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ABSTRACT

Spring water bottled and sold for human consumption can only be subjected to
certain treatment processes such as separation from unstable constituents by
decantation, filtration and aeration, ultraviolet irradiation and ozonation. A spring
water distribution system in the Western Cape, South Africa was experiencing
microbiological problems. The aim of the study was to investigate bacterial
contamination in the spring water distribution system and the application of
bioremediation as treatment technology. Sampling at various points in the spring
water distribution bottling system started in February 2004 and continued until
November 2004.

The acceptable microbiological limits for bottled spring water clearly states that
the total viable colony count should be < 100 organisms per ml of water. Analysis of
samples by the heterotrophic plate count (HPC) technique indicated significantly
(p <0.05) high counts which did not conform to the microbiological limit. The
heterotrophic plate counts recorded for weeks one, four, eight & 46 in the final bottled
water (Site J) were 3.66 x 10" cfu/ml, 9.0 x 10%fu/ml, 2.35 x 10" cfu/ml and 5.00 x
10* cfu/ml, respectively. The total cell counts [Flow cytometry analyses (FCM)]
recorded for week one, four, eight & 46 in the final bottled water (Site J) were 5.44 x
10" microorganisms/ml, 8.36 x 10" microorganisms/ml, 9.09 x 10" microorganisms/ml
and 5.70 x 10" microorganisms/ml, respectively. The higher viable total cell counts
(FCM) indicate that flow cytometry was able to detect cells in the water sample that
enter a viable but not culturable state and that the heterotrophic plate count
technique only allowed for the growth of the viable and culturable cells present in the
water samples. This indicated that the HPC is not a clear indication of the actual
microbial population in the water samples. It could be concluded that FCM technique
was a more reliable technique for the enumeration of microbial populations in bottled
water samples. Various organisms were identified by means of the Polymerase
Chain Reaction (PCR) using 16S rRNA specific primers. Purified PCR amplicons
were sequenced and Phylogenetic trees were constructed. Neighbour-joining
phylogenetic tree analysis of the bacterial species present in the water samples was
performed. The dominant bacterial isolates that were sequenced from the various
water samples throughout weeks one, four, eight and 46 were Bacillus sp. and

Enterobacteriaceae. The pathogenic species isolated throughout the sampling



period included Escherichia sp., Pseudomonas sp., Shigella boydii, Bacillus and
Staphylococcus sp.

A laboratory-scale bioreactor was constructed and water samples were
analysed over a period of two weeks. Water samples were analysed using FCM and
Direct Acridine Orange Count (DAOC) in conjunction with epiflourescence
microscopy (EM). The FCM counts ranged from 1.53 x 10" microorganisms/ml in the
initial sample (Day 0) to 1.16 x 10 microorganisms/m{ in the final sample (Day 13).
The results indicated a 24% decrease in the microbial numbers however, it was still
above the limit of < 100 organisms/ml as set out by the South African Standards of
Bottled Water, (2003). The total cell counts obtained by the DAOC method ranged
from 1.43 x 10° microorganisms/ml to 9.54 x 10° microorganism/ml on day 13 (final).
The results indicated a 33% decrease in microbial numbers. The total cell counts
analysed by flow cytometry fluctuated throughout the sampling period. The total cell
counts obtained from the DAOC method were lower in all the water samples when
compared to the total counts obtained by flow cytometric analyses. Even though the
FCM counts fluctuated throughout the sampling period, results clearly show that the
FCM method yielded more accurate data for total cell counts than the DAOC method.
Due to external environmental conditions such as changes in the weather conditions
the results fluctuated and the final results clearly indicated that further studies are
required to optimise the bioreactor system for its application in the spring water

industry.
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CHAPTER ONE: LITERATURE REVIEW 1

LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1 Spring water

South Africa bottles approximately 190 million litres of spring water per year,
generating over a billion Rand in turnover [South African Natural Bottled Water
Association (SANBWA), 2006]. This spring water is derived from a subterranean
source where the water flows naturally in aquifers below the surface of the earth.
Over time the pressure below the surface of the earth becomes greater than the
atmospheric pressure, thereby naturally expelling the water through various soil and
rock layers, to the surface as a spring (Figure 1.1) (LaMoreaux & Tanner, 2002). As
the water filters through the underground rock layers it absorbs minerals, which differ

from spring to spring depending on the rock layers it filters through.

The Origins of Bottled Water

surface

(stream

impermeable
bedrock

Figure 1.1 Spring formation (Ghettoplanet, 2003)

Springs are classified according to the rock type at the site where the spring
occurs, the way in which the spring was formed, the temperature of the water and the
volume of the water discharged. Artesian springs are formed when groundwater is
forced to the surface of the earth due to underground pressure. Perennial springs
flow continuously throughout the year and drain a large surface area, whereas
intermittent springs only flow at certain times of the year (Hoyle, 2005). Spring
formation however, occurs not only on the surface of the earth, but can also form on

the surface of the ocean floor. The thermal springs found beneath the ocean are
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called hydrothermal vents and can expel water with a temperature of up to 400°C.
These hydrothermal vents are commonly found near volcanically active areas where
the water expelled is rich in dissolved chemicals and complex microbial communities
(Hydrothermal Vent Biology, 2006).

1.1.2. Bottled water

Groundwater is found below the earth’s surface in natural rock formations called
aquifers and can be brought to the surface either naturally by lakes or streams, or
artificially by drilling a borehole into the aquifer. The water can also be forced to the
surface of the earth by the build up of natural pressure below the ground as a spring
(LaMoreaux & Tanner, 2002). In nature, surface water includes water found in rivers
and oceans, and waters stored as ice and snow. This water may contain minerals,
organic matter, and microorganisms which may affect the organoleptic properties and
quality of the water. This implies that surface water, which is often used as a potable
water source, may require treatment before use. In contrast, groundwater which
possesses a lower turbidity and microbial count than surface water, is not directly
exposed to environmental factors, and may thus require little or no treatment.

Natural spring water is obtained directly from underground water sources and
is collected under conditions that maintain its natural chemical composition and
microbiological purity. According to the South African National Standards for Bottled
Water (2003), the source of the spring must not be situated at, or close to any
potential sources of pollution, such as sewerage, farming operations, waste disposal,
industrial activities or any combination of the above pollutants. The untreated water
at the spring source must also comply with the microbiological criteria as stipulated in
Table 1.1

Table 1.1 Microbial specifications for untreated spring water sources (South African
National Standards, Bottled Natural Water, 2003)

Microorganism *Limit

Coliform Absent per 100ml
Faecal coliform Absent per 100ml

Total viable colony count/ <100 organisms per 1ml
Heterotrophic total plate count

Clostridium spores Absent per 100ml

*The above criteria are subject to analysis within 24 hours of the sample being collected.

Bottled water can fall into various categories and according to the South

African Natural Bottled Water Association (2006) there are three general classes of
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bottled water. Class one is natural water, which is derived from an underground
source and where the physical and chemical properties of the water are maintained
using a minimum level of filtration. Class two, is water defined by its origin such as
for example a spring, and which undergoes a limited amount of acceptable
treatments. The last class of bottled water is prepared water which is classified as
water from an acceptable source such as a municipal water supply, and which can be
subjected to any treatment that will allow it to be safe and healthy for the consumer.
In developed countries, the demand for bottled water is determined by convenience,
the perception that bottled water may be safer than the local municipal water and
taste preferences. In many areas of developing countries however, factors such as
the lack of potable, reliable or safe water as well as potentially contaminated water,
influences the demand for bottled water. This spring water, which is bottled and sold
for human consumption, differs from normal drinking water in that it contains certain
mineral salts and trace elements in relative proportions (Table 1.2). It should also be
bottled close to or at the source and can only be subjected to treatments permissible
under the Foodstuffs, Cosmetics and Disinfectants Act (South Africa, Department of
Health, 2004).

Table 1.2 Permissible limits of trace elements found in natural mineral water (South
Africa, Department of Health, 2004).

Substances Maximum Limit (mg/l)
Antimony 0.005

Arsenic 0.01 (as total arsenic)
Barium 0.7

Borate 0.5 (as total Boron)
Cadmium 0.003

Chromium 0.05

Copper 1

Cyanide 0.07

Fluoride 1.5

Lead 0.01

Manganese 0.5

Mercury 0.001

Molybdenum 0.07

Nickel 0.02

Nitrate 50, calculated as nitrate
Nitrite 0.2, calculated as nitrite
Organophosphate pesticides Below limit of quantification
Organochlorine pesticides and polychlorinated biphenyls Below limit of quantification
Selenium 0.01

Surface active agents Below limit of quantification
Uranium 0.002
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The general classes of bottled water are further subdivided into various
categories, some of which have functional elements and minerals added to the water
for health benefits. Mineral water is derived from a tapped source of a borehole or
spring that is protected and contains more than 250 parts per million (ppm) of total
dissolved solids. The minerals should be naturally occurring and may not be added
to the water. Bottled water defined by its origin, originates from an underground
source or surface water system, e.g. spring water, artesian water and glacial water.
Prepared water is bottled water which does not comply with any of the provisions
stipulated for water, is defined by its origin and can originate from any type of water
supply. Spring bottled water is water sourced from a confined aquifer from which the
water flows naturally to the earth’s surface. The water is collected from the spring or
a borehole tapping the underground formation. This water when bottled can either
be classified as still spring water, or it can be carbonated and labelled as sparkling
spring water (South Africa, Department of Health, 2004). In addition, fluoridated
water is water that contains added fluoride within set limitations. The fluoride is
added as a functional additive to aid in the building up of strong teeth by preventing
tooth decay. Sterile water should comply with the requirements of “sterility testing”

while well water is water derived from a well drilled into an aquifer (Morelli, 1994).

1.1.3 Spring water contamination and pollution

Pollutants that contaminate surface water may be the same pollutants that
contaminate groundwater, as compounds from the surface can move through the soil
into aquifers. Advances in modern technology have led to the development of
various treatment processes to try and control and eliminate all forms of
contamination from potable water, as time- and cost-effectively as possible.
However, depending on the pollution load, the treatment process may prove
inadequate in eliminating all forms of contamination from the water. Furthermore, the
water may become re-contaminated after treatment. Humans may also contract
diseases such as dysentery, typhoid fever, minor skin irritations and respiratory
disorders, from microbial pathogens contaminating the water sources. Pathogens
associated with water and which could cause disease, include microorganisms such
as viruses, bacteria, fungi, helminths and protozoa (Krantz & Kifferstein, 2003). In
addition, microorganisms in aqueous environments, encounter a large number of
solid surfaces. These organisms exhibit a tendency to attach and accumulate on the

surfaces in cell aggregates. A biofilm is formed when these adherent microbial
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communities, surrounded by a matrix composed of microbial polymer, grow and
actively multiply, entrapping nutrients and other microorganisms (Characklis &
Marshall, 1990).

The major factors that influence the type of microorganisms found in finished
bottled water can include the type and quality of the source water, the efficacy of
treatment and disinfection, temperature as well as the design and construction of the
bottling system (LeChevallier et al., 1991). Hydrogeological data should be collected
at the spring and in the surrounding area so that possible points of contamination can
be eliminated and the critical areas protected. Precautions should also be taken to
avoid pollution by external influences. The surrounding area should be checked for
possible dumping sites of radioactive substances, fertilisers and pesticides and
should not be in the path of potential sources of underground contamination, such as
septic tanks, sewers and industrial waste ponds (Codex Alimentarius Commission,
1985).

Microbial contaminants are however, not the only contaminants found in spring
water, as inorganic and organic contaminants may also be present (Table 1.3)
(Tchobanoglous & Schroeder, 1985). Typical inorganic compounds include;
dissolved gases such as oxygen, nitrogen, carbon dioxide; metals and cations such
as aliminium, arsenic, lead, mercury and calcium; and anions such as fluoride,
chloride, nitrate, nitrite, phosphate, carbonate and cyanide (LaMoreaux & Tanner
2002). While some of these compounds are required in trace amounts by the human
body, prolonged exposure may have adverse effects on the health of humans and

the environment.

Table 1.3 Typical groundwater contaminants * (Tchobanoglous & Schroeder, 1985)

Class Typical contaminants found in groundwater.

Floating and suspended materials None

Colloidal materials Trace organic and inorganic constituents, microorganisms

Dissolved material Inorganic salts, trace organic compounds, Iron and
manganese, hardness ions

Dissolved gases Carbon dioxide,
Hydrogen sulphide

Immiscible liquids Unusual in ground water aquifers

*Specific water quality objectives may be related to drinking water standards.

1.2 SPRING WATER PURIFICATION PROCESSES

The production of good quality spring water, which is microbiologically and chemically

safe for human consumption, implies that certain water sources may need to undergo
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specific treatment processes. The specific treatment process is dependent on the
initial quality of the water and can include procedures such as screening, filtration,
sedimentation, coagulation and disinfection. As groundwater is the main water
source of bottled mineral water, the typical contaminants found in this water source
(Table 1.3) may have to be removed to comply with specific water quality criteria
(Tchobanoglous & Schroeder, 1985). However, natural bottled and mineral water
can only be subjected to certain treatment processes such as separation from
unstable constituents by decantation, filtration, aeration, or by any process that will
ensure that the natural mineral content of the water is not modified or altered in any
way, such as ultraviolet irradiation and ozonation (South Africa, Department of
Health, 2004).

1.2.1 Sedimentation and flotation

The sedimentation process generally involves the removal of suspended solids from
water. As the density of the particles is usually higher than that of the surrounding
water, the particles migrate to the bottom of the settling basin, reducing the
concentration of suspended particles removed by the filters. Factors that influence
the degree of sedimentation include; the size, shape and weight of the particles, the
temperature and viscosity of the water, the retention time, the number, areas and
depth of the basins, surface overflow rate, and the inlet and outlet design (Senior &
Dege, 2005). Sedimentation differs from flotation in that flotation involves the
separation of solid and liquid particles of a much lower density from the water
(Matilainen et al., 2002; Vinneras & Johnson, 2002). Sedimentation and flotation
cannot however, be used to remove microbial contaminants or very fine particles in
suspension, as they have a low capacity for the removal of extremely small particles
(Senior & Dege, 2005).

1.2.2 Filtration

Filtration can be defined as a process whereby water is forced through a medium
(usually a membrane or filter), in order to remove different types of particles (Morelli,
1994). Generally, sedimentation and flotation do not remove all suspended matter
from water and filtration is then required as a secondary treatment process. Filter
mediums can consist of, amongst others, sand, activated carbon, stainless steel
mesh, glass fibre and cellulose filters (Pall Filters™, 2004). Factors important in

selecting a proper filter for a particular application include, the size, shape and
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hardness of the particles to be removed, the quantity of the particles, the nature and
volume of the fluid to be filtered, the flow rate of the fluid, pressure, fluid temperature,
properties of the fluid, and whether there is space available for particle collection
(Senior & Dege, 2005).

Filter types can further be classified into non-fixed pore filter media and fixed
pore filter media. Non-fixed pore filter media i.e. felts, woven yarns, asbestos pads
and loosely packed fibreglass, are constructed of a thick non-fixed medium capable
of trapping particles of a specific size. The only disadvantage of this type of filter
medium is that a release of collected particles can occur when an increase in
pressure causes the pore size of the filter medium to enlarge. When using non-fixed
pore filter media the particle retention force must always be greater than the
dislodging force of the fluid. Fixed pore filter media i.e. woven wire mesh filters and
woven cloth filters, are constructed of a specific material, which does not allow for the
distortion of the pore size at high pressure. Therefore, fixed pore filters are superior
for most applications and have a higher waste retention capacity per unit area
(SANBWA, 2004).

Sand filters are driven by gravity, and can be divided into two categories
namely, slow rate sand filters and high rate sand filters. Slow rate sand filters consist
of a 0.5 - 1.5 m layer of silica sand with an effective particle size of 0.01 - 0.6 mm,
while high rate sand filters are 0.4 - 1.2 m deep, with a coarser sand of an effective
particle size of 0.5 - 1.0 mm (Tebbut, 1992). Slow rate sand filters produce good
quality water whereas after high rate sand filtration, terminal disinfection is usually
required. Research has however, shown that microbial communities are known to
attach to slow rate sand filters, but not to the high rate sand filters increasing the
possibility of pollution (Brennan et al., 1990).

Activated carbon filters are also widely used in the potable water industry and
consist of fine or coarse-grained carbons. Charcoal is a type of carbon which has a
high surface area and is commonly used in household water filters. Carbon filter
sizes usually range from 0.5 to 50 ym and its efficacy is dependent on the flow rate of
the water. Carbon filters are most effective in the removal of chlorine, sediment and
volatile organic compounds, but as it does not bind well to certain chemicals, strong
acids and most inorganic compounds such as sodium, lithium and iron, its removal
efficacy is limited (Matilainen et al., 2002). However, it has been reported that carbon
filters in the spring water industry can impart taints to the water and therefore are not

always used in spring water distribution systems.
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Filter sizes used in the bottled water industry are usually 0.5 ym absolute
which means that they have a high degree of accuracy. In the spring water bottling
process it is also important to consider the following factors when selecting the
desired filtration process; the source of the water to be filtered, the flow rate, surface
area, temperature, pressure and the degree of filtration. In addition, the prefiltration
process should also be considered when selecting the filtration system for a spring
water bottling plant. One of the major disadvantages of filtration is that the
effectiveness of a filter cannot be detected visually and can only be analysed through
microbiological analysis techniques. Filtration system defects can also be detected
by pressure systems where a drop in pressure usually signifies an ineffective filtration
process. This pressure drop must be continually monitored in order to detect early

signs of malfunctions (Pall Filters™, 2004).

1.2.3 Ultraviolet Irradiation

In the spring water industry, ultraviolet irradiation is commonly employed as a non-
chemical disinfectant treatment of the water source. The process involves water
passing through a chamber where it is exposed to ultraviolet light at a wavelength of
254 nm (Margolin, 1997). When microorganisms are exposed to UV energy, the
DNA in their cells is disrupted, effectively inactivating them and preventing
reproduction. The resistance of microorganisms to the UV energy will differ, however
the vast majority of bacteria, protozoa, viruses, fungi, moulds, yeast and algae are
inactivated when exposed to a sufficient dose (Morelli, 1994). The efficiency of UV
irradiation is also increased when used in conjunction with other treatment processes
such as sedimentation and filtration. However, as is the case with most disinfectant
processes, the efficiency of ultraviolet irradiation is dependent on the quality of the
incoming water. For a UV light to function optimally the light requires a few minutes
to heat up before water passes over the lamp. Regular cleaning of the quartz is also
important for full transmissivity and efficacy is reduced if the turbidity of the water

passing over the lamp is high (Senior & Dege, 2005).

1.2.4 Ozonation

Ozone (O3) is a tri-atomic form of oxygen created by passing dry oxygen or air
through a high voltage corona discharge in a controlled oxygen atmosphere (Morelli,
1994). It is slightly soluble in water and due to its instability, leaves no residue.

Ozonation is frequently used in the spring water disinfection process as it can
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disinfect the rinsing water, the bottling equipment, the bottles (sealed cap) as well as
the air above the water. The application of ozone treatment to the water allows for an
effective treatment against microbial contamination which thus also protects the
consumer (Swancara, 2007). The ozone is added just prior to bottling of the water
and once it is dissolved in the water, it undergoes three simultaneous reactions,
which include disinfection, chemical oxidation and decomposition. The disinfection
reaction in the water is effective against bacteria, viruses and parasites such as
Giardia and Cryptosporidium. The presence of organic and inorganic materials such
as iron, manganese and sulphur in the water can result in problems associated with
odour and taste. The chemical oxidation reaction thus also effectively removes these
odours and tastes. The instability of ozone however, causes it to decompose rapidly
to oxygen (National Drinking Water Clearinghouse, 1996). Ozone can also react with
natural organic substances to form low molecular weight by-products. These
substances could promote biological growth in distribution systems thereby
decreasing the efficacy of ozone. Ozone should then be used in combination with
other disinfecting systems capable of maintaining an active residual for longer time
periods (Glaze, 1987).

1.3 SPRING WATER DISTRIBUTION SYSTEMS

A spring water distribution system is a system of pipes that connects the spring water
source to the final point of bottling and allows the water to flow through a series of

filters as a result of gravity and pumps (Figure 1.2)

SPRING
WATER
SOURCE

BOTTLE
FEEDER

Figure 1.2 Flow diagram representing a typical spring water bottling process.
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The source of the spring is usually covered to protect against possible contamination
by soil or external pollutants (British Soft Drinks Association, 1995). The piping used
in the spring water distribution system should also comply with the stipulated
requirements. Inert materials such as ceramic or stainless steel are widely used as
they prevent deterioration by water, handling, servicing or disinfection. In addition,
the piping system should be easily accessible to allow for good cleaning and the
contact piping surface should be smooth for easy water flow. The distribution system
should also be designed with no dead ends and it should be self draining, so as to
prevent any stagnant water accumulating, which could serve as a possible source of
contamination (Senior & Dege, 2005). Treatment systems such as filtration, UV
irradiation and ozonation are also incorporated into the spring water distribution
system to ensure a good quality bottled water. Bottling of the water needs to occur
very close to or at the actual source to ensure that the water is free from microbial
contamination and is fit for human consumption. The quality of the packaged bottled
water is further ensured by law, with the maximum levels of essential elements
stipulated in Table 1.2 (South Africa, Department of Health, 2004).

1.3.1 Cleaning and disinfection of spring water distribution systems

Detergents and sanitisers used in a spring water distribution system should be
suitable for the cleaning of the piping system and must be approved for cleaning of
food contact surfaces. It is also essential that all residues be thoroughly removed by
rinsing the system prior to the bottling of the water. In addition, sanitisation of all
equipment is crucial to the bottling process as the water could possibly be
contaminated with microorganisms attached to the piping in the distribution system.
In the U.S., sanitisers must reduce the microbial activity of Escherichia coli and
Staphylococcus aureus by as much as 99.99% or five logs in 30 sec at 25°C. The
following factors should also be taken into consideration for the effective sanitisation
of the distribution line; contact time, concentration and temperature relationships, pH,
intimate contact with cell walls of all microorganisms and the type of microorganisms
associated with the system (American Water Works Association, 1999; Senior &
Dege, 2005). Sanitisers commonly used for the disinfection of the spring water

distribution system include chlorine and oxonia.
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1311 Chlorine
Chlorine (Cl,) is one of the most effective and inexpensive organic and inorganic
biocides (Mittelman, 1986). It is also one of the most common disinfectants used by
water treatment plants to disinfect the piping system as it is effective against almost
all microorganisms. The chlorination process involves the addition of chlorine to the
cleaning water in the form of a gas (Cl, gas), solid [chlorine dioxide (CIO;)], or liquid
[sodium hypochlorite (NaoCl), and calcium hypochlorite Ca(OCl);] (Morelli, 1994;
Tchobanoglous & Schroeder, 1985; National Drinking Water Clearinghouse, 1996).
The concentration of chlorine required for disinfection of the piping system is
dependent on the amount of microbial organisms present. The quantity of chlorine
required to eliminate all living organisms from the water and to react with other
organic substances is then called the chlorine demand (Morelli, 1994). Factors which
influence the disinfection efficiency of chlorine include the initial contact time, the
concentration and form of disinfectant, microbial load, pH and temperature (National
Drinking Water Clearinghouse, 1996). However, chlorination may lead to the
formation of chloroform and other trihalomethanes. The initial dose of chlorine
therefore depends on the effect it will have on the organoleptic quality of the water as
well as the formation of the trihalomethanes (Symons, 1981).

The advantages of chlorine as a sanitiser include its cost effectiveness, low
temperature efficacy, non-film forming, hard water tolerance and broad spectrum of
activity (National Drinking Water Clearinghouse, 1996). However, chlorine could

corrode the piping material, is unstable and has the potential to form by-products.

1.3.1.2 Oxonia

Oxonia Active™ is a clear, colourless liquid that is generally applied as a broad-
spectrum peroxyacetic acid, antimicrobial agent in sanitation. It is however, also
widely used for sanitising the piping system of the spring water distribution system
and is effective against a wide range of microorganisms such as Staphylococcus
aureus, Escherichia coli, Listeria monocytogenes, Salmonella typhimurium,
Pseudomonas aeruginosa, Vibrio cholerae and Saccharomyces cerevisiae. When
used at the recommended dosage, Oxonia does not corrode materials, such as
stainless steel (types 304 and 316) or aluminium, all of which are generally used
within the spring water distribution system. Furthermore, Oxonia is environmentally
friendly and rapidly breaks down into water, oxygen and acetic acid (Ecolab™, 2004).

