been identified as a significant factor influencing bacterial pathogen

emergence (Lammel et al., 2018).

5.1.2 Total Dissolved Solids (TDS)

Total dissolved solids are used to assess the quantity of solid materials dissolved in water
(Sluiter et al., 2008). In this study, high TDS levels (> 450 ppm) were observed at most sites
where water is used for drinking purposes, livestock watering and irrigation throughout the
four seasons. A study by Cui et al (2019) reported similar observations in selected
groundwater systems of China. The high levels of TDS in the groundwater systems of
interest may be a result of the continued use of fertilizers, presence of animal feaces,
leaching of salts from the soil and possibly, discharge of domestic waste. Atherholt et al.
(2017) explain that dissolved solids are a result of water's contact with its surrounding during
its movement from source to tap, or through incidental sources. Furthermore, Morris et al.

(2003) explained that organic substances can come from local or agricultural runoff,
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industrial effluent, sewage, chemical products used in water purification, carbonate or salt
deposits, seawater intrusion, storm-water runoff, or even the water pipes that run beneath

towns.

According to DWAF (1996) water with TDS levels greater than 1000 ppm/L, does not have
any adverse short-term effects on the consumer. However, Chang (2005) explained that high
TDS levels have a negative impact on the central nervous system of humans by causing
irritability, dizziness as well as paralysis of the tongue, lips and face. In addition, Increased
TDS levels cause toxicity by increasing the salinity of the water body, increasing ionic
composition, and increasing the toxicity of individual ions (Cimanga, 2017). According to the
WHO (2016), when TDS exceeds 3000 ppm/L corrosion and scaling occurs on water pipes
as well as kitchen utensils, which can result in extremely salty and bitter tasting water.
Furthermore, the recognized acceptable TDS TWQR for water used for livestock watering
and irrigation, is 0-2000 ppm/L and 0-3000 ppm/L, respectively (DWAF, 1996). Thus, the
TDS results obtained in this study show that the groundwater is suitable for livestock
watering and irrigation. Nonetheless, cautionary measures such as filtration systems should

be put into place where the groundwater is used for consumption and domestic purposes.

5.1.3 Salinity

Salinity is a global issue, but it is especially severe in water-stressed arid and semi-arid
regions where groundwater is the primary source of water (Hussain et al., 2019). In arid and
semi-arid climates, the materials of mineral and rock erosion accumulate in the solil, resulting
in the development of high saline soils (Leidonald et al., 2019). The salinity results in this
study ranged from 61.2 — 855 ppm. Overall, the high salinity levels were observed in autumn
and winter. Salinity levels within similar ranges were reported by Mabeo (2020) and Yan et
al. (2015). According to Van Weert et al. (2009), evaporation does not occur optimally during
colder seasons thus, groundwater becomes enriched with minerals that result in increased
salinity. Banks et al. (2004) further stated that anthropogenic pollutants such as fertilizers,
agricultural and industrial effluent are some of the factors leading to high salt content in

groundwater systems.

Extremely high salinity levels (reaching 855 ppm) were measured in groundwater used for
irrigation and livestock watering. According to Dunlop et al. (2005), the salinization of water
has a negative impact on the quality of drinking and irrigation water, with significant
economic, social and environmental implications for both rural and urban communities.

Furthermore, high salt concentrations may have an impact on the taste of drinking water
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(Irvine and Doughton, 2001). Whilst, sodium and magnesium sulfate levels in drinking water
can have a laxative effect and make the water supply unsuitable for grazing livestock. Thus,
the use of groundwater, particularly in sites where high levels were measured, should be
used with caution as the water can contain toxins harmful to animal health and even render
milk or meat unsuitable for human consumption (Mokhtar et al., 2014). In these cases,

supplying a substitute high-quality water supply could provide an alternative measure.

5.1.4 pH

The pH of a groundwater system can be a beneficial indicator of water quality because it
specifies the viability of water for various purposes (Ngowana et al., 2016). Furthermore, the
pH of water becomes more apparent when water tastes soapy due to it being alkaline or
bitter as a result of its acidity (Banks, 2004). According to Lammel et al. (2018) pH has a
direct influence on the microbial community in soil and water. The data obtained in the latter
study revealed that the higher pH levels result in more diverse microbial communities. Also,
pH is a significant parameter because it can be used to determine whether water has been
contaminated by chemicals (Jahne et al. 1987). Furthermore, the pH of water can be used to
establish the absorption and biological nutrient as well as heavy metals found in the
environment (Stewart et al., 2019). In most cases, the emission of pollutants changes the pH
of groundwater (Patni et al., 1998; Martins et al., 2004; Gunarathna et al., 2016).

The known pH range of groundwater is 6.5 - 8.5, according to the various standards
proposed by the WHO (WHO, 2007). In this study, the pH of all the groundwater systems of
interest, across all seasons, were within the TWQR guidelines (5.0 - 9.5) and suitable for
irrigation (6.5 - 8.5). These results were similar to those observed by Ferreira (2011). The pH
results obtained in this study were also within the SANS:241 standards for drinking water
(5.0-9.7). Despite pH having no direct impact on water consumers, it is one of the most
significant operational water quality indices and should be monitored regularly in sites where
water is used for drinking purposes. This is particularly important as the pH levels in drinking
water should always remain between 6.5-8.5 so as to prevent disturbances that may occur
during the production of vitamins and minerals in the human body (Gupta et al., 2017). Thus,
monitoring of water sources used for domestic purposes requires adequate water monitoring,
disinfection and quality control (WHO, 2007).

88



5.1.5 Chemical oxygen demand

Chemical Oxygen Demand relates to the amount of oxygen required for the chemical
oxidation of organic material in water (Christensen et al., 1992). Furthermore, the COD levels
of water also highlight the strength of pollutants in water and could be utilized as an organic
pollution marker (Koda et al., 2017). The levels of COD alternated throughout all the sites,
whilst an increase in COD levels was observed with the warming of temperatures. The COD
levels ranged between 0.33 mg/L - 111 mg/L. This is in agreement with the findings of
Kritzinger (2019) and El-Salam et al. (2015). According to Wu et al. (2011) high COD levels
can be positively correlated to contaminated water. Furthermore, a study by El-Salam et al.
(2015), suggested that landfill leachates are the primary contaminant influencing CODs in
groundwater systems. Thus, when considering the physical location of all sampled
groundwater sites, the COD observations in this current study could be attributed to high
rainfall levels which occurred during the warmer seasons resulting in the transport and
leaching of pollutants from urban watersheds and agricultural fields into the groundwater

systems.

5.1.6 Phosphates

Phosphates are nutrients found in water that are necessary for the growth of both plants and
microorganisms (Douterelo et al., 2020). Phosphorus is a strong oxidizing agent that is
required for life and forms part of a wide range of compounds in both aquatic and terrestrial
ecosystems (Tao et al., 2020). Furthermore, phosphorus can be found in water as an
orthophosphate ion; and it can also be found in all living things as an essential component of
cellular material (Holman et al., 2008). All measured phosphate levels in this research study
were less than 5 mg/L, in all seasons. A study by Fadiran et al. (2008) reported similar
phosphate levels in both surface water and groundwater. The presence of phosphates in the
assessed groundwater systems can be attributed to the agricultural activities that occur in
the area. According to Sharpley et al. (2003), numerous fertilizers used in modern agriculture
contain high levels of plant nutrients such as nitrogen and phosphorus, which help to
increase crop yield. Also, fertilizers and pesticides do not remain static in the environment
where they are applied; instead, runoff and infiltration transport these pollutants into nearby
streams, rivers, and groundwater (Giri, 2018). Additionally, Domagalski and Johnson (2012)
explain that phosphorus can also be sourced from the decay of animals and plant tissues in

natural ecosystems
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5.1.7 Nitrates

Nitrate is one of the most prevalent groundwater pollutants in rural areas (Yu et al., 2020).
The groundwater nitrate levels in this study ranged from 0.12 mg/L - 20.23 mg/L.
Furthermore, generally low nitrate values were observed, except at site S6 during autumn,
20.23 mg/L. The nitrate levels at this site exceeded the TWQR, <10 mg/L. Also, moderately
elevated nitrate levels were observed in private farms where small scale farming occurs.
According to Yu et al. (2020), agricultural activities, particularly those involving fertilizers and
animal waste deposited in the soil, have an impact on nitrate levels in groundwater. This
explains the high nitrate value at site S6, because it is a farm area with considerable
activities and agricultural as well as domestic animals. Additionally, the majority of the
groundwater systems were beneath small scale farmlands that are constantly fertilized.
Furthermore, Sasakova et al. (2018), the other sources of nitrate in groundwater include
sewer tanks and manure storage, as well as anthropogenic activities. Under oxidizing
conditions, nitrate predominates in surface water and groundwater, while ammonium ions
predominate under reducing conditions (Abiriga et al., 2020). When groundwater or surface
water comes into close interaction with wastewater, septic tanks, or sewage systems, this is
common (Aladejana et al., 2020). Farming leachates from fertilizer application and animal
waste are also sources of nitrate in groundwater systems (Patni et al., 1998; White et al.,
2012; Zhang et al., 2014).

Jordaan and Bezuidenhout (2016) conducted a study for the Water Research Commission
that documented the effects of physico-chemical parameters on the water systems in the
North West Province.The mentioned study revealed that the high nitrate and nitrite levels in
the province are caused by the leaching of livestock manure, pesticide residues, herbicides,
remnant manure, and other agricultural residues into groundwater. Another study by
Ntshangase (2019) recorded nitrate levels greater than 20 mg/L in water samples in the
North West Province. High nitrite and nitrate levels are also associated with numerous health
risks in humans, most notably certain cancers. Therefore, it is important for chemical levels
in groundwater to be continually assessed particularly where water is used for consumption

purposes.

5.2 Microbial water quality analysis

Microbiological water assessment is a technique for examining water in order to estimate
and identify the number of bacteria present in water (Sandal, 2016). The microbial analysis

of water is important in order to control the growth of microorganisms (Hou et al., 2017).
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Furthermore, microbial quality is surveilled in both drinking and recreational waters (Pandey
et al., 2018). Indicator microbes such as coliforms, feacal streptococci, enterococci,
clostridia, HPC bacteria and bacteriophages are some of the indicators of microbial quality
used worldwide (WHO, 2013; WHO, 2016). A microbiological water quality indicator is
typically one particular species or a group of microorganisms that can gain entry into water
via feaces but are easier to assess than the entire array of microorganisms that present a
hazard to the public health (Wen et al., 2020). Environmental pollution and municipal wastes
have emerged as major sources of pollution in surface and groundwater (Patil et al., 2012).
Consistent feacal contamination in source water is a worldwide problem that is especially
crippling in rural communities that rely on untreated source water for all of their domestic and
other needs (Bezuidenhout et al., 2002; Edokpayi et al., 2018; Odonkor and Ampofo, 2020).
Therefore, in this study, selected groundwater systems were surveyed for the presence of
coliforms, enterococci and HPC bacteria to determine its suitability for use.

