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ABSTRACT

River systems can become contaminated with micro-organisms and metals and the
routine monitoring of these rivers is essential to control the occurrence of these
contaminants in water bodies. This study was aimed at investigating the metal
contamination levels in the Berg-, Plankenburg- and Diep Rivers in the Western Cape,
South Africa, followed by the remediation of these rivers, using bioreactor systems.

Sampling sites were identified and samples [water, sediment and biofilm (leaves,
rocks and glass, etc.)] were collected along the Berg- and Plankenburg Rivers from May
2004 to May 2005 and for the Diep River, from February 2005 to November 2005. The
concentrations of aluminium (Al), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni),
lead (Pb) and zinc (Zn) were determined using the nitric acid digestion method and
analysed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES).

For the Berg River, the highest concentrations in water samples were recorded
for Al, Mn and Fe at the agricultural area (Site A — chapter 2). In the sediment and
biofilm samples, the highest metal concentrations were once again recorded for Al and
Fe. The concentrations of Al and Fe were significantly higher (p < 0.05) than than Cu,
Zn, Pb, Ni and Mn in water, sediment and biofilm samples, and were mostly higher than
the quality guidelines recommended by the Department of Water Affairs and Forestry
(DWAF, 1996) and the Canadian Council for the Ministers of the Environment (CCME,
2001). Possible sources of contamination in the Berg River could be due to the leaching
or improper discarding of household waste from the informal- and established residential
areas, as well as the improper discarding of pesticides at the agricultural area.

For both the Plankenburg and Diep Rivers the Al and Fe concentrations were
higher than all the other metals analysed for in sediment and water samples. The
highest concentrations recorded in the Plankenburg River was 13.6 mg.I" (water - Week
18, Site B) and 15 018 mg.kg™' (sediment - Week 1, Site C) for Al and 48 mg.I"" (water -
Week 43, Site A) and 14 363.8 mg.kg ™' (sediment - Week 1, Site A) for Fe. The highest
concentrations recorded in the Diep River was 4 mg.I" (water - Week 1, Site A) and
19 179 mg.kg™" (sediment - Week 1, Site C) for Al and 513 mg.I"' (water - Week 27, Site
A) and 106 379.5 mg.kg™” (sediment - Week 9, Site C) for Fe. For most of the metals
analysed the concentrations were higher than the recommended water quality



guidelines as stipulated by the Department of Water Affairs and Forestry (DWAF,
1996b), the Canadian Council for the Ministers of the Environment (CCME, 2001) and
the ‘World average’ (Martin and Windom, 1991). Point sources of pollution could not
conclusively be identified, but the industrial and residential areas could have influenced
the increased concentrations. Metal concentrations should be routinely monitored and
the guidelines should be updated and revised based on the current state of the rivers
and pollution influences.

Micro-organisms isolated from flow cells after exposure to varying metal
concentrations were investigated for possible metal-tolerance. A site where high metal
concentrations were recorded along the Plankenburg River was investigated. The
micro-organisms isolated from the flow cells were cultured and identified using the
Polymerase Chain Reaction (PCR) technique, in conjunction with universal 16SrRNA
primers. The phylogeny of the representative organisms in GenBank, were analysed
using the Neighbour-joining algorithm in Clustal X. After exposure, the channels were
stained with the LIVE/DEAD BacLight™ viability probe and visualised using
Epifluorescence Microscopy. The results revealed that when exposed to the highest
concentrations of Al (900 mg.I'"), Fe (1000 mg.I""), Cu (10 mg.I"") and Mn (80 mg.I™"), the
percentage of dead cells increased, and when exposed to the lowest concentrations of
Al (10 mg.I'"™), Cu (0.5mg.l"), Mn (1.5mg.I") and Zn (0.5 mg.I'"), no significant
differences could be distinguished between live an dead cells. When exposed to the
highest concentrations of Zn (40 mg.I'") and Ni (20 mg.I"), no significant differences
between the live and dead cell percentages, were observed. The phylogenetic tree
showed that a diverse group of organisms were isolated from the flow cells and that
some of the isolates exhibited multiple metal resistance (Stenotrophomonas maltophilia
strain 776, Bacillus sp. ZH6, Staphylococcus sp. MOLA:313, Pseudomonas sp. and
Delftia tsuruhatensis strain A90 exhibited tolerance to Zn, Ni, Cu, Al, Fe), while other
isolates were resistant to specific metals (Comamonas testosteroni WDL7,
Microbacterium sp. PAO-12 and Sphingomonas sp. 8b-1 exhibited tolerance to Cu, Ni
and Zn, respectively, while Kocuria kristinae strain 6J-5b and Micrococcus sp. TPR14
exhibited tolerance to Mn).

The efficiency of two laboratory-scale and one on-site bioreactor system was
evaluated to determine their ability to reduce metal concentrations in river water

samples. The laboratory-scale bioreactors were run for a two-week and a three-week

iv



period and the on-site bioreactor for a period of ten weeks. Water (all three bioreactors)
and bioballs (bioreactor two and on-site bioreactor) were collected, digested with 55%
nitric acid and analysed using ICP-AES. The final concentrations for Al, Ni and Zn
(bioreactor one) and Mn (bioreactor two), decreased to below their recommended
concentrations in water samples. In the on-site, six-tank bioreactor system, the
concentrations for Fe, Cu, Mn and Ni decreased, but still exceeded the recommended
concentrations. The concentrations recorded in the biofilm suspensions removed from
the bioballs collected from bioreactor two and the on-site bioreactor, revealed
concentrations higher than those recorded in the corresponding water samples for all
the metals analysed, except Fe. The bioballs were shown to be efficient for biofilm
attachment and subsequent metal accumulation. The species diversity of the organisms
isolated from the bioreactor (bioreactor two) experiment after three days (initial) differed
from the organisms isolated after 15 days (final). Hydrogenophaga sp., Ochrobactrum
sp, Corynebacterium sp., Chelatobater sp. and Brevundimonas sp. were present only at
the start of the bioreactor experiment. The surviving populations present both in the
beginning and at the end of the bioreactor experiment belonged predominantly to the
genera, Pseudomonas and Bacillus. Metal-tolerant organisms, such as Bacillus,
Pseudomonas, Micrococcus and Stenotrophomonas, amongst others, could possibly be
utilised to increase the efficiency of the bioreactors. The bioreactor system should

however, be optimised further to improve its efficacy.
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CHAPTER ONE: LITERATURE REVIEW 1

LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1  Water Distribution and the Water Cycle

Life on earth is significantly linked to the quality and distribution of the essential element, water.
This collective mass of water covers 71% of the planet, which is essentially divided into
saltwater, namely oceans, and freshwater, namely rivers, lakes, groundwater and glaciers,
amongst others (Figure 1.1). Only 3% of the water content is composed of fresh water or water
suitable for drinking purposes, while the remaining 97% is made up of saltwater. Glaciers, ice
caps and snow makes up the majority of freshwater on earth (68.7%), with groundwater making
up 31.3% of the available freshwater (3%) (US Department of the Interior, 2006).

Fresh-
wabter 3% Other 0.9% ;
0 - L Surface B Rivers 2%
I wat.:_lr
Ground 0.3%
water
30.1%
Saline
{oceans)
97%
Earth's water Freshwater

Figure 1.1. Water distribution on earth (US Department of the Interior, 2006).

The majority of available water is temporarily stored in oceans, lakes, ice caps and
underground aquifers, rather than in motion in the water cycle, which is a key process in the
earth’s hydrosphere (Figure 1.2). The water cycle is generally defined as the movement of
water on, in and above the earth’s atmosphere, that is from the ocean to the atmosphere, back
to the land and then subsequently back to the ocean (United States Geological Report, 2000;
Richardson et al,, 2001). It includes the water in rocks (lithosphere), in plants and animals
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(biosphere), in the atmosphere (precipitation, water vapour, clouds), as well as water covering
the earth’s surface and that beneath it.

: e = _
Precipitation ‘t . p——

Evaporation

Groundwater flow .."

Figure 1.2. Water cycle (The Green Lane™, 2004).

The sun heats the water in the oceans, where some of the water, along with the water in
the soil, and that which transpires from plants, evaporates back into the atmosphere. As the
vapour rises into the air, the cooler temperatures causes it to condense into clouds. The water
in the clouds precipitates, with a portion falling to the earth as snow, and accumulating as ice
caps and glaciers. Most of the precipitation however, falls into the oceans or onto land, in the
form of rain, where, due to gravity, it flows over the surface of the earth (United States
Geological Report, 2000; Richardson et al., 2001).

Surface- and groundwater serve as the two main freshwater sources, with most of the
water in rivers directly resulting in runoff from the land surface. This surface runoff or the
percentage of runoff entering rivers, lakes, oceans, etc. is dependent on various factors, such as
land topography, human activities and meteorology (e.g. rainfall activities). Approximately, a
third of the runoff enters rivers and streams, which eventually flows into the ocean, while the
remaining two thirds evaporates, transpires and seeps into the ground. Groundwater is found in
aquifers, where all the pores, cracks and spaces between the rocks and particles are saturated
with water. It is generally situated a few kilometres below the earth’s surface, which is referred
to as the zone of saturation (Hoyle, 2005).

South Africa, which is located at the Southern-most tip of the African continent, generally
collects it's water resources in dams or water abstraction schemes, in order to supply industry,
agriculture and domestic users. Uneven distribution of rainfall and available water per capita in
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South Africa (Figure 1.3) exists between the western and eastern parts of the country. These
higher evaporation rates and lower conversion of rainfall to runoff in the eastern regions could
result in water shortages in this area (Webster, 2001). The country's urban and industrialised
areas (Cape Town, Port Elizabeth, East London, Pietermaritzburg, Bloemfontein, Pietersburg,
and Gauteng) are the most water stressed, and will become more so as the population and the
demand for water in the urban and domestic sectors increases (Department of Environmental
Affairs and Tourism, 1999a).

ZIMBABWE

\ WATER AVAILABILITY PER CAPITA
SOUTH AFRICA w

MOZAMBIQUE

BOTSWANA

INDIAN OCEAN

ATLANTIC OCEAN
LEGEMD

~ Provincial Boundary
[INeighbouring Countries

= < 500
] 500- 1000
] 1000 - 2000
] 2000 - 4000
] 4000 - 8000
INDIAN OCEAN = > 8000

Source: Environmental Potential Atlas (ENPAT)Y, D ept. of Environmental Affairs & Taurism, South Africa

100 o 100 200 200

Mber Equalfiea Chrke 1330

Figure 1.3. Water availability per capita in South Africa (Department of Environmental Affairs and
Tourism, 1999a).

The spatial variability of water resources and the scarcity of water throughout the country
implies that in many catchment schemes the demand exceeds the supply of water (Figure 1.4).
In 1996 the water requirements in the Vaal, Lower Orange, Sundays, Great Fish, Olifants
(Mpumalanga) and Crocodile/Limpopo Rivers, exceeded the amount of available water. By
2030, it is expected that the Breede/Berg basin will be added to the list of water-scarce
catchments as discrepancies exist between water requirements and water availability
(Department of Environmental Affairs and Tourism, 1999a).
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ZIMBABWE

I
\\}PRI MARY CATCHMENTS OF SOUTH AFRICA
o
¢

MOZAMBIOU E

EOTSWANA

INDIAN OCEAN

LEGEND
/\/ Provincial Boundaries

S Primary rivers
I 'ajor Dams

i Primary catchments
:Newghhnuring Countries

INDIAN OCEAN
Source: Rivers - Surveys and Land Information (Dept. of Land Affairs); Drainage Regions - Dept. of W ater Affais and Forestry (DWW AF), South Africa.