Additional advantages of Oxonia include, no residue formation, it has a broad
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spectrum of bactericidal activity, and has activity over a broad pH range of up to 7.5.
Oxonia however, has limited activity against fungi, can be corrosive to soft metals

and exhibits metal ion sensitivity (Senior & Dege, 2005).

1.4 MICROORGANISMS ASSOCIATED WITH BOTTLED WATER

The South African National Standards for Bottled Water, (2003) states that natural
mineral water is not allowed to undergo any disinfection process. This implies that
the source water must be of good microbial quality and the piping system should be
effectively sanitised to prevent contamination of the treated spring water. In addition
to the selection of the groundwater source, the integrity of the source water, system
disinfection, bottling process and packaging material, are crucial factors in ensuring
the delivery of a safe healthy product to the consumer. To maintain and manage the
microbial risk of the water source, faecal contaminant indicator organisms must be
absent and the risk of actual contamination must be minimal. Spring-, bottled-, well-
and borehole water could however, be susceptible to contamination by enteric
pathogens such as parasites, bacteria and viruses (Manaia et al., 1990). Waterborne
infections are also usually associated with warm, moist environments, where the
bacterial counts are high and disinfection is generally deficient (Le Chevallier et al.,
1988).

According to the World Health Organisation (2001) Microbial Methods, the
Heterotrophic Plate Count (HPC) is generally used to assess the microbial quality of
bottled water. In a random survey into the quality of bottled water conducted in
South Africa by Ehlers et al. (2004), 10 brands of bottled water were analysed over a
period of three months. The heterotrophic plate counts analysed ranged from
1.0" cfu.ml” to 8.89 x 10 cfu.ml™ in the bottled water. Two of the ten brands had high
HPC counts which exceeded the SANS limit of < 100 organisms/ml. The presence of
these high numbers in the source water could have been due to the natural microbial
flora present in the water multiplying after bottling or microbial contamination could
have occurred due to the inadequate sanitisation of bottles or equipment.
Heterotrophic plate count measurement of bottled water is used not only to indicate
the level of disinfection of the distribution and bottling system but also assists in
indicating if any changes in the water occurred from the borehole to the final bottled
product (Leclerc & Moreau, 2002). During a surveillance study for waterborne
disease outbreaks in the United States between 1993 and 1994, 30 outbreaks

associated with drinking water were reported. These outbreaks resulted in illness in
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an estimated 405 366 people. Etiologic agents were identified in 25 of the 30
outbreaks with the following pathogens responsible for isolated outbreaks
Campylobacter jejuni, Shigella sonnei, Shigella flexneri and non O1 Vibrio cholerae
(Kramer et al., 1996).

The microbial agents indicated in Table 1.4 present a serious risk of disease
whenever they are present in concentrations exceeding the stipulated limits in water

supplies and their elimination from it should be given high priority.

Table 1.4  Waterborne pathogens and their significance in water supplies (World
Health Organisation, 1996)

Pathogen Health Main Route of [ Persistence in | Relative Infective
Significance Exposure® Water Supplies® dose’
Bacteria
Campylobacter jejuni, C. coli | High 0] Moderate Moderate
Pathogenic Escherichia coli High 0] Moderate High
Salmonella typhi High 0] Moderate High
Other Salmonellae High 0] Long High
Shigella spp. High 0] Short Moderate
Vibrio Cholera High o Short High
Yersinia enterocolitica High 0] Long High (?)
Legionella Moderate | May multiply High
Pseudomonas aeruginosa Moderate C,IN May multiply High (?)
Aeromonas spp. Moderate o, C May multiply High (?)
Mycobacterium, atypical Moderate l, May multiply ?
Viruses
Adenoviruses High o 1C ? Low
Enteroviruses High 0] Long Low
Hepatitis A High 0] Long Low
Hepatitis E High 0] ? Low
Norwalk virus High 0] ? Low
Rotavirus High @] ? Moderate
Small round viruses Moderate 6] ? Low (?)
Protozoa
Entamoeba histolytica High o Moderate Low
Giardia intestinalis High o Moderate Low
Cryptosporidium parvum High 0] Long Low
Acanthamoeba spp. Moderate C, I May multiply ?
Naelgleria fowlerei Moderate C May multiply Low
Balantidium coli Moderate O ? Low
Helminths
Dracunculus medinensis High 0] Moderate Low
Schistosoma spp. Moderate C Short Low

?- Not known or uncertain

a- O = oral (ingestion); | = inhalation in aerosol; C = contact with skin; IN = ingestion in immunosupressed patients

b- Detection period for infective stage in water at 20°C: short = up to 1 week; moderate = 1 week to 1 month; long = over 1
month

c- Dose required to cause infection in 50 % of healthy adult volunteers

According to the South African National Standards for Bottled Water (2003)
the acceptable microbiological limits for bottled spring water clearly states that

coliform bacteria and faecal coliform bacteria must be absent per 100ml and the total
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viable colony count should be < 100 organisms per 1ml of water (Table 1.5). It is

also essential that the water be analysed within 24 hours of bottling.

Table 1.5  Microbiological criteria as set out by the South Africa National
Standards for Bottled Natural Water, 2003.

Microorganisms n (o m M Method
Coliforms 5x250ml 1 0 1 ISO/DIS 9308/1
Faecal streptococci 5x250ml 1 0 (ISO 7899/2)
Spore-forming sulfite-reducing 5x250ml 1 0 1 (ISO 6461/2)
anaerobes

Pseudomonas aeruginosa 5x250ml 0 0 - (ISO 8360/2)

n = No of units making up the sample
¢ = the no of units in the samples that can fall between m and M
m = threshold below which all results are considered satisfactory.

M = acceptability threshold, the results are considered unsatisfactory if one or more units yields values = or > M.

Leclerc and Moreau (2002) investigated the microbiological safety of natural
mineral water at source and after bottling. As the nutrient load in the source water is
usually low the bacterial populations were generally heterotrophic and therefore may
enter a viable but non cultural state. The number of viable counts however,
increased rapidly after bottling, reaching 10* — 10° colony forming units ml - within
three to seven days. The major bacteria isolated from the natural mineral water were
identified as Pseudomonas fluorescent spp., Pseudomonas non-fluorescent species,
Acinetobacter, Alcaligenes, Comamonas spp., Cytophages, Flavobacterium,
Arthrobacter and Corynebacterium.

The flora of natural mineral water has been studied in great detail and the
major groups of bacteria isolated from mineral water include amongst others
Escherichia coli, Salmonella typhi, Pseudomonas fluorescent and non-flourescent
spp, Alcaligenes, Proteo bacteria, Cytophaga spp. (Leclerc & Moreau, 2002), and
Vibrio cholerae (Kramer et al., 1996). Spring bottled water cannot be exposed to any
disinfection treatment processes which can modify the biological content of the water
and therefore the microbiological integrity of the water at the spring source is very
important. The microorganisms associated with spring bottled water can also
generally be related to the type of microbial pollutants in the soil and the surrounding
environment, and it is thus important to assess the microbial risk posed to the bottled

water and therefore to the consumer (Leclerc & Moreau, 2002).
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14.1 Bacteria

1411 Salmonella

Salmonella is a gram-negative, rod-shaped bacterium, and includes more than 1000
different strains and serotypes. The most commonly found strains include
Salmonella typhi, S. enteritidas, S. paratyphi and S. typhamurium, with S. typhi being
the most pathogenic strain causing typhoid fever. Infection with Salmonella causes
salmonellosis, with the symptoms including the onset of fever accompanied by
severe abdominal pain, nausea, vomiting and diarrhoea (Klein, 2002). The severity
of salmonellosis is dependant on the serotype of the organism, the dosage of
bacteria ingested and certain host factors, such as age and concurrent iliness,
amongst others (Lloyd, 1983).

Waterborne outbreaks have mostly been associated with Salmonella typhi and
much less frequently with S. paratyphi or other Salmonella serotypes (Cohn et al.,
1999). Most salmonellae are primarily pathogens of animals, and can be transmitted
when faecal contamination of a groundwater or surface water source occurs.
Inadequately treated and disinfected drinking water, are the main causes of epidemic
waterborne outbreaks caused by Salmonella spp (Ryan, 2004). Salmonellae can be
found in open wells as a result of the drainage or flooding of contaminated surface
water into unprotected well shafts. It is uncommon for salmonellae to be isolated
from piped water supplies, and the presence of Salmonella in potable water or even
bottled mineral water may be indicative of a serious fault in the design or
management of the water distribution- or bottled water plants (Lloyd, 1983; Cohn et
al., 1999). Kramer et al. (1996) investigated the waterborne disease outbreaks in the
United States for the period 1993 to 1994. Over the two year period 17 states were
monitored and a total of 30 outbreaks were associated with drinking- and
commercially bottled water. Based on their results Salmonella serotype typhimurium

was responsible for one of the outbreaks resulting in several deaths.

1.4.1.2 Escherichia coli

Escherichia coli (E. coli) belongs to the family of Enterobacteriaceae and is a normal
inhabitant of the intestine. It is a specific indicator of faecal contamination of water
sources (Leclerc, 2002). The strains of E. coli can be divided into five main groups
namely, enteropathogenic (EPEC), enterotoxigenic (ETEC), enteroinvasive (EIEC),
enteroheamorrhagic (EHEC), and facultatively eneteropathogenic (FEEC) (Jay,

1992). The enteroinvasive strains of E. coli attack the colon resulting in the
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production of symptoms similar to that of shigellosis, while infection with the
enterotoxigenic class results in cholera like symptoms (Tartakow & Vorperian, 1980).
Epidemiological evidence suggests that the enterotoxigenic strains are the major
cause of E. coli diarrhoea in developing countries (World Health Organisation, 1996).
Vero cytotoxin-producing E.coli (VTEC) produces harmful toxins which can cause
severe disease in humans. The most harmful VTEC strain is O157, which is termed
0157:H7 VTEC. The organisms belonging to this group cause disease ranging from
mild diarrhoea to haemorrhagic colitis, resulting in blood stained diarrhoea
accompanied by severe abdominal pain (Ryan, 2004). According to the World Health
Organisation (1996) it also causes haemolytic uraemic syndrome found commonly in

infants and young children, causing acute renal failure and haemolytic anaemia.

14.1.3 Pseudomonas aeruginosa

Pseudomonas is a gram-negative anaerobic rod and is commonly found in faeces,
soil, water, marine environments and plants. The strain Pseudomonas aeruginosa
(P. aeruginosa) is an opportunistic pathogen and its presence in water usually
indicates a general lack of cleanliness and disinfection in a distribution system. The
incidence of illnesses caused by P. aeruginosa not only results from contaminated
water, but may also occur as a result of contaminated food and equipment in contact
with the water (Jay, 1992).

The presence of Pseudomonas spp. in potable water causes a serious
deterioration in the bacteriological quality and can affect the organoleptic (taste,
odour and turbidity) properties of the water. Pseudomonads are one of the most
frequently isolated organisms from natural mineral water as they are easily adaptable
to colonisation in groundwater due to the organic carbon source present in the soil
(Senior & Dege, 2005). Mavridou (1992) investigated the bacterial flora of non-
carbonated natural mineral water in the United Kingdom. The microbiological
analysis of the water indicated that Pseudomonas was one of the most dominant

species present in this water type.

1414 Vibrio cholerae

Vibrio cholerae (V. cholerae) is a gram negative, curved, rod-shaped bacterium that
belongs to the genus Vibrio. There are two major strains of V. cholerae called classic
and El Tor and various other serotypes also exist (Ryan, 2004). Cholera is a

waterborne disease caused by the organism V. cholerae which belongs to serovar
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0 group 1. The isolation of V. cholera 01 from water sources used for drinking is
usually an indication of faecal contamination and the symptoms associated with
cholera include diarrhoea, abdominal pain, cramps, nausea, vomiting and dizziness
(Jay, 1992). In the 19" century the first waterborne pathogens recognised were
V. cholerae and S. enterica. In Spain and Portugal bottled water was associated with
outbreaks of cholera and typhoid fever (Mavridou, 1992; Warburton et al., 1992;
Warburton, 2000). A study by Blake et al. (1977) investigating a cholera outbreak in
Portugal, also identified bottled water as one of the possible sources of
contamination along with shellfish and undercooked chicken. In 2000, the first known
outbreak of Vibrio cholerae O1 infection occurred on Ebeye Island, Republic of the
Marshall Islands, southwest of Hawaii, due to inadequately chlorinated water. During
the period December 2000 to 8™ January 2001, 278 individuals on Ebeye Island were
diagnosed at the local hospital with diarrhoea, but only 103 of these cases were

attributed to cholera, resulting in six fatalities (World Health Organisation, 2000).

1.4.2 Viruses

A virus is a tiny particle of genetic material comprising of either deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA) encased in a protein shell called a viral coat or
capsid. Viruses cannot reproduce by themselves and have to enter a host cell to
enable it to replicate. When a virus enters a cell and starts reproducing itself, it is
called a viral infection. If a virus contains DNA it injects the DNA into the host cell’s
DNA, but if the virus contains RNA it must first convert its RNA to DNA by utilising the
host cell. DNA containing viruses include Adenoviruses, Papillomaviruses, Herpes
viruses and Hepatitis B viruses. Some RNA containing viruses include Influenza and
Enterovirus (Biological Virus, 2008).

The enteric virus has only recently been recognised as a waterborne pathogen
since being detected in many drinking water supplies across the world. The viruses
of greatest significance in the waterborne transmission of infectious diseases are
essentially those that multiply in the intestine of humans and are excreted in large
numbers in the faeces of the infected individuals. Infections caused by enteric
viruses found in contaminated water can possibly cause gastro-enteritis and hepatitis
(Zaoutis, 1998). Beuret et al. (2002) monitored 159 samples of various mineral water
brands in Europe over a one year period to investigate the microbial flora. Norovirus

sequences were isolated from three leading European mineral water brands and in



CHAPTER ONE: LITERATURE REVIEW 18

53 of the 159 mineral water samples tested. Waterborne outbreaks caused by
viruses have also been evident in developing countries (Murphy et al., 1983).

Ehlers et al. (2005) investigated the detection of enteroviruses in untreated
and treated drinking water supplies in South Africa. During the period July 2000 to
June 2002 drinking water from boreholes, rivers, dams and springs were tested for
enteroviruses. Enteroviruses were detected in 26.7% dam/spring water, 25.3%
borehole water, 18.7% drinking water, 28.5% river water and in 42.5% sewage water.

Viruses and protozoan cysts are persistent organisms in the environment and
are found to be more resistant to water treatment processes. In certain studies,
viruses were isolated from water meeting coliform standards, indicating that the

absence of coliforms is not a good indicator of virus free water (Sobsey et al., 1995).

1.4.3 Helminths

Helminths, generally describe parasitic worms that vary in size from 1mm to an
excess of 1m. They are classified according to the external and internal morphology
of their various life stages and they can be hermaphroditic and bisexual. General
classes of helminths are Flukes (Trematodes), tapeworms (Cestodes) and
Roundworms (Nematodes) (Wakelin, 2007). Helminths (nematodes and tape worms)
are also common intestinal parasites that have often been isolated from wastewaters
(Toze, 1999). Guinea worms occur in rural areas where piped water supplies are not
always available. They can only be controlled by ensuring the safety of boreholes
and wells and preventative measurements include filtering prior to drinking, and in
some instances chemical treatments of ponds and open wells.

Schistomasomiasis is a disease caused by the infected larvae of Schistosoma
spp. which is capable of penetrating the human skin and mucous membrane. These
infections are caused by contact with the infected water during bathing, washing or
while working in the contaminated water. According to the World Health Organisation
(1993) Schistosomal infections are a hazard of irrigational and recreational water

use, rather than drinking water.

1.4.4 Fungi

Fungi are heterotrophic in nature and therefore depend on the presence of organic
material as a source of food. They can either be saprophytic that is (they utilise dead
organic material as a food source) or parasitic (they utilise living cells for growth)

(Jay, 1992). Generally, fungal species flourish more during summer when



CHAPTER ONE: LITERATURE REVIEW 19

temperatures of the source waters are high (Niemi et al., 1982). Research conducted
by Cooke (1986) also demonstrated that although fungi occur in low densities in
source water, filtration and chemical coagulation prior to filtration, will increase their
removal efficiency, but provide no barrier against these organisms. Gottlich et al.
(2002) conducted a survey on drinking water derived from groundwater in Germany
over a 12 month period to assess the fungal flora present. The fungal flora consisted
predominantly of Acremonium, Penicillium, Exophilia and Phialophora species. To
date no waterborne disease outbreaks have been reported (Bennet, 1994), although
a few fungal species are pathogenic. Inhalation of these fungal spores by
immunocompromised individuals may also cause respiratory problems, including
pneumonia and fever, but symptoms are usually very mild. Fungal contamination of
water distribution systems is however, more often associated with taste and odour
problems, rather than disease. A number of fungi such as Aspergillas, Fusarium,
Penicillium, Chaetomium and Stachybotrys under special conditions of moisture and
temperature also produce toxins called mycotoxins (Pohland, 1993). Mycotoxins,
depending on the type of toxin and the concentration, can cause illness in humans

and animals.

1.4.5 Cryptosporidium

Cryptosporidium is an enteric protozoan pathogen of the phylum, Apicomplexa, and
is most commonly associated with waterborne disease. A number of species of
Cryptosporidium infect mammals and in humans the main cause of disease are
Cryptosporidium parvum and Cryptosporidium hominis. The parasite is transmitted
by oocysts, which once ingested excysts in the small intestine and results in infection
of the intestinal epithelial tissue. Even though these oocysts are highly resistant to
disinfection they can be removed from the source water by filtration or boiling (Senior
& Dege, 2005).

Cryptosporidiosis is a gastrointestinal disease caused by this parasite
commonly found in contaminated, untreated or unfiltered water (Lenntech Water
Treatment, 2005). It is typically an acute short-term infection but can become severe
in children and immunocompromised individuals. Goldstein et al. (1996) investigated
the magnitude and source of the Cryptosporidiosis outbreak amongst individuals with
Human Immunodeficiency Virus (HIV) in Nevada, Texas. Three cases of
cryptosporidiosis were identified in 1992, 23 cases in 1993 and 78 laboratory cases
in the first quarter of 1994. Of the 78 confirmed cases in 1994, 61 adults were HIV
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positive of which 32 died by June of that year. Twenty of the HIV fatalities had
cryptosporidiosis listed as cause of death on their death certificates. The outbreak
was associated with municipal drinking water and highlighted the need to prevent

cryptosporidiosis infections especially in immunocompromised individuals.

1.4.6 Microbial Indicators of Bottled Water Quality

The monitoring, isolation and identification of pathogens in water is a time-consuming
task as, in most cases, the pathogens are present in low concentrations and large
volumes of water samples are usually required. The routine analysis of drinking
water thus involves testing for microorganisms such as coliforms, faecal streptococci,
P. aeruginosa and sulphite reducing anaerobes as indicators of treatment efficiency,
and water quality in the distribution system (Leclerc et al., 2001). An ideal indicator
organism should meet all of the following criteria; be present in faecal material in
large numbers, should be stable, non- pathogenic and suitable for all drinking water
varieties, be present when the pathogen of concern is present and absent in clean
uncontaminated water, behave similarly to the pathogen of concern when exposed to
certain treatment processes, be easily detectable by simple and inexpensive
methods and have a high indicator pathogen ratio (Jay, 1992).

Coliforms are present in large quantities in soil, and their presence in water
usually indicates a health risk. The water source should then be routinely monitored
for faecal contamination. Coliform bacteria, when detected in treated water supplies,
could also be indicative of inadequate treatment, or post treatments and thus the
coliform group of organisms are primarily used as indicators in bottled water analysis
(World Health Organisation, 1996). Their survival in distribution systems have been
attributed to the possible formation of biofilms on pipe surfaces, but despite this
finding, coliform isolation from biofilms present in water distribution systems has
rarely been reported (Camper et al., 1991; Le Chevallier et al., 1996).

An acceptable pathogen indicator such as E. coli, which is also routinely
tested for, must be present when the pathogen is present and must be easily
detected and quantified (Gleeson & Gray, 1997). The presence of heterotrophic
plate count organisms in bottled mineral water is also used as an indicator of water
quality and the microbial status from the spring to the finished bottled water (Moreau,
2001).

The emergence of new pathogens such as Cryptosporidium implies that

extensive analysis should be done on water samples even if the common indicator
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organisms are absent. It is therefore important to not only use the indicator
organisms as a marker for microbiologically safe water but to also incorporate testing
procedures for susceptible pathogenic organisms, such as Cryptosporidium (Senior &
Dege, 2005).

1.5 BIOFILM FORMATION IN SPRING WATER DISTRIBUTION SYSTEMS

Biofilms can be defined as a complex community of microorganisms, microbial
products and detritus deposited on an organic or inorganic surface (Characklis, 1981;
Characklis & Marshall, 1990). In some instances the attached community may form
in patches on the surface or may cover the entire surface. In both cases the biofilm
offers microorganisms greater access to nutrients, protection from antimicrobial
agents and acts as a buffer if conditions change in the environment (Geesey et al.,
1992). Generally biofilms consist largely of bacteria although other groups of
microorganisms, such as fungi or algae, can also join the microbial community. The
biofilm formation process involves three phases that include the attachment of
microorganisms, colonisation, and growth of microorganisms as indicated in Figure
1.3 (Forsythe, 2000; Trachoo, 2003).
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Figure 1.3 Diagrammatic representation of biofiim formation (Adapted from MicroMem
Analytical, 2003)

The first step in biofilm formation involves the conditioning of the surface by
the adsorption of organic and inorganic molecules Bacterial attachment to the

conditioned surface can then occur by several mechanisms such as (i) sedimentation
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and Brownian motion of cells, (ii) convection currents within the bulk liquid, (iii) active
movement by motile bacteria or (iv) electrostatic and physical interactions between
the bacterial cell and the surface (Costerton et al., 1994, Costerton et al., 1999 and
Trachoo, 2003).

The microorganisms attach themselves to the surface by means of ‘sticky’
organic polymers called extracellular polymeric substances (EPS). This EPS acts as
a glue to attach the microorganisms to the surface, which implies that they cannot
easily be dislodged and the cells are protected from desiccation (Lindsay, 2002).
The attachment of bacteria to the surface is also affected by factors such as, nutrient
concentration, nutrient availability, temperature, pH, flow of water and electrolyte
concentration (Lappin—Scott et al., 1992). This step is followed by the adhesion of
the microorganisms to the surface in a two-phase process, where the first phase is
reversible and attachment occurs by weak forces and the bacteria still exhibit
Brownian motion, implying that the bacteria can be easily removed by washing. The
second phase is irreversible and the adhesion of the bacteria is firm and no Brownian
motion can be exhibited by the organisms (Blenkinsopp & Costerton, 1991). Biofilms
can however, detach from the surface and attach to a new surface thus effectively
forming a new biofilm (Lappin—Scott et al., 1992). The detachment of sections of the
biofilm from the surface is considered a community survival mechanism as it allows
the microorganisms to attach to a new surface and establish growth (Geldreich &
Rice, 1987). Factors which affect biofilm detachment include biofilm thickness, shear
stress of the water, nutrient availability and the velocity of the water (Lappin—Scott et
al., 1992).

A biofilm community can survive disinfection and can thus attach to the
surface of the distribution system at the time of installation or during repairs of the
line or line breaks during maintenance (Geldreich, 1990). Heterotrophic bacteria
present in these biofilms may cause aesthetic and organoleptic problems in the water
quality, such as odours and taints. In addition, biofilms can also contribute to the bio-
deterioration of medical and industrial processing systems for example; an increase
in the resistance of heat transfer occurs when they accumulate on the surface of heat
transfer equipment; corrosion may occur when biofilms accumulate on distribution
piping, and in the medical field biofilms are responsible for various health problems
such as urinary tract infections and infections related to implants, (Characklis &
Marshall, 1990; Lindsay, 2002). A study investigating the bacterial, chemical and

mineralogical characteristics of tubercles in distribution pipelines indicated that no
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bacterial count could be detected in the final drinking water, but upon investigation of
the piping system, analysis indicated multiple microorganisms attached to the surface
of the piping material. Scanning Electron Microscopic (SEM) analysis of the piping

material displayed complex communities of microorganisms (Tuovinen et al., 1980).