5.2.1 Coliforms

Total and feacal coliform bacteria are widely utilized as indicators of contamination in water
guality assessments across the globe (Boehm and Sassoubre, 2014; Bigham et al., 2019).
Additionally, coliforms were selected as one of the microbial indicator organisms in this study
since they are, to date, the only water quality microbial indicator organism monitored in
South Africa (Bezuidenhout and Adeleke, 2011; Luyt et al., 2012). The present study
assessed the microbial quality of groundwater used for irrigation, livestock watering and
domestic purposes. The target water quality range for the acceptable level of coliform for
irrigation and livestock watering (<1 cfu/100ml) and (<200 cfu/100ml) respectively. The
guideline for the suitable number of coliforms in water used for human consumption is
between 0-5 cfu/100ml, anything greater than 5 cfu/100ml is indicative of insufficient
treatment, post-treatment pollutants, or distribution system growth (WHO, 1996). The SANS
241 (2015) standard for drinking water is 0 cfu/100 mL and all groundwater sites that
harboured coliforms in the present study did not adhere to this standard. Sites S3, S4, S5,
S6, GM, DK, H, BG and FD had coliform levels that exceeded the acceptable coliform level
for irrigation. Additionally, the coliform level at sites S5 and S6 exceeded the acceptable

coliform level for livestock watering.

In this study, the most frequent coliform contamination was mostly identified in areas
frequented by cattle (S3, S4, S5, S6). The microbial community in water sources such as

groundwater can be influenced by biological contaminants such as manure and septic
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systems (Burri et al., 2019). Furthermore, Pokhrel (2020) explains that excreta from livestock
contains significant amounts of nutrients, pathogens and antibiotics. According to Cabral
(2010), total coliforms are bacteria found in soil and groundwater which has been impacted
by surface water and human or animal waste, whilst feacal coliform bacteria are found in the
intestines of homothermic animals (Rochelle-Newall, 2015). Thus, similar to the findings of
other studies, the presence of coliforms in groundwater illustrates contamination could have
resulted from faecal matter pollution (Entry and Farmer, 2001; Odonkor, 2013, Scharping
and Garey, 2021). This is also supported by results observed during this study where
coliform levels increased and were the highest during the warm rainy seasons. As a result,
leaching could have resulted in a higher load of microorganisms in groundwater during

rainfall events.

Water temperature of above 15 °C is ideal for the growth of coliforms (LeChevallier, 2003).
The seasonal observations of higher coliform levels during the warm rainy seasons (summer
and spring) are similar to the findings of several other studies (Chigbu et al., 2005; Hong et
al., 2010; Atherholt et al., 2017). Also, the low levels of coliforms during the colder months
could be a result of the microorganisms entering the viable but non-culturable state
(Atherholt et al., 2017). Nonetheless, the presence of coliforms in groundwater systems used

for domestic purposes is a cause for concern.

5.2.2 Enterococcus spp.

Enterococcus species are Gram-positive, facultative anaerobic cocci that look like
streptococci when Gram stained (Faklam and Collins, 1989). Enterococci have been
accepted as a measure of human feacal contamination of water as a result of their
prevalence in human feaces as well as persistence in the environment (Byappanahalli et al.,
2012; Boehm and Sassoubre, 2014).

Consistently high levels of enterococci were observed at sites located at private farms near
the Loopspruit River (S1, S5 and S6). Also, the highest Enterococcus spp. levels were
witnessed at a site located upstream from the Loopspruit River where there is a cattle farm.
These high Enterococcus spp. levels could be a result of the presence of agricultural
activities and the presence of animals such as sheep and cattle. Numerous studies have
reported the normal habitat of Enterococcus spp. to be the gastrointestinal tract of humans
and other mammals (Cetinkaya et al., 2000; Lebreton et al., 2014). In addition, several
studies in Brazil (Lebreton et al., 2018), United Kingdom (Bradley et al., 2018) and the United

States (Kaur et al., 2021) have reported high levels of enterococci in water systems close to
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cattle farms. Lastly, the Enterococcus spp. levels measured in this study were highest during

spring. Similar results were observed by Solaiman et al. (2020).

Another study has reported the presence of Enterococcus spp. from groundwater systems in
the North West Province (Ateba and Maribeng, 2011). Also, high levels of enterococci have
been isolated from other water sources in South Africa, such as wastewater (lweriebor et al.,
2015; Molale-Tom and Bezuidenhout, 2020; Mbanga et al., 2021). Although not determined
in this study, the microbial quality of the Loopspruit River could also have an influence on the
quality of groundwater in the surrounding aquifers. The physical interaction and exchange of
groundwater and surface water at the groundwater/surface water interface is an essential
component of the hydrological cycle (Conant et al., 2019). Thus, the interconnectedness of
the surface water in the Loopspruit River cannot be ignored when the groundwater in the
assessed groundwater systems is considered. This is because some studies have reported
the presence of Enterococcus spp. from surface water systems in the North West Province
and internationally (Chigor et al., 2013; Cho et al., 2020; Molale-Tom and Bezuidenhout,
2020; Verlicchi and Grillini, 2020).

The presence of Enterococcus species in groundwater systems used for drinking purposes
and livestock watering is worrisome when considering that Enterococcus spp. are
responsible for numerous infections and diseases whilst some species are known to be

resistant to multiple antibiotics (Molale and Bezuidenhout, 2020).

5.2.3 HPC bacteria

All bacteria that use organic nutrients for growth are classified as heterotrophic bacteria
(Allen et al., 2004). Relatively high heterotrophic plate count bacteria levels were consistently
detected throughout this study and no evident seasonal difference was observed. This
finding is similar to the findings of Sasakova et al (2018) and Ngowana et al (2017), who also
reported high HPC bacterial levels in groundwater systems. Studies, similar to the current
study, have reported the presence of pathogenic HPC bacteria isolated from South African
water supplies (Pavlov et al 2004: Pal et al.,, 2014). Ferreira (2011) proposed that HPC
bacteria in drinking water may present a risk to consumers due to their obvious potentially
pathogenic properties. The presence of HPC bacteria in the water is not indicative of
pathogenic conditions, however, opportunistic pathogenic HPC infectious to humans like
Pseudomonas and Aeromonas are a cause for concern (Amanidaz et al., 2015). Numerous
HPC bacteria found in water are currently unculturable; thus in order to obtain HPC results

from a given water sample, the culture medium, temperature, and incubation time must be
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carefully selected (Pavlov et al., 2004). Furthermore, Huo et al. (2021), cautions that high
HPC levels in water are a cause for concern as they indicate a higher rate of biofilm

formation in the water system.

5.3 Correlation of the physico-chemical and microbiological parameters

The physico-chemical parameters that prevail within water sources play an important role in
the maintenance and determination of the bacterial community in water (Rahmanian et al.,
2015). One of the factors used to determine microbial composition and distribution are
physico-chemical parameters. Redundancy analysis plots were generated in this study to
determine the relationship between the physico-chemical and microbiological parameters in

groundwater systems of interest per season.

In the present study, there was no correlation between temperature and microbial levels,
however, statistically significant correlations were observed in autumn between temperature
and other physico-chemical parameters (TDS and pH). In summer, a significant correlation
was noted between temperature and phosphates. These results are in accordance with
those of Mihu-Pintilie et al. (2014) and Shinde et al. (2012) where positive correlations were
observed between various physico-chemical parameters. According to Amanidaz et al.
(2015), temperature has an influence on the pH, TDS, nitrogen and phosphate levels of a
water body. Also, pH is a significant parameter because it can be used to determine whether
or not water has been contaminated by chemicals (Palamuleni et al., 2015). Bacteria can
grow under different pH conditions and most bacteria grow best at a pH of 6—7.5 (Daugan et
al., 2011). The latter study stated that pathogenic bacteria can withstand extremely low and
extremely high pH levels (Daugan et al., 2011). Nonetheless, no significant correlation was

observed between pH and the microbial parameters identified in the current study.

A significant correlation was observed between coliform bacteria and TDS levels in autumn.
According to Patel and Parikh, (2013), high TDS levels in water have the ability to degrade
the quality of water by propagating potentially pathogenic bacteria. Thus, the positive
correlation observed between coliform bacteria and TDS levels could be a result of favorable

growth conditions.

In winter, a significant correlation was observed between coliform bacteria and nitrates. In
addition, a positive correlation was also observed between HPC bacteria and coliforms.
According to Caltagirone et al. (2017), coliforms such as Klebsiella have previously been

identified in water, soil and plants. Additionally, several species within the Klebsiella genus
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are well known nitrogen fixers (Lin et al., 2019). Similarly, it is well documented that HPC
bacteria such as Bacillus are nitrogen fixers (Yousuf et al., 2017). Also, a similar significant
correlation was observed between Enterococcus spp. and nitrates in summer and spring.
Thus, although not determined in this study, the significant correlation observed between the
coliform bacterial group to HPC’s and nitrates as well as Enterococcus spp. and nitrates
could be an indicator of potential nitrogen fixation and nitrogen metabolic process occurring
in the groundwater systems.

Lastly, in summer, a significant correlation was observed between coliforrms and COD as
well as TDS. According to Seo et al. (2019), the presence of numerous bacteria from water
with high COD suggests that the bacteria can thrive under stressful conditions. Chemical
oxygen demand is an effective water quality indicator as it provides a metric for determining
the impact of surrounding activities such as effluent on receiving bodies (Varol and Balci,
2020).

Although phosphate is not toxic to humans, high levels in freshwater environments can
enhance microbial and algae growth, leading to algal blooms (Douterelo et al., 2020).
Several studies have revealed that phosphate in water can stimulate bacterial growth
(Miettinen et al., 1997; Jang et al.,, 2012; Mei et al., 2021). In this study, the correlation
between phosphate and microbial levels was not withessed. This is in agreement with
studies by Kroll and Von Appen (2001) and Qaiser et al (2018) where no correlation was
observed between microbial and phosphate levels. Additionally, a study by Benson et al.
(2011) observed higher levels of bacteria in lower temperatures as compared to higher
temperatures. However, such correlations were not noted in the current study. Nonetheless,
temperature is important for microbial enzymatic activities to occur, thus it is an essential

parameter for microbial growth (Liu et al., 2015).

5.4 Species diversity and phylogenetic association

The investigation of the evolutionary history of a species, a group of organisms, or a specific
characteristic of an organism is known as phylogenetic analysis (Brinkman and Leipe, 2001).
A phylogenetic tree was established using the 16S rRNA gene sequence data obtained from

the study as well as reference species.

5.4.1 Coliform bacterial group

In autumn and winter, the only coliform that was identified was Escherichia fergusonii and it

remained the most prominent coliform species throughout this study. According to Gaastra et
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al. (2014), Escherichia fergusonii has optimum growth temperatures of 21°C — 45 °C under
aerobic conditions. Gaastra et al. (2014) further explain that Escherichia fergusonii have
illustrated the ability to grow at temperatures lower than 21°C but will not be able to replicate
at temperatures below 11°C. This explains why Escherichia fergusonii species identified in

this study were consistently identified throughout the four seasons.

According to Huys et al. (2003), Escherichia fergusonii is one of the seven species within the
genus Escherichia. Several studies have revealed that Escherichia fergusonii is closely
related to Escherichia coli and Shigella spp. (Adnan et al., 2013; Olowe et al., 2017). This
species has also been identified from drinking water systems in Nigeria as well as intestines
of warm-blooded animals (Freney et al., 1987; Savini et al., 2008; Olowe et al., 2017).
According to Gaastra et al. (2014) and Parin et al. (2018) Escherichia fergusonii is an
emerging opportunistic pathogen. According to the literature review conducted as part of this
study, the current study is the first to report the isolation of Escherichia fergusonii from
groundwater systems in South Africa.Thus, the presence of Escherichia fergusonii in water
used for livestock watering and domestic purposes suggests that the water is not fit for use
as this organism is a causal agent of diarrhea in animals and urinary tract infections in

humans (Glover et al., 2017).