Figure 1.4. Primary water storage catchments of South Africa (Environment and Tourism, 2007).

Surface water serves as the main water resource in South Africa (Webster, 2001), and is
primarily used for agricultural activities (52%), industry, mining and power generation (12.5%)
and domestic and municipal uses (12%), with a further 15% needed to maintain estuaries and
rivers (Schutte & Pretorius, 1997; Holtzhausen, 2002; Mack et al., 2004) (Figure 1.5). In the
North-West province of South Africa, more than 80% of rural communities depend on
groundwater as their sole source, where according to the Department of Water Affairs and
Forestry (DWAF, 2001), 7% of the groundwater resource was used for domestic purposes and

78% for irrigational purposes.
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Figure 1.5. Water distribution in South Africa (Mack et al., 2004).

Population increases in South Africa are expected to lead to an increase in agricultural
development, which will in turn lead to an increased demand for irrigation water. Agriculture is
also a major contributor to the economy of the country, where the net income of the farming
sector increased from 6.5 billion rand in 2000 to 9.6 billion rand in 2001 (South Africa Online,
2007). A major factor limiting agricultural activity is however, the availability of water resources.
Water scarcity in South Africa, is further exacerbated by the pollution of surface- and
groundwater resources. Typical pollutants of freshwater aquatic environments include industrial
effluents, domestic and commercial sewage, acid mine drainage, agricultural runoff and litter.
High concentrations of metals, oils, and other toxic substances, could also contribute to the
overall decrease in water quality (Pegram et al., 1999). Of concern to water resource managers
is the diffuse sources of pollution which are difficult to quantify. These sources can be clustered
into two major groups, e.g. point source pollution (such as microbiological contamination and
domestic sewage discharges) and nonpoint source pollution (runoff from herbicides and
pesticides) (Hills et al., 1998; Ho et al., 2003).

In agriculture, groundwater pollution could result from fertiliser application, pesticide use
and groundwater over-abstraction. In the coal and gold mining industries, however, the potential
sources of pollution are stockpiling, slimes disposal and underground, or opencast mining areas.
In the urban sector, pollution is caused by sewage effluent, leaking sewers and the lack of
proper on-site sanitation at informal housing schemes. Industrial pollution arises from industrial
effluent, bulk storage of chemicals, waste irrigation and air pollution. However, the increase in

informal settlements, with inadequate sanitation and waste removal facilities, may become one
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of the greatest localised pressures on water quality in South Africa (Department of
Environmental Affairs and Tourism, 1996).

1.2 SOURCES OF CONTAMINATION

1.2.1 Microbial Contamination and Waterborne Diseases

Micro-organisms are ubiquitous in the environment, where their diverse characteristics allow
them to proliferate and survive in a vast number of habitats. They have been studied for
centuries and have primarily been described on a morphological, physiological, biochemical and
molecular level (Singh et al., 2006). This opportunistic group of organisms are capable of
flourishing under adverse conditions, allowing them to contaminate a broad range of
fundamental resources such as water and food. Epidemics linked to waterborne pathogens
occur frequently throughout the world, leading to an increase in the incidence of illnesses and
even death.

As early as the 19" century, the contamination of water with Vibrio cholerae (V. cholerae)
was investigated by John Snow. This infamous ‘Broad Street Pump’ cholera outbreak was the
first disease occurrence to make known the dangers of a single source of polluted water, and
linked the communicable, diarrhoeal disease to its causative agent, V. cholerae (Bailey et al.,
2005; Fleming et al., 2006). Microbial contamination of water by organisms, such as
Campylobacter spp., Legionella spp. and V. cholerae, amongst others, can however, be directly
correlated to a lack of hygienic practices and water treatment. Drinking water can also become
contaminated with bacteria, viruses and the protozoan parasites, Giardia and Cryptosporidium,
when human waste is directly deposited into the water source (Karanis et al., 2006).

The Viable-but-Non-Culturable (VBNC) state of micro-organisms causes public concern,
as these organisms have resuscitation abilities and can proliferate when the required nutrients
are available (Lin et al., 2003). Smith et al. (1994) evaluated the survival, sublethal injury, and
recoverability of Escherichia coli (E. coli), Enterococcus faecalis (E. faecalis), Salmonella
typhimurium (S. typhimurium) and Yersinia enterocolitica (Y. enterocolitica), after exposure to
polar marine environments at McMurdo Station, Antarctica. Temperatures below 1.8°C were
typically recorded at the station. The plate count, direct viable count and respiratory activity
were determined for the different species. Upon exposure to the polar environment, all the
bacteria displayed declining recoverability and increasing sublethal injury, but sublethal injury
was more evident in the indicator organisms than in pathogens. All the tests showed increases
in viable-but-non-culturable cells in E. coli, S. typhimurium and Y. enterocolitica after 58
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exposure days, and resulted in an inability of these organisms to form colonies at 37°C. After
the addition of nutrients, respiring cultures of E. coliand S. typhimurium increased significantly.

In Delmas, Mpumalanga, South Africa (2005), at least 18 people were admitted to
hospitals with suspected typhoid fever. Up to 380 people may have been infected through the
ingestion of contaminated water from the Delmas water-purification works. The disease was
spread through the ingestion of the bacillus, S. typhimurium, as well as through direct contact
with substances that were in contact with the water (Travel Doctor, 2005). Torpdahl et al. (2006)
typed isolates of S. typhimurium using pulse-field gel electrophoresis (PFGE). In 2005, an
outbreak with 26 cases of S. typhimurium infection was identified by multiple locus variable
number of tandem repeats analysis (MLVA). The authors found that the discriminatory ability of
PFGE for certain phage types was not high enough. The results showed that an isolate
obtained from a pig herd, corresponded to an isolate from a human sample, located in the same
region. The authors then concluded that the pig herd was the source of the human infections.

In 2003 the World Health Organisation estimated that over 1.1 billion people did not have
access to a potable water source and that over 2.4 billion people had no access to basic
sanitation (African Medical and Research Foundation, 2007). This includes 42% of the
population in sub-Saharan Africa. This problem will only be amplified, as the world’s population
is expected to increase every year by 74.8 million people between 2002 and 2015. Natural
disasters, such as flooding and droughts, along with inadequate sanitary facilities and the lack of
potable drinking water, increases the potential risk of a wide range of potential waterborne
diseases, such as cholera, malaria, bilharzias yellow fever, amongst others (African Medical and
Research Foundation, 2007). In Kwazulu-Natal, South Africa, the Mhlathuze catchment area
supports a rapidly growing industrial and agricultural community, where 78.5% of the population
live in rural areas and where 34.8% of the population are without sanitation services
(Lin et al., 2003). In 1996, the Department of Water Affairs and Forestry found that the
bacteriological quality of the Mhlathuze River, which is utilised by the community for household
and other purposes, was posing an increased risk of infectious disease transmission.

In addition, inadequate domestic and industrial wastewater treatment contributes to the
lack of hygiene and sanitation. Only about 15% of collected wastewater undergoes treatment in
Latin America, and in Venezuela, 97% of the country’s sewage is discharged into the
environment without treatment. In developing countries, water utilities, that is, supply and
treatment is also grossly inadequate, due to a lack of funds, operational deficiency, the lack of
staff and inadequate enforcement of environmental quality standards (World Health
Organisation, 2003).

In 2003, the South African Department of Health reported a cholera outbreak in the
Mpumalanga Province of South Africa. The outbreak included 27 areas bordering Swaziland
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and Mozambique. The cumulative number of suspected and confirmed cholera cases was 174,
with three deaths reported. In February 2004, another cholera outbreak was reported in the
Nkomazi area, Mpumalanga Province, South Africa. The cumulative number of cholera cases
reached 179, with five deaths recorded (World Health Organisation, 2004). In 2005, 49 cases
and five deaths were reported in Niger by the Nigerian Ministry of Health, where laboratory
testing led to the confirmation of the causative agent, Vibrio cholerae O1 (World Health
Organisation, 2005). Angola reported 46758 cases of cholera in 2005, where 1896 deaths were
recorded and 14 of the 18 provinces were affected. The most highly affected areas were
Luanda (49%) and the Benguela provinces (17%). Although the spread of the disease in most
of the provinces declined, a daily incidence of around 125 cases was still reported (World Health
Organisation, 2006). In Sudan, in 2006, the Federal Ministry of Health reported a total of 2007
cholera cases, including 77 deaths as a result of acute watery diarrhoea. Of these cases, 35.3%
occurred in Khartoum state, while 26% occurred in the North Kordofan state. V. cholera 01
Inaba was confirmed in 70 out of 139 stool samples (50%) by the national public health
laboratory (World Health Organisation, 2007). South Africa also experienced major cholera
outbreaks during 1980 to 1984, when over 22 000 people were infected in Kwazulu-Natal, and
then again later, from August 2000 to February 2002, where 113 966 people were infected and
259 died in the same province (Cottle & Deedat, 2002).

Campylobacter jejuni (C. jejuni), Campylobacter coli (C. col)) and Campylobacter enteritis
(C. enteritis) are major causes of acute enterocolitis and infective diarrhoea in most developed
countries (Konkel et al., 2003). It is also a known fact that surface water that has been
contaminated with faecal human waste has the potential to contain C. jejuni (Bates & Phillips,
2005). This is not surprising since many domestic animals and waterfowl shed this pathogen in
their faeces, contributing to the microbiological degradation of recreational waters (Bates &
Phillips, 2005). The Campylobacter Sentinel Surveillance Scheme (CDSC) of England and
Wales reported 7360 laboratory confirmed cases of campylobacteriosis in the year that it was
established in May 2000. Of the 7360 confirmed cases, 3% directly consumed untreated river-,
stream- or spring water. Affected individuals were ill for a total of 11 days, while 732 patients
required admission to hospital for at least five days (CDSC, 2000).

The two protozoan gastrointestinal disease-causing pathogens, Giardia and
Cryptosporidium have been identified as the causative agents for the vast majority of outbreaks
associated with water (Karanis & Kourenti, 2004). Karanis et al. (2006) investigated the water
supplies (surface-, tap-, bottled-, well-, spring- and wastewater) in Russia and Bulgaria for the
presence of Giardia and Cryptosporidium and found both parasites present in tap-, well-,
surface- and wastewater samples. Giardia cysts were also detected in bottled water. Hsu et al.
(2007) used the immunofluorescence- and enzyme-linked immunosorbent assay to detect
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Giardia cysts. Out of the 107 collected samples, Giardia was present in eight samples, with
these results confirmed in six of the samples by immunofluorescent microscopic examination,

and four of the samples by the polymerase chain reaction method.

1.2.2 Xenobiotics

Xenobiotics are large-moleculed, man-made compounds believed to be resistant to
environmental degradation (Chong, 2005). Human exposure to these compounds occurs via the
ingestion of contaminated food and water, which leads to their bioaccumulation in food webs,
resulting in the increased risk of environmental contamination and deterioration in human health
(Belgiorno et al., 2007). Examples of these contaminants include polycyclic aromatic
hydrocarbons (PAHSs), alkylphenols (APs), organotins (OTs) and brominated flame retardants
(Stasinakis et al., 2005). Xenobiotics have also been linked to alterations in endocrine functions
and multiple hormonal systems in experimental animals, humans and wildlife
(Desantis et al., 2005). Sources include hydrocarbons, insecticides, polychlorinated biphenyls
(Ctitoloju, 2003), herbicides (Dorigo et al., 2004), agricultural fertilisers and pesticides, heavy
metals and organic synthetic compounds from industry and shipping (Quintaneiro et al., 2006).