1.5.1 Factors that affect biofilm growth

Microorganisms are ubiquitous in nature and flourish in conditions optimum to their
growth and proliferation. As mentioned previously, factors that affect the attachment
of microorganisms to the surface of the water distribution system include;
temperature, pH, flow of water and electrolyte concentration (Lappin—Scott et al.,
1992). Nutrient availability is also important for the growth of the microorganisms in
the biofilm as the principal nutrient sources such as organic carbon, phosphorous,
and nitrogen are important for the growth and proliferation of coliforms and
heterotrophic bacteria. Temperature is one of the most important factors controlling
the rate of biofilm growth, with most microbial growth observed at temperatures of
15°C or higher. Rainfall is another factor which influences the microbial quality of
drinking water as it acts as a catalyst for coliform growth (Le Chevallier, 1990). In
addition Le Chevallier et al. (1988) concluded that environmental factors, the
presence and effectiveness of disinfectant residuals, internal corrosion and hydraulic
properties, all affect biofilm growth.

Geldreich (1988) observed that an increase in velocity of source water caused a
greater influx of nutrients to the pipe surface and greater transport of disinfectants
and greater shearing of biofilms from the pipe surface. During peak bottling seasons,
such as summer, the rate of consumption of bottled water increases, which implies
that the rate of flow velocity increases with the output of bottled water. An increase in
temperature due to the warmer seasons also increases the risk of biofilm formation.
Sanitisation of the system and the employment of permissible treatments are thus

essential in ensuring the quality of the bottled water.

1.6 METHODS AND TECHNIQUES

1.6.1 Cultivation dependent techniques

Cultivation techniques are age old methods that employ knowledge of the nutritional
requirements of the microorganisms being cultivated. The heterotrophic plate count

technique, for example, uses R2A agar, nutrient agar, or plate count agar as a
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nutrient source for the enumeration of aerobic bacteria. The Heterotrophic Plate
Count techniques include amongst others, the pour plate, spread plate and the
membrane filter technique (Resoner, 1990). One of the disadvantages of this type of
technique however, is that it only detects the microorganism selected for growth
under specific conditions (Hurst et al., 2002). Another limitation of this technique is
that some viable organisms are not able to grow on the plates as they are not
culturable. These organisms are referred to as viable but non culturable (VBNC) or
active but not culturable (ABNC). Certain microorganisms enter the viable but non
culturable condition when they are exposed to a stressful environment (Hurst et al.,
2002).

In a survey of the microbiological quality of bottled water sold in the UK, eight
brands of domestic and imported bottled water were microbiologically analysed within
three hours of purchase. The purpose of the microbiological study was to
qualitatively and quantitatively assess the status of the bottled water and to assess
the changes during storage of the water. The surface plate count technique was
used, with Plate Count agar as the nutrient source to assess the microbial numbers.
Initial counts of 10* cfu were obtained with Pseudomonas spp being the most
dominant species (Benito & Sutherland, 1999).

The Most Probable Number (MPN) technique is also routinely used to
determine levels of contamination in river water as it is specific for determining the
total number of gas-producing organisms, which includes faecal coliforms and E. coli,
within the water samples (Oblinger & Koburger, 1975). However, this technique does
not determine or indicate the level of other culturable microorganisms which might be
present in the water. The membrane filter method (MF) is specific to the
determination of a vast number of microorganisms in bottled water because of its
simplicity, speed and precision and results are usually expressed per 100 ml or
250 ml of test sample. A known volume of sample is passed through a membrane
(usually 0.45 pym), after which the membrane is placed on agar media and incubated
(Jay, 1992). The MF method can only be used for low turbidity waters (Le Chevallier
et al., 1982), however the overall efficiency of the MF method has been increased by
the introduction of fluorescent dyes (Jay, 1992).

Swabbing, sonicating, scraping and agar contact methods are all examples of
conventional cultivating methods used for biofilm sampling and enumeration (Frank
and Kofti, 1990). However, these techniques may not always detect the presence of

biofiims as in many cases the cells are compactly attached to the surface. A
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limitation of the above cultivation methods for bacteriophage detection is that
bacteriophages are usually present in very low numbers in the initial biofilm sample
size and not easily detectable by certain cultivation techniques. The absence
presence method was used as a qualitative method for the detection of
bacteriophage indicators. This technique is similar to the MPN method. The MPN
technique involves the inoculations of the sample water in specific media containing
Durham tubes, followed by incubation at a specific temperature for a specific time.
For the qualitative detection of bacteriophages a larger volume of water (500 ml) is
enriched with the growth medium and the host bacteria and then incubated (Grabow,
2001).

1.6.2 Microscopy

Microscopy is one of the earliest techniques employed by microbiologists in the study
of the morphology of bacteria. One of the most important functions of the
microscopic technique is to achieve the least amount of disturbance within the
system being observed. The microscope itself has not been sufficient to assess the
microenvironment, taxonomic relationship and state of certain organisms, but with the
use of fluorescent reporter molecules, enhanced image devices like confocal laser
scanning devices, cameras and specific computer software, detailed analyses of
samples is possible (Hurst et al., 2002).

Microscopy is the only technique whereby bacterial biofilms can be studied at
the single cell level in situ. Total cell numbers in environmental samples can also
successfully be determined using microscopic techniques. This method has been
used considerably as it has been successfully employed for the detection of the
characteristics, physiology of microorganisms and community interactions of biofilms
(Kumar & Anand, 1998). Confocal Laser Scanning Microscopy (CLSM),
Epifluorescent- and Phase Contrast microscopy are all widely used microscopic
methods. Phase contrast microscopy involves the use of high resolving power and
magnification but is moderately expensive in relation to other microscopic techniques
(Hurst et al., 2002). It is however, the most convenient microscopic technique and it
is readily used in continuous observation systems as it does not need staining or
drying of cells (Lawrence et al., 1997).

Confocal Laser Scanning Microscopy was also used in a study investigating
the dynamics of Pseudomonas sp. biofilms grown in flow chambers as motility plays

a role in the formation of the structures in biofilms (Tolker-Nielsen et al., 2000).
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Protozoa can usually be detected and quantified by the use of microscopic
techniques such as epifluorescence, bright field, phase contrast and differential
interference contrast (DIC) microscopy. Electron microscopy is also one of the
frequent methods used to assess biofilm structure and viruses in water (Hurst et al.,
2002). Scanning Electron Microscopy (SEM) is used to determine the number and
distribution of microorganisms adhering to the surface, but lacks the resolution to give
sufficient information on the adhesive structures of biofilms (Marshall, 1997).
Although SEM shows the basic structure of biofilms it is disadvantaged by the fact
that the bacterial cells are fixed and killed during staining.

Mueller et al. (2001) used CLSM to analyse biofilms on glass windows to
determine their composition and thickness. In the study fluorescent probes were
used and CLSM together with fluorescent in situ hybridisation proved to be
successful in the characterisation of the biofilms. In a study conducted by Lawrence
et al., (1994) CLSM was used in conjunction with fluorescein and size-fractionated
fluor conjugated dextrans to directly monitor and determine the diffusion coefficients
within biofilms. It was also concluded in this study that fluorescent probes could be
monitored in the biofilm matrix using CLSM. In a study conducted by
Garabetian et al. (1999) epifluorescent microscopy was used to assess whether
storage of freshwater samples affected the bacterial counts in the water. The water
samples were stored at 4 °C and -18 °C for short (7 & 14 days) and long term (160 &
240 days) by using formalin — fixing. The study was carried out in the field and
although bacterial reductions were observed, the technique was unsuitable due to
the time it took to immediately filter, stain and microscopically examine the slides

under the microscope.

1.6.3 Fluorescent staining

One of the most significant methods in determining the total bacterial population in
water is the direct counting method, which can be achieved by using various
fluorescent dyes such as acridine orange [3.6-bis (dimethylamino acridium chloride]
and 4’, 6-diamidino-2- phenylindole (DAPI) (Hurst et al., 2002). 6-Diamidino-2-
phenylindole has replaced acridine orange because of its greater fluorescent stability
(Porter & Greig, 1980). Confocal Laser Scanning Microscopy (CLSM) also allows for
immediate estimation of viable bacteria using fluorescent dyes. The fluorescent dyes

change colour depending on the state of the cells i.e. dead, alive or injured.
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The Live/Dead Baclight™ bacterial viability assay utilises mixtures of SYTO9
green fluorescent nucleic acid stain and the red fluorescent nucleic acid stain,
propidium iodide. These stains differ both in their spectral characteristics and in their
ability to penetrate healthy bacterial cells. When mixed in the recommended
proportions, SYTQO9 stain produces green fluorescent staining of bacteria with intact
cell membranes, while propidium iodide produces red fluorescent staining of bacteria
with damaged membranes (Molecular Probes, 2002). BacLight™ has been
employed as a rapid epifluorescence staining method used to assess the viable and
non-viable total counts of bacteria in drinking water. Boulos et al. (1999)
investigated the application of this rapid staining technique to enumerate the viable
and total bacteria in drinking water. The study was aimed at comparing the viable
results and total counts from the BacLight™ Viability Kit to 5-cyano-2.3ditolyl
tetrazolium (CTC) counts and acridine orange, respectively. The viable BacLight™
counts were comparable to the CTC counts in the absence of stress and the
BacLight™ total counts were also comparable to the acridine orange counts differing
by < 0.1 log/ml.

1.6.4 Polymerase Chain Reaction

The Polymerase Chain Reaction (PCR) is a method that allows for the multiple
production of target DNA by utilising a thermostable polymerase enzyme. The
identification of organisms or the detection of microbial pathogens is achieved by
using short sections of synthetic single stranded DNA called oligonucleotide primers.
Primers can be designed for specific organisms or groups of organisms (Toze, 1999).
The most frequently used PCR method employs a temperature of < 90 °C to
separate the DNA into two single strands. A lower temperature is then applied which
allows for the primers to attach to a target section of DNA. After the primer
attachment a copy of the target DNA is produced by the polymerase enzyme. This
DNA replication takes place at an intermediate temperature which falls between the
previous two temperature cycles. After about 25-30 cycles more than 10° copies of
the target DNA is produced (Glick & Pasternak, 1994). A standard PCR method can
be employed for DNA replication or it can be modified to semi-nested PCR utilising a
second PCR reaction with additional primers or nested PCR which uses a new set of
primers. The modified PCR technique improves the detection efficiency because of

the additional amplification of the already amplified DNA (Gajardo et al., 1995).
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The advantages of PCR in relation to other culture techniques or standard
methods used for the detection of microbial pathogens in water, is that it is specific,
sensitive, rapid, accurate and can detect small amounts of nucleic acids in a sample.
This reaction involves the amplification and detection of DNA sequences and viable
and dead microbial cells can also be amplified (Amman et al., 1995). Polymerase
Chain Reaction as a method potentially decreases the detection time and the cost
associated with microbial detection in water (Atmar et al., 1995). However,
limitations of the PCR technique include the detection of false positives by detecting
non-viable microorganisms, naked nucleic acids or by possible contamination during
testing (Toranzos & Bej, 1997). Vivier et al. (2004) routinely monitored drinking water
over a one year period for the presence of Enteroviruses. A nested PCR approach
followed by enzyme restriction was employed for both detecting and typing of any
Enteroviruses as it is simple, rapid and able to detect viruses in large volumes of
water samples. In a random survey of the microbiological quality of bottled water in
South Africa the molecular detection of calici-entero and rotoviruses was done using
the PCR technique. Ten different bottled water samples were analysed and no
enteric viruses, bacteriophages, faecal coliform bacteria, Enterrococci and
C. perfringens were detected using the reverse transcriptase-PCR technique (Ehlers
et al.,, 2004). A study conducted by Girones et al. (1995) on the detection of
Adenovirus and Enterovirus using the PCR amplification technique demonstrated that
DNA viruses and RNA viruses were detected in the same sample of polluted water
analysed. This technique therefore reduced the time required for virus detection in
water samples. Amman et al. (1995) investigated the phylogenetic identification and
in situ detection of individual microbial cells without cultivation from marine and soil
environments. The opportunistic pathogen Vibrio vulnificus was isolated from water
by concentrating the cells on membrane filters and using fluorescently-labelled
oligonucleotide probes for tRNA sequences. A reverse transcriptase PCR system
was used for the reverse transcription and PCR amplification. Enteroviruses were
detected in 11% and 16% of the drinking water samples collected from two different
treatment plants. Tsen et al. (1998) utilised PCR and selected regions of the E. coli
16S rRNA gene to detect E. coli cells in water, and by the addition of an enrichment
step a detection limit of as low as one E. coli cell /100ml was determined. A study
conducted by Kong et al. (1995) investigated the feasibility of detecting waterborne
pathogens in sea water samples from the Hong Kong Island and the Ngau Tau Kok

Island in Kowloon using multiplex PCR. Multiplex PCR utilises a combination of
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primer sequences, which have been tested for self-complementarity and inter-primer
annealing. Combination primers were used to simultaneously detect target DNA of

Salmonella typhimurium, Vibrio cholerae and E. coli.

1.6.5 Flow Cytometry

Flow cytometry (FCM) is considered an alternative method to the microscopic
enumeration of total cells (Hurst et al., 2002). This method employs the principles of
light scattering, light excitation and the emission of fluorochrome molecules to
generate data from particles or cells ranging in cell sizes of 0.5 pm to 40 ym in
diameter (Current Protocols in Flow Cytometry, 2005). A typical flow cytometer
consists of a light source, collection optics, electronics and a computer to translate
the signals to data. Flow cytometry can also be referred to as fluorescent activated
cell sorting (FACS) and is used to sort and measure different types of cells by
fluorescent labelling of markers on the surface of the cell. Fluorescent beads can
also be added to aid in the calculation of the total or absolute cell count. Flow
cytometry is a rapid method that allows for a large amount of data to be available in a
very short time period (Javois, 1999). Although FCM is a rapid technique it also has
certain technical limitations, as the reagents required for analysis are costly and there
could be disadvantages depending on the type of flow cytometer used (Montes et al.,
2006).

Monis et al. (2003) investigated the enumeration of waterborne bacteria using
viability assays and flow cytometry and compared it to culture-based techniques.
Untreated water as well as potable water samples were taken at various locations
around South Australia. Due to the short testing time, flow cytometry was used along
with the BacLight™ bacterial viability kit and carboxyfluorescein diacetate (CFDA) to
detect physiologically active bacteria in the water samples. The FCM technique
yielded 5.56 x 102 and 3.94 x 10* active bacteria.ml™" in comparison to the culture
based techniques which were 2-4 log cycles less. A range of fluorescent dyes were
utilised along with flow cytometry to rapidly enumerate the viable bacterial planktonic
communities in freshwater environments in Cumbria in the United Kingdom
(Porter et al., 1995). It was possible to enumerate viable cell counts within two hours
after sampling at the site using carboxyfluorescein diacetate or chemchrome B with a
detergent-mediated permeabilisation step to aid in the prevention of overlapping

between background fluorescence and labelled cells.
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Pianetti et al. (2005) investigated the viability of Aeromonas hydrophila in
different types of water by means of flow cytometry in comparison with the plate
counting technique and spectrophotometric analysis. Aeromonas spp. in water can
pose a risk to human health and can also cause gastroenteritis, haemolytic uremic
syndrome and septicaemia. Aeromonas hydrophilia was inoculated into samples of
river water, brackish water, spring water, mineral water and drinking water. The
bacterial count was then determined on a daily basis over a 30 day period. Cell
membrane integrity was assessed by staining the cell with SYBR Green | (Molecular
Probes) and propidium iodide (Pl) (Molecular Probes) fluorescent probes which
allowed for the distinction between intact membrane live cells (green), damaged
membrane cells (green plus orange red) and cells with compromised membranes
(orange red — dead cells). The tests indicated that flow cytometric analysis yielded
A. hydrophila growth even when there was no plate count and the optical density was
low. Paulse et al. (2007) assessed various enumeration techniques to investigate the
planktonic bacterial population in the Berg River, Western Cape, South Africa. The
heterotrophic plate count technique was used to determine the number of culturable
microorganisms in the water samples and flow cytometry was used to evaluate the
total bacterial counts. The study indicated that the average heterotrophic plate count
represented only a fraction of the total FCM counts and < 6.06% of the viable FCM

count.

1.7 BIOREMEDIATION

Bioremediation is the process whereby microorganisms utilise their metabolic
potential to clean up contaminated environments under controlled conditions
(Watanabe & Baker, 2000). It utilises these living organisms and their metabolic
components to reduce contaminants in the environment into less toxic forms (Mueller
et al.,1996). This biological process utilises either naturally occurring organisms, or
organisms introduced to the site, to degrade the toxic compounds. The process of
introducing microorganisms to the site to speed up the biodegradation process is
known as bioaugmentation. The reduction in the level of contaminants is often the
result of various diverse groups of microorganisms interacting together and
functioning in the contaminated environments under various specific conditions. A
limitation of bioremediation is that it can be time consuming and can only be applied
to biodegradable compounds. Bioreactors are thus a long term technology and may

take up to several years for degradation of the desired compound (Vidali, 2001).
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Bioremediation has been applied to clean up contaminated water sludges and
waste streams as the process is relatively cost effective and usually entails the
employment of simple technology (Boopathy, 2000). It is important to assess the
suitability of the environment for this biological process in order to achieve the
desired results, as bioremediation cannot be used to degrade all types of
contaminants, for example chlorinated hydrocarbons, which are often resistant to
microbial degradation (Coldberg & Young, 1995; Vidali, 2001).

The presence of oxygen, pH, nutrient availability and the ability of the
microbial population to degrade the pollutants are all important factors in the
optimisation of the bioremediation process. A bioreactor utilises microorganisms to
degrade contaminants in water through suspended biological systems. Organic
matter in contaminated groundwater is aerobically degraded by microorganisms while
being circulated through an aerated basin to carbon dioxide, water and new cells
(Vidali, 2001).

The organisms primarily employed in bioremediation can be subdivided into
aerobic or anaerobic organisms, lignolytic fungi and methylotrophic bacteria.
Methylotrophs are aerobic bacteria that utilize methane as an energy and carbon
source. Aerobic bacteria require oxygen to grow and include Pseudomonas,
Alcaligenes, Mycobacterium and Rhodococcus. Anaerobic bacteria flourish in the
absence of oxygen, but they are not as widely used as aerobic bacteria for the
reduction of contaminant levels. Lignolytic fungi have the ability to degrade
environmental pollutants such as saw dust, corn cobs and straw (Allard & Neilson,
1997).

As bioremediation is a natural process, it is widely accepted by the public and
allows for the complete destruction of a wide variety of contaminants in a cost
effective manner. Various bioremediation techniques can also be employed
depending on the aeration of the area and the degree of saturation. In situ can be
defined as a bioremediation technique that can be applied to soil and water with
minimalistic disturbances to the environment. EXx situ is the process whereby the site
has been moved from its original location either by pumping of the water or by
excavating of the soil.

There are three basic bioreactor configurations namely, slurry bioreactors,
solid state fixed bed bioreactors and rotating drum dry solid bioreactors. Slurry
bioreactors are usually used for the degradation of toxic compounds in contaminated

soil. A slurry bioreactor consists of a containment vessel and a stirring apparatus
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used to ensure mixing of the solid, liquid and gas phase in the contaminated soil to
speed up the bioremediation process. One of the limitations of the slurry bioreactor
is that the soil must be pre-treated by possible excavation before being transferred to
the bioreactor (Vidali, 2001). A trickling filtration system is a solid state fixed bed
bioreactor that consists of a bed of highly permeable media, a water distributor and
an underdrain system. Wastewater is trickled over the filter bed and the
microorganisms attached to the filter bed to degrade the organic contaminants. The
filter media can either be plastic, wood or rock (Remediation Technologies, 2007).
Rotating drum bioreactors consists of disks partially immersed into the water to be
treated. Rotation of the disks allows the attached biomass to interact alternatively
with the treated water and the air. This type of bioremediation is simple and
inexpensive and utilises low energy consumption, but one of the major
disadvantages is that the quality of the effluent produced is not that high (Langwaldt
& Puhakka, 2000).

Phenol is a water soluble toxic compound, highly mobile and therefore easily
absorbed into water systems, imparting severe odour and taste problems. A study
conducted by Boaventura (2001) to assess the biodegradation of phenol by
Pseudomonas putida in a trickling bed reactor, yielded an average biological yield
during the pseudo steady state operation of 0.8 g of biomass produced per gram of
phenol removed. In Germany, the in situ bioremediation of chlorobenzene-
contaminated ground water was tested under anoxic conditions in the presence of
nitrate and under mixed electron acceptor conditions (oxygen & nitrate), by utilising
hydrogen peroxide as the oxygen releasing compound in a flow through fluidized bed
bioreactor. A few aerobic bacterial species responsible for the degradation of
chlorobenzene include Pseudomonas and Rhodococcus. The addition of the
hydrogen peroxide indicated an enhanced level of chlorobenzene degradation in

relation to the nitrate presence only (Vogt et. al., 2004).

1.8 OVERALL AIM OF STUDY

The primary aim of the research was to investigate the bacterial contamination at
various points in a spring water bottling system in the Western Cape, South Africa.
To achieve this aim, a hypothesis stating that the good quality of groundwater does
not support notable bacterial growth, was investigated. An alternative to this
hypothesis would be that the lack of disinfection procedures within the spring water

industry, leads to an increased risk of microbial contamination and biofilm formation.
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The influence and control of various parameters on bacterial growth within the bottled

water industry was thus investigated as follows:

1.8.1 Microbiological analysis of water samples to investigate the level of bacterial

pollution in the spring water bottling system.

e Heterotrophic plate counts on R2A agar and Nutrient agar.

e Flow cytometry in conjunction with Liquid counting beads and the Live/Dead

BacLight™ stain to determine the total cell counts (dead & viable).

e |solation of predominant organisms and molecular typing using the

polymerase chain reaction, followed by 16S ribosomal RNA sequencing.

1.8.2 The application of bioremediation for the possible treatment and reduction of
microbial contamination in spring water by the optimisation of a laboratory - scale

bioreactor system.

e Flow Cytometry in conjunction with Liquid counting beads and the Live/Dead

BacLight™ stain to determine the total cell counts (dead & viable).

e Direct Acridine Orange Counts in conjunction with epifluorescent microscopy

to determine the total cell counts (dead & viable).
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Abstract
The aim of the study was to investigate the microbial contamination in a spring water distribution system in
the Western Cape, South Africa. Sampling at various points from the spring and throughout the bottling
system started in February 2004 and continued until November 2004. The number of culturable cells
were determined using the heterotrophic plate count (HPC) technique and total microbial counts were
evaluated by Flow Cytometric analysis (FCM). Heterotrophic plate counts in the final bottled water ranged
from 1.34 x 10° cfu/ml (week 1) to 5.00 x 10* cfu/ml (week 46). The total cell counts ranged from 2.09 x
10® microorganisms/ml (week 1) to 5.70 x 10" microorganisms/ml (week 46, site J). The current water
legislation states that the heterotrophic plate count of the final bottled water must be < 100 organisms/mi
within 24 hours of bottling. In week 46 differences in the heterotrophic plate counts and the viable cell
counts could be observed at all the sampling sites. The higher FCM counts indicated that the flow
cytometry technique was able to detect viable but not culturable organisms in the water and that the
heterotrophic plate count technique only allowed for growth of the viable and culturable cells present in the
water samples. It can be concluded that the FCM technique was a more reliable technique for the
quantitative enumeration of microbial populations in water samples. 16S ribosomal RNA of the bacterial
species isolated from the water samples was amplified with PCR and phylogenetic trees were
constructed using the neighbour-joining algorithm. The sequenced isolates from the various water
samples belonged to the major groups Bacillus sp, and Enterobacteriaceae such as Shigella boydii,

Serratia sp., Enterobacter asburiae and Pseudomonas sp.

Keywords: bacterial contamination, flow cytometry, heterotrophic plate count, molecular typing, spring

water distribution system.
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1. Introduction

Over time the pressure below the surface of the earth becomes greater than the
atmospheric pressure, thereby naturally expelling water through various soil and rock
layers to the surface as a spring (U.S Department of the Interior Geology Survey, 2006).
Spring water is generally derived from a subterranean source where the water flows
naturally in aquifers below the surface of the earth [South African National Standards
(SANS, 2003)]. As the water filters through the underground rock layers it absorbs
various minerals, which differ depending on the rock layers it filters through. Mineral
water therefore differs from drinking water in its chemical composition and mineral
content.