Four other coliform species were identified in addition to Escherichia fergusonii, these
include: Citrobacter freundii, Klebsiella grimontii, Citrobacteria braaki and Enterobacter
cloacea. The increase in the diversity of coliforms from the colder seasons to the warmer
seasons was also observed by Soon et al. (2014). A study by Schwab et al (2014) reported
increased levels of Gram-negative bacteria during summer from clinical samples. The latter
study identified Escherichia coli, Enterobacter cloacea, and Citrobacter spp. and concluded
that these bacteria are most likely to occur during warmer seasons. A study by Waideman et
al. (2020) linked the presence of Citrobacter freundii in water to public health concerns as it
is a potential pathogen known to cause animal and human diarrhea. Thus the presence of
these coliforms, particularly Citrobacter freundii in water used for domestic purposes and

livestock watering is a cause for concern.

Additionally, the other identified coliforms, Klebsiella spp. and Enterobacter spp. are also
known to be opportunistic pathogens and are usually associated with human infections
(Passet and Brisse, 2018). Furthermore, Klebsiella grimontii has previously been reported in
human blood samples of patients from France, Germany and South Africa (Liu et al., 2018).
According to Hubbard et al. (2020), Klebsiella grimontii was previously thought to be a
phylogroup of Klebsiella oxytoca, but it was discovered to be a unique pathogenic species of

Klebsiella which is distinguished by the existence of the mobile genetic elements located on
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the beta-lactamase gene. This explains why the two Klebsiella grimontii isolates included on
the phylogenetic tree clustered together and were closest to the outgroup instead of the
other coliforms. Hubbard et al. (2020) further reported that Klebsiella grimontii has the ability
to form biofilms and is a species resistant to a wide array of antibiotics (Hubbard et al.,
2020).

In spring, a new coliform species, Buttiaxella agrestis, was identified and this species is a
Gram-negative, rod-shaped bacteria that can be found in insects, fish, soil and water
(Antonello et al., 2014). A study by Ntuli et al. (2016) reported the presence of Buttiaxella
agrestis from milk in South Africa whilst a study by Aijuka et al. (2015) reported cases of
Buttiaxella agrestis in irrigation water at very low levels. The presence of Buttiaxella agrestis
in groundwater systems used for drinking, irrigation and livestock watering is a cause for
concern as this species is known to cause wound infections and inflammation in the
appendix (Ssepuuya et al., 2019). Futhermore, the presence of all coliforms identified in
groundwater systems of interest proves that groundwater systems are not as pristine as they

are presumed to be.

5.4.1.1 Phylogenetic association of coliforms

The phylogenetic relationship of partial 16S rRNA sequences revealed that the species
presented in this study share a high degree of similarity. Two clusters were observed in this
study (Cluster A and B). Citrobacter spp. and Enterobacter cloacea were under the same
cluster with a bootstrap of 70%. These findings are similar to those reported by Zhang et al.
(2015) and Iversen et al. (2020) where Citrobacter and Enterobacter from water samples
were under the same cluster group and strongly related. Mandal et al. (2013) explains that
Citrobacter and Enterobacter are categorized under the Enterobacteriaceae family and share
phenotypic characteristics such as citrate utilization, oxidase negativity, and facultative
anaerobic growth (Mandal et al. (2013). Interestingly, Citrobacter freundii and Citrobacter
braakii only showed 35% relatedness. The latter results were different from the findings of
Ture and Kutlu (2018) where Citrobacter freundii and Citrobacter braaki were closely related.
Nonetheless, Wertz et al. (2003) illustrated that the nucleotide diversity of Citrobacter freundii
is considerably high. This explains the low relatedness of the Citrobacter freundii and

Citrobacter braaki isolates isolated in the current study.
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5.4.2 Enterococcus spp.

Nine Enterococcus species were identified in this study: Enterococcus casseliflavus,
Enterococcus faecalis, Enterococcus gallinarum, Enterococcus villorum, Enterococcus hirae,
Enterococcus mundtii, Enterococcus saigonensis, Enterococcus dispar and Enterococcus
saccharolyticus. The highest Enterococcus species diversity was observed in Spring. This
could be attributed to warmer temperatures which allow for optimal growth. Nonetheless,
some species were identified during the colder temperatures. Enterococcus spp. can
withstand a variety of stressful environments, even those with extreme temperatures ranging
between 5 to 65 °C (Fisher and Phillips, 2009). They can also survive in highly saline

environments.

The most predominant Enterococcus spp. in the present study was Enterococcus
casseliflavus. Sukhwani et al (2017) also reported Enterococcus casseliflavus in
groundwater. There have been reports across the world of Enterococcal meningitis caused
by invasion of Enterococcus casseliflavus in humans (laria et al., 2005; Sukhwani et al.,
2017; Khan, 2021). This was a disease previously known to be caused by Enterococcus
faecium and Enterococcus faecalis, however, more Enterococcus spp. are known to cause
this disease to date (Khanum et al., 2019). Additionally, Enterococcus casseliflavus has been
found to cause bacteraemia in chronic renal disease patients (Vasilakopoulou et al., 2020).

The second most prevalent species was Enterococcus faecalis. These findings are in
conjunction with the findings of Ateba and Maribeng (2011). Enterococcus faecalis has a
diverse host range and is the most broadly spread enterococcal species because it has been
isolated from humans, animals, and the environment (Cho et al., 2020). Enterococcus
faecalis isolates in the present study were mostly identified in boreholes close to livestock.
This suggests that the source of Enterococcus faecalis could be due to feacal matter from
animals. The presence of enterococci, particularly Enterococcus faecalis in aquatic
environments continues to pose a hazard to public health and should be carefully monitored.
This is because Enterococcus faecalis and Enterococcus faecium are known to cause
clinical infections (Adenjii et al.,, 2021). The presence of Enterococcus faecalis in
groundwater has been identified in South Africa (Ateba and Maribeng, 2011; Montwedi et al.,
2018). The latter studies have revealed that Enterococcus faecalis was resistant to a large

array of antibiotics. Considering the mentioned, the presence of this bacteria is alarming.

Research suggests that Enterococcus casseliflavus, Enterococcus gallinarum, Enterococcus
hirae and Enterococcus mundtii are some of the bacteria associated with human infections

(Park et al., 2018). Some of the human infections associated with Enterococcus casseliflavus
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and Enterococcus gallinarum include abdominal infections, urinary tract infection and
pneumonia (Reid et al., 2001; Monticelli et al., 2018). There have been reports of patients
dying from Enterococcus casseliflavus bacteremia and Enterococcus gallinarum bacteremia
related infections (Reid et al., 2001; Choi et al.,, 2004, Ryu et al., 2019). Moreover,
Enterococcus hirae has been found in a variety of animals and plants, it has also been
widely linked to cattle feaces, commercial poultry, and related production systems (Mbanga
et al., 2021). The Enterococcus hirae identified in the present was from an area that is
frequented by cattle. Some of the infections caused by Enterococcus hirae include wound
infection, bacteremia, cholangitis and gastritis (Bilek et al., 2020).

Enterococci are thought to be a marker of feacal contamination of environmental water
sources (Motina and Rao, 2021). As markers of the hygienic safety of water supplies,
enterococci have some benefits over coliform bacteria. They are less vulnerable to
environmental stressors (Alipour et al., 2014). The possibility of enterococci found in human
and animal waste contaminating water in nearby wells requires special consideration.
Agricultural runoff from agricultural and grazing lands, as well as urban areas, is a significant
cause of contamination of surface and ground waters (Stahczyk-Mazanek and Stepniak,
2021). Feacal bacteria such as enterococci enter surface water through direct feaces deposit
and overland runoff. The activity of animal wastes into surface waters could be a significant
contributor to enterococci contamination in the groundwater systems of interest (Papadaki et

al., 2020). Therefore, the presence of enterococci in groundwater systems is very alarming.

5.4.2.1 Phylogenetic association of Enterococcus spp.

The analysis of the 16S rRNA gene sequence revealed that Enterococcus gallinarum and
Enterococcus saigonensis are closely related. Enterocococcus saigonensis was recently
identified in retail chicken and very limited data is available on this bacterium. A study by Li
and Gu (2019) showed that Enterococcus saigonensis isolated from pickle juice was 55 %
related to Enterococcus dispar and Enterococcus canintestini. These results differ from those
of the current study where Enterococcus saigonensis and Enterococcus dispar were distantly
related. Furthermore, in this study, Enterococcus casseliflavus and Enterococcus
saccharolyticus were under the same cluster but the bootstrap value was 26%. Takakura et
al (2019) reported a close association between Enterococcus casseliflavus, Enterococcus
gallinarum and Enterococcus saccharolyticus in stool samples. Considering the clustering of
isolates in cluster A2.2, the findings of this study are similar to those of Takakura et al.
(2019).
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5.4.3 HPC bacteria

Heterotrophic bacteria are ubiquitous in nature and can be found in soil, air, water, and food,
and they get their energy from organic nutrients (LeChevallier, 2003) In this study 27 genera
were identified, namely: Bacillus, Pseudomonas, Brevundimonas, Sphingomonas,
Microbacterium, Tahibacter, Fictibacillus, Stenotrophomonas, Sphingopyxis,
Exiguobacterium, Paenibacillus, Xanthomonas, Lysobacter, Acinetobacter, Vogesella,
Elstera, Ensifer, Caulobacter, Chryseobacter, Flavobacterium, Sphingobium, Brevibacterium,
Hydrogenophaga, Nevskia, Lysinibacillus, Aeromonas, and Chitinimonas. The most
prevalent genera were Bacillus spp. and the most infrequent genera were Caulobacter,

Nevskia, Chitimonas, Aeromonas and Lysinibacillus.

The presence of Bacillus in the groundwater is mainly caused by irrigation and other
agricultural activities. Bacillus spp. is widely spread in soil particles, run-off from soil, and
decaying matter, contaminants that typically end up in irrigation water sources as a result of
environmental, human, and/or animal contamination (Xiao et al., 2013). Most of the Bacillus
spp. were identified in the spring season. A high prevalence of Bacillus spp. in sampled
Skeerpoort river water was observed by Aijuka et al (2015) in summer and spring. The
increased prevalence of Bacillus spp. during the summer as compared to the winter could be
attributed to warmer temperatures that promote spore germination into vegetative cells and
thus proliferation (Ells and Hansen, 2006). Bacillus spp. may eventually return to spores
during the winter as a means of protection against adverse conditions. Some Bacillus spp.
like Bacillus cereus are known to cause diarrheoa and non-gastrointestinal infections in

humans (Granum et al., 2012).