Research has shown that herbicides and pesticides negatively affect the quality of the
natural environment they leach into. Dorigo et al. (2004) investigated the impact of atrazine and
isoproturon on periphyton and phytoplankton samples in the river Ozanne (France) and its
tributaries. The sampling sites were reported to be contaminated with varying levels of atrazine
and isoproturon. Microalgal communities inhabiting the contaminated area as well as those
inhabiting pristine stations were investigated. A greater tolerance to atrazine and isoproturon
was observed in the microalgal community inhabiting the contaminated area. In addition, the
phytoplankton and the periphyton communities both complied with the pollution-induced
community tolerance concept (PICT) as described by Blanck et al. (1988). The PICT concept
establishes a cause-effect relationship between a toxicant and microbial communities
(Schmitt et al., 2005). The phytoplankton and periphyton communities shifted their composition
towards diatom-domination due to the continuous presence of atrazine and isoproturon.
Achnanthes lanceolata and Nitzschia palea were nearly always present at the sampling sites.
This result was corroborated by a previous study by Kasai (1999), where he proved that these
algae were highly resistant to atrazine. The phytoplankton and periphyton communities
displayed increased tolerance to the PICT studies. In PICT studies the increased tolerance of
the total community to the introduced toxicant is investigated making them an effective tool in
ecotoxicology due to their high sensitivity and specificity to the effects of toxic substances
(Boivin et al., 2002).
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Weston et al. (2001) and Kolpin et al. (2002) identified the occurrence of multiple
pharmaceuticals, such as fluoxetine in surface waters, while other studies recorded the
occurrence of estrogenicity steroid therapeutics in municipal effluents (Foran et al, 20083;
Huggett et al., 2003). Brooks et al. (2003) showed that fluoxetine reduced the growth of the
green algae, Pseudokirchneriella subcapitata (P. subcapitata). Fluoxetine was added to three
flasks containing P. subcapitata at concentrations of 0 (control), 43.6, 87.3 and 174.4 nM. Algal
growth was evaluated by enumeration, using a haemocytometer and a compound microscope,
and turbidity measurements were done by absorbance readings at 750 nm. Cell deformities
were observed and cell sizes appeared smaller at 87.3 and 174.4 nM treatment levels, where
cells appeared shrivelled and on occasion were not crescent shaped, which is a normal
characteristic of P. subcapitata. Although cell deformities and biovolumes were not quantified in
this study, this effect of fluoxetine on algal cells warrants further investigation.
Richards et al. (2004) also evaluated the effects of fluoxetine, ibuprofen and ciprofloxacin
mixtures on a bacterial community in aquatic microcosms. The three compounds were used in
combination to provide a high exposure scenario for future risk assessment. The sampled
zooplankton and phytoplankton communities showed decreases in the number of certain
organisms, while other organisms flourished. Lemna gibba and Myriophyllum spp. showed
increased mortality when exposed to high concentrations of the mixture, whereas the bacterial
community did not change at all.

1.2.3 Polycyclic Aromatic Hydrocarbons (PAHS)

Contamination of aquatic environments with polycyclic aromatic hydrocarbons (PAHs), a
ubiquitous group of organic pollutants, is a matter of great environmental concern. Polycyclic
Aromatic Hydrocarbons (PAHs) enter the environment via the atmosphere and adsorb onto
particulate matter. Their affinity for organic fractions in sediment, soil and biota is high and
PAHs accummulate in organisms, water, sediments and in their nutrient source. They enter the
organisms by absorption, through the pulmonary tract, the skin and the gastrointestinal tract
(Coman et al., 2006).

Polycyclic Aromatic Hydrocarbons have carcinogenic and mutagenic properties
(Watson et al., 2004) and are used as intermediates in the production of polyvinylchloride and
plasticisers (naphthalene), pigments (acenaphthalene, pyrene), dyes (anthracene, fluoranthene)
and pesticides (phenanthrene) (National Pollutant Inventory Substance Profile, 2004). They
have been known to leach from electrochemical industries, such as aluminium, iron and steel
production implants and foundries (Wiles, 2004). Forest fires also contribute to the release of
PAHs into the atmosphere, while the majority of the contamination originates from the discharge
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of effluent from settling ponds (Watson et al., 2004). Other sources of PAH contamination
include fossil fuel-burning, oil refineries, motor vehicle emissions, waste incineration, coke and
asphalt production industries and aluminium production plants, amongst others (Srogi, 2007).
Polycyclic Aromatic Hydrocarbons also result from cigarette smoke and some of these
compounds are highly carcinogenic or mutagenic (Sakai et al., 2002).

The relationship between sediment contamination and toxicity in San Francisco Bay,
USA, a highly industrialised and urbanised estuary composed of many connected bays, was
evaluated by Thompson et al. (1999). Collected sediment samples were digested using aqua
regia (Flegal et al., 1994) and analysed with atomic absorption spectrometry, with PAHs and
chlorinated hydrocarbons evaluated using gas chromatography. The results indicated that
toxicity was widespread in the Bay and that it fluctuated over time in the areas located close to
harbours, closed military bases and superfund sites, containing highly toxic sediments. The
results obtained correlated with a study performed by Swartz et al. (1994) in which highly toxic
sediment samples were also evaluated for metal contamination. Sediment samples evaluated at
the respective sites consisted of varying combinations of contaminants. The sediment elutriate
bioassay and the bulk sediment assay, were performed to determine the toxic effects of the
sediment. Results showed that sediment samples at the Redwood Creek site, proved to be

most toxic.

1.2.4 Metal Contamination

Metal contamination occurs due to the accumulation of herbicides, pesticides, petroleum by-
products (Dorigo et al, 2004; Mowat & Bundy, 2001) and urban- and industrial runoff
(Ohe et al., 2004) in the environment. The overall natural occurrence of certain metals in the
soil, atmospheric deposits (Radenac et al., 2001) and corrosion of building materials
(Maanan et. al., 2004) also contributes to the increase of metals in the environment.

Domestic and household sources of contamination occur as a result of corrosion of metal
plumbing fittings, galvanised roofs and wire fences [(zinc (Zn), cadmium (Cd)] and healthcare
products, such as Zn- or selenium (Se) containing shampoos and Zn-containing baby creams
(Alloway, 1995b). Silver paint containing aluminum (Al), Al-coated roofs, saucepans and other
household utensils containing metals are also possible sources of contamination
(Friberg et al., 1986).

The metals most commonly associated with river water are lead (Pb), copper (Cu), iron
(Fe), Cd, Al, mercury (Hg), arsenic (As) and manganese (Mn). Many aquatic organisms live in
water bodies and increased concentrations of these pollutants could be detrimental to the
aquatic environment, thereby directly contaminating the food web, and also higher animals, such
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as humans. Metal pollutants also have a detrimental effect on human health, where exposure is
mainly due to the ingestion of contaminated food and water (Wright & Welbourne, 2002). The
leaching of metals into groundwater can result in the further contamination of drinking water and
can, due to this toxicity, be detrimental to human health (Piver, 1992). Table 1.1 represents the
recommended safe metal concentrations in aquatic ecosystems as stipulated by the Department
of Water Affairs and Forestry (DWAF, 1996) and the Canadian Council of Ministers of the
Environment Quality Guidelines (CCME, 2001). It is important to adhere to the stipulated
guidelines for metal concentrations in aquatic samples in order to determine whether the water is
safe for utilisation.

Table 1.1 Recommended safe metal concentrations as stipulated by the Department of Water Affairs
and Forestry (1996) and the Canadian Council of Ministers of the Environment Quality
Guidelines (2001) in aquatic samples.

Metals Recommended safe concentrations as Environmental quality
stipulated by DWAF (1996) (mg.l'1) guidelines as stipulated by
CCME (2001) (mg.I")

Al 0.1-0.15 0.005-0.1

Cu 0.002 -0.012 0.002 — 0.004

Fe N/A 0.3

Mn 1.3 N/A

Ni N/A 0.025-0.15

Pb N/A 0.001 — 0.007

Zn 0.036 0.03

1.2.5 Metal Accumulation in Sediment and Water

The deposition of solid particles on the bed or bottom of a body of water or other liquid is known
as sedimentation. This suspended material (sediment) is essentially fragmented organic or
inorganic material derived from the weathering of soil, alluvial and rock materials. It is removed
by erosion and can be transported by fluid flow to settle on different locations at the bottom of
the river (Ebner et al., 1999). In aquatic environments, high concentrations of metals are usually
integrated in surface sediments (Prange & Dennison, 2000; Marchand et al., 2006). The highest
metal concentration is stored between the sediment-water interface (Maanan et al., 2004), as
according to Peijnenburg et al. (2005), sediment acts as sinks for suspended material in surface
water.

Increased levels of heavy metals were reported in the Mooi River sediment in South
Africa (Wade et al., 2000). The release of mine water into a tributary of the Mooi River from a
nearby goldmine apparently resulted in the increased levels of potentially toxic metals in both the
water and sediment. Mzimela et al. (2003) conducted a study on sediment, water and fish
samples collected on a quarterly basis from the Mhlathuze Estuary, South Africa, to investigate
seasonal bioaccumulation patterns of selected metals. The highest metal concentrations (Al, Fe
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and Mn) in water and sediment were recorded in December, coinciding with extremely high
freshwater inflow from the Mhlathuze River. Metal concentrations were generally lower during
April, which coincides with the reduced riverine runoff from the catchment of the estuary. Iron
was found in the greatest concentrations in the fish tissue, followed by Al, Zn, Mn, chromium
(Cr), Cu and lastly Pb.

The primary sources of heavy metals in the environment are waste discharge, stack
emissions from industrial sources and coal power production (McComb & Gesser, 1999).
Common environmental pollutants such as Zn, Cd and Hg are accumulated in aquatic
environments through the weathering of minerals and soils (Merian, 1991; Klavin$ et al., 2000),
coal combustion, refuse incineration and Fe metal industries (Merian, 1991). This in turn, results
in the contamination of freshwater sources and the alarming increase in metal accumulation in
aquatic systems. The subsequent poisoning of the human food chain then increases the need
for further studies to monitor metals in all water bodies (McComb & Gesser, 1999).

The Arges River (Romania) was analysed by Stoica (1999), for the presence of various
metals using Atomic Absorption Spectrometry (AAS) and Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES). The River was chosen because it flows past treated
industrial-, and domestic wastewater and other waste material. Using these techniques, it was
found that concentrations of Cu and Pb did not exceed the recommended Romanian standards
in natural waters, while the concentrations of Cd and Zn did exceed the recommended
concentrations for metals in the river water. The authors however, concluded that the river was
relatively free of metal pollutants.

Macklin et al. (2003) monitored the cyanide and metal contamination into tributaries of
the Tisa River, which is a major tributary of the Danube River, to record the effects of a release
of 200 000 m® of contaminated water and 40 000 tonnes of tailings into the tributaries. Sixty-five
water, 65 river- and 45 floodplain sediment samples were collected and analysed for Pb, Zn, Cu
and Cd. The concentrations decreased downstream as water flowed away from the mines and
tailings ponds, and generally fell below European Community (EC) concentrations. In contrast,
Zn, Cu and Cd concentrations in river sediments approached or exceeded recommended
concentrations close to the Romanian border.