Natural spring water is obtained directly from these underground water sources,
and is collected under conditions to maintain its natural chemical composition and
microbiological purity. According to the South African National Standards for Bottled
Water (2003) the source of the spring must not be situated at or close to any danger of
pollution by sewerage, farming operations, waste disposal or industrial activities or any
combination of the above pollutant sources. Natural bottled water can also only be
subjected to certain treatment processes such as the separation from unstable
constituents by decantation and or filtration, aeration, and by any process that will
ensure that the natural mineral content is not modified, such as ultraviolet irradiation and
ozonation (South Africa, Department of Health, 2004).

Surface water sources are known vehicles of enteric pathogens such as viruses,
parasites and bacteria (Manaia et al., 1990). The microorganisms associated with

spring water, which is derived from a ground water source, can also generally be related
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to the type of microbial pollutants in the soil and the surrounding environment. It is
thus essential to assess the microbial contamination risks or the level of pollution at the
location of the spring (Leclerc & Moreau, 2002). Coliform bacteria, when detected in
treated water supplies, could also be indicative of inadequate treatment, or post
treatments of the water system (World Health Organisation, 1996). Coliforms are
present in large quantities in soil, and if found in water they usually present a significant
health risk. The water source should then be routinely tested for faecal contamination
and coliforms are therefore used as indicator organisms in bottled water analysis (Ryan,
2004).

Blake et al. (1977) investigated a cholera outbreak in Portugal and identified
bottled water as one of the possible sources of contamination along with shell fish and
uncooked chicken. A total of 2467 confirmed hospitalised cases associated with this
outbreak were reported. Beuret et al. (2002) monitored three brands of natural mineral
waters in Europe over a one year period to investigate and identify the microbial flora
present. Norovirus sequences were isolated from three leading European brands of still
mineral water, during the course of this investigation. Research by Leclerc (2002) on
the microbiological safety of bottled water, identified the major species of bacteria
associated with natural mineral water as Pseudomonas fluorescent species,
Pseudomonas non-fluorescent species, Acinetobacter, Alcaligenes, Comamonas spp.,
Cyto-phaga Flavobacterium, Arthrobacter and Corynebacterium.

Biofilms can be defined as a complex community of microorganisms, microbial
products and detritus deposited on an organic or inorganic surface (Characklis and
Marshall, 1990). The biofilm community can survive disinfection and can also attach to
the surface of the distribution system at the time of installation or during repairs of the

line or line breaks (Geldreich, 1990). Heterotrophic bacteria present in these biofiims
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may cause aesthetic and organoleptic problems in the water quality such as odours
and taints. In addition, biofiims can also contribute to the bio-deterioration of medical
and industrial processing systems (Lindsay, 2002). Biofilm accumulation on heat
transfer equipment and distribution piping, may respectively lead to an increase in the
resistance of heat transfer and corrosion. In the medical field, biofilms are responsible
for various health problems, such as urinary tract infections and infections related to
implants (Characklis and Marshall, 1990).

Geldreich and Rice (1987) observed that an increase in velocity caused a greater
influx of nutrients to the pipe surface, greater transport of disinfectants and greater
shearing of biofilms from the pipe surface. During peak bottling seasons, especially
summer, an increase in the rate of consumption of bottled water occurs. This demand in
water output within the distribution system causes an increase in flow velocity.
Sanitisation of the system and implementation of permissible treatments are thus
essential in ensuring the quality of the bottled water.

Heterotrophic plate count bacteria are generally used to assess the microbial
quality of bottled water (SANS, 2003). The heterotrophic plate count technique (HPC)
enumerates aerobic and facultative anaerobic bacteria found in the water, as these
organisms are capable of growing on organic compounds found in the culture medium.
In a random survey of bottled water conducted in South Africa by Ehlers et al. (2004),
heterotrophic plate counts ranging from 1.1 x 10 cfu. mf to 5.4 x 10%cfu. m¢ were
recorded. It was concluded that the presence of these high numbers were due to the
natural microbial flora present in the source water and could thus be used to indicate the
level of disinfection of the distribution and bottling system required (Leclerc and Moreau,
2002). One of the disadvantages of the heterotrophic plate count technique is that it

only detects the microorganism selected for growth under specific growth conditions.
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Another limitation of this technique is that some viable organisms are not able to grow
on the plates as they are not culturable and enter a viable but non culturable state
(VBNC) (Hurst et al., 2002). Certain microorganisms enter this VNBC state when they
are exposed to stressful environments (Roszak and Coldwell, 1987).

Flow cytometry can be referred to as fluorescent activated cell sorting (FACS)
and is used to sort and measure different types of cells by the fluorescent labelling of
markers on the surface of the cell (Javois, 1999). The addition of fluorescent beads in
conjunction with the Live/Dead BacLight™ viability probe allows for the enumeration of
total bacteria in the water samples. Monis et al. (2003) investigated the enumeration of
water-borne bacteria using viability assays and flow cytometry and compared it to
culture-based techniques. Untreated water as well as potable water samples were
collected at various locations around South Australia. Flow cytometric evaluation was
employed in conjunction with the BacLight™ bacterial viability probe and
carboxyfluorescein diacetate (CFDA) to detect physiologically active microorganisms or
bacteria in the water samples. The FCM technique yielded 5.56 x 10 and 3.94 x 10*
active bacteria per mf in comparison to the culture based techniques which were two to
four log cycles less. Due to the short testing time, it was recommended that flow
cytometry be used to detect physiologically active bacteria from potable and raw waters
in Australia. Paulse et al. (2007) assessed various enumeration techniques to
investigate the planktonic bacterial population in the Berg River, Western Cape, South
Africa. The heterotrophic plate count technique was used to determine the number of
culturable microorganisms in the water samples and flow cytometry was used to
evaluate the total bacterial counts. The study indicated that the average heterotrophic
plate count represented only a fraction (< 3.65%) of the total FCM counts and < 6.06%

of the viable FCM count.
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The advantages of the Polymerase Chain Reaction (PCR) in relation to other
culture techniques or standard methods used for the detection of microbial pathogens in
water, is that it is specific, sensitive, rapid, accurate and can detect small amounts of
nucleic acids in a single sample. This reaction involves the amplification and detection
of DNA sequences (Amman et al., 1995). A study conducted by Kong et al. (1995)
investigated the feasibility of multiplex PCR to detect water borne pathogens in sea
water samples from the Hong Kong Island and the Ngau Tau Kok Island in Kowloon.
Multiplex PCR utilises a combination of primer sequences which have been tested for
self-complementarity and inter-primer annealing. A combination of primers was used to
simultaneously detect target DNA of Salmonella typhimurium, Vibrio cholera and
Escherichia coli. Tsen et al. (1998) utilised PCR to select regions of the E. coli 16S
rRNA gene to detect these cells in water. The addition of an enrichment step allowed
for a detection limit of as low as one E. coli cell /100 m{.

A spring water distribution system in the Western Cape, South Africa experienced
quality problems associated with bacterial contamination. The aim of this study was to
investigate the bacterial contamination in this spring water bottling system. The level of
heterotrophic plate counts (HPC) in the water samples at various sites throughout the
system were determined by the conventional plate count technique. In addition, flow
cytometric analysis was used to obtain total cell counts (the culturable and non-
culturable populations) in the collected water samples at the various sites. |dentification

of microorganisms in the water samples was performed by means of molecular typing.
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2. Materials and Methods

2.1 Sampling Sites

Sampling sites at the spring water distribution system in the Western Cape, South Africa
are indicated in Figure 1. The sites include; Site A (borehole one); Site B (borehole
two); Site C (Dositron — Flushing point); Site D (between 0.3 ym and UV steriliser —
outside factory), Site E (After UV); the bottling line then splits into two lines and either
one of the lines can be used for bottling. Site F (Line one after 0.35um filter); Site G
(Line one after 0.2 um filter); Site H (Line two after 0.35 pum filter); Site | (Line two after
0.2 um filter) and Site J (at filler- final bottling point). Sampling of these sites started in
March 2004 (week one and week four) and continued in April (week eight) until
November 2004 (week 46). Water samples were collected in 1L sterile Nalgene-

polypropylene bottles and stored on ice to maintain a low temperature.

2.2  Heterotrophic Plate count technique and Pure culture isolation

Total heterotrophic plate counts were performed in duplicate on R2A Agar (Merck,
Biolab Diagnostics) after serial dilutions 10" to 107 of sample water was performed.
According to Geldreich (1996) R2A has gained increased popularity as it yields
significantly higher bacterial counts than plate count agar, which does not permit growth
of certain bacteria that may also be present in the water samples. Plates were
incubated for 24 to 48 hrs at 37°C. Thereafter the number of visible cells, or colony

forming units (CFU’s) were counted and recorded. Distinct visible cells CFU’s were
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identified and subcultured onto Nutrient Agar (NA) (Merck, Biolab Diagnostics) plates

for further purification of cultures.

2.3 Flow cytometry (FCM)

The flow cytometer analysis outlined by Paulse et al. (2007) was employed in the
present study. Individual samples were subjected to a Becton Dickinson FACSCalibur
flow cytometer for analysis. The Becton Dickinson FACSCalibur flow cytometer has a
15 mW, 488 nm argon-ion laser. A Doublet Discrimination Module, which uses pulse
width and area to eliminate cell clumping (doublets and ftriplets), in conjunction with a
LIVE/DEAD™ bacterial stain, allows for the differentiation between bacterial cells and
debris. Flow cytometry employs the principles of light scattering, light excitation and the
emission of fluorochrome molecules to generate data from particles or cells in the size
range of 0.5 uym to 40 ym in diameter (Current Protocols in Cytometry, 2005). The
addition of fluorescent beads enables the calculation of absolute or total cell counts in
samples. The absolute number (cells/pt) of positive cells in a sample can be determined
by comparing cellular events to the bead events measured by the flow cytometer. For
this study, the bacterial population was identified and gated on a forward scatter (FSC)
versus a side scatter (SSC) dotplot and a SSC versus fluorescence channel 2 (FL-2) at
585/42 nm dotplot. The bead count was identified and gated on a SSC versus
fluorescence channel (FL-1) dotplot. All parameters were measured using a logarithmic
amplification scale. A threshold of 52 FSC channels was set to remove sample debris.
Only bacterial cells satisfying both gates were collected for subsequent analysis.
Depending on the amount of debris present, certain samples were filtered through a

0.45 um filter prior to analysis, The pore size of the filter was such that it allowed the
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bacteria to pass through and yet retaining the debris. The stain was made up by

combining equal volumes of Pl (propidium iodide) (4 uf) and SYTO 9 (4 uf) in 1 m{
sterile distilled H,O. The stained samples (1 m{ sample stained with 200 pyf BacLight™
viability probe) were stored in the dark for 15 minutes, after which 50 pf liquid counting
beads (BD™ Cell Viability Kit, BD™ Liquid Counting Beads) were added. The samples
were then subjected to the flow cytometer for analysis and the concentrations of total
cell populations were determined (Equation 1). In order to avoid excessive
compensation of fluorescence overlap, SYTO 9 green emittance fluorescence was
measured in fluorescence channel 1 (FL-1) at 530/30 nm and the Pl was measured in
fluorescence channel 3 (FL-3) at 670/LP nm. As previously mentioned, the addition of
the beads allowed for the calculation of total cell counts (i.e. viable plus dead cells) in
samples. After optimisation, each water sample was subjected to the flow cytometer
until a total of 250 counting bead events were detected. An E. coli laboratory strain was

used as control.

Equation 1
Number of events in cell region  x Number of beads / test  x dilution
Number of events in bead region test volume factor

[Bead concentration recorded at 988/uf for BD Liquid Counting Beads and at 49827

beads per Trucount™ tube, both obtained from BD™]

2.4  DNA extraction and Agarose Gel Electrophoresis

Cultures from planktonic samples obtained from the sampling sites were spread-plated

onto Nutrient Agar (NA) (Merck, Biolab Diagnostics) after serial dilutions (10™" to 107) of
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sample water were performed. Plates were incubated for 3-4 days at 37°C.

Thereafter, distinct visible cells [colony forming units (CFU)] were identified based on
morphological differences and re-streaked onto clean NA plates for isolation of pure
cultures. Deoxyribonucleic acid (DNA) extraction was performed using the High Pure
PCR Template Preparation Kit as per manufacturer’s instructions (Roche Diagnostics,
Germany). Extracted DNA samples (10 pt) were electrophoretically analysed on a 0.8%
molecular grade agarose gel containing 12 pt of 0.5 ug/m?{ ethidium bromide, using 1 x
Tris-acetate- ethylenediamine tetraacetic acid (TAE) electrophoresis buffer and run for

one hour at 90 volts to confirm the presence and quality of genomic DNA.

2.5 Polymerase Chain Reaction (PCR)

The extracted DNA from individual samples was amplified using two primer sets
specified for most pathogenic bacteria, respectively. Amplification of target DNA
samples (5 pt) by PCR was performed in a total reaction volume of 50 ul containing a
10mM dNTP mix (1 pf), 25 mM MgCl; (4 pt), 5 x PCR Buffer with (NH4)2SO4 (10 pf), 10
MM forward (RWO01) primer [AAC TGG AGG AAG GTG GGG AT] (2.5 pt), 10 uM reverse
(DG74) primer [AGG AGG TGA TCC AAC CGC A] (2.5 ul) (Greisen et al., 1994), GoTaq
DNA polymerase (0.25 uf) and sterile distilled H,O (24.75 uf). For the second primer set
all the reagents mentioned above were added proportionally, together with 10 yuM
forward (RDRO80) primer [AAC TGG AGG AAG GTG GGG AC] (2.5 put) and 10uM
reverse (DG74) primer [AGG AGG TGA TCC AAC CGC A] (2.5 f) (Greisen et al., 1994)
to obtain a total volume of 50 uf for subsequent amplification. The PCR procedure
included an initial denaturation step of 5 minutes at 95°C, followed by 30 cycles of

amplification (25 seconds at 95°C, 25 seconds 55°C and 1 minute at 72°C). The final
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extension step was performed at 72°C for 10 minutes. Ten microliters of the amplified

DNA fragments of the PCR reactions were analysed on a 1.2% agarose gel containing
12 pf of 0.5 uyg/mt ethidium bromide, using 1 x Tris-acetate- ethylenediamine tetraacetic
acid (TAE) electrophoresis buffer and run at 90 volts for one hour to confirm successful

amplification of the PCR product.

2.6  16Sribosomal RNA sequencing

Successfully amplified PCR products (~400 kb) were purified using a High Pure PCR
Product Purification Kit as per the manufacturer’s instructions (Roche Diagnostics). The
DNA concentrations were determined using the Qubit™ fluorometer (Invitrogen) and the
Quant-iT™ dsDNA BR (Broad-range) Assay kit 2-1000 ng as per manufacturer’s
instructions (Molecular probes and Invitrogen). Samples were loaded onto 96-well
plates (15 uf per sample), dried in a speed vac with medium heat for 30 to 60 minutes
(depending on the volumes) and sent for subsequent sequencing where the Applied
Biosystems Big Dye Terminator v3.1 Cycle sequencing Kit was used for the sequencing
reactions, as per manufacturers’ protocols. Sequences were identified using the
(Blastn) or Local Alignment Search Tool Basic (Altschul et al., 1997) obtained from the

National Centre for Biotechnology Information website.

2.7 Phylogenetic analysis

All the DNA sequences obtained from water at the various sites over the four sampling

weeks were grouped and aligned with ClustalX (1.81) using default parameters and the
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Blosum matrix. An unrooted tree was constructed using the neighbour-joining (Saitou

and Nei, 1987) program of MEGA version 4.1 (Molecular Evolutionary Genetics Analysis
4.1) (Tamura et al.,, 2007). Branching patterns were evaluated by pairing 1000

replicates.

2.8  Statistical analysis

Repeated measures ANOVA (RMA) were performed on all HPC and FCM data obtained
as outlined in Dunn and Clark (1987) using Statistica™. In each RMA, the residuals
were analysed to determine if they were normally distributed. In all hypothesis tests, a

significant level of 5% was used as standards.

3. Results and Discussion

3.1 Heterotrophic Plate Counts (HPC)

Total culturable microbial counts obtained by the HPC technique for all the sampling
sites throughout the study period are presented in Figure 2. The HPC recorded in week
one ranged from 1.34 x 108 cfu/mt at the borehole (Site A) to 3.66 x 10 cfu/m? in the
final bottled water (Site J). The initial count at the borehole was significantly high and as
this sample was collected in February [average temperature 25.2 °C] (Cape Town
Weather Bureau, 2008), the high counts could be ascribed to the fact that increased

temperatures favour microbial growth. The borehole water was untreated and according
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to the South African National Standards, (2003) the HPC specification for untreated
spring water is < 100 organisms/m{. The recorded counts thus significantly (p <0.05)
exceeded the standard specification.

The highest count of 2.02 x 10® cfu/mf in week one was observed after the
0.35 pm filter in line two (Site H) while the lowest count of 3.0 x 10" cfu/mf{ was
observed after ultraviolet irradiation (Site E). The spring water system sampled was
experiencing problems with bacterial contamination and the high counts could be
ascribed to the fact that the 0.35 um filter of line two was contaminated, clogged or faulty
or that a biofilm was present in the distribution system which periodically sloughed off
and served as a continuous source of contamination. In spring water distribution
systems however, filters must be backwashed on a regular basis to maintain the integrity
of the filter system. It is essential to monitor the integrity of the filters, as non-fixed pore
filters enlarge in pore size after high water volumes have passed through them, thus
resulting in the release of trapped contaminants into the filtered water (Pall Filters,
2004). The lowest count observed after ultraviolet irradiation (UV) indicated that the UV
treatment was effective in reducing the number of microorganisms, however, the initial
number of microorganisms in the water was significantly high, thus the UV irradiation
only reduced the microorganisms by one log cycle. Senior and Dege (2005) confirmed
that the efficiency of UV irradiation as with any other disinfection process is dependant
on the quality of the incoming source water. During peak bottling seasons, such as
summer, the rate of consumption of bottling water also increases which implies that the
rate of flow velocity increases with the output of bottled water. Geldreich (1990)
observed that an increase in flow velocity of water caused a greater influx of nutrients to
the pipe surface, greater transport of disinfectants and greater shearing of biofilms from

the pipe surface which could account for the fluctuations in HPC counts observed.
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The HPC recorded in week four ranged from 4.50 x 10° cfu/m{ at the borehole (Site A)
to 9.00 x 10° cfu/mt in the final bottled water (Site J). Increases in cfu/ml were recorded
after the 0.3 pm filter (Site D) at 3.10 x 10® cfu/m{ and again after the 0.35 pm filter in
line two (Site H) at 2.39 x 10® cfu/m!. Blocked or contaminated filters could have
influenced the significant increase in HPC counts recorded after these filters (Site D and
H). A significant decrease is however, noted after the water passes through the UV
system (Site E), line one at both the 0.35 um and 0.2 um filters and the 0.2 pm filter in
line two (Site I). This indicates that these filters were still functioning at their maximum
efficiency. An increase in the microbial count was recorded in the final bottled water
(Site J), which indicated that the filler ports were either contaminated or had not been
sanitised correctly. The final microbial count of 9.0 x 10° cfu/mt (Site J) significantly
exceeded the South African National Standard for HPC for bottled water of
< 100 organisms/m{.

The HPC recorded in week eight ranged from 2.70 x 10® cfu/m{ at source (Site
A) to 2.35 x 107 cfu/ml in the final bottled water (Site J). The highest count was
recorded at the borehole (Site A) indicating that the source water still contained
significantly high numbers of microorganisms, which would influence the filtration
process and the HPC count in the final bottled water. The lowest microbial count in the
system of 3.0 x 10° cfu/mf was observed at the small borehole (Site B). The high
microbial count at the larger borehole can be due to the large surface area in
comparison to the smaller borehole. The HPC count in the final bottled water (Site J) in
week eight was 2.35 x 107 cfu/m£ in comparison to weeks one and four where counts of
3.66 x 10" cfu/m? and 9.00 x 10° cfu/m? were recorded, respectively. The distribution
system was undergoing chlorine and oxonia disinfection treatment processes to reduce

microbial counts, but the disinfection process was still not adequate to reduce the
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number of microorganisms to the acceptable level of < 100 microorganisms/m{ in the
final bottled water. This implied that based on the results for weeks one, four and eight
the spring water distribution system investigated, required additional chlorine
disinfections washes and the filters had to be sanitised, backwashed or replaced to
achieve the legal requirement.

The HPC recorded in week 46 ranged from 4.5 x 10° cfu/m{ at source (Site A) to
5.0 x 10* cfu/mt in the final bottled water (Site J). The graph in figure 2 does not
accurately reflect the values recorded in week 46 due to scaling constraints. The lowest
HPC count was recorded in the final bottled water while the highest microbial count
of 7.5 x 10° cfu/mf was observed after UV irradiation (Site E). In week 46 a significant
reduction in HPC in comparison to week one, four and eight was recorded for all sites as
the system had been routinely disinfected with chlorine soaks and oxonia. Contact
times and dosage for disinfecting the system were increased and the filters were
disinfected and backwashed. However, the HPC count in the final bottled water still

significantly (p < 0.05) exceeded the acceptable limit of < 100 organisms/m{.

3.2 Flow Cytometric Analysis (FCM)

The live and dead ratios of planktonic populations were obtained using flow cytometer
analysis, in conjunction with the Live/Dead BacLight™ viability probe and liquid counting
beads (BD™). Two distinct populations of live and dead cells were observed by
distinguishing between their fluorescence intensities, i.e. either red or green. Results
obtained for the average live/dead and total ratios of the planktonic populations were
analysed at the respective sites over the specific time period. The total cell counts

obtained by flow cytometric analysis are presented in Figures 3 and 4 (a & b).



CHAPTER TWO: ARTICLE SUBMITTED TO WATER SA 50

The total «cell counts obtained in week one ranged from
2.09 x 10® microorganisms/m? at the large borehole (Site A) to
5.44 x 10" microorganisms/m{ in the final bottled product (Site J). In addition,
significantly high total cell counts were observed at the small borehole (Site B) at 2.03 x
108 microorganisms/m¢, Dositron/flushing point (Site C) at 1.88 x 10® microorganisms/mt,
and after the 0.35 um filter in line one (Site F) at 1.56 x 10® microorganisms/m{. The
high total counts recorded in the source water at the two boreholes (Site A and B) could
have been due to high temperatures experienced, [average temperature 25.2 °C (Cape
Town Weather Bureau, 2008)} which favoured microbial growth and proliferation.
Alternatively as the distribution system was experiencing problems, an external
contamination source could have contributed to the elevated microbial numbers as the
two borehole sites may not have been tapped or sealed securely. The increased total
cell count observed in the final bottled water indicated that the filler or filling nozzle was
either contaminated, or that a biofilm was present in the filling system which sloughed off
and contaminated the water. Based on the results obtained for the total cell counts in
the final bottled water and throughout the system it was evident that the distribution
system needed to be disinfected on a regular basis.

The marked increase in the total cell count observed after the 0.35 ym filter in line
one (Site F) indicated that the filter was blocked and required sanitisation, backwashing
or replacement. A decrease in the total cell counts at Site D at 6.13 x 10’
microorganisms/m{, Site G at 2.58 x 10" microorganisms/m{, and Site | at 2.11 x
10" microorganisms/mt, can be observed which indicated the efficacy of these filters in
the filtration process. These results indicate that the filter system at these sites
successfully retained some of the bacterial load and supported the implementation of

multiple filter systems in a spring water distribution system. A further reduction in the
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total cell count was observed after the ultraviolet irradiation treatment (Site E) at
3.6 x 107 microorganisms/m{, which indicated that the UV irradiation treatment was
effective in reducing the microbial numbers.