Some of the identified isolates in the present study are known to cause opportunistic
infections. These include Brevundimonas spp., Stenotrophomonas spp., Sphingomonas
spp., Acinetobacter spp., Pseudomonas spp., and Aeromonas spp. (Ryan and Pembroke,
2018). These last-mentioned isolates are known to survive numerous environments and also
are also resistant to a broad spectrum of antibiotics (Kulakov et al., 2002; Falcone-Dias et
al., 2012; Handschuh et al., 2017). Bacteria like these have the potential to infect individuals
suffering from underlying medical diseases (Flores-Trevifio et al., 2014). Various studies
revealed a variety of infections caused by Brevundimonas spp. such as urinary tract
infections and leg ulcers (Han and Andrade, 2005; Almuzara et al., 2012; Ryan and
Pembroke, 2018). This suggests that the genus is a more prevalent pathogen than

previously thought, with Brevundimonas spp. infections being severe.
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Stenotrophomonas maltophilia is a common pathogen that is commonly found in wet
environments and it causes opportunistic infections (Brook. 2012). The immunocompromised
host experiences a rise in the incidence and severity of illness, particularly opportunistic
septicaemia and pneumonitis syndromes (Abott et al., 2011). Extensive studies have
revealed that Stenotrophomonas maltophilia is a persistent and resilient pathogen due to its
ability to survive in biofilms and adapt to environmental stressors (HoStacka et al., 2010).
Biofilm production is linked to tolerance to environmental factors by promoting intimate
adhesion to surfaces, resistance to inflammatory processes, protection from antimicrobial
activity, and enhanced spread across surfaces via bacterial motility (Imfran et al., 2015; Abott
et al., 2011). The presence of Stenotrophomonas maltophilia and Brevundimonas spp. in
water could be indicative of nosocomial contamination (Brooke, 2012).

5.4.3.1 Phylogenetic association of HPC bacteria

In this study, two clusters were observed for the HPC group. Cluster B (B1) was mostly
dominated by the phylum Firmicutes, such as Bacillus. Firmicutes are microbes that exist in
the human digestive tract. Numerous Firmicutes phylum members produce butyrate, an
essential constituent that retains the health of the colon (Seong et al., 2018). The human gut
microflora is made up of trillions of microbes, the vast majority of which are bacteria.
Firmicutes are particularly popular among scientists because many of them aid in the
maintenance of metabolic and immune wellbeing (Gomes et al., 2018). The phylum includes
Bacilli, Clostridia, Erysipelotrichales, Mollicutes and Veillonellaceae (Rowin et al.,2017).
Bacillus was the most prominent species within the HPC group. Atnafu et al (2021) found

that phylum Firmicute was more dominant than other phylum in drinking water.

5.5 Pathogenicity and extracellular enzyme production

Water-borne pathogen pollutants in water, as well as associated diseases, are major water
quality concerns around the world (Park and Oh, 2012). Pathogen contamination is a major
problem for almost all types of ambient water bodies, therefore recognizing and
comprehending it is critical (Pandey et al., 2014). Groundwater is widely utilized as the
predominant source of domestic drinking water supply across the world, and polluted
groundwater is set to increase the risk of public health (Alley et al., 1999; John and rose,
2005; Pandey et al., 2014). In South Africa, groundwater is predominantly used for irrigated

agriculture, mining, livestock, aquaculture, industrial purposes and domestic water supply

101



(Mvandaba et al., 2019). Pathogens in groundwater have caused numerous outbreaks in the
United States, resulting in 2739 cases of illnesses (John and Rose, 2005). Mpenyana-
Monyatsi et al. (2012) reported on the groundwater outbreaks in rural South Africa. The latter
study reported that the contaminated groundwater caused cholera, diarrhoea and typhoid
infections in humans. Given the reported cases of outbreaks, it is imperative to assess the

pathogenicity of the bacteria isolated from groundwater.

5.5.1 Coliform bacterial group

Only six haemolytic coliform isolates comprising three species produced extracellular
enzymes: Escherichia fergusonii, Citrobacter freundii and Citrobacter braakii. According to
Walen et al. (2007) Citrobacter freundii is described as an opportunistic pathogen. The latter
study revealed that Citrobacter freundii is known to attack patients with weak immune
systems. Other studies have reported some Citrobacter freundii isolates to be capable of
conferring virulence and inducing foodborne diseases or gastroenteritis in humans (Bai et al.,
2012; Liu et al., 2017). In the current study, the isolated Citrobacter freundii produced
proteinase but did not hydrolyze gelatinase. This is contrary to the findings of Sharma and
Sharma (2017). Nonetheless, Mahmood and Atyah (2021) state that virulence factors of
Citrobacter spp. include hemolysis, proteolysis and biofilm formation. Furthermore, B-
haemolyticactivity was observed in all Citrobacter freundii isolates screened in this study.
This is consistent with the findings of Hossain et al. (2017). Contamination with haemolytic
Citrobacter spp., has been found to cause gastroenteritis and haemolytic uraemic syndrome

in humans (Hidayatullah et al., 2020).

Additionally, proteinase activity was also observed in Escherichia fergusonii isolates.
Proteinase enables microorganisms the ability to bypass a host's defense mechanisms by
dissolving peptide bonds that connect different amino acids (Willet et al., 2008; Pavlon et al.,
2002). Thus, the presence of proteinase producing isolates in groundwater systems used for
domestic and livestock watering is worrisome. Escherichia fergusonii is an emerging
pathogen originating from human blood and urine (Mahapatra et al., 2005). The production
of gelatinase in Escherichia fergusonii causes an impairment in the epithelial barrier of the

gut in patients suffering from hand, mouth, foot disease (Li et al., 2018).
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5.5.2 Enterococcus spp.

In this study, the pathogenicity of Enterococcus spp. isolated from groundwater systems in
the North West Province were extensively studied. Enterococcus casseliflavus,
Enterococcus faecalis, Enterococcus hirae and Enterococcus saigonensis are amongst the
most pathogenic isolates identified in this study. These isolates were ao/f-haemolyticand
tested positive for three or more extracellular enzymes. Several studies have reported the
presence of 3-haemolytic Enterococcus spp. in surface water (Molale, 2012; Bezuidenhout,
2013; Olaniran et al., 2015; Molale and Bezuidenhout, 2016) and wastewater (Olaniran et
al., 2015; Madu, 2019; Mbanga et al., 2020; Mbanga et al., 2021) in South Africa.

The pathogenicity of Enterococcus spp. is mediated by a cluster of hydrolases that includes
hyaluronidases, gelatinase, and protease. Both gelatinase and protease are thought to play
important roles in the pathogenicity of Enterococcus spp. by supplying nutrition to the
bacteria. This occurs by Enterococcus spp. damaging the host tissue. Additionally, the
production of gelatinase, protease and DNase in bacteria plays a critical role in their ability to
form a biofilm (Ramaraj et al.,, 2020). The production of DNase and gelatinase is mostly
observed in Enterococcus faecalis (Kishi et al., 2001). There was very low production of
gelatinase and lipase in the Enterococcus spp. of interest. This is in accordance with three
studies that investigated the yield of gelatinase positive Enterococcus spp. in India (Kiruthiga
et al., 2020; Ravichandran et al., 2016; Padmasini et al., 2014). The secretion of gelatinase
was associated with the gel E virulence gene in Enterococcus faecalis in Egypt (Sonbol et
al., 2013). The study further alludes to the fact that the production of gelatinase plays a huge
role in the pathogenicity of Enterococcus spp.

5.5.3 HPC bacterial group

Extensive research has been done on the pathogenicity of HPC in South Africa, particularly
ones that were isolated from water sources (Pavlov et al., 2002; Venter, 2010; Ferreira,
2011; Prinsloo, 2014; Horn et al., 2016; Kritzinger, 2019; Tsholo, 2019). The studies
highlighted the pathogenicity of HPC bacteria, particularly those that are a - and B -
haemolytic. In this study, autumn had the most haemolytic HPC bacteria. Most of these HPC
bacteria were isolated from site S6. The extracellular enzyme profile of the HPC bacteria
isolated from site S6 suggests that the site harbours bacteria that are pathogenic. Edberg et
al (1996) indicated that a microorganism could only be deemed pathogenic when it has two

or more extracellular enzymes.
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The most commonly produced extracellular enzymes by HPC bacteria were DNase and
proteinase. The production of proteinase was predominantly observed in Stenotrophomonas
maltophilia. These enzymes have been shown to degrade cell components like nucleic acids
and proteins (Pavlov et al., 2002). DNase causes the breakdown of cell components such as
DNA (Pavlov et al., 2004). According to MacFaddin (1985), pathogens use the degraded
DNA as an energy source. Because DNA is found in humans and almost all other organisms
(except RNA viruses), it is cause for concern when DNase is one of the most prevalent
enzymes produced by HPC isolates obtained from drinking water sources.

In this study, Bacillus and Fictibacillus were the second predominant enzyme active genera.
This is in accordance with the study reported by Horn et al (2016) where Bacillus spp. from
water samples produced lipase, gelatinase and DNase. Bacillus cereus has been linked to
diarrhoea and emesis in humans, as well as some non-gastrointestinal infections (Venter,
2010). Fresh and saltwater, decaying organic matter, soil, vegetables, and invertebrate
intestinal tracts are all part of this organism's natural environment (Pavlon et al., 2004; Martin
et al., 2018). The presence of pathogenic bacteria is a health hazard because groundwater
serves as a vehicle for the spread of antibiotic-resistant microorganisms, which can
propagate even after water treatment (Mulamattathil et al., 2014). Thus, the presence of

these virulence bacteria in groundwater is very alarming.

5.6 Characterization of isolates

Antibiotic-resistant bacteria and antibiotic-resistance genes are emerging environmental
contaminants. They are primarily from the hospital and public wastewater, as well as
livestock farming, agricultural lands, and wastewater treatment plants (Liagat et al., 2017).
Antibiotic-resistance determinants in the water system may spread horizontally and be
transmitted to humans and animals (Agoba et al., 2017). The presence and distribution of
antibiotic and virulence genes were studied in order to gain insight into the role of the

emergence of antibiotic-resistance in natural aquatic environments.

Antibiotics are emitted into the environment through a variety of sources (Polianciuc et al.,
2020). For instance, massive amounts of antibiotics are used in animal production to boost
growth or help animals thrive in crowded, strenuous, and unhygienic environments (Imran et
al., 2019). Antibiotics used by humans can also be emitted into the environment via septic
tank spills (Wu et al., 2020). Antibiotic byproducts can be observed at higher concentrations
in wastewater, surface waters, agricultural runoff, and aquaculture water (Serwecinska,

2020). Also, Pruden et al. (2013) revealed that antibiotics enter the groundwater system
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through urine and feaces excreted by livestock, especially during the rainy season. Eight of

the selected sites were located in areas where farming is the main activity.

In recent times, the occurrence of antibiotic-resistance genes and virulence genes in
groundwater systems have been documented. Several studies have reported the presence
of antibiotic-resistance genes (Chen et al., 2017; Wu et al., 2020) and virulence genes
(Loesch et al., 2015; Matlou et al., 2019; Sidhu et al.,2020), particularly in groundwater. In
South Africa, the emergence of bacteria that carry antibiotic-resistance genes in groundwater
are also studied (Matlou et al., 2019; Ekwanzala et al., 2018; Szekeres et al., 2018; Zainab
et al., 2020). Considering these facts, it is critical to detect any resistance in bacteria isolated

from groundwater.