The concentrations of Cd, Hg and Zn in the Umtata, Buffalo, Keiskamma, and Tyume
Rivers and in the Sandile and Umtata Dams were determined by Fatoki & Awofolu (2003).
These catchments support rapidly growing populations and concerns arose regarding the quality
of the surface waters. Cadmium levels in the Umtata River and the Umtata Dam were normal
but in the Keiskamma-, Buffalo- and Tyume Rivers elevated Cd levels were recorded. These
elevated Cd levels may affect the health of the rural communities who use the river water before
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the water is treated. The levels for Hg and Zn appeared to be normal in the river and did not
exceed the recommended concentrations of metals in water as stipulated by DWAF (1996).

1.2.6 Bioindicators

Microbial organisms growing in a biofilm community are capable of adapting to and surviving in
nature, due to the protection offered by the surrounding matrix, especially during stressful
situations (Decho, 2000). The close and beneficial relationships among organisms within the
biofilm, accelerates xenobiotic usage as well as the subsequent immobilisation and degradation
of pollutants (Singh et al., 2006).

A biofilm can be defined as a collection of microbial cells organised within extracellular
matrices, which are mostly associated with flowing systems, but can also occur as aggregates,
occurring at interfaces such as solid/air-, inert solid/liquid-, and solid nutrient/liquid
(Gilbert & Allison, 1993). The development of the biofilm can broadly be divided into a reversible
and irreversible stage. Lawrence & Caldwell (1987) and Marshall (1988) proved that cells
initially become attached to a surface, using a portion of their flagella during the reversible
attachment stage, after which they either may become detached or irreversibly attached. Their
research showed that cells chemically gauge their compatibility with potential binding sites
before the irreversible attachment stage. Once irreversibly attached, cells will proliferate into a
mature biofilm. In 1989, Lawrence et al. stated that irreversibly attached micro-organisms could,
however, slough off because of adverse environmental factors, and could then reattach at
another section of the material surface (Figure 1.6).

GROWTH & EXOPOLYMER ATTACHMENT
DIVISION PRODUCTION OF OTHER

OF & BIOFILK ORGANISHS TO
BACTERIA FORMATION BIOFILM

{hrs_-days) (hrs_-days} {days-months)
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OF BACTERIA OF BACTERIA
(sec.) (sec.—min.}

Figure 1.6. Biofilm formation (Biofilms: Online Manual — American Society for Microbiology, 2007).

Bacteria produce extracellular polymeric substances (EPS), within the biofilm matrix,
which assist in improving their survival rate. This EPS assists in biofilm development by
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providing a substrate for other micro-organisms and toxic molecules to adhere to
(Costerton et al., 1978). It also has a high metal absorption capacity (Marin-Guirao et al., 2005).
It is due to this binding capacity of EPS that microbial biofilms are amongst the most common
treatment for the removal of metals from metal-contaminated waters (Roane & Pepper, 2000).

Resistance of micro-organisms to metal pollution depends on the developmental stage of
the organism as well as the taxonomic group to which the organism belongs
(Wright & Welbourne, 2002). The concentrations of metals in aquatic systems are also
dependent on fluctuations in environmental conditions as well as the interactions between
environmental factors such as dissolved oxygen (DO) levels, water hardness, conductivity,
temperature and pH. Variations in these conditions then also contribute to the release of metals
back into the flowing water. Due to a resistance build-up, certain microbial species are also
more effective in the removal of particular metals from the system, e.g. Citrobacter spp. biofilms
are used for the removal of uranium, Arthrobacter spp. biofilms are used in the recovery of Pb,
Cu, Cr, Zn and Cd, while Bacillus spp. effectively binds Cd, Cu, Hg, Cr and Ni
(Roane & Pepper, 2000). The important biofilm-producing organisms in domestic wastewater
treatment include, Klebsiella, Zoogloea and Pseudomonas spp. (Roane & Pepper, 2000).
Pseudomonas aeruginosa biofilms were shown to cause the precipitation of lanthanum
(Langley & Beveridge, 1999), while mercury-reducing Pseudomonas putida biofilms showed
elemental mercury accumulation on the exterior of the biofilms (Wagner-Débler et al., 2000).
Burkholderia cepacia biofilms were found to sequester Pb®* at concentrations higher than 1 pm
(Templeton et al., 2001), while a study by Suh et al. (1999) found that the EPS was responsible
for more than 90% of Pb®* accumulation of the total Pb dissolved. Krépfl et al. (2003) studied Pb
and nickel (Ni) contaminated biofilms by evaluating their accumulation and their effect on
biomass production. Results revealed that the total biomass production decreased by 14%, in
comparison to the control, in the presence of increased Ni concentrations. This indicated that
the bacteria exhibited a lower tolerance to Ni than to Pb.

Metal-resistant organisms such as Rhizopus arrhizus are generally used in continuous
systems over an extended time period, due to their capacity to self-replicate and their ability to
proliferate in the presence of metals (Donmez et al.,, 1999). Prat et al. (1999) analysed metal
accumulation in biofilms from nine different stations in the Guidamar River, Spain. Metal
accumulation was 15 times higher in the stations affected by metal discharge than in the
unaffected stations, especially in the case of Zn, Pb, As and thallium (Tl). As mentioned above,
the binding capacity of EPS depends on the state of the polymeric layer (EPS) but as was
shown in the above-mentioned study, also on the pH of the water (Krdpfl et al., 2003).
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Research has shown that the behaviour of a particular organism or animal could serve as
an indication of chemically induced stress and would make the particular animal beneficial as a
biomarker (Petrauskiené, 2003). Ecotoxicological biomarkers based on molecular and cellular
level responses of an organism to adverse conditions represent the earliest signals of
environmental disturbances (Lowe et al., 1995).

Petrauskiené (2003) assessed the behavioural responses of medicinal leeches to the
effect of exposure to water from the Drukshiai Lake, to sediments of the Nemunas River, and to
a solution of heavy metals. The mobility, avoidance response, changes in body shape and the
feeding activity of the medicinal leeches were investigated. Avoidance response, which is
defined as the amount of individuals escaping the tested water or sediment as well as mobility
change, were recorded during the first hour of exposure to the tested samples and could be
used as a marker for water and sediment pollution. After one to three weeks their feeding
activity was reduced, indicating their usefulness in assessing the chronic toxicity of pollution, and
making the medicinal leech effective as a biomarker in ecotoxicological studies.

Nigro et al. (2006) investigated genotoxicity and lysosomal alterations in the
Mediterranean mussel (Mytilus galloprovincialis) from an estuary of the Cecina River. This river
is subject to chemical impact mainly associated with industrial activities and untreated urban
wastewater discharge. Native and transplanted mussels, which were transferred to the affected
area and left for four weeks, were used for this study to compare metal accumulation and the
degree of pollution. Metal concentrations in the digestive glands of the transplanted mussels
were similar to those of the native mussels. Transplanted mussels could therefore be
implemented as a model biomonitoring tool (Regoli & Orlando, 1994) as they rapidly equilibrate
their tissue metal levels according to the metal bioavailabilty of the surrounding environment.

The snail, Helix aspersa, was used as a biomarker to determine whether copper
oxychloride exposure induced stress (Snyman et al., 2002). Snails collected from vineyards
treated with copper oxychloride were compared to those from an untreated vineyard. Using the
neutral red retention (NRR) time assay, it was found that after only one week of exposure to
copper oxychloride, the snails from the test site showed significantly shorter NRR times and
significantly higher whole body copper concentrations. These results indicated that the NRR
time assay is effective as an indication of copper oxychloride-induced stress.
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1.2.7. Metal Contaminants

The metal contaminants most commonly associated with water include Al, Cu, Fe, Mn, Ni, Pb

and Zn (Wright and Welbourne, 2002). Table 1.2. summarises the uses and health effects of

the different metal contaminants.

Table 1.2 The uses and health effects of the metal contaminants most commonly associated with
water.
Metals | Uses Health Effects References
Al Pressed into sheets | Poison neurotoxin®. History of Aluminium,

or foil?.
Pesticides and

algicides®.

linked
and could be

Overexposure has been
Alzheimer's disease®
associated with contaminated drinking
water®"o"

Memory loss, depression and long-term
muscular weakness'.

Damage to all tissue types'.

2006

Seachem, 2006°

Miu et al., 2004°
Kawahara, 2005
Gardner & Gunn, 1991°
Doll, 1993'

Werbach, 2003°
Werbach, 2007"

Sears, 2008’
Exley, 1996
Cu Building industry*. Micronutrient for all aerobic life forms. Copper Facts, 2006"
Animal feeds and | Development and performance of the | Mineral and
fertilisers'. human nervous- and cardiovascular | Information  Institute,
systems, as well as the skin, bone, | 2006
immune and reproductive systems. Copper and Human
Inhibits the growth of certain microbes. Health, 2006™.
Low Cu - heart and circulatory problems, | Saleh et al., 2001"
bone abnormalities and complications in | Medina et al., 2005°
the immune system™. Stauber et al., 2005°
Increased concentrations -
gastrointestinal distress, as well as
kidney- or liver damage”
Decrease in biological diversity®®.
Fe Alloys* Associated with several chronic diseases, | Webelements - Fe
Component of | such as heart disease, cancer and | Periodic Table, 2006°.
haemoglobin’ diabetes™" Powell et al., 1994".

Transportation,

Minerals Education -
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construction,
machinery
manufacture, cans

and containers and in

Fe, 2008°.
Stevens etal, 1988
Tuomainen et al,

1997¢

the oil and gas Klipstein-
industries® Grobusch et al., 1999"
Mn Pesticides and oil | Strong yet flexible bones Acrobat®, 2005".
additives™”. Aids the body’s absorption of Vitamin B1 | Vermeulen et al,
Enzyme activator 2001*.
Excess of Mn in the water supply - | ToxFags for
Parkinson's disease’” Manganese, 2006"
Shortages - obesity, glucose intolerance, | Wright & Welbourne,
blood clotting, skin problems, lowered | 20027
cholesterol levels, skeletal disorders, birth | Lenntech - Mn, 2006'
defects and neurological symptoms’.
Swelling of cell walls, withering of leaves,
and brown spots on leaves'.
Ni Fair conductor of | Skin effects or allergic reactions. Webelements Periodic
heat and electricity®. | Asthma attacks, chronic bronchitis and | Table - Ni, 2006°.
Stainless steel, | lung infections. ToxFaqgs for Nickel,
jewellery, coins and | Stomach cramps and damage to the | 2006°.
items such as valves | kidneys®. Agency for  Toxic
and heat exchangers. | Increased concentrations - cancer®. Substances and
In certain batteries, to | Spontaneous abortions and structural | Disease Registry,
colour ceramics and | malformations, especially cardiovascular | 2005°.
for nickel plating®. and musculoskeletal defects in newborn | Chaschschin et al.,
babies®. 1994°,
High concentrations - inhibit algal growth®. | Mandal et al., 2002°.
Pb Plumbing materials | Decrease  in  intelligence  scores, | Lead - Safewater,
and water services, | concentration  spans, reading and | 2006’

Pb paint chips’.

language, anaemia, hearing loss, and
abnormal development of tissues and
organs, such as the kidneys, heart and
brain.

Extremely high levels - ataxia, cerebral
oedema, paralysis, coma and death may

Goyer, 19935,

Wright & Welbourne,

2002°

Bogden et al., 1997
Lead

Centre,

National

Information
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result’. 2006"".
Hyperactivity, poor attention span, 1Q
defects® and palsy, or wrist drop™®
Pb-contaminated  drinking  water -
increase in blood pressure, Kkidney
problems.

Difficulties during pregnancy,
reproductive, digestive and memory
problems, nervous disorders®.

Pb smelting plants - elevated blood-lead

levels'".