The total cell counts in week four ranged from 3.90 x 10" microorganisms/m{ at
the large borehole (Site A) to 8.36 x 10" microorganisms/m¢ in the final bottled product
(Site J), with the lowest total cell count observed at the Dositron unit (Site C) at
2.13 x 10" microorganisms/mf. The total cell count for Site F in week four could not be
measured as the sample vial broke. The high total counts in the final bottled water in
week four indicated that although the bottling system was sanitised with chlorine and
oxonia, an increase in the cell count was recorded from source to final product, which
implied that there was definitely a source of contamination in the distribution system.
Tchobanoglous and Schroeder (1985) indicated that the factors which influence the
disinfection efficiency of chlorine include the initial contact time, concentration and form,
microbial load, pH and temperature. The bottling system of the site investigated was
dosed with concentrated chlorine and left to stand for two days to increase its contact
time. The initial counts in the source water in week four of 3.90 x 10" microorganisms/m¢{
and 3.88 x 10" microorganisms/m? at Sites A and B, respectively were however, lower
than the microbial counts recorded at source in week one at 2.09 x 10°
microorganisms/m{ (Site A) and 2.03 x 10® microorganisms/m{ (Site B). The results
indicate that the precautions implemented to secure the borehole sites such as the
tapping of the boreholes, improved the source water quality. In comparison to the other
sampling weeks no significant increase in the total cell counts were recorded from sites
A to |. A significant increase (p > 0.05) in total cell counts were observed in the final
bottled water at site J, but limits for total cell counts in the final product are not stipulated

by the South African National Standards, (2003).
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The total cell counts in week eight ranged from 6.25 x 10" microorganisms/m¢
(Site A) to 9.09 x 10" microorganisms/m{ (Site J). The highest total cell count of 2.02 x
10® microorganisms/m{ was recorded after UV irradiation (Site E). For a UV light to
function optimally the quartz must be cleaned regularly to ensure full transmissivity and
efficacy (Senior and Dege, 2005). Sommer and Cabaj (1993) evaluated the efficiency of
a UV plant for the disinfection of drinking water and concluded that biodosimetric
conditions should be used to monitor disinfection efficiency. This process involves the
addition of organisms of interest to the water and the determination of the colony counts
before and after treatment with UV. Dose-response curves therefore assist in the
evaluation of the UV treatment of the water. High counts of
1.80 x 108 microorganisms/m? at the Dositron (Site C) and 1.69 x 10® microorganisms/m¢
after the 0.2 um filter line two (Site |) were also observed, which indicated that the
dositron (point where sanitiser is added to the system) was perhaps not sealed or was
exposed to an external source of contamination. Membrane fouling which is caused by
the accumulation of chemicals, particles and growth of microorganisms on the
membrane surface could also have contributed to the increase in microbial counts
(Guidelines for Canadian Water Quality, 2008).

Due to the consistent contamination experienced, the production at the supplier
was stopped and the problem was investigated. Sampling was resumed after three
months to measure the efficiency of the treatment procedures implemented. The total
cell counts recorded in week 46 ranged from 2.69 x 10° microorganisms/m¢ at the large
borehole (Site A) to 5.70 x 10" microorganisms/m¢{ in the final bottled product (Site J).
Results in week 46 fluctuated with the highest total cell counts of
5.00 x 10® microorganisms/mf and 5.08 x 10° microorganisms/m{ observed after UV

irradiation treatment (Site E) and the 0.2 um filter in line one (Site G), respectively. The



CHAPTER TWO: ARTICLE SUBMITTED TO WATER SA 53
high total cell count recorded after the UV irradiation treatment in week 46, compared
to week one, four and eight indicated the reduction in the efficiency of the quartz and
clearly showed that the lamp needed replacement. The total cell count of 2.69 x
108 microorganisms/m{ observed in the large borehole (Site A) in week 46 was also
higher than the counts recorded in weeks one, four and eight. This could be ascribed to
the fact that microbial contamination was still taking place in the source water. The high
count recorded after the 0.2 ym filter (Site G) indicated that the filter was still blocked
and that the disinfection process employed was not adequate in addressing the
contamination of the filters.

In comparison to the other sampling weeks, low HPC counts were observed in
week 46, which indicated that even though the counts still exceeded the stipulated HPC
limit, the treatment procedures implemented were effective in reducing the CFU counts.
However, the flow cytometry results showed that the total cell counts of week 46 were
higher than all the other weeks sampled, which clearly indicates that the HPC count was
not a true reflection of the microbial numbers in the spring water distribution system.

The heterotrophic plate counts were compared to the viable cell counts as
obtained by flow cytometry. The results for week 46 only (Figure 5) are discussed as a
representation of results as significant differences were recorded in the HPC and FCM
counts for this week. The graph in figure 5 does not accurately reflect the heterotrophic
values recorded in week 46 due to scaling constraints. These results showed that the
flow cytometric (FCM) analysis yielded higher viable counts in the water sampled at the
various sites. The highest CFU count of 7.50 x 10° microorganisms/m{ was recorded
after the UV irradiation process (Site E). A corresponding FCM viable count of 2.17 x
10° microorganisms/m? was recorded for the same sampling site. The highest viable

FCM count for week 46 was observed at the Dositron (Site C) at 4.40 x 10’
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microorganisms/m{. A corresponding CFU count of 3.00 x 10° microorganisms/m{ was

recorded for the same sampling site. Differences in the heterotrophic plate counts and
the FCM viable cell counts could also be observed at all the sampling sites in the
distribution system with the HPC result in the bottled water (Site J) at 5.0 x 10*
microorganisms/m{ also lower than the viable FCM count of 9.86 x 10°
microorganisms/m{. Similarly the HPC count at Site G at 2.00 x 10° microorganisms/m¢
in comparison to the corresponding FCM count of 3.94 x 10° microorganisms/m{ was
also lower. The higher FCM counts indicated that this technique was able to detect cells
in the water sample that enter a viable but non culturable state (Paulse et al., 2007).
The current water legislation however, states that the heterotrophic plate count of the
final bottled water must be < 100 organisms/m{ within 24 hours of bottling however, no
stipulation regulation for FCM in bottled water could be found. Results clearly showed
that in comparison to the FCM technique, the heterotrophic plate count technique, only
allows for growth of the viable and culturable cells present in the water samples and that
it is not an accurate method to assess the actual viable microbial population in the

bottled water samples.

3.3 Phylogenetic analysis

Figure 6 (a) and (b) represents the purified PCR agarose gel electrophoresis photos of
week 4 using both primer sets 1 and 2. Lane one contains the DNA ladder # SM0402
and lane two contains the negative control. Phylogeny of 180 sequences were analysed
and there were many similar species that were repeatedly isolated from the various
sampling points over the sampling periods. Their duplicate species were excluded as

shown in Figures 7 to 10. Species that were similar and belonged to the same family
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grouped together to form clades. Bootstrap values for all scores were on average
above 90. The microbial flora isolated over the sampling periods was mainly
Pseudomonas sp., Bacillus sp., Staphylococcus sp. and Stenotrophomonas sp.
Pathogens isolated over the sampling period include Pseudomonas sp., Shigella, and
Staphyloccocus sp. Pseudomonas is an opportunistic pathogen that if present in the
water, indicates a lack of disinfection and cleanliness in the distribution system and is
also one of the most dominant species isolated from non carbonated natural mineral
water (Mavridou, 1992). Shigella is an enteric pathogen and-one of the major foodborne
bacteria causing illness (Jay 1992). Bacillus sp. only contains two species that are
pathogenic which is B. anthracis (cause of anthrax) and B. cereus. Most non pathogenic
Bacillus sp. can cause foodborne gastroenteritis.

In week one, 16 diverse species were isolated and a phylogenetic tree was
constructed (Figure 7). The HPC counts in this time period were significantly high (p <
0.05) and exceeded the limit specified by the South African National Standards (2003) of
< 100 organisms/m{. High microbial counts were isolated at the borehole and after the
0.35um filter line 2 which indicated the points of contamination within the system. These
high counts indicated that the current sanitisation system was not adequate as the
counts were not within the legal limit of < 100 organisms/m{ (South African National
Standards, 2003).

As shown in (Figure 7), amongst the organisms isolated were Shigella boydii,
Serratia sp. SB, Enterobacter asburiae.  All or which belong to the family
Enterobacteriaceae.  Serratia belongs to the coliform group and occurs in the
environment, where their presence usually indicate faecal contamination. In developing
countries contaminated drinking water is still also a major cause of shigellosis (Ray,

2004). Stenotrophomonas sp. are ubiquitous in the environment and in
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immunocompromised individuals S. matophilia can lead to nosocomial infections (Jay,
1992). Pseudomonas and Stenotrophomonas sp. have been frequently isolated from
mineral water (Leclerc, 2002).

In week four, 17 diverse species were isolated and a phylogenetic tree was
constructed (Figure 8). Serratia sp. SB and Shigella boydii was not isolated in week four
which could indicate that the current sanitisation process of the distribution system was
effective against these bacteria. All the species in this sampling week with the exception
of Pseudomonas sp. and Bacillus sp. were introduced in this sampling period. In week
four the highest HPC counts were recorded at the filters (Figure 2) and it could be at
these contamination points where these species were introduced. The presence of the
Pseudomonas sp. and Bacillus also indicated that the sanitisation process, although
adjusted was still not effective in the elimination of these organisms from the water.
Factors that influence the efficiency of chlorine disinfection include contact time,
concentration, microbial specie, microbial load, pH and temperature (Tchobanoglous
and Schroeder, 1985).

In week eight, 41 diverse species were isolated and a phylogenetic tree was
constructed (Figure 9). The highest number of species diversity isolated was in this
week. The highest HPC count for all the sampling periods was recorded in week eight
at the large borehole (Figure 2) and clearly indicated the most pronounced point of
contamination and species introduction. The borehole must be tapped securely to
prevent microorganisms from entering the system. The species introduced in this
sampling period included Commamonas aquatica, Proteus sp. K10, 7 Proteus mirabilis,
Hafnia alvei CCUG 429, Enterobacter sp. NJ-64, Enterobacter sp. MB-1-6-6,
Amorphomonas oryzae B46, Uncultured soil bacterium clone TG8, Rhizobium soli,

Arthrobacter sp. W17, Staphylococcus pasteuri strain SS-08, Staphylococcus
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epidermidis strain AT2, Staphylococcus sp. SA6, Uncultured soil bacterium clone TGS,
Endophytic bacterium WS7b strain DS-42 and Brevibacterium sp. NASA2-43. The
presence of Pseudomonas sp. and Bacillus sp. again indicate that these organisms
were not eliminated during the sanitisation process. The sanitisation process and
conditions were either insufficient to eliminate these organisms or they could have
formed a biofilm within the distribution system. In a routine monitoring study of rural
drinking water S. aureus was also isolated in 6% of the water samples (Le Chavellier
and Seidler, 1980). Enterobacter sp. as well as certain other species belong to the
family Enterobacteriaceae are usually used as indicator organisms. Stenotrophomonas
sp. was eliminated in week four, but reintroduced in week eight which indicated that it
could be part of the biofilm within the distribution system. Production at the plant was
stopped as the HPC counts were consistently higher than the accepted limit of
< 100 organisms/m{ (South African National Standard, 2003).

In week 46, only 13 different species were isolated and a phylogenetic tree was
constructed (Figure 10). The low species diversity correlates with the HPC count
observed in week 46, which was the lowest count for all the sampling periods (Figure 2),
but in comparison to the FCM count, which was the highest (Figure 3), it indicated an
increase in the number or organisms. Although most of the species isolated in the
previous sampling period were eliminated through the chlorine soaks, increased
concentration and contact times of the sanitiser, the number of viable organisms
increased. The presence of Pseudomonas sp. and Bacillus sp. again indicate that these
species were not eliminated during the sanitisation process and their persistence
definitely indicate a biofilm in the system. A study conducted by Percival et al. (1998) on
the development of biofilms on stainless steel pipes in a mains water system indicated

that the dominant specie isolated were Pseudomonas spp. and Alcaligenes sp. In week
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46, the following species Escherichia sp. Aeromonas, Endophytic bacteria and
Brevundimonas sp. were introduced. Escherichia sp. B4 belong to the family
Enterobacteriaceae and certain strains cause foodborne gastroenteritis. The presence
of Escherichia coli also usually indicates faecal contamination (Ray, 2004). Aeromonas
sp. are widely distributed in nature and can be found in freshwater, saltwater and soil
and are considered opportunistic pathogens. LeChavellier et al. (1982) investigated the
presence and health significance of Aeromonas sp. in chlorinated drinking water.
Aeromonas sp. were isolated from 27% of the 183 chlorinated drinking water samples
collected over an 18 month period. The presence of Aeromonas sp. could not be
correlated with the presence of coliforms, but certain strains can cause diarrhoea and
have the potential of possibly causing water associated gastroenteritis in humans.

In week 46, the HPC and specie diversity was significantly reduced, but the HPC
was still not within the limit of < 100 organisms/m{ (South African National Standards,
2003). It is important to understand quantitatively the bacterial diversity in the bottling
water distribution system and the correct number in order to apply and optimise the
correct sanitisation procedure. As bottled water cannot be subjected to any chemical
treatments during and after bottling it is important to apply effective sanitisation, manage
the filter integrity, UV irradiation and secure the spring source in order to supply safe

water free of any contamination.

4, Conclusions

The major conclusions of the study were as follows:
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1.

The lowest HPC count was recorded in week 46 but still notably exceeded the
maximum limit of < 100 microorganisms/m{ (South African National Standards for
Bottled Water, 2003).

The total cell counts obtained by the FCM method were higher in week 46 at all
the sites throughout the sampling period, when compared to the heterotrophic
plate counts.

The higher FCM counts indicated that the flow cytometry technique was able to
detect certain cells in the sample that enter a viable but not culturable state and
that the heterotrophic plate count technique only allowed for growth of the viable
and culturable cells present in the water samples.

Flow cytometry proved to be a rapid and more reliable technique for the
assessment of total bacterial count in water samples. New updated methods for
the analysis of drinking water, which could include the FCM technique, should be
included in the proposed techniques for determining the maximum and minimum
levels as set out by the South African National Standards for Bottled Water.

The dominant species Pseudomonas sp. and Bacillus sp. were isolated
throughout the sampling period from week one to week 46. The pathogenic
organisms isolated from all the sampling periods included Escherichia sp.,
Pseudomonas sp., Shigella boydii, Bacillus sp. and Staphyloccocus sp.

The highest species diversity in comparison to all the other sampling periods was
recorded in week eight, which correlated with the highest HPC count recorded at
the borehole. These counts could have been influenced by the fact that the
borehole was not secured tightly which allowed the microorganisms to enter the

system.
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7. It is important to understand quantitatively the viable bacterial load and the
species diversity in the bottling water distribution system in order to apply and
optimise the most efficient sanitisation procedure. As bottled water cannot be
subjected to any chemical treatments during and after bottling it is also important
to understand the survival capacity of the pathogenic and indicator organisms.
8. Production at the supplier was stopped and although the HPC counts were

reduced there was still quality problems detected in the final bottled water.
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Figure 3 Enumeration of total bacteria by means of flow cytometric analysis (FCM) recorder over the sampling period.
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Figure 4b Dotplots of planktonic samples obtained in the final bottled water for week 46 of the distribution
site in the Western Cape by means of Flow cytometric analyses (FCM).
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Figure 6a Polymerase Chain Reaction analysis of extracted DNA samples (BB1-138 to 155) [with primer
set 1: forward (RWO01) primer; reverse (DG74) primer] for sampling week 4. Lanes 1 —18: samples 14 to
32; Lane A: Marker [MassRuler™ DNA Ladder Mix, #SM0403 (Fermentas)]; Lane B: Negative control.
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Figure 6b Polymerase Chain Reaction analysis of extracted DNA samples (BB1-138 to 155) [with primer
set 2: forward (RW080) primer; reverse (DG74) primer] for sampling week 4. Lanes 1 —18: samples 14 to

32; Lane A: Marker [MassRuler™ DNA Ladder Mix, #SM0403 (Fermentas)]; Lane B: Negative control.
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Figure 7 Unrooted phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial
samples obtained from water samples taken in week 1 from the distribution system in Western Cape,
South Africa. Distance matrices were constructed from the aligned sequences and created for multiple
base changes at single position by the BLOSUM algorithm. Bootstrap values are shown at nodes.
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Figure 8 Unrooted phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial
samples obtained from water samples taken in week 4 from the distribution system in Western Cape,
South Africa. Distance matrices were constructed from the aligned sequences and created for multiple
base changes at single position by the BLOSUM algorithm. Bootstrap values are shown at nodes.
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Figure 9 Unrooted phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial
samples obtained from water samples taken in week 8 from the distribution system in Western Cape,
South Africa. Distance matrices were constructed from the aligned sequences and created for multiple
base changes at single position by the BLOSUM algorithm. Bootstrap values are shown at nodes.
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Figure 10 Unrooted phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial
samples obtained from water samples taken in week 46 from the distribution system in Western Cape,
South Africa. Distance matrices were constructed from the aligned sequences and created for multiple
base changes at single position by the BLOSUM algorithm.
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Table 1 Table of 16 isolates, their codes and accession numbers for organisms isolated from week 1

sampling period.

Name presented on tree

Organism

Accession number

75d Uncultured Pseudomonas sp.

Clone_75d_Uncultured_Pseudomonas sp. EF593077.1
CMG586 Pseudomonas Pseudomonas aeruginosa strain CMG586 EU194236.1
aeruginosa
NBRAJG91 Pseudomonas aeruginosa strain NBRAJG91 EU661707.1
P. aeruginosa
WWS5 Pseudomonas sp Pseudomonas sp. WW5 EF433547.1
CMG860 Pseudomonas Pseudomonas aeruginosa strain CMG860 EF511771.1
aeruginosa
Pseudomonas sp. Pseudomonas sp. EF426444.1
Beta proteobacterium NOS8 Beta proteobacterium NOS8 AB076846.1
Shigella boydii Shigella boydii AB273731.1
Serratia sp. SB Serratia sp. SB EU816383.1
E877 Enterobacter asburiae Enterobacter asburiae strain E877 EF059885.1
Sphingomonas sp. ECN-2008 Sphingomonas sp. ECN-2008 AM940945.1
Bacillus sp. PK-7 Bacillus sp. PK-7 EU685824.1
JS-12 Bacillus sp Bacillus sp. JS-12 EF040535.1
ISSDS-774 Stenotrophomonas maltophilia strain 1ISSDS-774 EF620464.1
S. maltophilia
Stenotrophomonas sp. Stenotrophomonas sp. AJ884482.1

R551-3 S. maltophilia

Stenotrophomonas maltophilia R551-3

CP001111.1
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Table 2 Table of 17 isolates, their codes and accession numbers for organisms isolated from week 4

sampling period.

Name presented on tree

Organism

Accession humber

PK-7 Bacillus sp

Bacillus sp. PK-7

EU685824.1

Z7Z2 Bacillus sp

Bacillus sp. ZZ2

DQ113449.1

PSA38 Bacillus cereus

Bacillus cereus strain PSA38

EU346663.1

CM24 Bacillus cereus

Bacillus cereus strain CM24

EU660318.

DB-10Bacillus sp

Bacillus sp. DB-10

EU439408.1

NA Bacillus subtilis

Bacillus subtilis strain NA

EF064205.1

CT13 Bacillus pumilus

Bacillus pumilus strain CT13

EU660365.1

NBRAJATRY Bacillus subtilis

Bacillus subtilis strain NBRAJATR9

EU661710.1

AUS55 Bacillus subtilis str.

Bacillus subtilis strain AU55

EF032684.1

MZ-32 Bacillus subtilis

Bacillus subtilis subsp. subtilis MZ-32

EF422864.1

STM 4035 Agrobacterium s.p

Agrobacterium sp. STM 4035

EF152474 .1

RRLJ SMAR Pseudomonas beteli

Pseudomonas beteli strain RRLJ SMAR

DQ299947 .1

CL11b Endophytic bacterium

Endophytic bacterium CL11b

EU088087.1

zf-IRht15 Acinetobacter sp

Acinetobacter sp. zf-IRht15

DQ223660.1

H5 Pseudomonas sp

Pseudomonas sp. H5

DQ268826.1

ATCC 12633 Pseudomonas
putida

Pseudomonas putida strain ATCC 12633

AF094736.1

NBRAJG91 P. aeruginosa strain

Pseudomonas aeruginosa strain NBRAJG91

EU661707.1
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Table 3 Table of 43 isolates, their codes and accession numbers for organisms isolated from week 8

sampling period.

Name presented on tree

Organism

Accession number

NBRAJG91 P. aeruginosa Pseudomonas aeruginosa strain NBRAJG91 EU661707.1
NBRAJG91 P. aeruginosa Pseudomonas aeruginosa strain NBRAJG91 EU661707.1
WW5 Pseudomonas sp. Pseudomonas sp. WW5 EF433547.1
CMG586 Pseudomonas Pseudomonas strain CMG586 EU194236.1
aeruginosa
418 Pseudomonas sp Pseudomonas sp. 418 EU841539.1
MCCB Pseudomonas aeruginosa Pseudomonas aeruginosa isolate MCCB EF053508.2
IL1 Pseudomonas aeruginosa Pseudomonas aeruginosa isolate 1L1 DQ989211.2
8.2 Pseudomonas sp Pseudomonas sp. 8.2 EF426444.1
Pseudomonas aeruginosa Pseudomonas aeruginosa EU327890.1
634 Comamonas aquatica Comamonas aquatica strain 634 EU841530.1
K107 Proteus sp Proteus sp. K107 EU7107471
Proteus mirabilis Proteus mirabilis DQ777867.1
Hafnia alvei CCUG 429 Hafnia alvei CCUG 429 FM179944.1
NJ-64 Enterobacter sp Enterobacter sp. NJ-64 AM421983.1
MB-1-6-6 Enterobacter sp. Enterobacter sp. MB-1-6-6 EU816586.1
45 Stenotrophomonas sp Stenotrophomonas sp. 45 AY856845.1
R551-3 Stenotrophomonas Stenotrophomonas maltophilia R551-3 CP001111.1
maltop.
7-3 Stenotrophomonas sp. Stenotrophomonas sp. 7-3 EU054384.1
Amorphomonas oryzae B46 Amorphomonas oryzae B46 AB233493.1
TG8 Uncultured soil bacterium Uncultured soil bacterium clone TG8 DQ297948.2
Rhizobium soli strain DS-42 Rhizobium soli strain DS-42 EF363715.1
NASA2-43 Brevibacterium sp. Brevibacterium sp. NASA2-43 EU029632.1
Arthrobacter sp. W17 Arthrobacter sp. W17 EU596424.1
SS-08 Staphylococcus pasteuri Staphylococcus pasteuri strain SS-08 EU624447 1
AT2 Staphylococcus epidermidis Staphylococcus epidermidis strain AT2 EU021221.2
SA6 Staphylococcus sp Staphylococcus sp. SA6 AY864655.1
TG8 Uncultured soil bacterium Uncultured soil bacterium clone TG8 DQ297948.2
BMP-1 Bacillus sp. Bacillus sp. BMP-1 DQ371431.1
Bacillus sp. X5 Bacillus sp. X5 EU236728.1
WS7b Endophytic bacterium Endophytic bacterium WS7b EU088038.
Gamma proteobacterium BDA453 Gamma proteobacterium BDA453 AB304258.1
S.arcachonense sp. nov. S.arcachonense sp. nov. Y11561.1
HNRO7 Bacillus sp. Bacillus sp. HNRO7 EU373351.1
770 Bacillus cereus Bacillus cereus strain 770 EU430093.1
SS-07 Bacillus cereus Bacillus cereus strain SS-07 EU624445 .1
BGSC 6A16 Bacillus cereus Bacillus cereus strain BGSC 6A16 AY310302.1
PSA38 Bacillus cereus Bacillus cereus strain PSA38 EU346663.1
PK-2 Bacillus sp Bacillus sp. PK-2 EU685821.1
ZZ2 Bacillus sp. Bacillus sp. 222 DQ113449.1

SCB001 Bacillus cereus

Bacillus cereus strain SCB001

DQ466089.1

81
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Table 4 Table of 13 isolates, their codes and accession numbers for organisms isolated from week 46

sampling period.