5.6.1 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes and

virulence of the coliform isolates identified in this study

5.6.1.1 Antibiotic-resistance profiles of the coliform bacterial group coliform

The highest resistance amongst coliform bacteria in the present study was to ampicillin,
oxytetracycline, amoxicillin and chloramphenicol. Ampicillin is a wide range of penicillin that
have been used for a long time and is active against a wide range of bacteria (Khatoon et al.,
2019). As a result, most bacteria have developed resistance to this drug, which has been
associated with the production of beta-lactamases (Annavajhala et al., 2019). The latter are
enzymes that bacteria secrete and are responsible for breaking down the drug. This could
explain why the majority of coliform bacteria in this study were ampicillin resistant. A study by
Adinortey et al (2020) reported 98.4% resistance to ampicillin amongst coliforms. Coliforms
are Gram-negative bacteria, which means that they have a slimy layer on the outer
membrane, which prevents beta-lactam bacteria from penetration (Breijyeh et al., 2020).
Also, Furthermore, antibiotics such as oxy-tetracycline and neomycin are used to treat
infections in cattle (Adesiyun et al., 2020). Thus, antibiotic residues could have made their
way into the water system through animal waste, thus increasing the possibility of resistance.
These byproducts may have a variety of side effects, including the transmission of antibiotic-
resistant bacteria to humans, immunologically mediated effects, allergy, and genotoxicity

(Bacalni and Basaran, 2019).
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5.6.1.2 Antibiotic-resistance genes the coliform bacterial group

Prevalent feacal contamination in water systems may pose a significant health risk as well as
a significant pathway for the spread of antibiotic-resistant bacteria (Stange et al., 2016). The
coliforms that harboured antibiotic-resistance genes in this study included Escherichia
fergusonii (OKO30978.1), Klebsiella grimontii (OKO30999.1) and Enterobacter cloacea
(OK0O30980.1).

Klebsiella grimontii (OK0O30998.1) harboured the most genes (blarem, intl and ampC) in the
coliform group. Hubbard et al (2020) revealed that Klebsiella grimontii isolated from bottled
water harboured five antibiotic-resistance genes. Among the five genes detected, blarem was
one of them. Amongst the coliform group, Klebsiella grimontii (OKO30998.1) was the only
isolate that harbored the intl gene. The presence of intl gene suggests resistance to
antibiotics and disinfectant (Gilling et al., 2008). Integron class 1 plays an important role in
the development and spread of antibiotic-resistance, and its prevalence is a warning sign for
bacterial infections (Koczura et al., 2016). The presence of intl gene was reported by
Thongkao and Sudjaroen (2019) in Klebsiella pneumoniae from Tilaphia fishes. Another
study by Lina et al (2007) reported the presence of intl and int2 genes in Klebsiella
pneumoniae from UTI patients. Moreover, Klebsiella grimontii (OK0O30998.1) harbored amp
C and blarem gene. Klebsiella spp. have been reported to harbour amp C and blatem gene
(Yu et al., 2020; Shibu, 2019).

In this present study, Enterobacter cloacea harbored blarem and ampC genes. This is in
conjunction with a study conducted by Uzunovi¢ et al (2018), which revealed that
Enterobacter cloacea harbored a wide array of beta-lactam associated genes. Ampicillin
resistance is encoded by the blatem. Ampicillin and cephalothin are beta-lactam antibiotics
with low toxicity, which has contributed to the excessive usage of these drugs in the medical
profession (Olaniran et al., 2009; Aijuka et al.,, 2015). Furthermore, resistance to
cephalosporins and cephamycins is conferred by the ampC gene. This gene is linked to
clinical settings, as a result, detecting this gene is critical in the surveillance and
management of antibiotic-resistance activity in order to prevent the rate of infections (Shanthi
et al., 2012).

None of the coliforms identified in this study harbored the tetM and ermF gene. The
resistance to tetM is facilitated by obtaining high mobility of conjugative transposons
(Doherty et al., 2000; Moreno and Araque, 2018). Recent studies have reported tetM
harboring coliform from environmental water sources (Tsunoda et al., 2021) and raw cow

milk (Godziszewska et al., 2018). Different types of bacteria produce different types of
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erythromycin resistance methylases, which are identified by 12 classes of erm genes
(Weisblum, 1995). The ermB and ermF genes express resistance to a wide range of
antibiotics, including macrolides and lincosamides (Petinaki and Papagiannitsis, 2018). In the
present study, Escherichia fergusonii harbored the ermB gene. Sahulka et al, (2021)
reported Escherichia fergusonii from agricultural samples that harbored the ermB gene.
These genes attain antibiotic-resistance via methyltransferase, which is associated with the
alteration of the bacterial ribosome's 23S rRNA (Osterman et al., 2020).

5.6.1.3 Virulence genes in the coliform bacterial group

In this study, the presence of four virulence genes, stx1, stx2, eaeA, hylA, were investigated
in 26 coliform isolates. Furthermore, virulence genes were identified in Klebsiella grimontii,
Enterobacter cloacae and Escherichia fergusonii. The genes, stxl and eae A were
harboured by the latter three species. Shiga toxin (Stx) is amongst the most efficacious
bacterial toxins ever discovered (Fuller et al., 2011). The stx1l gene has been reported in
Shigella dysenteriae as well as some Escherichia coli serogroups (E. coli 0157, 0103, 026,
091 and 0145) (Hua et al., 2020). Several Escherichia coli strains were subsequently found
to produce stx2, a toxin that is immunologically unique but has the same mechanism of
action as stx1 (Werber et al., 2008). Shiga toxin is the prototypical member of the Shiga toxin
family, a group of structurally and functionally related proteins (Aijuka et al., 2015; Melton-
Celsa et al., 2011; Melton-Celsa et al., 2014; Bergan et al., 2012). The latter's term is derived
from its origin, the chronic diarrhea causing bacillus Shigella dysenteriae (Bergan et al.,
2012). The Shiga toxin is usually present in Shigella and Escherichia coli, however in this
study, the stx1 and stx2 gene were present in Klebsiella grimontii, Enterobacter cloacae and
Escherichia fergusonii. Several studies have reported the presence of shiga toxin in
Enterobacter cloacea from clinical samples (Paton and Paton, 1997; Khalil et al., 2016;
Carter et al., 2017). The Escherichia coli edition of the shiga toxin was labelled "verotoxin"
due to its ability to kill Vero cells in culture. Furthermore, because of its resemblances to
shiga toxin, the verotoxin was quickly labelled as shiga-like toxin (Mashak, 2018). Verotoxins
are bacterial protein toxins of the AB5 family, protein sequences of shiga toxin from Shigella
dysenteriae, that stop protein production in cells by cleaving a specific adenosine residue
from the 60S ribosomal subunit's 28S RNA (Johnson et al., 1996; Mainil and Daube, 2005;
Widgren et al., 2018). Verotoxins are most commonly found in E. coli, however in this study,
Escherichia fergusonii and Klebsiella grimontii harboured the hylA gene. A similar
observation was documented in a study by Kwak et al (2015) where Shigella and

Escherichia fergusonii were found to harbour the shiga-like toxin gene.
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The eaeA gene was identified in all four coliform species groups identified in this study. This
is worrying when considering the role of eaeA during diarrheal episodes. Heydari et al.
(2020) reported the presence of eaeA, in Escherichia coli (that harboured the stx 1, stx2,
eaeA and hylA genes) isolated from stools of acute diarrheal patients. Despite Escherichia
coli not being identified in this study, virulence genes known to be harboured by Escherichia
coli were identified in the coliforms isolated from the groundwater systems of interest. This
phenomenon is not unusual as studies have suggested and illustrated that several
processes allow for the spread of bacterial virulence genes (Hacker et al., 1997; Penadeés et
al., 2015; Sarowska et al., 2019). According to Sarowska et al., (2019), Escherichia coli have
mobile genetic elements that allow for the horizontal exchange and transduction of bacterial
genetic elements between related as well as unrelated bacterial families. Furthermore,
Hacker et al. (1997) further explain that horizontal gene transfer is responsible for the
transfer of pathogenicity associated islands in bacteria. Lastly, Penadés et al. (2015)
reported that bacteriophages can also facilitate the transfer of phage encoded virulence

genes between different bacterial species and families.

Judging from these results, the quality of the identified groundwater is concerning as it is
used for multiple purposes which include drinking, irrigation and livestock watering. The
presence of antibiotic-resistance genes as well as virulence genes implies that some of the

bacteria isolated from the groundwater systems are pathogens.

5.6.2 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes

and virulence genes of the Enterococcus spp. identified in this study

5.6.2.1  Antibiotic-resistance profiles of Enterococcus spp.

Some Enterococcus saigonensis, Enterococcus hirae, Enterococcus gallinarum and
Enterococcus faecalis isolates were resistant to all 11 antibiotics. In South Africa there is
limited reported data on the occurrence of pathogenic Enterococcus spp. from groundwater.
Nonetheless, the studies that have been conducted thus far have revealed that
Enterococcus spp. found in groundwater systems are resistant to antibiotics and show signs
of being pathogenic (Obi et al., 2002, Ateba and Maribeng, 2011; Montwedi, 2013; Montwedi
et al., 2018; Shobo et al., 2021).

Resistance to vancomycin and penicillin was observed in all Enterococcus spp. during this
study. The resistance to vancomycin in Enterococcus spp. is widely reported in studies
worldwide (Harwood et al., 2001; Roberts et al., 2009; Ekwanzala et al., 2020). Antibiotics
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like penicillin are prescribed for cardiovascular conditions in South Africa (NdoH, 2020).
Vancomycin is a glycopeptide antibiotic obtained from the Amycolatopsis orientalis
microorganism (Young et al.,, 2019). Vancomycin was observed in 1953 by Edmund
Kornfield and authorized by the United States Food and Drug Administration in 1958 due to
the fast expansion of penicillin resistance by staphylococci (Zaffiri et al., 2013). Antibiotics
could have been used in the monitoring of farm animals, particularly in those sites which are
frequented by cattle. Antibiotics, such as avoparcin, have been linked to high levels of
vancomycin resistant enterococci (VRE) in farm animals (Hamiwa et al., 2019). One
Enterococcus hirae harbored four antibiotic-resistance genes, blarem, intl, ampC and ermB.
The latter isolate was resistant to all subjected antibiotics including trimethoprim and
streptomycin. Resistance to trimethoprim is also unsurprising because it is used to cure
urinary tract infections (Crellin et al., 2018). The Enterococcus spp. that harboured antibiotic
genes were from the METSI, S1 and S3, where farms are nearby. Therefore, these
antibiotic-resistant bacteria might originate from the animals.

5.6.2.2 Antibiotic-resistance genes in Enterococcus spp.

Due to their resistance to many antibiotics and ability to obtain and propagate antibiotic-
resistance determinants, enterococci have emerged as a major cause of nosocomial
pathogens (Cho et al.,, 2020). In the Enterococcus spp. group, most of the isolates that
harboured antibiotic-resistance genes were from a site located close to a mine and alone
upstream from the Loopspruit River. It is also located close to a cattle farm. Antibiotic-
resistance genes were identified and harboured by various Enterococcus isolates:
Enterococcus faecalis, Enterococcus casseliflavus, Enterococcus casseliflavus,
Enterococcus hirae and Enterococcus saigonensis. There is a widespread problem
concerning bacteria in recreational waters, groundwater, and surface water harbouring
antibiotic-resistance and virulence genes (Rivera et al., 1988; Devriese et al., 1992). One of
the primary reasons is that it is uncertain whether microorganisms carrying these genes pose

a risk to bathers.