Zn Conductor of | Essential element in plant and animal | Webelements Periodic
electricity. growth'. Table - Zn, 20062
Galvanising'%. Deficiency - hair loss, skin lesions, | Zinc, 2006,
Deodorants,  wood | diarrhoea, wasting of body tissues and | Zinc and the

lotion, topical cream | stunted in utero and in infancy',
to prevent nappy | malfunctions in cerebral activity, as well
rash'®. as negatively affecting eyesight, taste,
smell and memory'®.

Elevated concentrations - suppress Cu
and Fe absorption.

preservative, suntan | eventually death, brain development is | Environment, 2007'*.

1.3 BIOREMEDIATION

Bioremediation systems are gaining increased interest, as they are more economically viable
and require less maintenance than more traditional treatment systems. The principle of
bioremediation is to utilise microbial degradation processes in technical and controlled treatment
systems (Langwaldt & Puhakka, 2000). Eccles (1999) stated that biological systems were
gaining increased interest due to the fact that they are as effective as other more physical
techniques, are cost-effective and environmentally friendly, which is why they are referred to as
green technologies (Mack et al., 2004).

Bioremediation is used to reduce or eliminate contaminants by encouraging bacterial
growth through the addition of nutrients to the contaminated area. The organisms then degrade
organic matter into simpler compounds such as water, methane, inorganic salts and carbon
dioxide (Farhadian et al., 2008). Specific bacteria can also be introduced into a system to
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metabolise a particular contaminant in a process known as engineered bioremediation, where
the bioremediation process is artificially enhanced (Scow & Hicks, 2005). Ideally, indigenous
microbes will degrade organic contaminants (Rdling & Verseveld, 2002) if a supply of nutrients is
available for their metabolism (Parales & Haddock, 2004; Scow & Hicks, 2005). Bioremediation
can therefore be defined as treatment technology which uses living organisms, i.e. biofilms
(Singh et al., 2006), to reduce the concentration or toxicity of contaminants in soil
(Law & Aitken, 2003), water (White, 1995) and wastewater (Kargi & Eker, 2005). The two most
important processes involved in metal removal from contaminated sites are biosorption and
bioaccumulation. In these processes the metals are removed from the system by binding to
specific functional groups on the outer surface of the biomass (Volesky, 1990).

The objective when choosing a bioremediation system is to find the most efficient, as well
as the most cost-effective system for treatment (Liu et al., 2001). The process of bioremediation
can thus contribute to cost-efficiency (Adriaens et al., 2006) by treating contamination in place,
meaning that nutrients can be delivered to contaminated soil, without removal-disposal costs,
using natural microbial processes to break down pollutants, including metals (Park et al., 2008),
and by reducing environmental stress, by minimising site disturbances. Bioremediation systems
can be divided into natural bioremediation systems such as wetlands, and artificial systems such
as bioreactors.

1.3.1 Wetland Systems

The use of wetlands is an emerging, reliable technology used primarily for the tertiary treatment
of contaminated effluents. They are defined as terrestrial and aquatic systems which have the
water table at, near, or above the land surface. They are also widely distributed throughout the
world where low lying lands meet water. Water moves very slowly through the wetland areas
and the wetland soils remain water-logged (soil that contains so much water that there is no
room for oxygen). Marshes, swamps, bogs, wet meadows, sloughs, potholes, river overflow
lands, and tide flats are all examples of wetlands. Wetlands consist of waterlogged, or water
loving plants, known as hydrophytes, which can grow without much oxygen from hydric
(saturated, flooded, or ponded) soils, which supports hydrophytic vegetation
(Sheoran & Sheoran, 2006). The soil can be either organic or mineral, where organic soils are
characterised by a continuously accumulating deep layer of decaying plant matter at the soil
surface. The properties of hydric soils especially the lack of oxygen, retards the decomposition
of the dead plants. In the water table, which is the point below the land surface where the earth
is saturated with water, the mineral layer can sometimes be either wet or dry, depending on
seasonal changes, which causes elements like Fe and Mn to be reduced
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(Woulds & Ngwenya, 2004). Small inland wetlands, usually less than 20 hectares, are used by
farmers in Southern and Eastern Africa, to grow vegetables and other crops vital to household
nutrition and incomes. The wetland allows the resource-poor farmers to farm throughout the
entire year, because of the moisture-rich wetland environment. This allows for a year-round
food supply and source of income (International Water Management Institute, 2007).

Constructed wetlands are as functional as natural wetlands, and are also comprised of
plant-, microbial-, soil-, and animal components, and have been successfully employed in the
removal of pollutants from river water (Hammer, 1989). The utilisation of wetlands as successful
remediation systems is based on the microbial adsorption of metals, metal bioaccumulation in
plants, bacterial metal oxidation, and sulphate reduction (Roane & Pepper, 2000). Metal
sulphide precipitation has also been found to be useful in the operation of natural and
constructed wetlands (White et al., 1997). Collins et al. (2004) and Murray-Gulde et al. (2005)
showed that sulphide precipitation was the dominant process for the removal of metals from
wetlands. Kadlec & Knight (1996) stated that a wetland system would be ideal for treatment of
water systems, as it is environmentally safe as well as cost-effective. Figure 1.7 outlines the
distribution of wetlands in South Africa.
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Figure 1.7. Distribution of wetlands in the nine provinces of South Africa (Department of

Environmental Affairs and Tourism, 1999b).

There are many different types of wetlands which include emergent-, aquatic-, forested-,
scrub/shrub-, free-water surface-, and subsurface flow wetlands, constructed for the removal of

specific pollutants.
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An emergent wetland is characterised by swaying grassy plants, which have parts of
their soft stems and roots embedded in the wet soil. The grassy plants, cattails, bulrushes and
reed canary grass are found in marshes and sedges, while grasses and willow grow on peat in
fens, which have slow moving water which rinses acid from the soil. This wetland system is
home to ducks, geese, migrating birds and muskrats, amongst others (Wetlands, 1999).
Bulrushes and Cattails have been successfully used to reduce the total amounts of
trinitrotoluene  (TNT),  Cyclotrimethylenetrinitramine  (RDX) and cyclotetramethylene-
tetranitramine (HMX) from explosives-contaminated wastewater (Qazi & Kanaras, 1999).
Emergent wetlands in coastal systems, protect the shoreline from erosion, filter pollutants,
enhance water quality and promote primary production (US Fish and Wildlife Service, 2007). A
wetland was constructed consisting of various layers, such as a clay layer, a layer consisting of
typical emergent wetland plants (Typha latifolia, Typha angustifolia, Phragmites communis,
Scirpus lacustris and Juncus spp.), various types of algae and different heterotrophic and
autotrophic micro-organisms, including different oil-degrading bacteria and fungi and manure,
which provided the essential nutrients required for vegetative growth (Groudeva et al., 2001).
Results revealed that the highest concentrations of pollutants, such as PAHs and heavy metals
(Cd, Cu, Pb and, to a lesser extent, Fe) were found in the roots of the plants, as well as
adsorbed to some of the algal and bacterial species.

In an aquatic wetland, not all of the plants are submerged and grow underwater. Some
of the wetland plants or their leaves float on top of the water. Waterlily, duckweed and
pondweed grow in water that may be three to six feet deep. Aquatic beds are generally found
near the edges of lakes or streams (Wetlands, 1999). Duckweed has been used to accumulate
metals, such as Pb, Cd, Cu and Zn (Mclintyre, 2003). Lemna perpusilla or Duckweed plants
were collected from a heavy ash settling basin to determine its ability to accumulate Cd, Cu, Fe,
Mn, Zn, Cr, Pb and Ni, which are metals that are expected with heavy ash. The Duckweed
plants accumulated higher concentrations of the metals analysed for than was recorded in the
water or coal ash sediment samples collected (Clark et al., 1981).

Bog or Forested wetlands have very acidic soil, which allows the growth of only acid-
resistant plants, such as both evergreen and deciduous trees. Due to the acid-rich and oxygen-
deprived soil, dead plants do not decay and become a mat of rotting plants. Deer, raccoons,
rabbits, hawks and owls make this wetland system their home (Wetlands, 1999). The deciduous
plant, White birch, has been used to remove methyl bromide from the atmosphere
(Jeffers & Liddy, 2003).

Swamp or Shrub wetlands are characterised by small trees and bushes. The water is
close to the surface and next to rivers, lakes and streams. Willows, Spirea and common rush are

well suited to this wetland type as these plants have more than one flexible stem. The willow
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(Salix spp.) has been used to phytoextract Cd, Zn, Hg, Cr, Se and Cu from contaminated water
(McCutcheon & Schnoor, 2003). The open water of a shrub wetland is used by wood ducks and
song birds, while Herons, muskrats and deer are also at home in these wetlands
(Wetlands, 1999). Dos Santos Utmazian et al. (2007) reported that willows accumulated high
amounts of Zn and Cd from a contaminated site in Arnoldstein (Austria), and
De Dousa et al. (1999) showed that metal uptake could be enhanced as a result of the presence
of certain bacteria. Kuffner et al. (2008) evaluated the metal uptake of willows (Salix sp.) at a
lead mining area. Four pot experiments with the soil collected from the polluted area
(Zn/Cd/Pb polluted) were inoculated with Zn resistant bacteria isolated from the mined area after
the bacteria had been grown up overnight in media amended with 1 mM ZnSQO,. After exposure
to the contaminated soil, the predominant strain isolated was Streptomyces AR17, which was
thought to be responsible for enhancing Zn and Cd uptake by the Salix sp.

Free-water surface wetlands are wetlands that have the water surface above the wetland
bed or substrate. They are also referred to as surface flow, free surface or open water surface
wetlands (Merz, 2000). Subsurface flow wetlands are designed so that the flow moves through
a soil or gravel matrix which is planted with macrophytes, large macroscopic plants which are
able to be seen with the naked eye (Merz, 2000). Subsurface-flow wetlands move effluent
(agricultural or mining runoff, tannery or meat processing wastes, wastewater from sewage
drains), through gravel or sand on which plants are rooted. Surface-flow moves effluent above
the soil in a planted marsh or swamp (Kadlec & Knight, 1996). They have also been used to
remove Cu, Pb and Zn from wastewater and stormwater (Nelson et al., 2004).

Pilot wetland units were set up in the United States in 2001, to upgrade an existing
facility. The aim was to remove petroleum hydrocarbons and salts from the Naval Petroleum
Reserve. Wetland pilot units, the free-water surface (FWS) and subsurface flow (SSF), were set
up outdoors and followed up for three months. Dissolved Oxygen (DO), pH, Electrical
Conductivity (EC), Total Dissolved Solids (TDS), Chemical Oxygen Demand (COD) and
temperature were measured. The biological activity of certain types of bacteria was also
determined for the soil and water samples collected. The temperatures averaged between 37°C
to 39°C, where the warmer water supported good plant growth in each wetland. The dissolved
oxygen (DO), ranged from 1.2 to 7.2 mg.I", which was a bit low for the pilot wetlands, and
increased the microbial community’s demand for DO. Both pilot wetlands were well buffered
with pH levels from 6.5 to 8.5, supporting microbial activity and plant growth. The water and
sediment columns evaluated for microbial activity, showed variations in microbial species,
capable of metabolising organic and inorganic compounds throughout the FWS pilot wetland
system, with the most abundant bacteria, being heterotrophic and sulphur-reducing bacteria.
The presence of heterotrophic bacteria indicated that the wetland soils and water contained
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sufficient energy for the aerobic degradation of organic compounds. It was ultimately found that
both pilot wetland systems were efficient and capable of improving the overall water quality
(Jackson & Myers, 2002).