Name presented on tree

Organism

Accession number

ZH4 Bacillus sp Bacillus sp. ZH4 EU236750.1
BGSC Bacillus cereus strain Bacillus cereus strain BGSC AY310302.1
PSA38 Bacillus cereus Bacillus cereus strain PSA38 EU346663.1
CT13 Bacillus pumilus Bacillus pumilus strain CT13 EU660365.1
S8-07 Bacillus pumilus Bacillus pumilus strain S8-07 EU620415.1
JS-12 Bacillus sp Bacillus sp. JS-12 EF040535.1
YIM KMY42-2 Brevundimonas sp Brevundimonas sp. YIM KMY42-2 DQ358649.1
B4 Escherichia sp Escherichia sp. B4 EU722735.1
WW?7 Aeromonas sp Aeromonas sp. WW7 EF433549.1
CNO015 Pseudomonas putida Pseudomonas putida strain CN015 EU364531.1
NBRAJG91 Pseudomonas aeruginosa strain NBRAJG91 EU661707.1

P. aeruginosa
PR Pseudomonas sp Pseudomonas sp. PR EU816382.1
EU088094. 1

CL13A Endophytic bacterium

Endophytic bacterium CL13A
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Abstract

The aim of this study was to investigate the application of bioremediation as treatment in a spring
water bottling system in the Western Cape, South Africa. The spring water bottling system was
experiencing microbial quality problems. A laboratory scale bioreactor was constructed and
water samples were analysed over a two week period. Flow cytometry (FCM) and the Direct
Acridine Orange Count (DAOC) with Epiflourescent Microscopy (EM) were used for the
enumeration of microorganisms in the samples. The total cell counts analysed by flow cytometry
ranged from 1.53 x 10’ microorganisms/ml in the initial sample to 1.16 x 10" microorganisms/ml
on day 13 (final). The results indicated a 24% decrease in the microbial numbers. The total cell
counts obtained by the DAOC method ranged from 1.43 x 10° microorganisms/ml in the initial
sample to 9.54 x 10° microorganisms/ml on day 13 (final). The results indicate a 33% decrease
in microbial numbers. The total cell counts obtained by the DAOC method were lower in all the
water samples when compared to the total counts obtained by flow cytometric analyses.
Although the FCM counts fluctuated throughout the entire sampling period, results clearly
showed that the FCM method was more effective for total cell count determination than the
DAOC method. Even though a decrease in the total cell counts (24%, FCM; 33%, DAOC) were
observed further studies are required to optimise the bioreactor system for its application in the
spring water distribution system.

Keywords: bacterial contamination, bioremediation, direct acridine orange count (DAOC),
epifluorescence microscopy, flow cytometry, spring water bottling system
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Introduction

Spring water is formed when water that filters through the earth’s layers is forced through natural
underground pressure to the earth’s surface in the form of a spring (LaMoreaux & Tanner, 2002).
If the spring water is bottled and sold for human consumption the source of the spring must not
be situated at or close to any danger of pollution by sewerage, farming operations, waste disposal
or industrial activities or any combination of the above pollutant sources (South African National
Standard, 2003). This natural bottled water can only be subjected to certain treatment processes
such as separation from unstable constituents by decantation, filtration, aeration, and by any
process that will ensure that the natural mineral content is not modified, such as ultraviolet
irradiation and ozonation (South African Department of Health, 2004). According to the South
African National Standards for Bottled Water (2003) coliform bacteria and faecal coliform
bacteria must be absent per 100 ml of water and the total viable colony count should be <100
organisms per 1 ml of water.

Bioremediation is the process by which living organisms utilise their metabolic potential to
degrade or transform hazardous organic compounds in order to clean up contaminated
environments under controlled conditions (Watanabe & Baker, 2000; Spain, 2000; Samanta,
2002 and Parales & Haddock, 2004). This biological process utilises either naturally occurring
organisms, or organisms introduced to the site, to degrade toxic compounds. Microbial
bioremediation is the process whereby microorganisms convert harmful chemicals into harmless
compounds or utilisable matter through enzymatic reactions. The reduction in the level of
contaminants is often the result of various diverse groups of microorganisms interacting with one
another and functioning in the contaminated environments under various specific conditions
(Vidali, 2001).

A bioreactor utilises microorganisms to degrade contaminants in water through suspended
biological systems. Organic matter in contaminated ground water is aerobically degraded by
microorganisms while being circulated through an aerated basin to carbon dioxide, water and
new cells. Contaminated water sludges and waste streams have also successfully been treated
utilising bioremediation technology, which is simple and cost effective (Boopathy, 2000). It is
however, important to assess the suitability of the environment for this biological process, as
bioremediation cannot be used to degrade all types of contaminants, such as chlorinated
hydrocarbons, as they are often resistant to microbial degradation (Coldberg & Young, 1995;
Vidali, 2001). Factors such as oxygen, pH, nutrient availability and the ability of the microbial
population to degrade pollutants are all important for the optimisation of the bioremediation
process (Vidali, 2001).

Microscopy is one of the only techniques where bacterial cells and in particular biofilms can be
studied at the single cell level in situ. This method has gained considerable attention as it has
been successfully employed for the detection of the characteristics, physiology and interactions of
microbial cells, (Kumar & Anand, 1998). Confocal Laser Scanning Microscopy (CLSM),
Epifluorescent-, Electron- and Phase Contrast microscopy are all widely used methods in the
determination of the biofilm structure (Hurst et al., 2002). In a study conducted by Garabetian et
al. (1999) epiflourescent microscopy was used to assess whether the storage of freshwater
samples affected the total bacterial counts in water. The water samples were stored at 4 °C and -
18 °C for short (7 and 14 days) and long (160 and 240 days) periods by using formalin—fixing.
The study was performed in the field and although bacterial reductions were observed, filtering,
staining and microscopic examination of the slides under the microscope was time-consuming.
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Flow cytometry (FCM) is a rapid and reliable technique to assess single or multiple
microorganisms by means of fluorochromes (Current Protocols in Flow Cytometry, 2005). The
addition of fluorescent beads in conjunction with the Live/Dead BacLight™ viability stain allows
for the enumeration of total bacteria in the water samples (Monis et al., 2003). According to
Hiraoka & Kimbara (2002) both flow cytometry and epifluorescence microscopy are techniques
widely used to determine total cell counts and also the ratios of live (viable) cells to
permeabilised (injured) and dead cells. Paulse et al. (2007) also used flow cytometry and
epifluorescence microscopy to determine total cell counts in the Berg River, Western Cape, South
Africa. Results showed that the flow cytometry method was effective in routinely comparing and
evaluating the presence of total cell counts in the river water samples.

The aim of this study was to investigate the application of bioremediation as treatment
technology in a spring water bottling system in the Western Cape, South Africa. Flow cytometric
analysis and direct acridine orange count (DAOC) using epifluorescence microscopy was used to
obtain total cell counts (the culturable and non-culturable populations).

Materials and Methods
Water collection

The water used for the laboratory-scale bioreactor systems was collected from a spring water
bottling plant in the Western Cape, South Africa. This bottling plant was selected as bacterial
contamination was experienced throughout the water distribution system. Significantly high total
cell counts were also obtained by the FCM technique at various sampling sites in the distribution
system (Behardien et al., 2008).

Laboratory-scale bioreactor

A laboratory-scale bioremediation system (Figure 1) was evaluated over a period of two weeks.
Two hundred litres of water collected from the spring water distribution system was pumped
through the batch laboratory-scale horizontal bioreactor (35 cm x 30 cm x 100 cm) at a flow rate
of 1000 L/h (Ecopool 6 pump) and a retention time of three minutes.
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Figure 1
Schematic diagram of the laboratory-scale bioreactor system with Bioballs™ as the attachment
surface.

Material used as attachment surfaces — Bioballs™

Each of the three compartments of the bioreactor system were filled with Bioballs™ (Figure 1),
which is produced from a combination of acrylonitrile, butadiene and styrene (ABS). The
Bioballs™ have a surface area of 20 cm® and can be stacked close to each other in a system. This
not only increases the attachment surface area for biofilm growth, but also the retention time
within the system.

Direct Acridine Orange Count (DAOC)

The total number of microorganisms in the effluent water samples was determined by means of
epifluorescence microscopy, with acridine orange (Sigma) as the fluorochrome. The water
samples (2 ml) were filtered through Millipore membrane filters with a pore size of 0.22 pum.
Cells were stained with 2 ml acridine orange (160 mg/L) for 5 minutes. Total cell counts were
obtained wusing a Zeiss microscope (100X  magnification). A minimum
of five different fields was enumerated for each sampling time.
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Flow cytometry (FCM)

The flow cytometer analysis as outlined by Paulse et al. (2007) was employed in the present
study. For the flow cytometry-based assay of samples, individual samples were subjected to a
Becton Dickinson FACSCalibur flow cytometer for analysis. The Becton Dickinson
FACSCalibur flow cytometer has a 15 mW, 488 nm argon-ion laser. A Doublet
Discrimination Module, which uses pulse width and area to eliminate cell clumping (doublets
and triplets) is ideal for DNA analysis. Flow cytometry employs the principles of light
scattering, light excitation and emission of fluorochrome molecules to generate data from
particles or cells in the size range of 0.5 pum to 40 pm in diameter (Current Protocols in
Cytometry, 2005). The bacterial population was identified and gated on a forward scatter
(FSC) versus a side scatter (SSC) dotplot and a SSC versus fluorescence channel 2 (FL-2) at
585/42 nm dotplot. The bead count was identified and gated on a SSC versus fluorescence
channel (FL-1) dotplot. All parameters were measured using a logarithmic amplification
scale. A threshold of 52 FSC channels were set to remove sample debris. Only bacterial cells
satisfying both gates were collected for subsequent analysis. Depending on the amount of
debris present, certain samples were filtered through a 0.22 um filter before analysis. The
staining procedure was performed by combining equal volumes of PI (propidium iodide) (4
pl) and SYTO 9 (4 pl) in the BacLight™ viability probe and dissolved in 1 ml sterile distilled
H,0O. The stained samples (1 ml sample stained with 200 pl BacLight™) were kept in the
dark for 15 minutes, after which 50 pl liquid counting beads (BD™ Cell Viability Kit, BD™
Liquid Counting Beads) were added. The samples were then analysed with the flow
cytometer and the concentrations of total cell populations were determined (Equation 1). In
order to avoid excessive compensation of fluorescence overlap, SYTO 9 green emittance
fluorescence was measured in fluorescence channel 1 (FL-1) at 530/30 nm and the PI was
measured in fluorescence channel 3 (FL-3) at 670/LP nm. The samples were acquired until a
total of 250 counting bead events were detected. An Escherichia coli laboratory strain was
used as control.

Equation 1

Number of events in cell region  x Number of beads / test  x dilution
Number of events in bead region test volume factor

[Bead concentration recorded at 988/ul for BD Liquid Counting Beads and at 49827 beads per
Trucount™ tube, both obtained from BD™]

Statistical Analysis

Repeated Measures Anovas (RMAs) were performed on all data obtained as outlined in Dunn
& Clark (1987) using Statistica™. In each RMA the residuals were analysed to determine if
they were normally distributed. In all hypothesis tests a significance level of 5% was used as
standard.

Results and Discussion

Flow Cytometric Analysis (FCM) and Direct Acridine Orange Count (DAOC)

The total cell counts obtained by FCM analysis and DAOC using epiflourescent microscopy
are presented in Figures 2 & 3. The live and dead ratios of samples were obtained using flow
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cytometer analysis, in conjunction with the Live/Dead BacLight™ availability probe and
liquid counting beads (BD™). Two distinct populations of live and dead cells were observed
by distinguishing between their fluorescence intensities, i.e. either red or green. The total cell
counts for FCM analysis ranged from 1.53 x 10’ microorganisms/ml in the initial sample to
1.16 x 10" microorganisms/ml on day 13. A steady increase in the microbial count was
noted over the first four days, with a count of 3.35 x 10’ microorganisms/ml recorded on day
four. This increase in the microbial numbers could have been due to nutrient availability in
the water and favourable growth conditions. After day four the results decreased rapidly from
3.35 x 10" microorganisms/ml (Day 4) to 1.08 x 10’ microorganisms/ml on day five. The
rapid decrease in the microbial numbers could be due to a decrease in temperature and
depletion of nutrients. The growth of microorganisms is also dependant on their
environmental conditions and a change in the conditions can either alter their growth rate or
kill them. Certain microorganisms also enter a viable but non-culturable (VNBC) state when
they are exposed to a stressful environment (Roszak & Coldwell, 1987). Results continued to
fluctuate over the study period with a final count of 1.16 x 10’ microorganisms/ml observed
on day 13. These results indicated a 24% decrease in the microbial numbers. The presence of
oxygen, pH, nutrient availability and the ability of the microbial population to degrade
pollutants are all important factors in the optimisation of the bioremediation process (Vidali,
2001).
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Figure 2

Comparison of total cell counts for bioreactor samples as obtained by flow cytometry (FCM) and
epiflourescent microscopy (DAOC).
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Dotplots of planktonic samples obtained at initial (day 0) and final day (day 13) of the bioreactor by
Flow cytometric analyses (FCM).

The total cell counts obtained by the DAOC method were lower in all the water samples,
when compared to total counts obtained by flow cytometry analyses. The highest DAOC
count of 1.43 x 10° microorganisms/m¢ was recorded in the initial water sample with a
corresponding FCM count of 1.53 x 10’ microorganisms/ml. The lowest DAOC count of 1.76
x 10° microorganisms/m¢ was recorded on day two with a corresponding FCM count of 1.97
x 10" micro-organisms/m¢. Even though the FCM counts fluctuated throughout the sampling
period, results clearly showed that the FCM method yielded more accurate data for total cell
counts. Paulse et al. (2007) assessed various enumeration techniques during an investigation
into the planktonic bacterial population in the Berg River, Western Cape, South Africa.
Higher FCM than DAOC total cell counts were detected indicating that this technique was
able to detect cells in the water sample that enter a viable but non culturable state. The FCM
technique indicated significantly (p < 0.05) higher total counts than those observed by the
DAOC technique. The DAOC method involves the manual counting of the microorganisms
in conjunction with epifluorescence microscopy, which implies that more scope for human
error exists.

Results obtained for the average live/dead total cell count by FCM analysis for each
sample over the specific time period are presented in Figure 4. The live vs. the dead cell
counts fluctuated throughout the two week study period. The live cell count of 9.77 x
10° microorganisms/ml in the initial sample was significantly (p < 0.05) higher than the
corresponding dead cell count of 5.58 x 10° microorganisms/ml. On day four a significant
increase in the live cell count was noted which again could be attributed to favourable growth
conditions. The final live cell count on day 13 was 4.58 x 10° microorganisms/ml in
comparison to the dead cell count of 6.98 x 10° microorganisms/ml (Figure 4). The current
water legislation however, states that the heterotrophic plate count of the final bottled water
must be < 100 organisms/ml within 24 hours of bottling however, no regulation for FCM in
bottled water could be found.

Melin et al. (1998) expressed that the main limitation for groundwater bioremediation
is thought to be temperature as it slows down the degradation rates. Due to the influence of
external environmental conditions such as changes in weather conditions, the results
fluctuated and even though a decrease in total cell counts is obtained (FCM & DAOC) further
studies are required. A bioreactor system could however possibly be implemented as primary
treatment directly after the borehole, as this will not alter the chemical composition of the
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water. Once the primary treatment is implemented the water can continue throughout the
distribution system which effectively reduces the clogging of filters.
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Figure 4

Enumeration of live and dead cell counts by means of flow cytometry (FCM) for the sampling period.

Conclusions

The major conclusions of the study include the following:

The FCM count ranged from 1.53 x 10’ microorganisms/m¢ in the initial sample to
1.16 x 10" microorganisms/m¢ in the final sample. Direct acridine orange counts
ranged from 1.43 x 10° microorganisms/m¢ in the initial sample to 9.54 x 10°
microorganisms/m¢ in the final sample.

The total cell counts obtained by the DAOC method were lower in all the water
samples, when compared to total counts obtained by flow cytometric analyses. Even
though the FCM counts fluctuated throughout the sampling period, results clearly
showed that the FCM method yielded more accurate data for total cell counts than the
DAOC method.

Although there was a decrease in the viable cell count it was still significantly higher
than the heterotrophic plate count limit as defined by the South African Standards for
bottled water of < 100 organisms/ml. There is no FCM standard specified for bottled
spring water.

Even though a decrease in the total cell counts (24%, FCM; 33%, DAOC) were
observed further studies are required to optimise the bioreactor system for its
application in the spring water distribution system.
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GENERAL CONCLUSIONS

4.1 INVESTIGATION INTO THE MICROBIAL CONTAMINATION IN A SPRING
WATER DISTRIBUTION SYSTEM, WESTERN CAPE, SOUTH AFRICA.

Spring bottled water is chemically untreated and must comply with stringent
microbiological criteria as stipulated by the South African National Standards for
Bottled Water (2003). In developed countries the demand for bottled water is
determined not only by safety but by taste preference. In developing countries
however, the lack of potable water has influenced the demand for bottled water. The
perception that bottled water is safer than tap water has also led to an increase in the
demand for bottled water. The water from the borehole goes through a series of
filtration processes, and ultraviolet irradiation before bottling and can only be
subjected to certain treatment processes that will ensure that the natural mineral
content of the water is not altered in any way (South African Standards, 2003).
Spring water cannot undergo any chemical disinfection treatments. The spring water
bottling system in the Western Cape, South Africa investigated in this study was
experiencing problems associated with bacterial contamination.

Sampling of the sites in the spring water bottling plant started in March 2004
(week one & week four) and continued in April (week eight) until November 2004
(week 46) to investigate the bacterial contamination in the spring water bottling
system. Figures in this section refer to article 1 (chapter 2). Sampling sites at the
spring water distribution system in the Western Cape, South Africa indicated in
(Figure 1) included; Site A (borehole 1); Site B (borehole 2); Site C (Dositron —
Flushing point); Site D (between 0.3 um and UV steriliser —outside factory), Site E
(After UV); the bottling line then splits into two lines and either one of the lines can be
used for bottling. Site F (Line one after 0.35um filter); Site G (Line one after 0.2 pm
filter); Site H (Line two after 0.35 um filter); Site | (Line two after 0.2 um filter) and Site
J (at filler- final bottling point).

The number of culturable cells were determined using the heterotrophic plate
count (HPC) technique (Figure 2). R2A and nutrient agar were used as the nutrient
sources for the enumeration of aerobic bacteria. The heterotrophic plate count
measurement in bottled water is used not only to indicate the level of disinfection of
the distribution and bottling system but also assists in indicating if any changes in the

water occurred from the borehole to the final bottled product (Leclerc &
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Moreau, 2002). The heterotrophic plate counts recorded for weeks one, four, eight &
46 in the final bottled water (Site J) were 3.66 x 10° cfu/ml, 9.0 x 10°cfu/ml,
2.35 x 10" cfu/ml and 5.00 x 10* cfu/ml, respectively. The current water legislation
states that the heterotrophic plate count of the final bottled water must be < 100
organisms/ml within 24 hrs of bottling (South African National Standards, 2003),
which implies that the counts recorded in the final bottled water obtained for all the
sampling periods were significantly higher than the accepted limit. High HPC counts
were recorded at the filters, the UV light and the borehole and although the
sanitisation process was adjusted and the final count in week 46 was much lower
than all the other sampling weeks, it was still not within the acceptable legal limit.
One of the disadvantages of the HPC technique however, is that it only detects the
microorganism selected for growth under specific conditions (Hurst et al., 2002).
Certain microorganisms also enter a viable but non-culturable (VNBC) state when
they are exposed to a stressful environment (Roszak & Coldwell, 1987).

The total cell counts were evaluated by flow cytometric analysis (FCM) in
conjunction with the Live/Dead BacLight™ viability probe and liquid counting beads
(BD™) (Figures 3 & 4). Flow cytometry can also be referred to as fluorescent
activated cell sorting (FACS) and is used to sort and measure different types of cells
by labelling the surface of the cell with fluorescent markers. Fluorescent beads can
also be added to aid in the calculation of the total or absolute cell counts. Flow
cytometry is a rapid method that allows for a large amount of data to be available in a
very short time period (Javois, 1999). The total cell counts recorded for week one,
four, eight & 46 in the final bottled water (Site J) were 5.44 x 10" microorganisms/ml,
8.36 x 10’ microorganisms/ml, 9.09 x 10’ microorganisms/ml and 5.70 x 10’
microorganisms/ml,  respectively.  According to the South African National
Standards, (2003) the HPC specification for untreated spring water is <100
organisms/ml. The recorded counts significantly (p <0.05) exceeded the standard
specification.

Significant differences between the total cell counts obtained by HPC and the
viable cell counts by the FCM technique were also noted in week 46 (Figure 5). The
highest HPC count of 7.50 x 10° microorganisms/ml was recorded at Site E in
comparison to the viable FCM count of 2.17 x 10° microorganisms/ml. The
differences in the heterotrophic plate counts and the viable cell counts observed in
the final bottled water in comparison to the viable FCM count indicated that the flow

cytometry technique was able to detect viable but not culturable cells, whereas the
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heterotrophic plate count technique only allowed for growth of the viable and
culturable cells present in the water samples. Heterotrophic plate count results
recorded were thus not a clear indication of the actual microbial numbers in the water
samples. Monis et al. (2003) investigated the enumeration of waterborne bacteria
using viability assays and flow cytometry and compared it to culture-based
techniques. Untreated water as well as potable water samples were collected at
various locations around South Australia. Due to the short testing time flow
cytometry was used along with the LIVE/DEAD BacLight™ bacterial viability kit and
carboxyfluorescein diacetate (CFDA) to detect physiologically active bacteria from
the water samples. The FCM technique yielded 5.56 x 10% and 3.94 x 10* active
bacteria per ml in comparison to the culture based techniques which were two to four
log cycles less. It can thus be concluded that the FCM technique is a more reliable
technique for the enumeration of microbial populations in water samples.

DNA was extracted from pure culture isolates from individual water samples
and was amplified using two primer sets. The PCR product was sent for sequencing
and subsequently blasted and aligned with ClustalX (1.81) using default parameters
and the Blosum matrix. An unrooted tree was constructed using the neighbour-
joining (Saitou & Nei, 1987) program of MEGA version 4.1 (Molecular Evolutionary
Genetics Analysis 4.1) (Tamura et al., 2007). Branching patterns were evaluated by
pairing 1000 replicates. Phylogenetic trees were constructed for week one, four,
eight and 46 (Figure 7-10). The phylogeny of the 180 isolates were analysed using
the neighbour-joining algorithm of CLUSTAL X. There were many species that were
repeatedly isolated from the various sampling points over the sampling periods and
therefore duplicates were excluded. The number of diverse isolates for the sampling
weeks one, four, eight & 46 were 17, 17, 41 and 13 respectively. The most dominant
species present throughout the four week sampling period were Pseudomonas sp.
and Bacillus sp. which indicated that these species were not eliminated during the
sanitisation process. In a study conducted by Percival etal. (1998) on the
development of biofilms on stainless steel pipes in a mains water system indicated
that the dominant species isolated were Pseudomonas spp. and Alcaligenes sp. A
biofilm community can survive disinfection and can thus attach to the surface of the
distribution system (Geldreich, 1990). Other pathogenic bacteria isolated from the
water samples in this study included Bacillus sp, Staphylococcus sp. and Shigella
boydii.
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In week eight the highest number of species was isolated in comparison to all
the other sampling periods. The highest HPC counts were also isolated at the
borehole in comparison to all the other sampling periods which clearly indicated that
there was a new external source of contamination entering the distribution system via
the borehole. The organisms isolated throughout the sampling period include
amongst others Bacillus pumilis, Shigella boydii, Serratia sp. SB, Enterobacter
asburiae, Stenotrophomonas sp., Serratia sp., Stenotrophomonas maltophilia,
Acinetobacter, Comamonas, Enterobacter sp., Staphylococcus sp., Aeromonas sp.
and Escherichia sp. The flora of natural mineral water has been studied in great
detail and the major groups of bacteria isolated from mineral water include amongst
others Escherichia coli, Salmonella typhi, Pseudomonas fluorescent and non-
flourescent spp, Alcaligenes, Proteo bacteria, Cytophaga spp. (Leclerc & Moreau,
2002), and Vibrio cholerae (Kramer et al., 1996).

In week 46 Escherichia sp. were isolated, which is indicative of faecal
contamination. It is important to understand quantitatively the viable bacterial load
and the microbial diversity in the bottling water distribution system in order to apply
and optimise the correct sanitisation procedure. As bottled water cannot be
subjected to any chemical treatments during and after bottling it is important to
understand what the survival capacity of the pathogenic and indicator organisms are
within the distribution system in order to apply an effective sanitisation procedure

throughout the distribution system, especially the filter systems.