Tetracyclines are commonly used to treat infections caused by opportunistic pathogenic
Enterococcus spp. (Santiago-Rodriguez et al., 2013). The resistance to tetracycline is
encoded by the tet gene (Stange et al., 2018). In the present study, the tetM gene was
harboured by Enterococcus faecalis and Enterococcus saigonensis. A study by Hamiwa et al
(2019) reported tetM and tetL carrying Enterococcus spp. including Enterococcus faecalis

from aquatic systems in Gauteng. Another study by Novais et al. (2018) identified
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Enterococcus faecalis and Enterococcus faecium that harbored the tetM gene in aguaculture
of rainbow trout. The propagation of tetM in water systems was found to correlate with the
amount of COD in the water (Zhang et al., 2017). The latter study explained that the higher
the organic level in water, the higher the propagation of antibiotic-resistance genes will be in

the water system.

Enterococci are resistant to a wide array of antibiotics such as beta-lactams, macrolides,
glycopeptides and tetracyclines (Roy et al., 2021). The beta-lactam resistance in enterococci
is achieved through penicillin-binding protein mutations and beta-lactamase development
(King et al., 2017). Genes associated with beta-lactam resistance include blarem, which is
known to be associated with bloodstream, urine and saliva (da Silver et al., 2019). In this
study blarem was harbored in Enterococcus hirae from site GM. The presence of blarewm
harboring Enterococcus spp. were reported in urine samples from horses (Isgren, 2021).
There are horses that frequented site GM, that could be the reason why the gene is present
in the groundwater system. Additionally, the amp C gene was present in Enterococcus
casseliflavus, Enterococcus hirae and Enterococcus saigonensis. Contrary to this study, Stoll

et al. (2012) did not identify the ampC gene in Enterococcus spp., but in coliforms.

Integrons have been considered as a major cause of antimicrobial resistance propagation
and preservation in foodborne pathogens and microbes from various animal origins (Tu et
al., 2019). The intl gene is widely used as a generic marker of anthropogenic influenced
pollution (Gilling et al., 2015). Some of the advantages of using intl as a marker is because
of the abundance and presence of the gene in animals and humans (Marano et al., 2017).
High presence of intl has been reported in regions where manure is used (Cheng et al.,
2013). In this present study, intl gene was present in Enterococcus hirae and Enterococcus
saigonensis from site GM. This site is close to private farms where manure is used or the

presence of feaces is prevalent.

In this study, the presence of ermB in Enterococcus faecalis and Enterococcus hirae was
observed. This is similar to the findings by Jensen et al. (1999) and Hao et al (2019). The
latter studies isolated the Enterococcus spp. from animal and human samples. Enterococci
were found in a large number of samples, implying that many people in the North West
Province are consuming water that does not meet national quality requirements. This global
health threat is made even more concerning by the existence of isolates resistant to

numerous antibiotic groups.

Bacteria may acquire antimicrobial resistance or develop resistance through random

mutation or the procurement of resistant genes (Deng et al., 2019). The procurement of a
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resistant gene through horizontal gene transfer is by far the most popular and easy way for
bacteria to establish antibiotic-resistance in the environment and in a host (Pei et al., 2007).
Numerous bacteria emit antibiotic-resistance genes, but because of their widespread
distribution in aquatic ecosystems, these antibiotic-resistance genes have recently been

proposed as emerging contaminants (Imran et al., 2019; Pal et al., 2017).

5.6.2.3 Virulence genes in Enterococcus spp.

According to Kiruthiga et al (2020) the pathogenicity of enterococci is highly associated with
a variety of virulence factors such as aggregation substance, gelatinase, cytolysin,
enterococcal surface protein, and hyaluronidase. In the current study the virulence genes
associated with the latter virulence factors were investigated. In this study, hyl and cylA were
the virulence genes most identified and harboured by the Enterococcus spp. A study by
Matlou et al, (2019) in the North West Province, observed the presence of gel, asal, hyl and
esp in Enterococcus spp. from surface and groundwater. However, the latter study did not
detect the presence of cylA. Hyaluronidase is an enzyme that degrades hyaluronic acid, has
long been used to increase drug penetration into tissue and to decrease tissue damage in
cases of drug extravasation (Zarei et al., 2019). The hyl gene encodes a protein that is found
in significant organs such as the liver, kidney, spleen, and heart, as well as in serum and
urine. It is a major hyaluronidase in plasma that is activated by an acidic pH (Weber et al.,
2019).

In this study, only three Enterococcus species harboured virulence genes. The gel E and
asal genes were only detected in one Enterococcus casseliflavus isolate. The presence of
gelE and asal gene in Enterococcus casseliflavus and Enterococcus faecalis was detected
in a study conducted by Sidhu et al. (2014) in fresh water. The presence (gelatinase (gelE)
was predominately witnessed in Enterococcus faecium and Enterococcus faecalis species
(Gutschik et al., 1979; Chow et al., 1993). Studies by Macedo et al. (2011) and Wei et al.
(2017) have reported the presence of gelE in Enterococcus faecalis. However, recent studies
revealed that more Enterococcus spp. harbour this gene (Molale, 2016; Huff et al., 2020).
Gelatinase causes tissue damage in the host, enabling bacterial mobility and spread,

invasion, and persistence via biofilm production (Kiruthiga et al., 2020).
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5.6.3 Multiple antibiotic-resistance phenotype, antibiotic-resistance genes of
the HPC isolates identified in this study

5.6.3.1 Antibiotic-resistance profiles of HPC bacteria

Antibiotic-resistance is undoubtedly a significant worldwide public health concern, particularly
in the water environment (Saga and Yamaguchi, 2009; Coertzee and Bezuidenhout, 2018;
Maje et al., 2020). High antibiotic-resistance was observed most in Bacillus spp., Fictibacillus
phosphorivans, Stenotrophomonas maltophilia. Bacillus cereus is usually resistant to beta-
lactam antibiotics like ampicillin, but it could also advance in its resistance to other commonly
used antimicrobials like ciprofloxacin, erythromycin, streptomycin, tetracycline (Fiedler et al.,
2019). The antibiotic-resistance of the HPC bacteria in the current study differed. High
resistance to chloramphenicol, oxy-tetracycline, ciprofloxacin, ampicillin, amoxicillin and
erythromycin was observed. This is in accordance with a study conducted by Horn et al
(2016) where resistance to ampicillin and amoxicillin amongst HPC bacteria. In both humans
and animals, chloramphenicol is an effective antibiotic against a wide variety of Gram-
positive and Gram-negative bacteria (Gottieb and Legator, 1953). The use of
chloramphenicol has been minimized particularly for food animals in the United States as
well as South Africa (Gottieb and Legator, Eager et al., 2012). This is because it was said to
be carcinogenic (Yao and Yao, 2017). Chloramphenicol is seamlessly excreted or launched
into natural water, thus, the existence of its byproducts in aquatic environments has
exacerbated environmental and ecological issues (Heberer, 2002; Erikson, 2002; Yao,
2017). The presence of chloramphenicol residues in water systems is indicative of toxins that
might affect aquatic microorganisms (Daughton, 2004). The presence of chloramphenicol in
groundwater used for farming animals was detected in the groundwater used for food
animals in the United States (Kivits et al., 2018). This is alarming, due to the fact that
chloramphenicol is banned. In South Africa, small amounts (1%) of chloramphenicol is added
in eye ointments used to treat conjunctivitis, however, it is banned for use in livestock
(Perumal-Pillay and Suleman, 2017). The presence of chloramphenicol in groundwater
could be due to the land being fertilized with feaces from non-food animals (Kivits et al.,
2018).

The use of antibiotics like ampicillin, penicillin, gentamicin and ciproflaxacin are widely used
in South Africa (Farley et al., 2018). This explains the high resistance to ampicillin among the
HPC bacteria. Furthermore, antibiotic-resistance is presently a very major problem that has
gotten a lot of attention from the scientific community because of the impact it has on both

hospital and community settings. A number of studies have been done on antibiotic-resistant
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bacteria in drinking water (Armstrong et al., 1981; Armstrong et al., 1982; Pathak and Gopal,
2008; Xi et al., 2009). Additionally, oxy-tetracycline is known to be used for the treatment of
bovine respiratory disease in cattle (llemobade et al., 1979; Abasi et al., 2011; Kimera et al.,
2015;). The sampled sites with the most resistance were located in farm areas where there
are cattle present. Since Oxy-tetracycline is used extensively to treat diseases in cattle, the
antibiotic-resistant microorganisms could have made their way into the groundwater system

through feacal contamination (Kimera et al., 2015).

5.6.3.2 Antibiotic-resistance genes of HPC bacteria

The ampC gene was the most dominantly occurring antibiotic-resistance gene in the present
study in all three bacterial groups. HPC bacteria that harbored the ampC gene included
Fictibacillus phosphorivorans, Stenotrophomonas maltiphilia, Chitimonas virdis, Vogesella
facilis, Brevundimonas albigilva, Klebsiella grimontii, Bacillus cereus, Bacillus safensis,
Bacillus halotolerans and Pseudomonas songnensis. Stenotrophomonas maltophilia
(OK065653) from site GM harboured four antibiotic-resistance genes and Stenotrophomonas
maltophila (OK087634) from site S1 harboured three antibiotic-resistance genes. A recent
review on the latter species suggested that the microorganism's lowered susceptibility to
antimicrobials is largely a consequence of genes encoding efflux pumps and antibiotic
suppressing enzymes on its chromosome (Gil-Gil et al., 2020). As a result, treatment options
for Stenotrophomonas maltophilia infections are limited. This is alarming seeing that this

organism poses traits of a potentially hazardous pathogen.

Several studies in South Africa have also reported the presence of antibiotic-resistance
genes in HPC bacteria in water (Mann et al., 2019; Plaatjie, 2019; Mudau, 2021). The latter
studies have also confirmed high resistance to ampicillin amongst the HPC bacteria. This is
also in agreement with a study by Montso et al. (2019) where high resistance to ampicillin
was observed amongst HPC bacteria. A study by Liyanage et al. (2021) has also reported
ampC and blarem in bacteria from surface and groundwater. The ampC gene is most
commonly found in pathogens and opportunistic pathogens (Matlou et al., 2019). AmpC
beta-lactamases are cephalosporinases which are mostly encrypted on the chromosomal
sequences of several Enterobacteriaceae (Matloko et al., 2021). They facilitate resistance to
cephalothin, cefazolin, cefoxitin, and most penicillins, as well as increasing the production of
B-lactamase inhibitors (Correa-Martinez et al., 2019). Antibiotic-resistance genes, particularly
AmpC-lactamase genes, pose ongoing risks in environmental and clinical setups (Coertze

and Bezuidenhout, 2018). AmpC enzymes are heritable in many bacteria and can be
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conveyed at high levels through mutation. Increased levels result in resistance to broad-
spectrum cephalosporins such as cefotaxime, ceftazidime, and ceftriaxone, which is a

concern (Tamma et al., 2019).