Metal retention by wetlands have been used to reduce the levels of Zn, Cu, Ni, Pb, and
other metals in runoff and drainage from mining regions (Mays & Edwards, 2001).
Nelson et al. (2004) studied the efficiency of a constructed wetland system to remove metals
from the Savannah River Site, which receives wastewater discharges and stormwater runoff.
The wetland consisted of four pairs of one acre wetland cells with water flowing from one cell to
the next and then on to the discharge point. The soils in the wetland were modified by adding
organic matter, fertiliser and gypsum as well as giant bulrushes (Schoenoplectus californicus).
This provided a continuous source of organic material to the sediment, allowing for the
decomposition of plants by bacteria and fungi. The anoxic conditions were also maintained in
the hydric soil, thereby allowing for the capture and immobilisation of metals in the soil. A total
of 11 water samples were collected monthly and analysed using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) and ion chromatography. Results for the samples collected during
the fourth year of running the wetland system, validated the efficiency of the system, in that
copper and mercury removal efficiencies were still very high (in excess of 80% removal from
water after passage through the wetland). Lead removal from the water was 83%, Zn removal
was 60% and Ni concentrations were unaffected. Dissolved organic carbon in the water column
increased as a result of the anaerobic conditions in the wetland system, which then in turn
reduced the toxicity of the effluent.

Wetland efficiency depends on the type of plants utilised and the potential loss of the
plant community due to a lack of nutrients. It takes a longer time to remediate, as evidenced by
the study performed by Jackson & Myers (2002), where their pilot study was performed over a
three year period. Over the remediation period, long-term performance problems, like plugging
of the porous media, maintenance of plant communities and the release of nutrients and
accumulated metals during warm periods (McCutcheon & Schnoor, 2003), were identified as
potential problems associated with the use of wetlands.

1.3.2 Bioreactor Systems

Wastewater treatment generally involves physical, chemical and biological processes, to remove
contaminants from the affected systems. These impurities must be collected, handled and
disposed of in a manner which is not detrimental to the surrounding environment or human
health.
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A bioreactor can broadly be defined as a tank in which cells, cell extracts or enzymes
carry out a biological reaction. The efficiency of bioreactors is based on the ability of bacteria to
grow at interfaces, making microbial biofilms the most effective mechanism in the removal or
uptake of contaminants from the environment. This is collaborated by research, which shows
that biofilms are the most common treatment for the removal of metals from metal-contaminated
waters (Roane & Pepper, 2000).

Furthermore, bioreactors are advantageous as they can function under both aerobic and
anaerobic conditions (Langwaldt & Puhakka, 2000), which increases their efficacy. They are
easy to use and to maintain (Evangelho et al, 2001), and require very little energy
(Laopaiboon et al., 2006). Fluidised bed reactors also require low retention time to generate
high biomass (Sokét & Korpal, 2004). Biofilms grow on submerged inert packing, such as
granular activated carbon, which allows for maximum microbial growth, and improves the

bioreactors contaminant removal potential (Bouwer & McCarty, 1982).

1.3.2.1 Aerobic Bioreactors

Aerobic bioreactors fall into the category of secondary treatment. Secondary treatment utilises
aerobic micro-organisms in biological reactors to remove or reduce organic matter, and are
designed in a way which substantially degrades human and food waste, soaps and detergents
(United Nations, 2003). These reactors require oxygen for the degradation of organic material,
such as sugars, fats, organic short-chain carbon molecules, etc. by microbial organisms
(Mack et al., 2004).

The efficiency of the bioreactor relies heavily on the substrate utilised for microbial
growth and attachment. The ideal substratum material should be highly durable, have a low
cost, should not clog easily and should have a high surface area for maximum microbial
adsorption (Metcalf & Eddy, 1991). In Thailand, Polyvinyl Chloride (PVC) was used as an
attachment surface to cultivate micro-organisms from recycled sludge from a pulp and paper
company (Laopaiboon et al., 2006).

The trickling filter bioreactor evolved from the early bioreactor experiments conducted by
Alexander Mueller in 1865. It is one of the most commonly used fixed-film bioreactors, and is
aerated from the bottom by natural draughts, or air blowers (Langwaldt & Puhakka, 2000). In
this bioreactor, micro-organisms attach to a solid substratum, where their concentrations can
flourish. This system has been shown to be suitable for treating wastewaters, as it is simple to
use, easy to operate and has low energy requirements (Evangelho et al, 2001).
Evangelho et al. (2001) used a trickling filter bioreactor, to determine the influence of
recirculation ratio (which is the fraction of water that is returned through the pumping station and
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media filters) vs. the fraction that goes on to other treatment and the role and characteristics of a
biomass in cyanide removal. The authors varied the recirculation ratio from between 0, 0.24,
0.43 and 0.75. Two reactors, one with (biotic) and one without biomass (abiotic), were set up,
using polypropylene Pall rings as the support media. The reactors were fed with a mixture of
synthetic gold milling effluent and sewage, with the treatment efficiency evaluated by monitoring
chemical oxygen demand (COD). Free cyanide, thiocyanate, Cu, Zn and Fe concentrations,
were also analysed using HNOs/HCIO, digestion and atomic absorption analysis. The results
showed the removal of more than 90% of the free cyanide, thiocyanate, Cu and Zn, at the start
of the experiment, without recirculation (0). Recirculation decreased pH and lowered the
efficiency in the removal of Zn. It was found that thiocyanate degradation and Cu removal could
be attributed to microbial activity. In the reactor without the biomass, cyanide removal was low
and decreased further with recirculation. These results confirm the importance of biomass in
pollutant degradation.

The rotating biological contactor (RBC) was patented in 1900 by Weigand and has been
used in Germany since the 1920’s. The RBC is similar to a trickling filter reactor, as they are
both fixed-film reactors. Unlike a trickling filter, the media is supported horizontally across a tank
of wastewater. Rotating biological contactor bioreactors consume very little energy, are simple
and inexpensive to design. They are therefore recommended for wastewater treatment
(Laopaiboon et al., 2006). The reactor is made up of discs, which allow for biofilm development
as they are partially in contact with the air and approximately 40% of the discs are in contact with
the surrounding water (Langwaldt & Puhakka, 2000). The micro-organisms in the biofilm then
break down and stabilise organic pollutants within the reactor. Protozoan and metazoan species
are primarily involved in this process, as they reduce dissolved organic matter and the majority
of dispersed bacteria in wastewater (Martin-Cereceda et al., 2001).

Whitlock (1990) used the rotating biological contactor to treat gold milling effluents at the
Homestake Treatment Plant (Dakota, United States of America). The process was carried out
using 48 RBCs, allowing for maximum biomass immobilisation, chemical adsorption and
precipitation. The results yielded a reduction of 95 to 98% cyanide, thiocyanate and heavy metal
concentrations in the gold milling effluent.

The resistance of micro-organisms to a biocide and their effects on biocide degradation
when it is used as a sole carbon source were evaluated in a RBC bioreactor by
Laopaiboon et al. (2006). An inoculum of recycled sludge from the phoenix pulp and paper
company in Thailand was used to cultivate microbial biofilms in a three unit bioreactor, using
PVC as its growth surface. The biofilms were exposed to 0 to 180 ppm of the biocide
(gluteraldehyde) and biofilm formation on the RBC was observed. Upon the re-establishment of
the biofilm, the chemical oxygen demand (COD) and gluteraldehyde concentrations, as well as
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the enumeration of viable populations of biofilm and planktonic bacteria, and population changes
of higher organisms, were determined. At the end of the experiment, single colonies of bacterial
cells in the biofilm were isolated, plated and tentatively identified, via the APl 20 strip test.
These results showed that the biofilms became resistant to gluteraldehyde and could eventually
degrade it. The higher the biocide concentration, the longer it took for the micro-organisms to
develop resistance to gluteraldehyde. The resistant species were tentatively identified as
Burkholderia cepacia, Aeromonas hydrophila and Aeromonas salmonicida. The bacterial cells in
the biofilm were also less susceptible to gluteraldehyde than their planktonic counterparts.

Fluidised-bed reactors are useful in groundwater remediation (Massol-Deya et al., 1997),
as they are easy to set up, maintain and operate (Tsezos & Deutschmann, 1990). A fluidised
bed reactor is capable of treating effluents in a lower retention time because of the high biomass
concentrations achieved in the reactor (Sok6t & Korpal, 2004). The low retention time is efficient
because the particles in the beds are small, offering greater surface area for biofilm growth
(Sokét & Korpal, 2006). They are based on the dilution of the influent to reduce the toxicity of
the contaminants, making it easier for the biofilm organisms to remove or reduce pollutants in
the reactor. As with the upflow-bed reactor, granular activated carbon is used as the surface for
biofilm attachment (Sutton & Mishra, 1994).

Ochieng et al. (2002) evaluated the phase hold up, phase mixing, aspect ratio and
superficial gas velocity of a three phase fluidised bed reactor in order to reduce the chemical
oxygen demand (COD) and biochemical oxygen demand (BOD) in brewery wastewater. The
bioreactor was set up and a low-density support particle with an internal interstice was
employed, to enable cost-efficiency at a relatively low gas superficial velocity. The results
revealed that biodegradation increased when particle loading was at its maximum and then
decreased thereafter.

Activated sludge bioreactors are generally not effective in the removal of contaminants
from polluted groundwater, as shown by Ettala et al. (1992), where trace organic removal and
optimisation by the reactor was low. The reactor essentially works by removing the sludge from
the effluent (Langwaldt & Puhakka, 2000). The activated sludge bioreactor was used by
Goncalves et al. (1998) to evaluate the biological degradation of cyanides. They observed
desorption of copper, and concluded that the mechanism responsible for the removal of copper
was the adsorption of the anionic complexes formed between copper and cyanide within the
biomass.

Uysal & Turkman (2005) evaluated the efficiency of a biosurfactant, rhamnolipid, on 2,4-
dichlorophenol (2,4-DCP) biodegradation using an activated sludge bioreactor. Two reactors
were set up, one containing both 2,4-DCP and rhamnolipid, with a control reactor, containing
only 2,4-DCP. Rhamnolipid was added to the test reactor once the DCP concentrations ranged



CHAPTER ONE: LITERATURE REVIEW 28
between 30 and 100 mg.I"". In comparison to the control, in which no rhamnolipid was added,
the test reactor only recorded a small increase in DCP biodegradation. Dichlorophenol removal
for control and test reactor ranged between 97.4% to 97.7% and 99.7% to 99.8%, respectively.
This verified that biosurfactants can be used to potentially degrade hydrophobic organic
compounds in contaminated environments. No toxic effects on biomass, was observed with the
application of rhamnolipid, and in fact, the presence of the biosurfactant stimulated bacterial
growth.

An immobilised non-viable yeast biomass (Saccharomyces cervisiae) was used in a
continuous-flow stirred bioreactor, to remove or reduce the metal concentrations of Cu, Cd, Cr,
Ni and Zn from electroplating effluent (Stoll & Duncan, 1997). The authors evaluated the
efficacy of two separate bioreactors; one with two tanks (dual bioreactor system) and the other
with three tanks (triple bioreactor system). From the results, it was concluded that the dual
bioreactor system was sufficient for the reduction of Cu, Cd and Cr from the effluent, with an
average of 18% of the initial Zn and 17% of the initial Cd remaining in the effluent in tank two.

1.3.2.2. Anaerobic Bioreactors

The advantages of an anaerobic reactor includes low energy consumption, low excess sludge
production, enclosure of odiferous compounds (Shink, 2002), high organic loadings and short
hydraulic retention time (Najafpour et al, 2006). The reactor can thus be used to generate
alternative fuel sources, such as methane, while assisting in waste disposal (Patel & Madamwar,
2002). As with any bioreactor, support materials are important for microbial attachment, and
examples used in anaerobic bioreactors are charcoal, gravel, brick pieces, PVC and pumice
stones (Patel et al., 1995).