4.2 APPLICATION OF BIOREMEDIATION AS TREATMENT TECHNOLOGY IN A
SPRING WATER DISTRIBUTION SYSTEM.

Bioremediation is the process by which living organisms utilise their metabolic
potential to degrade or transform hazardous organic compounds to clean up or
remediate contaminated environments under controlled conditions (Watanabe &
Baker, 2000; Spain et al., 2000; Samantha, 2002 & Parales & Haddock, 2004). The
biofilm allows microorganisms to attach to surfaces and not only provides access to
nutrients but also protection against disinfection agents.

Bioremediation was assessed as a primary treatment technique in the spring
water bottling system in the Western Cape, South Africa to reduce the number of

microorganisms in the spring water. The figures in this section refer to article 2
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(chapter 3). A laboratory scale bioreactor (Figure 1) was constructed and water
samples were analysed over a two week period.

Flow cytometry (FCM) and Direct Acridine Orange Count (DAOC) along with
epiflourescent microscopy (EM) are both rapid techniques for the enumeration of
microorganisms from samples. Flow cytometry can also be referred to as fluorescent
activated cell sorting (FACS) and is used to sort and measure different types of cells
by fluorescent labelling of markers on the surface of the cell. Fluorescent beads can
also be added to aid in the calculation of the total or absolute cell count. The total
cell counts analysed by flow cytometry ranged from 1.53 x 10’ microorganisms/ml in
the initial sample to 1.16 x 10" microorganisms/ml on day 13 (Figures 2 & 3). The
results indicated a 24% decrease in the microbial numbers. The FCM counts
fluctuated throughout the sampling period. The average live/dead total cell counts
were also analysed by FCM (Figure 4). The live cell count of 9.77 x
10° microorganisms/ml in the initial sample was significantly (p < 0.05) higher than
the corresponding dead cell count of 5.58 x 10° microorganisms/ml. The final live cell
count on day 13 was 4.58 x 10° microorganisms/ml in comparison to the dead cell
count of 6.98 x 10° microorganisms/ml.

The total number of microorganisms in the water samples was determined by
means of epifluorescence microscopy, with acridine orange (Sigma) as the
fluorochrome. The total cell counts obtained by the DAOC method ranged from
1.43 x 10° microorganisms/ml in the initial sample to 9.54 x 10° microorganisms/ml on
day 13 (final). The results indicate a 33% decrease in microbial numbers. The total
cell counts obtained from the DAOC method was lower in all the water samples in
comparison to the FCM counts (Figure 2). The lowest DAOC count of 1.76 X
10° microorganisms/ml was recorded on day two with a corresponding FCM count of
1.97 x 10" microorganisms/ml. Even though the FCM counts fluctuated throughout
the sampling period, results clearly showed that the FCM method more accurately
reflected the number of total cell counts in the collected samples. Paulse et al.
(2007) assessed various enumeration techniques during an investigation into the
planktonic bacterial population in the Berg River, Western Cape, South Africa. The
FCM counts detected were higher than HPC counts indicating that this technique was
able to detect cells in the water sample that enter a viable but non culturable state.

The DAOC method involves the physical counting of the microorganisms in
conjunction with epifluorescence microscopy, whereas the FCM technique analysis

total cell counts by means of computer software. Although a 24% reduction in the
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microbial count was noted it was still above the limit of < 100 organisms/ml as set out
by the South African Standards of Bottled Water, (2003). Due to external
environmental conditions such as changes in the weather conditions the results
fluctuated and the final results clearly indicated that further studies are required to

optimise the bioreactor system for its application in the spring water industry.

4.3 Major Findings of the Study.

The significant results from this study were as follows:

1. Significantly high heterotrophic plate counts were recorded for weeks one,
four, eight & 46 in the final bottled water (Site J) of 3.66 x 10’ cfu/ml,
9.0 x 10°cfu/ml, 2.35 x 10’ cfu/ml and 5.00 x 10* cfu/ml, respectively. These
counts were not within the specified limit of < 100 organisms/ml (South African
National Standards, 2003) which clearly indicated bacterial contamination in

the distribution system.

2. The total cell counts analysed by FCM recorded for week one, four, eight & 46
in the final bottled water (Site J) were 5.44 x 10’ microorganisms/ml, 8.36 x
10" microorganisms/ml, 9.09 x 10’ microorganisms/ml and 5.70 x 10’
microorganisms/ml, respectively. New updated methods for the analysis of
drinking water, which could include the FCM technique, should be included in
the proposed techniques for determining the maximum and minimum levels as
set out by the South African National Standards for Bottled Water. The
heterotrophic plate count technique only allowed for growth of the viable and
culturable cells present in the water samples, but as observed the FCM
technique was able to detect those cells in the water that enter a viable-but-
non-culturable state yielding higher FCM counts which was more accurate
than the HPC counts.

3. The species that were dominant throughout the sampling period from week 1
to week 46 belonged to the Pseudomonas sp. and Bacillus sp. groups. The
pathogens isolated throughout the sampling period included Escherichia sp.,

Pseudomonas sp., Shigella boydii, Bacillus sp. and Staphylococcus sp.
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4. During the bioremediation study the (FCM & DAOC) results fluctuated, but an
overall decrease in the total cell counts was observed. The total cell counts
analysed by flow cytometry ranged from 1.53 x 10" microorganisms/ml in the
initial sample to 1.16 x 10’ microorganisms/ml on day 13 (final) indicating a
24% decrease in the microbial numbers. The total cell counts obtained by the
DAOC method ranged from 1.43 x 10° microorganisms/ml in the initial sample
to 9.54 x 10° microorganisms/ml on day 13 (final) indicating a 33% decrease in
the microbial numbers. Further studies are required for the possible
implementation of a bioreactor system as primary treatment directly after the
borehole to try and reduce clogging of the filter system and as to possibly

minimise the microbial contamination.
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APPENDIX A

*

40

Stenotroph : —-GUTTHUTTGCTGATEIITIITGACTHICE- : 50
S. _maltoph : ——-UTTHPUTTCCTGCTECTITA > 48
ISSDS-774_ : --NUGTLCEGCTGAC : 50
75d_Uncult : —--TGGYTECGC-TC : 48
CMG586_Pse : —--TlUGTHUCECGCGTCG : 50
P. _aerugin : ---JGGHCE®GGC-GC - 48
Pseudomona : —---\IGTYTECGCTCA : 49
CMG860_Pse : —--JITGYTE®CCCCCA : 47
8.2 _Pseudo : —---JIGGYTE®ACAGCA : 49
Beta_prote : ----NNIN®CCGCCC - 48
Enterobact : TAAJIGGHUCE®-CTGGCT : 49
Serratia_s : --NUGTHCE-CCTGT > 49
Shigella_b : --TUGTHUTEGCTGGC > 49
Sphingomon : ----GTQCE®GCTGCCA > 48
Bacillus_s : —---IITTYTAACAGGA > 49
Bacillus_s : ———ETTTTQCCTGGT > 47
t Tc ct t agacT c cCC gTc
Stenotroph : - 101
S._maltoph : - 100
ISSDS-774_ : : 102
75d_Uncult : - 100
CMG586_Pse : - 102
P. _aerugin : - 100
Pseudomona : - 101
CMG860_Pse : 99
8.2 Pseudo : - 101
Beta_prote : = 100
Enterobact : : 100
Serratia_s : - 100
Shigella_b : - 101
Sphingomon : : 102
Bacillus_s : : 102
Bacillus_s : : 100
G TtA ctA Ct cTTCtgg G aaC aCTCcCaTGG
* 120 * 140 * 160
Stenotroph : 155
S._maltoph - 154
I1SSDS-774_ : 156
75d_Uncult : 153
CMG586_Pse - 155
P._aerugin : 153
Pseudomona : 154
CMG860_Pse : 152
8.2 Pseudo : 154
Beta_prote - 153
Enterobact : 153
Serratia_s - 153
Shigella_b - 154
Sphingomon : 155
Bacillus_s - 155
Bacillus_s : 153

TGTGACGGGCGGTGTGTACAAGgCCcGGgAACGTATTCACCG CAtt CTGA

Addendum A: Alignment of the amino acid sequences of 16 isolates obtained from different
sampling sites in the spring water distribution system in week 1. The alignment was carried
out by the multiple alignment of Clustal X (1.81). Genedoc software was used for homology
shading. Gaps introduced into the alignment are indicated with dashes. Four shading levels
were set.
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Stenotroph
S._maltoph
I1SSDS-774_
75d_Uncult
CMG586_Pse
P._aerugin
Pseudomona
CMG860_Pse
8.2 Pseudo
Beta_prote
Enterobact
Serratia_s
Shigella_b
Sphingomon
Bacillus_s
Bacillus_s

Stenotroph
S._maltoph
I1SSDS-774_
75d_Uncult
CMG586_Pse
P._aerugin
Pseudomona
CMG860_Pse
8.2 Pseudo
Beta_prote
Enterobact
Serratia_s
Shigella_b
Sphingomon
Bacillus_s
Bacillus_s

Stenotroph
S._maltoph
I1SSDS-774_
75d_Uncult
CMG586_Pse
P._aerugin
Pseudomona
CMG860_Pse
8.2_Pseudo
Beta_prote
Enterobact
Serratia_s
Shigella_b
Sphingomon
Bacillus_s
Bacillus_s

TOECBATIACTAGCGAT TCCBACT TCAYGEAGT CBAG TIGCABACTI®
TOECEATIACTAGCGATTCCBACTTCAYGEAGT CEAGTIIGCABACT®
TOECAATRACAAGCGATTCCACTTCAYGE
TRPACEATHACTAGCGATTCCBACTTCACGRAGTCBAGTIIGCAGACTE
TYHACEATHACTAGCGATTCCEACTTCACGRAGT CEAGTGCAGACTE
TUHACBATTACTAGCGATTCCBACTTCASG®AGT CBAG TTIGCAGACTS
TUHACBATHACTAGCGATTCCBACTTCASGEAGT CBAGTIIGCAGACTE
TUHACEATHACRAGCGATTCCBACTTCASGBAGTCBAGTIIGCAGACTE
TUHACEATHACTAGCGATTCCBACTTCASGRAGT CBAGTIIGCAGACTE
TOONCEATHACTAGCGATTCCEACTTCASGIAGTCEAGTIGCAGACTA
TOACBATTACTAGCGATTCCBACTTCAYGEAGT CEAGTTIGCAGACTIY
TOACBATTIACTAGCGATTCCBACTTCAYGEAGT CEAGTTIGCAGACT®
TOOCEATTACTAGCGATTCCBACTTCAYGEABT CEAGTTIGCAGACT®
TOeCEATHACTAGCGATTCCEECTTCAYGREETCEAGTIGCAE
TOECEATTACTAGCGATTCCRECTTCALUGIACECEAGTHGCACECTA
TOeECBATIACTAGCGATTCCINECTTCAGGI®AGT CBAG TIIGCAGACT
CgATEACEAGCGATTCCgaCTTCA G agtCgAGTtGCAgact C AtCC

T

*

G ACT GA

GT

280

CcATTGTAg AcGtGTGTaGCCc g

180

g TTT tG GaTt GcT

* 200

240 * 260
GEl-WUICE U TACCGoEeCCGCHT
GElAWUICE U TACCGogeCCGCHT
GEAWIGETUTACCGCHgeCCGCYT
GELWUAGLCCACHoe e cCC TG
G IAGSRICCACoIYEocGC TG
G IAGSRICCACoIYEocGC TG
G- WUAESLCCACH e cCC TG
e IACCLCCAC 1 1oEG EGC TG
GEUWUAGLUCCACHoe e cCCTHG
CGATIRGCT oeeeCTCCCGElearT'e

EGUCCEeNTGCTeaneEecAGGHC

ETHCCEeITGCT(eaieleelc AGGHIC

EGCCEelITGCT(eaieeolc AGGHIC

ctcGceg

300 *

ACECAAGTEGCADACT®

GAA

T GC C cttT

320

cgTAaGGgccatGAtGACTt

117

: 209
- 208
: 210
: 207
: 209
: 207
- 208
: 206
: 208
: 207
207
207
- 208
: 209
: 209
207

: 263
: 262
. 264
: 261
: 263
: 261
: 262
: 260
: 262
: 261
: 261
261
: 262
I 262
- 263
: 261

317
: 316
: 318
: 315
: 317
- 315
- 316
: 314
: 316
- 315
- 315
- 315
: 316
: 316
: 317
- 315

Alignment of the amino acid sequences of 16 isolates obtained from different sampling sites

in the

spring

water

distribution

system in

week

1

continue.
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Stenotroph : - 350
S._maltoph : : 350
ISSDS-774_ : : 350
75d_Uncult : : 350
CMG586_Pse : : 350
P._aerugin : : 350
Pseudomona : : 350
CMG860_Pse : : 350
8.2 Pseudo : : 350
Beta_prote : : 350
Enterobact : : 350
Serratia_s : - 350
Shigella_b : : 350
Sphingomon : : 350
Bacillus_s : : 350
Bacillus_s : : 350

GACGtC TCCCcAccTTCc TccAGttAAAANNN

Alignment of the amino acid sequences of 16 isolates obtained from different sampling sites
in the spring water distribution system in week 1 continue.
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APPENDIX B

AU55_Bacil : 50
MZ-32_Baci : 48
NBRAJATRO_ : 49
CT13_Bacil : 50
PK-7_Bacil : 49
Zz72_Bacill : 50
PSA38_Baci : 48
CM24_Bacil : 53
DB-10Bacil : 49
NA_Bacillu : 49
ATCC_12633 : 51
NBRAJG91_P : 50
H5_Pseudom : 47
CL11b_Endo : 48
zf-1Rhtl5_ : 49
STM_4035_A : 49
RRLJ_SMAR_ : 48
AU55_Bacil : 104
MZ-32_Baci : 102
NBRAJATRO_ : 103
CT13_Bacil : 104
PK-7_Bacil : 103
ZZ2 Bacill : 103
PSA38_Baci : 102
CM24_Bacil : 107
DB-10Bacil : 103
NA_Bacillu : 102
ATCC_12633 : 104
NBRAJG91_P : 103
H5_Pseudom : 100
CL11b_Endo : 101
zf-1Rhtl15_ : 102
STM_4035_A : 102
RRLJ_SMAR_ : 101
CtCC aa GQTTA acc aCTTC GGtg aC aACtC C tGGt
120 140
AUS55_Bacil : 157
MzZ-32_Baci : 155
NBRAJATRO_ : 156
CT13_Bacil : 157
PK-7_Bacil : 156
Z7Z2_Bacill : 156
PSA38_Baci : 155
CM24_Bacil : 160
DB-10Bacil : 156
NA_Bacillu : 155
ATCC_12633 : 157
NBRAJGO1_P : 156
H5_Pseudom : 153
CL11b_Endo : 154
zf-1Rhtl15_ : 155
STM_4035_A : 155

22 ISV S G [T GACGGGEGGIIGIEGTACAAGGCCCGGEAACGTATTCACCGLIAGCARTEICTCAT, ; 155
GtGACGGGCGGLGLGTACAAGGCCCGGYAACGTATTCaCCGeggcA T cTGAT

Addendum B: Alignment of the amino acid sequences of 17 isolates obtained from different
sampling sites in the spring water distribution system in week 4. The alignment was carried
out by the multiple alignment of Clustal X (1.81). Genedoc software was used for homology
shading. Gaps introduced into the alignment are indicated with dashes. Four shading levels
were set.
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AU55 Bacil 211
MZ-32_Baci : 209
NBRAJATRO_ : 210
CT13_Bacil - 211
PK-7_Bacil : 210
ZZ2 Bacill - 210
PSA38 Baci - 209
CM24_Bacil 214
DB-10Bacil : 210
NA_Bacillu : 209
ATCC_12633 211
NBRAJG91 P : 210
H5_Pseudom - 207
CL11b_Endo : 208
zf-1Rht15_ 1 209
STM_4035_A : 209
RRLJ_SMAR_ : 209
AU55_Bacil : 263
MZ-32_Baci 261
NBRAJATRO_ : 262
CT13_Bacil : 263
PK-7_Bacil : 262
ZZ2 Bacill : 262
PSA38_Baci : 261
CM24_Bacil : 266
DB-10Bacil : 262
NA_Bacillu : 261
ATCC_12633 : 263
NBRAJG91 P : 262
H5_Pseudom : 259
CL11b_Endo 261
zf-1Rht15_ : 262
STM_4035_A : 260
RRLJ_SMAR_ : 261
AU55_Bacil : 317
MZ-32_Baci : 315
NBRAJATRO - 316
CT13 _Bacil - 317
PK-7_Bacil : 316
ZZ2 Bacill : 316
PSA38_Baci : 315
CM24_Bacil - 320
DB-10Bacil : 316
NA_Bacillu : 315
ATCC_12633 : 317
NBRAJG91_P : 316
H5_Pseudom - 313
CL11b_Endo : 315
zf-1Rht15_ : 316
STM_4035_A : 314
RRLJ_SMAR_ : 315

TGT c g CcATTGtAGcAcG GtGTaGCCC gg C tAAGGG CaTGAtGA T

Alignment of the amino acid sequences of 17 isolates obtained from different sampling sites
in the spring water distribution system in week 4 continue.
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AU55_Bacil : 350
MZ-32_Baci : 350
NBRAJATRO_ : : 350
CT13_Bacil : : 350
PK-7_Bacil : - 350
ZZ2 Bacill - 350
PSA38_Baci : 350
CM24_Bacil = 350
DB-10Bacil = 350
NA_Bacillu : : 350
ATCC_12633 : [e.(®chi@Aijeeeie (e CUTECTEMA AN ---- - 350
NBRAJGO1_P : e (echjeAliesiee (o ClyT eCT oo CAnBY-N\IIN--- = 350
H5_Pseudom : pe-(echjeC]iosiee (o ClyT eCT @ nBVV-ANIINNNN = 350
CL11b_Endo : [ge-lechieAlolelelel.(@-CRTeCT®ARETININNN-~ - 350
zf-1Rhtl15_ : e echjeAlioeee (o ClyTeCTooMeiniVA N \IIN--- - 350
STM_4035_A : TGACGTCATCCCCACCATTCTTCCAGHTAAANNNNN—- : 350
RRLJI_SMAR_ : g echjecieeee (o AT\ CT®CARLEYAANININN-- - 350

TGaCgtC tCCCCaC T c CcAgttAAaann

Alignment of the amino acid sequences of 17 isolates obtained from different sampling sites
in the spring water distribution system in week 4 continue.
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APPENDIX C

* 20 *

AT2_Staphy : ---NTJRITTCETGGACIGTTAGAC]CC TTTGTCCCA 50
SA6_Staphy : ----- NNAACGCACIIGTACGATQICC TTTGTECCA 48
SS-08_Stap : ——TTT@:TCTGGACGTTAGACTC TTTGTEC-A 51
ZZ2 Bacill : ----TJRITTC®TGCACIIGTAC-GACTC CAATCTCTGTCCCA 49
BGSC_6A16_ : ———TT@TGCTCACGTA—-GACTT CAATCTCTGTEC- : 48
PK-2_ BACH I 1 —mmm oo~ -
PSA38_BaC| : : 51
PSA38 Baci : 50
770 Bacill : 50
SS-07_Baci : 49
SCB0O01_Bac : 49
Bacillus_s : 47
WS7b_Endop : 50
HNRO7_Baci : 49
S-3 Bacill : 51
BMP-1 Baci : 46
NASA2-43 B : 49
Arthrobact : 47
TG8 Uncult : 50
Rhizobium_ 50
Amorphomon : 51
Gamma_prot : 52
S._arcacho : 51
45 _Stenotr : 52
R551-3 S._ : 52
R551-3 Ste : 49
7- 3_Stenot : 49
WW5_Pseudo : 49
IL1 Pseudo : 51
CMG586_Pse : 48
NBRAJGO1 P : 51
MCCB_Pseud : 49
8.2_Pseudo : TGAGTEC-TEGUGETAAC = 49
Pseudomona : TGAGTEC—TCCGIGGGAGC : 50
418 PSEUdD @ === :

634_Comamo : ---NTJRICCCGCGCCTGTTAGACTC- GLIECGAACCEC-GOEGIGETAAG = 49
K107_Prote : -TTTT|RICCGEGATCCITTTAGACYTC GI®N-GAAT®A-CAAGIIGETAAG : 51

Proteus_mi I -—----—-—-—mmm - :

MB-1-6-6_E : TTTGGCCCGE-GCCGUGGTCGACUTCEHUSCGII®ATGAAT®C-AAAGIIGETAAG - 52

Hafnia_alv : --NGGHICCGETGGCCUGGTAGACUTCHUOCGIPATGAATSC-AFAGUGETAAG : 51

NJ-64_Ente : CAAAGCHICCGY TGGCT G-TAGACY-C GII®ATAAGT®C-A-AGUIGETAAG : 50
tt

ccc tc Cc cctg

Addendum C: Alignment of the amino acid sequences of 41 isolates obtained from different
sampling sites in the spring water distribution system in week 8. The alignment was carried
out by the multiple alignment of Clustal X (1.81). Genedoc software was used for homology
shading. Gaps introduced into the alignment are indicated with dashes. Four shading levels
were set.
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AT2_Staphy : > 100
SA6_Staphy : 98
SS-08_Stap : - 103
272 Bacill : 99
BGSC_6A16_ : 98
PK-2_Bacil : 49
PSA38 Baci : : 102
PSA38 Baci : : 101
770 _Bacill : - 101
SS-07_Baci : : 101
SCB001 Bac : D099
Bacillus_s : 9
WS7b_Endop : ;102
HNRO7_Baci : 99
S-3 Bacill : ;101
BMP-1 Baci : 195
NASA2-43 B : > 100
Arthrobact : > 100
TG8 Uncult : : 100
Rhizobium_ : : 100
Amorphomon : 1 103
Gamma_prot : - 102
S._arcacho : : 101
45 Stenotr : ;102
R551-3 S._ : 1 102
R551-3 Ste : 99
7-3_Stenot : 99
WW5_Pseudo : 99
IL1 Pseudo : : 101
CMG586_Pse : 98
NBRAJGIL P : : 101
MCCB_Pseud : 99
8.2 _Pseudo : 99
Pseudomona : > 100
418 Pseudo : Do-
634_Comamo : BGCCEI®ETT--GCEE-IRIAGCETAC GG A 99
K107 _Prote : GO TAC 1 101
Proteus_mi : --CCOE0CG--AAET-|J-AGETIC TTTTE--ANSCCAIOCOAIE - 46
MB-1-6-6_E : ®GCCEI®6CG--AAET-IRIAAGETIC TTTTEC-ALNSCCAIOCOAIE = 102
Hafnia_alv : §GCCHII®6CG--AA GETIAC TTTTEC-ALCSCCAIOCOAIE - 101
NJ-64_Ente : ®GCC AAGETIAC TTTTE--ANSCCACOAIE = 98

c ctcc gg tta cac cttcggg ac actc c tg

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites
in the spring water distribution system in week 8 continue.
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* 120 * 140 * 160
AT2_Staphy : GTGTACA 1 152
SA6_Staphy : GTGTACA 1 150
SS-08_Stap : GTGTACA 1 155
272 Bacill : GTGTACA 1 151
BGSC_6A16_ : GTGTACA : 150
PK-2_ Bacil : GTGTACA : 101
PSA38_BaC| : 1 154
PSA38_Baci : 1 153
770 _Bacill : AGGCCCGGEAACGTATTCACCGCGGCAT 1 153
§S-07_Baci : GTGTACA : 153
SCB001_Bac : GTGTACA 1 151
Bacillus_s : GTGTACA 1 148
WS7b_Endop : GTGTACAGAGE A 1 154
HNRO7_Baci : GTGTACA : 151
S-3_Bacill : : 153
BMP-1_Baci : : 147
NASA2-43 B : GTGTACA : 153
Arthrobact : GTGTACA : 153
TG8 Uncult : GTGTACA 1 152
Rhizobium_ : GTGTACA 1 152
Amorphomon : GTGTACA 1 155
Gamma_prot : GTGTACA - 155
S._arcacho : : 155
45_Stenotr : : 155
R551-3 S. : GTGTACA : 155
R551-3 Ste : GTGTACA 1 152
7- 3_Stenot : GTGTACA 1 152
WW5_Pseudo : GTGTACA 1 151
IL1_Pseudo : GTGTACA : 153
CMG586_Pse : GTGTACA : 150
NBRAJGIL P : GTGTACA : 153
MCCB_Pseud : : 151
8.2 Pseudo : : 151
Pseudomona : 1 152
418 Pseudo : 24
634_Comamo : GTGTACA 1 151
K107_Prote : GTGTACA : 153
Proteus_mi : GTGTACA : 98
MB-1-6-6_E : GTGTACA : 154
Hafnia_alv : : 153
NJ-64_Ente : > 150

gtgtgacgggcggtgtgtaca aggcccGGgAACQTATTCaCCG  Cat ct

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites
in the spring water distribution system in week 8 continue.
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AT2_Staphy : ;i - 206
SA6_Staphy : Ny - 204
SS-08_Stap : a - 209
ZZ2 Bacill : All A
BGSC_6A16_ : oy - 204
PK-2_ Bacil : oY - 155
PSA38 Baci : g - 208
PSA38 Baci : my - 207
770 _Bacill : 1 207
SS-07_Baci : : 207
SCB001 _Bac : : 205
Bacillus_s : ;202
WS7b_Endop : : 208
HNRO7 Baci : : 205
S-3 Bacill : ;207
BMP-1 Baci : : 201
NASA2-43 B : 1 207
Arthrobact : : 207
TG8 Uncult : : 206
Rhizobium_ : : 206
Amorphomon : ;209
Gamma_prot : ALCECGE GCGANICC AGTEGCH 1 209
S._arcacho : AT|IAGEANIACEA GCGATECCG C| A 1 209
45 Stenotr : : 209
R551-3 S. : 1 209
R551-3 Ste : 1 206
7- 3_Stenot : 1 206
WW5_Pseudo : ;205
IL1 Pseudo : ;207
CMG586_Pse : ;204
NBRAJGI1 P : 1 207
MCCB_Pseud : 1 205
8.2 _Pseudo : 1 205
Pseudomona : 1 206
418 Pseudo : 78
634 _Comamo : : 205
K107_Prote : : 207
Proteus mi : : 152
MB-1-6-6 E : : 208
Hafnia_alv : : 207
NJ-64 Ente : - 204

gatc cgATtaCtAGCGAttCC CTtCa g ag cgAGTtGCag ct C At

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites
in the spring water distribution system in week 8 continue.
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AT2_ Staphy : : 260
SA6_Staphy : : 258
SS-08_Stap : 1 263
ZZ2 Bacill : : 259
BGSC_6A16_ : 1 258
PK-2_Bacil : : 209
PSA38 Baci : 1 262
PSA38_Baci : 1 261
770 Bacill : : 261
SS-07_Baci : ;261
SCB001_Bac : 1 259
Bacillus_s : : 256
WS7b_Endop : 1 262
HNRO7_Baci : : 259
S-3 Bacill : ;261
BMP-1_Baci : : 255
NASA2-43 B : 1 261
Arthrobact : 1 261
TG8 Uncult : 1 259
Rhizobium_ : : 259
Amorphomon : 1 262
Gamma_prot : : 263
S._arcacho : ;263
45 Stenotr : ;263
R551-3 S._ : 1 263
R551-3 Ste : 1 260
7-3_Stenot : : 260
WW5_Pseudo : : 259
IL1 Pseudo : ;261
CMG586_Pse : 1 258
NBRAJG91 P : ;261
MCCB_Pseud : : 259
8.2 Pseudo : ;259
Pseudomona : 1 260
418 Pseudo : 1 132
634 _Comamo : 1 259
K107_Prote : 1 261
Proteus_mi : : 206
MB-1-6-6_E : 1 262
Hafnia_alv : 1 261
NJ-64 Ente : : 258