The presence of tetM, ermF and ermB genes has been reported in livestock wastes (Koike et
al., 2010; Monteiro, 2020). Farm animal waste from constricted animal feeding operations is
a significant source of macrolide antimicrobials and antimicrobial resistance genes in the
environment. Tetracyclines are most commonly used in plants and animals (Khachatourians,
1998; Jayalakshmi et al., 2017). A study by Zhang and Dick (2014) screened the presence of
antibiotic-resistance in soil samples of waste compost from farms. The latter's results
revealed a presence of nine antibiotic-resistance genes. The existence of antibiotic-
resistance genes in various soils suggests that soils are an underrated reservoir of multiple
antibiotic-resistance, and there are striking similarities among both antibiotic-resistance
factors carried by soil originating microbes and human pathogens (Forsberg et al., 2012).
These contaminated soils, particularly in farms could make their way into the groundwater
through agricultural runoff (Mateo-Sagasta et al., 2017). According to Eagar et al. (2012),
234 authorized antibiotics were obtainable for food animals in South Africa between 2002
and 2004. This means that animals are exposed to a wider variety of antibiotics. This is
alarming because the overuse of antibiotics aids in higher resistance to antibiotics. Antibiotic-
resistance is presently a very major problem that has gotten a lot of attention from the

scientific community because of the impact it has on both hospital and community settings
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CHAPTER 6

Conclusion and Recommendation

Introduction
Groundwater in South Africa is mainly used for mining, domestic water supply, livestock and

irrigated agriculture. It is generally a natural water purification system, but it also lacks the ability to
remove enhanced contaminants to which it is exposed. Since the investigated groundwater in this
study is used for numerous activities such as drinking, irrigation, and livestock watering, it was

important to evaluate its quality.

6.1 Physico-chemical parameters

The physico-chemical parameters were examined in autumn, winter, summer and spring (2019-
2021). Physical parameters of the groundwater of interest were all within the set guidelines, except
for TDS. The observed TDS levels of the water were consistently high throughout the study.
Elevated TDS levels were witnessed more in warmer seasons. Elevated TDS level in water causes
the plants to stop taking up nutrients (Hoko and Totgo, 2020). This is concerning particularly for the
consumers of these nutrient deprived plants. Moreover, the chemical parameters of the
groundwater were within the TWQR guidelines. However, the COD levels fluctuated from season
to season. It is important to take note of any changes in physico-chemical parameters particularly
in ungoverned waters like groundwater. Once the levels of physico-chemical parameters exceed
the stipulated guidelines, it creates a harbour for pathogens to thrive. The constant regulation and

monitoring of physico-chemical parameters is highly advisable.

6.2 Microbial parameters and species diversity

The presence of feacal indicators as well as HPC bacteria was successfully determined. Coliforms
were only identified in nine sites (S3, S6, GM, S4, S5, DK, H, BG and FD). Higher coliform levels
were mostly in areas where livestock frequented. A total of six coliform species were identified and
some of these coliforms are opportunistic pathogens. This means that the groundwater quality at
these sites is affected by feacal contamination. This is alarming because groundwater is presumed
to be the safest water to consume without treatment. Among all the Enterococcus spp., that were
identified, Enterococcus faecalis, a well-known human pathogen was identified. This particular
species is known to cause nosocomial infections and dental diseases. Therefore, the presence of
this particular species in groundwater is a cause for concern, particularly because it is known to

transfer resistance via horizontal gene transfer (Anderson et al., 2016). The level of HPC bacteria
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was alarmingly high. Amongst the identified species, opportunistic pathogen Stenotrophomonas
maltophilia was identified. Other HPC bacteria such as Bacillus spp., and Pseudomonas spp. were
identified. These bacteria have been widely studied and known to cause waterborne diseases to
consumers. Gathering all the identified species in this study, the quality of groundwater is
deteriorating and this is a cause of concern.

6.3 Pathogenicity
The coliforms in this study accounted for 14% of the total haemolytic bacteria in the present study.

Escherichia fergusonii was the only coliform that tested positive for more than one extracellular
enzyme. HPC bacteria are frequently thought to pose no health risks in water sources. However,
HPC accounted for 59 % of the overall haemolytic bacteria in this study. Some of the HPC
bacteria even produced extracellular enzymes. It is imperative to take note that these HPC bacteria
may be intrusive and enter healthy host cells using these extracellular enzymes. This in turn,
allows for the HPC to infect host cells. Thus, the presence of pathogenic HPC bacteria in water,

particularly one that is used for drinking and irrigation is alarming.

6.4 Antibiotic-resistance
According to the findings of this study, antibiotic-resistant bacteria are prevalent in the examined

groundwater. Most bacteria were resistant to chloramphenicol, ampicillin, amoxicillin, oxy-
tetracycline and ciprofloxacin. The number of multiple antibiotic-resistant bacteria was quite high in
the present study. The most prevalent MAR phenotype in all bacteria in this study was AMO-AMP-
C-E-OT. Multiple antibiotic-resistant bacteria are a source of concern due to the possibility of
invasion of the intestinal system of the consumer of the contaminated water. Multiple antibiotic
bacteria can transfer their resistance to microflora of the healthy host via various mechanisms.
Conjugal transfer of antibiotic-resistance to the microflora, as well as resulting shedding of even
more MAR organisms, which serves to increase the number of MAR organisms launched into

aquatic and other environments (McKeon et al., 1995).

6.5Antibiotic-resistance genes and virulence genes

The detection of virulence and antibiotic-resistance genes was successful. All the subjected genes
were found in the identified bacteria. The most prevalent antibiotic-resistance gene (ARG) amongst
the bacteria was ampC. The widespread use of human and veterinary antibiotics, as well as
hospital wastewater and livestock manure, are thought to be the primary sources of ARGs in the
environment. ARGs can enter aquatic environments via direct release of untreated wastewater or

via wastewater plants. Additionally, ARGs can be introduced into soils by modifying cropland with
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livestock manure and processed biosludge, where they can seep into groundwater or be carried to
surface water by runoff and soil erosion. Therefore, awareness in the proper monitoring of
emerging contaminants and groundwater preservation are critical, particularly in countries such as

South Africa, where a growing portion of the population is reliant on groundwater resources.

Recommendations

The results of several studies across South Africa have proved that groundwater is not as pristine
as it is presumed to be, thus, monitoring systems need to be put in place to regularly investigate
the state of groundwater. More physico-chemical parameters like turbidity, hardness, total
suspended solids, sulphates, dissolved oxygen and biological oxygen demand should be
monitored. This would give a detailed state of South Africa’s groundwater systems. Since the
presence of feacal bacteria and HPC bacteria was successfully identified in groundwater, it would
be advisable to test for presence of anaerobic bacteria such as clostridia that have well known

clinical significance.

The use of more selective media to detect Escherichia coli would be advisable. Furthermore, the
use of more specific PCR primers to identify E. coli would also be advisable. This is because some
of the isolated coliforms in this study had similar characteristics to E. coli. Since some of these
coliforms have virulent characteristics, the presence of E. coli 0157 in groundwater systems should
also be tested. Particularly because some of the coliforms harboured the stx1 and stx2 gene.

Additionally, the use of for extracellular enzymes like lecithinase would be advisable.

In this study, Enterococcus feacalis was detected. All the Enterococcus spp. in this study were
resistant to vancomycin and penicillin. Therefore, it would be advisable to detect whether the
genes associated with these antibiotics are harboured in the enterococci from groundwater. These
antibiotic genes include vanA, vanB, vanC (Matlou et al., 2019). As seen in the results presented in
this study, some bacteria extracted from groundwater of various sites harbour antibiotic-resistance
genes, as well as virulence genes. It is therefore recommended that tests should be utilised for the
presence of more genes. It is also recommended that these genes be quantified, as it is important

to know how much of the genes are expressed.

With this large amounts of data accumulated from the present study, there is a need for whole-
genome sequencing, that would not only provide an understanding of the nature of these identified
bacterial species, but will also be able to track down their provenance and potentially find ways to

combat the present water quality issues.
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APPENDIX

Appendix A

Table Al: GPS coordinates of the groundwater sample sites of interest

Borehole Campus layout | Description Latitude Longitude

PB1 H4 Draak 26°40'58.59"S | 27°5'38.87"E
PB10 El4 LaVaria 26°41°'20.73"S | 27°5’38.77T"E
PB14 B4 Hombre 26°41°'40.58"S | 27° 5'30.60"E
PB17 K22 Fanie 26°41°'41.86"S | 27°5’56.07"E
PB20 01 Mediclinic 26°41°'25.01”S | 27°5’57.38E
PB22 H4 Botanical garden 26°40'53.68"S | 27°5'42.46"E
PR6 A4 Laureus 26°41°'44.34”S | 27°5'20.25"E
Gerhard minnebron | Off-campus Gerhard Minnebron | 26.4767°S 27.1514°E

Site 1 Off-campus Site 1 26°30'11.7’S | 27°18'52.7"E
Site 2 Off-campus Site 2 26°36'04.4”S | 27°21'35.7’E
Site 3 Off-campus Site 3 26°40'33.5"S | 27°12'53.7"E
Site 4 Off-campus Site 4 26°38'46.1"S | 27°14'59.0"E
Site 5 Off-campus Site 5 26°37°09.1"S | 27°15'32.2"E
Site 6 Off-campus Site 6 26°37°03.1"S | 27°16'23.7’E
Site 7 Off-campus Site 7 26°38'48.8"S | 27°14'54.9’E

Table A2: p-value of correlations between microbial and physico-chemical parameters in autumn

| Coereiabons (Autom)
Mackad comelatizng a0 sgnécant o p < 05000
Ne15 (Casewnse deletion of missing data)
Vanable Coldoem | Esterococct | MPCs | Temperature 'C EC TS | SALT o COD | POS | NO3I - NMIN 1
Coldorm 10000 0158 . 2M9 2422 3202 1151 2449 KU XTIy 1) 1420 13 ,49-12!
pA p» 048 pe 359 pe 334 pedf  pe 003 e3P pe 220 pe13) pe 61 pe 000 pe 0618
Enterococe - 0164 10000 - 1700 L2087 -0 -2076 0773 3N -2018 - 1967 0N - O472Q
£= 343 p=— =SS pds5 eSSl oxdS3 o 7Bl p= 6 psdTi ps679 pa 791 px3ETH
°Cs - 2543 1700 10000 - 455 433 1493 - 1505 0245 2574 U3 2068 0054
p= 359 p= 545 [ p= 318 p=BE) =505 p=892 p=7E5  p= 354 pa 211 pr46)  p= 985
Temperatue *C 2822 2087 . 2458 10000 0471 0110 Q008 5585 2632 0077 .2663 0470
p= 384 pe 465 om 378 pro peBEd peOEY owdG8 e Q0B pe ) peO7F  pa )Y  or 358
EC . 1540 G - 0471 10000 . 5 .
[ -
05 745 ritt
SALT 2843 QI3 . 1505 0008 3059 1014 10000 1000 1133 2547 ¥k . 162
p= 379 p= T84 oo K42 p=8 pak6 pxT13 psw. p=723 peblh pe 360 p= 196 o= £80
phf $36) 3T 0ael 5640 tR2l 1280 10000 100000 9% 0N G884 A2
P20 o 245 pn TBS prOls paSRT peGE) pe723  pe— pefdl peBl) pelfd  pe 146
00 - 337 - 2018 54 2632 4517 05 1181 16900 10000 1614 -4980 - 2898
p= 183 pe 471 o= 354 p=343 p=031 p=852 o675 p=ii7 ps . pISES B2 121 52295
PO4 1420 167 43 0077 -0240 5971 2547 0709  96% 10000 2744 (2918
p= 614 p= 679 p= 211 p=918 p=9R p=015 p=i60 p=802 p=fE6  p=.. p=iR p=S180
NO3 333 orat . 2068 (063 L&A L00) BN OB . 41300 2744 10000 0873
D O pe 791 or 260 pn 317 pe (43 pe 02 w106 pe7Ad pai2l pe 322  ph e o757

Table A3: p-value of correlations between microbial and physico-chemical parameters in

winter
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Table A5: p-value of correlations between microbial and physico-chemical parameters in summer