Upflow fixed-film bioreactors can be both aerobic and anaerobic, with the aerobic version
widely used for contaminant cleanup in groundwater (Langwaldt & Puhakka, 2000).
Van der Hoek et al. (1989) showed that the upflow fixed-film bioreactor was efficient for the
removal of PAH’s and phenols. The upflow anaerobic fixed-film bioreactor has been reported by
Ahring et al. (2002) and Seckler et al. (1996) to be effective in the treatment of hazardous waste
with inhibitory or recalcitrant compositions. The Upflow Anaerobic Fixed Film (UAFF) reactor
combines the recovery of usable energy with good process efficiency in a stable system. In
addition, the fixed film reactor is capable of retaining active biomass in the system without the
need for biomass recirculation.

Perez et al. (2006) evaluated the anaerobic biodegradation of a mixed feed composed of
wine vinasses and cutting oil wastewater (COW), in a laboratory upflow anaerobic fixed-film
reactor loaded with open-pore sintered glass beads (SIRAN). The experimental procedure was
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designed to examine the effect of increasing the percentage of cutting oil wastewater in the feed
after the first initial feed. Wine vinasses were initially fed through the bioreactor. At steady-state
conditions, the chemical oxygen demand (COD) decreased by 87% and total organic carbon
(TOC) decreased by 94.6% in wine vinasses after loading 22.3 kg COD/m® per day. The
biological activity also decreased dramatically once the COW was added. Experimentally, the
UAFF bioreactor, achieved more than 85.8% COD reduction and 58.1% TOC at a COD loading
of 16.7 kg COD/m3 per day and hydraulic retention time (HRT) of 0.15 days. Therefore, it can
be concluded that COW can be removed, if not degraded, by the anaerobic treatment in the
presence of a biodegradable co-substrate, such as wine vinasses.

The anaerobic upflow fixed-film bioreactor has been used effectively to remove
Pentachlorophenol (PCP), ethylene, ethane and phenol from contaminated systems
(Hendriksen et al., 1991; Juteau et al., 1995). Treatment of contaminated groundwater has not
yet been reported, as the reactor operates at high temperatures and high organic carbon
supplementation (Langwaldt & Puhakka, 2000).

Different support materials, such as charcoal, gravel, brick, PVC pieces and pumice
stones were evaluated to determine which material performed best at stabilising and recovering
energy from cheese whey (Patel et al., 1995). Twenty anaerobic upflow fixed film reactors were
used in this study. Each reactor consisted of a glass column packed with one of the five
materials and biofilms were allowed to develop naturally. Gas was collected and measured from
the displacement of the acidified saturated salt solution and analysed using gas
chromatography. The charcoal packed reactor obtained the highest total digested gas, as well
as the highest methane content, presumably due to improved surface area for the attachment of
methanogens and other anaerobic bacteria, and good biofilm formation. The lowest total gas
and methane content was recorded for the pumice stone reactor. Chemical oxygen demand
removal was also highest (76.6%) in the charcoal reactor, followed by the gravel, brick, PVC
pieces and pumice stones. The anaerobic fixed film reactor with the charcoal bed was the most
efficient and it was concluded that this system could be used for high-strength dairy waste
management and energy recovery at relatively short hydraulic retention time.

Patel & Madamwar (2002) undertook a study to maximise methane generation from low
pH petrochemical industrial wastewater, by optimising temperature and the organic loading rate
in an upflow anaerobic fixed-film bioreactor (UAFF). A laboratory-scale UAFF reactor was set
up with bone charcoal as a support material. Acidic petrochemical wastewater was used as a
substrate and the biofilm was allowed to develop. The reactor was run at 25°C, 37°C, 45°C and
55°C, respectively. The organic loading rate for each temperature varied from 3.6 to
21.7 kg COD m® kg™'. At 37°C, when 21.7 kg COD m®kg™" was added to the system, COD and
BOD reduction amounted to 90 to 95%, respectively, and 0.450 m® kg™ COD d™' as a methane
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yield. At 55°C, the highest methane yield of 0.666 m® kg COD d” was recorded which also
decreased as the organic loading rate was increased. At 45°C, the highest methane yield was
0.416 m*kg" COD d" added, which also decreased as the organic loading rate increased.
From the results obtained, it could be concluded that the best performance was observed in the
reactor run at 37°C, which was the optimum temperature for methanogen growth.

The Upflow Anaerobic Sludge Blanket (UASB) reactor has become a viable technology
in the treatment of industrial wastewaters (Fang et al., 1996). Granular sludge formation is the
main distinguishing characteristics of UASB reactors compared to other anaerobic technologies.
It does, however, take a while for anaerobic sludge granules to develop (Liu & Tay, 2004).

The biodegradation of tech-hexachlorocyclohexane was evaluated using an upflow
anaerobic sludge blanket (UASB) reactor under a continuous mode of operation
(Bhat et al., 2006). More than 85% removal of tech-HCH was recorded. Parawira et al. (2006)
compared the COD reduction potential when treating potato waste leachate of a UASB to an
anaerobic packed-bed reactor. The COD removal efficiencies of both reactors were greater than
90% in the leachate effluent.

Jin et al. (2008) compared the efficiency of the UASB, Upflow Stationary Fixed Film
(USFF) and an Anaerobic Sequencing Batch Reactor (ASBR) in performing the ANAMMOX
process. The ANAMMOX process is a novel and promising alternative to conventional
denitrification removal of nitrogenous compounds at lower cost (Dong & Tollner, 2003). The
three reactors were run in upflow mode, with the influent pumped in from below. ANAMMOX
sludge was prepared by enriching nitrifying sludge. The UASB, USFF and ASBR reactors were
filled with 0.8 L inoculum and the nitrifying bacteria were cultivated with synthetic wastewater
containing ammonium, according to the method used by Zheng et al. (2004). The tolerance of
the bioreactors to hydraulic and substrate concentration shock was evaluated. From the results
obtained, it could be concluded that all three reactors were more tolerant to hydraulic shock than
to substrate concentration shock. The UASB reactor was found to be more stable to increases
in substrate concentration, than the USFF and ASBR reactors, while for flow rate shock the
results showed that the ASBR reactor was the most stable, followed by the UASB.

1.4 TECHNIQUES FOR DETERMINING METAL CONCENTRATIONS IN ENVIRONMENTAL
SAMPLES

An increase in pollution, industrial areas and environmental degradation has resulted in a
corresponding increased concentration of heavy metals and Polycyclic Aromatic Hydrocarbons
(PAHs) in water, sediment and the environment (Herbes & Schwall, 1978;
Van Schooten et al., 1995). Research has shown that the presence of organochlorine pesticides
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(OCPs), such as dichlorodiphenyl-trichloroethane (DDT), chlordane, hexachlorbenzene (Awofulu
& Fatoki, 2003) and PAHSs, such as naphthalene and benz anthracene (Herbes & Schwall, 1978)
have increased in the environment. There has also been an increase in the occurrence of
pharmaceutically active compounds, such as carbamazepine, in aquatic environments
(Jos et al., 2003). Contamination of riverine systems has also been shown by Prat et al. (1999),
to be due to the continuous dumping of mining wastes, resulting in adverse effects of heavy
metals on aquatic organisms at both individual and community levels (Leslie et al., 1999). It is
thus essential that the degree of contamination be evaluated in order to apply appropriate
control or remediation strategies.

The metal concentrations in environmental samples may be determined using different
analytical techniques. These techniques can be divided into single element analysis, using
Atomic Absorption Spectrometry (AAS), Flame Atomic Absorption Spectrometry (FAAS) and
multi-element analysis, using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and X-Ray Fluorescence
Spectrometry (XRF), Atomic Emission Spectrometry (AES) and Instrumental Neutron Activation
Analysis (INAA).

1.4.1 Single-element Analysis Techniques

Atomic Absorption Spectrometry (AAS) is currently widely used for the analysis of most metals,
metalloids and for some non-metals, as well. The technique works by identifying the free atom
of a particular element, which then absorbs light at the wavelength characteristic to that element.
An AAS requires a light source, an energy source, i.e. a flame to decompose the sample into its
constituent atoms, a monochromator, which would then isolate the particular wavelength, a
photomultiplier detector and a readout device. The light source is usually a hollow cathode
discharge lamp, composed of the element to be determined (Ure, 1995).

The AAS technique was used by Lin et al. (2003) to conduct a study on the water quality
of the Mhlathuze River, servicing rural areas in Kwazulu-Natal, South Africa. Their results
revealed high metal concentrations in the water samples from the Richard’s Bay estuary and
Felixton. In comparison to the other metals analysed, the Al concentration was particularly high,
which probably resulted from runoff from the nearby aluminium smelters and fertiliser
manufacturing factories. Kelly et al. (2004) also used AAS to determine the efficiency of a
bioluminescent bacterium (Shk 1) in the removal of metals from an activated sludge wastewater
treatment system. By using the Shk 1, the authors were able to detect the adsorption abilities of
the different metals to the activated sludge. The bacterium showed greater sensitivity to Cu
adsorption, followed by Cd and then Zn.



CHAPTER ONE: LITERATURE REVIEW 32

Flame atomic absorption spectrometry (FAAS), is a rapid, sample handling,
measurement technique. The higher the temperature of the flame, the greater the ionisation of
the elements, which will then decrease interference problems associated with incomplete
dissociation. The biggest drawback in using FAAS is when chemical interference effects occur
due to the low energy of the flame atomisers (Ure, 1995).

1.4.2 Multi-element Analysis Techniques

Knowledge of the extent of pollution by contaminants in environmental samples is essential in
the maintenance of environmental health. It is also essential to know the concentrations of
elements which are acceptable in different environments, in order to rapidly identify and prevent
any pollution episodes. The techniques used to identify one or more elements/metals
simultaneously, are called multi-element analysis techniques (Ure, 1995).

Atomic Emission Spectrometry (AES) consists of an exciting source and a
monochromator/detector, which may be capable of wavelength scanning for rapid sequential
multi-element analysis. A polychromator with a number of fixed exit slits and detectors for
simultaneous multi-element analysis may also be used. Atomic Emission spectrometry differs
from atomic absorption spectrometry, in that it can readily provide simultaneous or very rapid
sequential, multi-elemental analysis of a sample solution.

X-ray Fluorescence Spectrometry (XRF) can detect all elements over the atomic number
eight. Although XRF has successfully been employed in the detection of the major constituents
of soil samples, it is less sensitive in the detection of minor and trace elements. A homogeneous
sample is usually prepared for quantitative analysis by fusion with a borate flux, as particle size,
composition and element form affect analysis (Ure, 1995). Kropfl et al. (2003) developed a Total
Reflection X-ray Fluorescence Spectrometric (TXRF) method for elemental analysis of lead and
nickel contaminated natural biofilms, grown on polycarbonate substrates. When comparing the
results obtained for metals in the biofilm samples with the plankton reference material (biofilms
have a similar matrix to the plankton and no reference for biofilms exists), deviations from the
certified concentration values were found to be less than three percent. They therefore
concluded that the TXRF method is a powerful tool for studying metal accumulation in biofilms,
due to its low sample demand and the multi-elemental capability of the technique.