CCG ACT GA g TTT tg Gatt GcT ccTCgcgg T gc C ct

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites
in the spring water distribution system in week 8 continue.
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AT2_Staphy :
SA6_Staphy :
SS-08 Stap :
ZZ2 Bacill :

BGSC_6A16

PK-2 Bacil :
PSA38 Baci :
PSA38 Baci :
770 _Bacill :
SS-07_Baci :
SCBO01_Bac :
Bacillus_s :
WS7b_Endop :
HNRO7_Baci :
S-3 Bacill :
BMP-1 Baci :
NASA2-43 B :
Arthrobact :
TG8 Uncult :

Rhizobium

Amorphomon :
Gamma_prot :
S._arcacho :
45 Stenotr :

R551-3_S.

R551-3 Ste :
7-3_Stenot :
WW5_Pseudo :
IL1 Pseudo :
CMG586_Pse :
NBRAJGI1 P :
MCCB_Pseud :
8.2 _Pseudo :
Pseudomona :
: TIEIACEGA

418 Pseudo
634 _Comamo
K107 _Prote
Proteus_mi

MB-1-6-6 _E :
Hafnia alv :

NJ-64 Ente

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites

O TGIOCERICCATTGTAGCAYGEG
LTGISCEECCATTGIAGCAIGEG

TGt c CcATTGtAgcAcGtGtGtaGCCC Cc TAAgGg CATGAtLGA

in the spring water distribution system in week 8 continue.

;314
o 312
o 317
;313
;312
: 263
: 316
: 315
: 315
: 315
;313
: 310
: 316
;313
: 315
: 309
: 315
: 315
;313
;313
;316
o 317
ETAAGGGOCATGATGAINS
ETAAGGGECATGATGA SN
ETAAGGGOCATGATGA SN
ETAAGGGECATGAIGAES
ETAAGGGECATGAIGAES
ETAAGGGECATGAIGAES
ETAAGGGECATGATGAE.
ETAAGGGECATGATGAES
: 315
;313
;313
;314
CCATTGHAGCACGIGIGIFAGCCCH®CETAAGGCEOCATGATGASHES
: THEIAC GCCATTGTAEEACGTG GTAGCCCCACCTATAAGGGCCATGAQGAC :
I TGIAICHECCATTGRAGCACGIGIGIFAGCCCLAMICE TAAGGGOCATGATGASHES
I TGI/AICHECCATTGRAGCACGHGIGIFAGCCCLAMICE TAAGGGOCATGATGASHES
1 TG LS CCATTGFAGCACGTGIGIFAGCCCIAMICE TAAGGGECATGATGA SN
1 TGIAYIECCATTGIFAGCACGTGIGIFAGCCCIAMICE TAAGGGECATGATGA S
I TGN CCATTGIHAGCACGIGIGIFAGCCCLMICE TAAGGGOCATGATGASHES

317
317
317
314
314
313
315
312

186
313
315
260
316
315
312
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AT2_Staphy :
SA6_Staphy :
SS-08_Stap :
ZZ2 Bacill :

BGSC_6A16

PK-2 Bacil :
PSA38_Baci :
PSA38 Baci :
770 Bacill :
SS-07_Baci :
SCB0O01_Bac :
Bacillus_s :
WS7b_Endop :
HNRO7 Baci :
S-3 Bacill :
BMP-1 Baci :
NASA2-43 B :
Arthrobact :
TG8 Uncult :

Rhizobium

Amorphomon :
Gamma_prot :
S._arcacho :
45 Stenotr :

R551-3_S.

R551-3 Ste :
7-3_Stenot :
WW5_Pseudo :
IL1 Pseudo :
CMG586_Pse :
NBRAJGI1 P :
MCCB_Pseud :
8.2 Pseudo :
Pseudomona :
418 Pseudo :
634_Comamo :
K107_Prote :
Proteus_mi :
MB-1-6-6_E :
Hafnia_alv :
NJ-64_Ente :

Alignment of the amino acid sequences of 41 isolates obtained from different sampling sites

360 * 3
TTGACGTCATCCOCACE T TCCRT COAGTTAAIN NN e ————— 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAN NN ——————— 350
-------------------- 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAANN [ ————————— 350
TTGACGTCETCECEACE TECNETCCAGTTAAAN NN ——————— 350
TTGACGTCATCECEACETTCCRTCCAGTTAAAN NN E———————— 300
------------------- 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAN NN ———————— 350
TTGACGTCATCECEACE T FCCRTCCAGTTAAAN NN ————— 350
TG AN N —— 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAN NN E————— 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAANN [ —————— 350
------------------- 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAN NN S ———————— 350
TTGACGTCATCECEACE T FCCRTCCAGTTAAAN NN —————— 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAANN I ——————— 350
TTGACGTCATCECEACE T FCCRTCCAGTAAAN NN ————— 350
------------------- 350
TTGACGTCATCECEACE T TCCRTCCAGTTAANN NN E————— 350
TTGACGTCATCECEACE T FCCRTCCAGTTAANN NN E—— 350
------------------- 350

------------------- 350

-------------------- 350

--------------------- 350

-------------------- 350

TTGACGTCATCECEACE TRICETCCAGTTAAAN NN ———— 350
TTGACGTCATCECEACE TRIINETCCAGTTAAAN NN E————— 350
TTGACGTCATCECEACETFCCRTCCAGTTAAAANN [ S ——— 350
TTGACGTCETCECEACE T TCCRTCCAGTTAAAANN | —————— 350
TTGACGTCATCECEACE T FCCRTCCAGTTAANN NN E——— 350
TTGACGTCATCECEACE T TCCRTCCAGTTAAAANN ) —————— 350
TTGACGTCETCLEACACE T FCCRTCAAGTTAAAANN [ S ——— 350
TTGACGTCETCECEACE T TCCRTCCAGTTAANN NN E——————— : 350
TCCAGETAAAN NN [ E—————— : 350

Qe ATV A SINNNNNNNNNNNNNTNNNNN © 239
TTGACGTCATCECEACE T FCCRTCCAGTTAAAN NN S ————— 350
TCCAGTTIAAAN NN ———— 350

TCCAGT TAAAN NN L ——— 300

------------------- 350
TTGACGTCATCECEACETFCCRTCCAGTTAANN AN ———— 350
TTGACGTCATCECEACE TTCCRTCCAGTTAANN NN ——————— 350

TTGACGtC TCcccAccTtcc TccagttAAaAan

in the spring water distribution system in week 8 continue.
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APPENDIX D

* * 40 *
PR_Pseudom : CeCLGUECTCYTAGAC TICECCEETCATLNICCHA 49
CL13A _Endo : TCCCEUTTCHA T #e[®eCG N CLYIGAATOA- 52
NBRAJGY91 P : TECAGATTIACIACHIT 8o{e8CGIICLNICATCAG-T 49
CNO15_Pseu : LG eCTCE®CACTECCCCHETEATEINNICCE 48
B4_Escheri : CECCTIETUCHAT 8e[MeCCIICLYIGAAT0- 50
Aeromonas_ : TETCEEGIALAT #e®MeCCIICLIIGAAT®A- 51
ZH4 Bacill : TECAGIIEGIAGANICEMEATC-.NICTCT 6 49
BGSC_Bacil : TECAONEG AlI-ClICTGT 8¢~ 48
PSA38_Baci : CTEIETACEQIC e ®OAAL-ClICTGT 06 49
S8-07_Baci : TECTOCGUACACLICEEOAAIICINICTGCHOCAUCTUCEECGGE = 50
CT13_Bacil : TEGAGIIETACELTLICEMOAA - NICTGCHOCAUOTICHECGGE : 52
JS-12 Baci : GTOITGHAC ITOAMSANC - NICTGCHE- 49
YIM_KMY42- : --- CCGCETARETUALA I T®@AGIICGCTGACHT - 49
tTTt c g ctg t GAcT CcCC t at ccacc T GG ¢
60 * 80 * 100
PR_Pseudom : CETECTECCGCEAnIRCACTEAGET : 103
CL13A _Endo : CETECCECCCLYACIERNIEAGACT : 106
NBRAJGO1_P : CETECCEOCTTGCEERNIEGACT : 103
CNO15_Pseu : CETECTECCCNAEAnBGACT! : 102
B4_Escheri : CECOCTOCCGAACleanMAGCTRACET : 104
Aeromonas_ : CECECTE®CCGLACIEANIAGCTRT®T : 105
ZH4 Bacill : TEGETCEAAALYEERNIACCCC : 103
BGSC_Bacil : TEGETCEAAAL-elegpICCCCCHG T [€y - 101
PSA38_Baci : TEGETCEAAALNEleaNIEICCCC : 103
S8-07_Baci : TECETCEATALACleanRCCTCACEG/(AMK®GEICIIETTG : 104
CT13 Bacil : TEGETCEATANAEANIRCCTCACEC/ (GARNECEEIETTG : 106
JS-12 _Baci : TEGETCEATALACERNINCCTCRCOGC/ARNOGEIENETTC : 103
YIM_KMY42- : CTGECTECTTGCEepICAGCGC : 103

gC C aaGGTtA A C aCTTC ggtg C ACTC C TGGTGt

* 120 * 140 * 160
(SN EY=T0 o o] I G ACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGEGRCATUCTGATHICC I keys
(I RCT g =1 o [O R CACCGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGEEACATICTGATHCC R TSIY
NBRAJGO1_P : JXeclclclecleyfenfeayorvelecolololclele/VXolca N RIWNUWE T CAPNITRETNITOA : 157
(O[O RS =TTV G ACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGLE : 156
7 =T LT G ACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGGECATLICTGATCC NN KL
Y] golilels EEX- Il G A CGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGLIYACATICT GA TRIC s k1)

ZH4 Bacill : : 157
BGSC_Bacil : : 155
PSA38 Baci : - 157
S8-07_Baci : : 158
CT13_Bacil : : 160
JS-12_Baci : : 157
YIM_KMY42- : : 157

GACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGeg CAT CTGAT cg

Addendum D: Alignment of the amino acid sequences of 13 isolates obtained from different
sampling sites in the spring water distribution system in week 46. The alignment was carried
out by the multiple alignment of Clustal X (1.81). Genedoc software was used for homology
shading. Gaps introduced into the alignment are indicated with dashes. Four shading levels
were set.
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PR_Pseudom :
CL13A_Endo :
NBRAJG91 P :
CNO15 _Pseu :
B4 Escheri :
Aeromonas_ :
ZH4 Bacill :
BGSC Bacil :
PSA38_Baci :
S$8-07_Baci :
CT13 Bacil :
JS-12 Baci :
YIM_KMY42- :

PR_Pseudom
CL13A_Endo
NBRAJG91 P

BGSC _Bacil
PSA38 Baci

PR_Pseudom :
CL13A Endo :
NBRAJG91 P :
CNO15_Pseu :
e[MeCCATTGTAGCACGTGTGTAGCCC
eMeCCATTGTAGCACGTGTGTAGCCC
OCHIICCATTGTAGCACGTGTGTAGCCCAGGHICA
MOGIICCATTGTAGCACGTGTGTAGCCCAGGHCA
MOGIICCATTGTAGCACGTGTGTAGCCCAGGHCA
MRICHICCATTGTAGCACGTGTGTAGCCCAGGHICA
M ICIICCATTGTAGCACGTGTGTAGCCCAGGHICA
M IGIICCATTGTAGCACGTGTGTAGCCCAGGHCA
NN CCATTGTAGCACGTGTGTAGCCCAeoaxe

B4 _Escheri

Aeromonas_

ZH4 Bacill
BGSC_Bacil
PSA38 Baci
S8-07_Baci
CT13_Bacil
JS-12_Baci
YIM_KMY42-

Alignment of the amino acid sequences of 13 isolates obtained from different sampling sites

> PACEAT
o TG ANCEGHTT TATGEGATIAGC
CNO15_Pseu :
B4 Escheri :
Aeromonas_ :
ZH4 Bacill :
ol TG ARCEGIT T TATGIGATIAGC
: TGAGAHCGGTTTTATGAGATTAGC
S$8-07_Baci :
CT13_Bacil :
JS-12 Baci :
YIM_KMY42- :

: TACGATI G TTTATGEGATILGC
C

200 *

ECGAGTTGCAGH
ECGAGTTGCAG

CTiACh
C
ECGAGTTGCAGS

AR

CGATTACtAGCGATTCC CTTCA G ag CGAGTTGCAGaCt C ATCCG AC

220 * 240

CGUT TTATGEGATIAGC

[eNeoNeoXe)
[®)
I'e)
b
_|
_|
®
_|
>
©
O
>
®)
@
_|
®
_|
®
_|
>
©
O
(@)
O
i
@)
o)
O
(@)
)
p
>
)
@
)
O
Q)
>
_|
®
p
_|
[Q)
>
@]
_|
_|
®
>
)
o>’

GGLCE
GGECE

T
T

g CCATTGTAGCACGTGTGTAGCCCagg c tAAGGG CATGATGA TTGACG

in the spring water distribution system in week 46 continue.

- 211
214
o211
- 210
: 212
o 213
- 211
- 209
o 211
: 212
: 214
211
o211

1 265
. 268
. 265
o 264
. 266
. 267
1 265
: 263
. 265
. 266
. 268
. 265
1 243

: 319
1 322
- 319
- 318
: 320
- 321
- 319
o 317
- 319
: 320
1 322
o 319
: 297
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* 340 * 360 *
o N = T=1¥ o [o ) Il T C /Y T CCCCACCTFCCT CCAGT TAAANNN NN N : 350
CL13A_Endo : TCATCCCCACCTTCCTCCAGTTAAAANN ————————————————————————— : 350
=T et il T C o T CCCCACCTIRCC T CCAGT TAAANNNNN N e e : 350
(o N[O R T TV T C e T CCCCACCTICTCCAGT TAAANNN NN : 350
2 ol =T o Il T C/ T CCCCACCTICCT CCAGT TAAANNNNN SR : 350
LYY el (o o= T C /A TCCCCACCTENC T CCAGT TAAANNN N B : 350
A v T B I T C/ T CCCCACCTIRCCTCCAGT TAAANNNNN N : 350
BGSC_Bacil : TCATCCCCACCTTCCTCCAGTTAAANNNNNNNN ———————————————————— : 350
PSA38_Baci : TCﬁTCCCCACCTTCCTCCAGTTAAAANNNNN —————————————————————— : 350
Sy R - Il T Cl T CCCCACCTIECCT CCAGT TAAANNNNN e : 350
CT13_Bacil : TCATCCCCACCTTCCTCCAGTTAAANNN ————————————————————————— : 350
NN s F- o Il T C e T CCCCACCTICETCCAGT TAAAANNNN N S e : 350

YIM_KMY42- : G Nee)icA X RIYYINNOCNCCTTCCTCCNNTTAAANNNNN = 350
TC TCCCCACCTtccTCCAGTTAAAANNCC

Alignment of the amino acid sequences of 13 isolates obtained from different sampling sites
in the spring water distribution system in week 46 continue.
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APPENDIX E

PRIMER SET i RWO1 (Forward) & DG74 (Reverse)
PRIMER SET ii RDO080 (Forward) & DG74 (Reverse)
MARKER Mass Ruler ™DNA ladder, # SM0402
WEEK 1 WEEK 4 WEEK 8 WEEK 46
Ali Alii Bli Blii Cli Clii D1i D1ii
A2i A2ii B2i B2ii C2i C2ii D2i D2ii
A3i ASii B3i B3ii C3i C3ii D3i D3ii
Adi Adii B4i B4ii C4i CAii D4i D4ii
Abi Abii B5i B5ii Chi C5ii D5i D5ii
AGi ABii B6i B6ii Cé6i C6ii D6i D6ii
ATi ATii B7i B7ii C7i C7ii D7i D7ii
A8i A8ii B8i B8ii Cs8i C8ii D8i D8ii
A9i A9ii B9i B9ii Cai Caii D9i D9ii
Al0i AL0Qii B10i B10ii Cl0i C10Qii D10i D10ii
Alli Allii B11i B11ii Clli C11ii D11i D11ii
Al2i Al2ii B12i B12ii Cl2i C12ii D12i D12ii
Al3i Al13ii B13i B13ii C1l3i C13ii D13i D13ii
Al4i Al4ii B14i B14ii Cl4i C14ii D14i D14ii
Al5i A15ii B15i B15ii C15i C15ii D15i D15ii
AlG6i AlGii B16i B16ii C16i C16ii D16i D16ii
Al7i Al7ii B17i B17ii C17i C17ii D17i D17ii
Al8i Al8ii B18i B18ii C18i C18ii D18i D18ii
Al9i Al9ii B19i B19ii Clai C19ii D19i D19ii
A20i A20ii B20i B20ii C20i C20ii D20i D20ii
A21i A21ii B21i B21ii C21i C21ii
A22i A22ii B22i B22ii C22i C22ii
A23i A23ii B23i B23ii C23i C23ii
A24i A24ii B24i B24ii C24i C24ii
A25i A25ii B25i B25ii C25i C25ii
A26i A26ii B26i B26ii C26i C26ii
A27i A27ii B27i B27ii C27i C27ii
A28i A28ii B28i B28ii C28i C28ii
A29i A29ii B29i B29ii C29i C29ii
A30i A30ii B30i B30ii C30i C30ii
A31i A31lii B31i B31i C31i C31ii
A32i A32ii B32i B32ii C32i C32ii
A33i A33ii B33i B33ii C33i Ca3a3ii
A34i A34ii B34i B34ii C34i C34ii
A35i A35ii C35i C35ii
A36i A36ii C36i C36ii
A37i A37ii C37i C37ii
A38i A38ii C38i C38ii
A39i A39ii C39i C39ii
A40i A40ii C40i C40ii
A4li A4l C41i C41lii

C42i C42ii

C43i C43ii
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C44i CA44ii
C45i C45ii
C46i C46ii
C47i CA4T7ii
C48i C48ii
C49i C49ii
C50i C50ii
C51i C51ii
C52i C52ii
C53i C53ii
C54i C54ii
C55i C55ii
C56i C56ii
C57i C57ii
C58i C58ii
C59i C59ii

Table 5. Codes for agarose gel electrophoresis pictures of purified PCR samples for the

sampling weeks using both primer sets.
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APPENDIX F

GEL 1-WEEK 1-PRIMER 1

900 bp

600 bp
400 bp

300 bp

GEL 2-WEEK 1-PRIMER 1

900 bp

600bp ~_ 3

400 bp —|

300 bp

Agarose gel electrophoresis pictures of purified PCR samples for the sampling weeks using
both primer sets.



CHAPTER SIX: APPENDICES 135

GEL 3-WEEK 1-PRIMER 1 WEEK 4-PRIMER 1

900
600
400 bp —P

300 bp

GEL 4-WEEK 4-PRIMER 1

900 bp \

600 bp ——p.
400 bp ——

300 bp —
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GEL 5-WEEK-1PRIMER 1 WEEK 4-PRIMER 1

GEL 6-WEEK 8-PRIMER 2 WEEK 1-PRIMER 2

900 bp

600 bp ~_|

400 bp —»

300 bp
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GEL 7-WEEK 1-PRIMER 2

900 bp ~
600 bp ~_

400 bp

300 bp

GEL 8-WEEK 1-PRIMER 2 WEEK 4-PRIMER 2

900 bp
600 bp
400 bp

300 bp
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GEL 9-WEEK 4-PRIMER 2

GEL 10-WEEK 8-PRIMER 2

900 bp

600bp ~_ 3

400 bp

300 bp
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GEL 11-WEEK 8-PRIMER 2

GEL 12-WEEK 8-PRIMER 2
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GEL 13-WEEK 46-PRIMER 2 WEEK 46-PRIMER 2

900 bp —
600 bp —

400bp —>
300 bp

GEL 14-WEEK 46-PRIMER 2 WEEK 8-PRIMER 1

900 bp \

600 bp
400 bp

300 bp
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GEL 15-WEEK 8-PRIMER 1

900 bp

600 bp

400 bp——p
300 bp

GEL 16-WEEK 8-PRIMER 1

900 bp
600

400

300 bp
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GEL 17-WEEK 46-PRIMER 1

900 bp
600 bp

400 bp ———»

300 bp —
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APPENDIX G

Appendix G: Dotplots of planktonic samples obtained at the borehole and final product for
the distribution site in the Western Cape by means of Flow cytometric analyses (FCM).
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Dotplots of planktonic samples obtained at the borehole and final bottled water for week 1 of
the distribution site in the Western Cape by means of Flow cytometric analyses (FCM).
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Dotplots of planktonic samples obtained at the borehole and final bottled water for week 4 of
the distribution site in the Western Cape by means of Flow cytometric analyses (FCM).
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Dotplots of planktonic samples obtained at the borehole and final bottled water for week 8 of
the distribution site in the Western Cape by means of Flow cytometric analyses (FCM).
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