Comelations Summer

Marked comelations 3t signéicant at p < 05000
H=14 (Casemse deletion of messing data)

"%

T%'C |_EC

1 155

DS | SALT | g |

€00

PO4 | NO3

[ NH3N_| Celdorm | Enteeococci | HPCs

1,0000
¥,
oe 093

g, 000

p=.370

p= 635
CO0 T
F )
0 L8571

- 122
o= G176
5

R
= 605

Kkif)
o=

3127
p= 216

- 1529

JTS LINE 1192

% 00 597

I5. 9926 . 299
p* 093 pe 000 pw 370
1,0000 f 7,-? . 1268
o o 179 pe 666
Y:|‘. 1.0000 "‘
p= 179 pe 410
-1268  -23% 1.0000

o= 666 p= 410 p=
0047 1370 076
o= 687 p= 640 p= 796
-2049  -3328  -1486
o= 124 p= 245 p= 61
3933 1853  -4348

i
= 120

o= 164 p= £26
1111 2290 0425
n= 00 n= 431

0742 3728 2403

201 n= 260 5= 408
1858 1155 . 0681
2y D= B3 o= 817
T 075
670 p=087 =80

3504
o= 206
122

o 676

Y,
« W

- 1370
p= 640
0762

o= 196
10000
5
G
o= 847
~22%
o 444
0368
i

2Ok

5= 19

557
235

- N

o 324
- L 1U8
e 245
-1486
o= 61
AR
o= 069
1,000

AT88
p= 083
151
p* 605

oe 164
A6

ox 526
IT)

o= 120

019

6748
REMS]
o% 640
-
e O0d
’-l
o= 431
- 428
e B85
- 202%
p= 444
1662
n= 670
Gy
o= 014
1.0000
125

A4S
o= 102
1102

s
-

-,0840
ps 77

31

pe 276
- 004

pe 801
3228
o 260
. ]-
o= 408

o= 902
0622

2093
os 473
- 1528
o 60

. 1858
pe 525
"",
o 694
- 0681
p= 817
2116,
£
p= 216
i
p= 030
U549
p= 10
0654
1,0000

O 0
bY

' 182

1%
pe 4
o 097
1200
o 670
i
o 087
o= 8
- %9
- 14
w20
o 820
075
02
550

1

o= 187
1.0000

Table A4: p-value of correlations between microbial and physico-chemical parameters in summer
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Comelations Spreg

Marked comalations are signdficant at p < 05000
N=13 (Casewise deletion of messing data)

Annexure B

TableB: Accession numbers

Species

Escherichia fergusonii
Escherichia fergusonii
Escherichia fergusonii
Escherichia fergusonii
Escherichia fergusonii
Citrobacter freundii

Enterobacter cloacae
Klebsiella grimontii

Enterococcus faecalis
Enterococcus faecalis
Enterococcus faecalis
Enterococcus faecalis
Enterococcus faecalis

Enterococcus casseliflavus

Enterococcus casseliflavus
Enterococcus casseliflavus

Enterococcus gallinarum
Enterococcus gallinarum
Enterococcus faecalis

Enterococcus gallinarum

Enterococcus casseliflavus

Enterococcus faecalis

Accession number

OKO030997.1
OKO030988.1
OKO030994.1
OKO030991.1
OKO030989.1
OKO030996.1
OKO030995.1
OKO30998.1
MZ675458.1
MZ675449.1
MZ675451.1
MZ675445.1
MZ675454.1
MZ675446.1

MZ675451.1
MZ675457.1
MZ675452.1
MZ675456.1
MZ680541.1
MZ680537.1
MZ680534.1
MZ680532.1
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Enterococcus casseliflavus
Enterococcus casseliflavus
Enterococcus casseliflavus
Enterococcus casseliflavus
Bacillus simplex
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
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Vogesella facilis
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Bacillus niacini

Bacillus simplex
Brevibacterium frigoritolerans
Bacillus cereus

Bacillus cereus

Bacillus tropicus
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Autumn (May 2019)

100%

Figure 4.6a- Diversity of coliforms in autumn

Winter (July 2019)

Escherichia fergusonii
100%

Figure 4.6b- Diversity of coliforms in winter
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Summer (February 2020)

Citrobacter braaki
14%

Klebsiella grimontii
7%

Enterobacter cloacea

& Escherichia fergusonii
57%
Citrobacter freundii
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Figure 4.6¢- Diversity of coliforms in summer
Spring (September 2020)
Buttiauxella agrestis
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Escherichia fergusonii

25%

Klebsiella grimontii
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—_——
Citrobacter freundii
25%

Enterobacter cloacea
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Figure 4.6d- Diversity of coliforms in spring
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Autumn

Enterococcus gallinarum
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A
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46%
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31%

Figure 4.7a- Diversity of Enterococcus spp. in autumn

Winter

Enterococcus
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Figure 4.7b- Diversity of Enterococcus spp. in winter
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Figure 4.7c- Diversity of Enterococcus spp. in summer

Spring

Enterococcus mundtii
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9%

Enterococcus casseliflavus
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| Enterococcus hirae
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Figure 4.7d- Diversity of Enterococcus spp. in spring
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Appendix C

Table A6: The number of alpha and beta isolates in groundwater across the North West Province

Season | Site Number of a/f | Number of a/f | Number of | Total
name haemolytic haemolytic al isolates
coliforms Enterococcus haemolytic per site

spp. isolates HPC isolates

Autumn | S1 N/A 4 2 6
S2 N/A N/A 4 4

S3 N/A N/A 1 1

S4 N/A 2 2 4

S5 N/A N/A 2 2

S6 2 2 8 12

S7 N/A 2 1 3

BG N/A 1 1 2

DK N/A N/A 1 1

SG N/A N/A N/A 0

FD N/A 1 1 2

H N/A 1 N/A 1

LS N/A N/A N/A 0

LV N/A N/A N/A 0

GM N/A N/A 2 2
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Total 13 27 42
isolates

Winter S1 N/A 2 N/A 2
S2 N/A N/A 1 1
S3 1 N/A N/A 1
S4 N/A 1 N/A 1
S5 N/A N/A 1 1
S6 1 N/A 3 4
S7 N/A 1 N/A 1
BG N/A N/A 3 3
DK N/A N/A 2 2
SG N/A N/A 2 2
FD N/A N/A 1 1
H N/A N/A 4 4
LS N/A N/A 2 2
LV N/A N/A 1 1
GM N/A N/A 5 5
Total 2 4 24 30
isolates

Summe | S1 2 1 N/A 3

r
S2 N/A N/A 1 1
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S3 N/A N/A N/A 0
S4 N/A N/A 2 2
S5 1 N/A N/A 1
S6 N/A N/A 4 4
S7 N/A 1 N/A 1
BG 2 N/A N/A 2
DK N/A N/A 2 2
SG N/A N/A 2 2
FD N/A 2 N/A 2
H N/A 4 N/A 4
LS 1 N/A 1 2
LV N/A N/A 1 1
GM 4 3 N/A 7
Total 10 11 13 34
isolates

Spring S1 1 N/A 3 4
S2 N/A N/A 2 2
S3 N/A N/A N/A 0
S4 N/A N/A 2 2
S5 N/A 5 3 8
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S6 1 N/A 4 5
S7 N/A 2 N/A 2
BG 1 N/A N/A 1
DK N/A 1 N/A 1
SG N/A N/A 2 2
FD 1 3 2 6
H N/A N/A 2 2
LS N/A N/A 2 2
LV 2 N/A 1 3
GM N/A N/A N/A N/A
Total 6 11 23 40
isolates

GRAND TOTAL 20 39 87 146

N/A — Not applicable (No isolates were beta or alpha haemolytic). BG- Botanical gardens, SG- Sportsground, LV-

LaVaria, LS-Lareus, GM- METSI, DK-Draak, FD- Fanie; H- Hombre.

Extracellular enzymes

Table A7 — Percentage of extracellular enzyme producing coliform species

Species name
Citrobacter braakii
Citrobacter freundii

Escherichia
fergusonii

Total

Overall percentage

(%)
17

17

66

100 (6)

Proteinase

%

20

80

100 (5)
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Lipase
%

0

DNase Gelatinase

% %

20 0

0 0

80 100
100 (5) 100 (1)



Table A8 — Percentage of extracellular enzyme producing Enterococcus species

Proteinas

Species name Overall percentage (%) e Lipase DNase Gelatinase
Enterococcus casseliflavus 42 42 33.3 25 20
Enterococcus dispar 3 3 0 0 0
Enterococcus faecalis 17 17 0 25 20
Enterococcus gallinarum 17 17 33.3 25 20
Enterococcus hirae 9 9 33.3 0 20
Enterococcus mundtii 3 3 0 0 0

Enterococcus
saccharolyticus 3 3 0 0 0
Enterococcus saigonensis 3 3 0 25 20
Enterococcus villorum 3 3 0 0 0
Total number 100 (35) 100 (35) 100 (3) 100 (4) 100 (5)

Table A9: Percentage of extracellular enzyme producing HPC isolates

Species name Grand total Proteinase Lipase DNase Gelatinase
Acinetobacter johnsonii 2% 3% 7% 0% 0%
Acinetobacter kookii 2% 3% 7% 0% 0%
Acinetobacter Iwoffii 2% 3% 0% 3% 0%
Aeromonas molluscorum 2% 3% 0% 0% 0%
Bacillus cereus 4% 5% 14% 6% 0%
Bacillus halotolerans 2% 3% 0% 0% 0%
Bacillus pumilus 4% 0% 0% 6% 0%
Bacillus safensis 2% 3% 7% 0% 0%
Bacillus simplex 2% 3% 0% 3% 0%
Bacillus tropicus 2% 3% 0% 0% 0%
Brevundimonas aurantiaca 2% 0% 0% 3% 33%
Chryseobacterium phosphatilyticum 2% 3% 0% 3% 33%
Ensifer adhaerens 2% 3% 0% 3% 0%
Fictibacillus aquaticus 2% 3% 0% 3% 0%
Fictibacillus phosphorivorans 12% 8% 7% 14% 0%
Lysobacter hankyongensis 2% 3% 7% 0% 0%
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Microbacterium saccharophilum 2% 3% 0% 3% 0%

Microbacterium zeae 2% 3% 0% 0% 0%
Paenibacillus lautus 2% 3% 7% 0% 0%
Pseudomonas aeruginosa 2% 3% 0% 0% 0%
Pseudomonas fulva 2% 3% 0% 3% 0%
Pseudomonas geniculate 2% 0% 7% 0% 0%
Pseudomonas songnenensis 4% 5% 0% 3% 0%
Pseudomonas taiwanensis 2% 0% 0% 3% 0%
Sphingobium yanoikuyae 2% 3% 0% 3% 0%
Sphingomonas ginsenosidimutans 2% 3% 0% 3% 0%
Sphingomonas trueperi 2% 3% 0% 0% 0%
Sphingopyxis soli 2% 0% 0% 3% 0%
Stenotrophomonas maltophilia 23% 16% 36% 31% 0%
Tahibacter aquaticus 2% 3% 0% 0% 0%
Vogesella facilis 2% 3% 0% 3% 33%
Vogesella perlucida 2% 3% 0% 0% 0%
Xanthomonas floridensis 2% 3% 0% 3% 0%
Appendix D

Figure C: An image of some of the amplified genes.
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