Instrumental Neutron Activation Analysis (INAA) is a multi-element, solid sample
technique for the analysis of soils, plants and biological material. It makes use of y-irradiation, to
determine the concentrations of trace elements in the sample (Ure, 1995; Freitas et al., 2007).
Although this technique has proved successful as an analytical tool for metal content in the
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analytes, access to a neutron source, usually a nuclear reactor, restricts the use of this analytical
technique for routine analysis.

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) principally uses
the emission of flame-like plasma formed on a quartz torch by coupling a radiofrequency
electromagnetic field to the electrons, on ionised Argon plasma. At these high temperatures,
atomisation of the sample is virtually complete for most of the elements and strong atomic and
ionic line emission can occur. Two types of spectrometers, namely a single-channel scanning
monochromator and a multi-channel fixed-wavelength polychromator, can be used. The
monochromator is more flexible, has higher resolution, background correction can easily be
made and is less expensive to operate than the polychromator. The multi-channel fixed-
wavelength polychromator type is usually preferred for the routine analysis of large numbers of
samples and where the range of elements is known in advance (Ure, 1995). The multi-
elemental nature of ICP-AES (Saleh et al., 2000) has made it a powerful technique in the
analysis of soil and environmental samples, as a wide range of elements as well as ion
exchange resin extracts in soil can be determined simultaneously. Vermeiren et al. (1990) used
ICP-AES to determine the presence of the metals Cd, Pb, Cu and Zn in natural waters. In order
to evaluate ICP-AES as an accurate method for metal concentration determination, a portion of
the samples were enriched with known concentrations of the metals, while other samples were
left uninoculated and were thus designated as controls. Upon comparison of the ICP-AES
analysed results for the enriched and control samples, the authors concluded that the technique
accurately determined the metal concentrations. Mowat & Bundy (2001) studied the difference
in metal concentrations between the highly polluted, Bayous Trepagnier (BTP) and the less
polluted, Bayou St. John (BSJ), in Louisianna, USA. The authors used ICP-AES and found that
in sediment samples, the metal concentrations recorded from the BTP samples were over one
order of magnitude higher than in the samples from the BSJ site. The calibration of reference
materials for X-ray fluorescence was done by Swagten et al. (2006), using Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES) and NAA, as no commercially available
polyethylene reference material for the calibration of X-ray spectrometry existed. The reported
concentrations measured by ICP-AES and NAA were accurate enough to be used as an input
for the certification of the XRF reference material.

Inductively Coupled Plasma Atomic Mass Spectrometry (ICP-MS), like ICP-AES,
provides comprehensive element coverage and is highly sensitive. It is however, not
economically feasible for soil trace analysis. Freitas et al. (2007) evaluated the efficacy of INAA
and ICP-MS in providing accurate concentrations of metals in Lichen thalli, Parmelia caperata
(P. caperata) and tree bark Petunia hybrida (P. hybrida). These samples were transferred from
a clean area (low pollution area) and exposed for different time periods at testing facilities in
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three coastal cities in Portugal (Viana do Castelo, Lisboa and Sines). The results were
compared to reference materials to assess the quality of the methods in the determination of
different metals. Compared to the reference material the results obtained for Bromide (Br), Cu
and Sodium (Na) using INAA were statistically lower. In contrast, the results recorded for ICP-
MS were generally found to be statistically accurate when compared to the reference material.

1.5 IDENTIFICATION OF METAL TOLERANT MICRO-ORGANISMS

1.5.1 Viability Probes and Microscopy

Microscopic techniques can be used in conjunction with a singular fluorescent probe or dye to
provide cell counts using images based on the relative abundance of micro-organisms
(Boulos et al., 1999; Quéric et al., 2004). Fluorescent probes, allows for the distinction between
live and dead cells, based on the physical integrity of the micro-organism (Ramirez et al., 2000).
The LIVE/DEAD Baclight™ viability probe consists of two components, SYTO9, which is a green
fluorescent stain, able to penetrate both the membrane and the cytoplasm of both intact and
damaged cells and a red fluorescent stain, propidium iodide, which only penetrates the cell when
there is a loss of membrane integrity. SYTO 9 bound to DNA, is excited at 480 nm and
propidium iodide at 540 nm (Haugland, 2002). To examine the mechanisms by which biofilm
organisms aggregate and respond to external stress, Epifluorescence Microscopy (EFM) and
Confocal Laser Scanning Microscopy (CLSM) can be used to capture the biofilm images.
Confocal Laser Scanning Microscopy (CLSM) is used to study the spatial distribution of bacteria
(Hope & Wilson, 2003), microbial aggregates and activated sludge flocs and epifluorescence
microscopy is used to study overall morphology and the abundance of micro-organisms
(Zilles et al., 2002).

Membrane integrity of marine bacterioplankton collected from various sites in the western
Seto Inland Sea of Japan was studied by Decamp & Rajendran (1998). The collected samples
were mounted on a glass slide and viewed under an epifluorescence microscope. A higher
concentration of viable cells (65.2% to 86.4%) was recorded in the winter months, where oxygen
concentration was highest. In contrast, during the summer months, where temperatures of 23°C
to 26°C were recorded (Decamp & Rajendran, 1998), viability decreased. The authors
suspected that temperature and the concentration of the dissolved oxygen might influence
viability.

Activated sludge samples (sample one to three) were stained with the Baclight™

viability
probe, after collection from three different sites (lllinois, United States of America).
Epifluorescence Microscopy, Confocal Laser Scanning Microscopy (CLSM) and Two Photon

Excitation Laser Scanning Microscopy (TPE-LSM) were used to visualise the number of living
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cells in the sludge. This was then compared to the number of nonviable cells in the sludge after
an aerobic starvation period. The fresh cells contained 95% viable cells, while after biomass
starvation, epifluorescence analysis showed a decrease in viability in sample 1 from 80% to 56%
(activated sludge). Results showed that the selection of the most appropriate microscopic
technique depended on the type of activated sludge sample. Epifluorescence Microscopy was
found to be adequate for the analysis of conventional activated sludge with low-density flocs and
both Epifluorescence and CLSM proved to be ineffective in visualising and thus quantifying the
more dense activated sludge flocs. Two Photon Epifluorescence Laser Scanning Microscopy
images revealed the internal floc structure, allowing for more accurate quantification of sludge
blankets. The TPE-LSM microscopic technique is however, costly and the availability of
equipment makes it difficult to use as a standard tool to monitor changes in activated sludge
viability and structure (Lopez et al., 2005).

1.5.2 Flow Cell Cultivation

Microbial biofilms are a collection of microbial cells organised within extracellular matrices. Their
growth pattern increases their chances of adaptation and survival in nature, due to protection
offered by the surrounding matrix, especially during stressful situations (Decho, 2000). For
effective biological treatment, degradation of organic compounds must be optimised. One way
to stimulate degradation would be through increased knowledge of genetic information of the
organic compounds, allowing for the optimisation of techniques, to control or remove pollutants
(Christensen et al., 1998). The cells can also be used to identify metal-tolerant micro-organisms
through exposure to varying metal concentrations.

Flow cells are wused to cultivate and study microbial biofilms in vivo
(Wolfaardt et al., 1994; Caldwell et al, 2002). They are multi-channelled to allow for
experimental replication and simplified handling, and are usually made of Perspex.
Wolfaardt et al. (1994) constructed continuous-flow culture chambers, or flow cells, to observe
the adaptive strategies of degradative biofilms. A microscope glass coverslip was mounted on
the Plexiglass flow chambers, which measured 1 mm deep, 3 mm wide and 42 mm long. The
glass slide was kept in place with an adhesive. The coverslip served as the attachment surface
for biofilm development and was also the surface used to view the microbial community
microscopically.

Christensen et al. (1998) used a biofilm community to degrade benzyl alcohol. The
community consisted of three organisms, Pseudomonas putida, Acinetobacter sp. Strain C6 and
an unidentified isolate, D8. Mixtures of the three strains were cultured for two days in Luria
Bertani (LB) broth, followed by inoculation into two- and four chamber flow cells. Benzyl alcohol
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was used as the sole carbon source for microbial growth, and after seven days, 16S ribosomal
DNA fluorescent probes were used to target the three species within the biofilm. Image analysis
was performed using CLSM. Analysis revealed that P. putida Rl was the most common in the
upper layers and Acinetobacter dominated the layers near the substratum, where most of the
overall biomass was observed.

The flow cell biofilm culture technique was used by Teitzel & Parsek (2003) to visualise
biofilm degradation after exposure to 1 mM Cu and 64 mM Zn over different time periods, using
CLSM. Their results revealed that in the untreated control, the majority of cells were alive,
compared to the Cu and Zn-treated channels, where the outer layer of cells were found to be
dead while the inner layer contained viable cells.

1.5.3 Molecular Typing

Only approximately 1% of bacteria can be grown in pure cultures (Petit et al., 1999). Existing
analytical techniques have been found to be time-consuming, laborious and generally do not
provide information on bacterial viability (Yu & McFeters, 1994; Touron et al., 2005). Some of
these techniques include plating onto selective media, followed by three to four days of
incubation and then finally analysis by standard microbiological techniques. An additional
difficulty with the existing analytical techniques lies in the fact that bacteria have the ability to
persist in aquatic environments in a viable-but-non-culturable state (VBNC) (Touron et al., 2005),
such as the gastroenterolitic bacteria, Campylobacter jejuni, Yersinia enterolytica and
Vibrio cholerae (Alexandrino et al., 2003). Advances in molecular biology have been of great
value in the study of microbial populations in the environment (Petit et al., 1999). The need for
rapid detection methods for waterborne pathogens and other non-culturable micro-organisms
are also essential for early detection and treatment of disease outbreaks. Molecular techniques,
such as nucleic acid extraction and polymerase chain reaction analysis (PCR) can be employed
to eliminate the process of prior culture isolation techniques (Ritchie et al., 2000).

The Polymerase Chain Reaction (PCR) technique can also be used for studying
unculturable organisms. It is a rapid and relatively simple technique and can amplify minute
quantities of DNA available from a particular source into billions of copies of a designated gene-
sized fragment. This ensures that sufficient quantities of the starting template are available for
sequencing. It is a three step process, generally repeated for 30 to 40 cycles in an automated
cycler. The sequences of the forward and reverse primers do not necessarily have to match the
sequences to which they anneal exactly, as some level of mismatching is expected in nature
(Viljoen et al., 2005). Sequencing of rRNAs also provides the best descriptions of microbial
diversity. Sequence divergence among the different species (5S, 16S and 23S rRNAs) assisted
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in defining primary evolutionary lines, providing a framework for microbial classification
(Owen, 2008). The first step in all these molecular methods is DNA extraction. Once whole
genomic DNA has been extracted, the 16S rDNA region is amplified using the polymerase chain
reaction (PCR) technique. This molecular approach based on 16S rDNA is useful for the
detection of bacterial community composition changes, since these genes are conserved
(Kozdr6j & Van Elsas, 2001). The technique includes the denaturing of the double-stranded
DNA region of interest (16S rDNA), the attachment of primers to each strand, followed by the
synthesis of a new DNA strand behind the primers on each template strand (Rawlings, 1995). In
order to amplify a particular gene, specific primers, unique to that gene, are used.

Navia et al. (2005) used Pulse Field Gel Electrophoresis (PFGE) to describe the genetic
diversity of Shigella species from different intercontinental sources. Of the 7023 patients
attending the Tropical Medicine Unit from 1995 to 2000, about 19% presented with travellers’
dysentery, and from 9% of cases, stool samples with Shigella isolates were recovered. Out of a
total of 124 Shigella spp. isolates collected from nine different geographical zones, 58 were
identified as Shigella sonnei, 54 as Shigella flexneri, two as Shigella dysenteriae and one as
Shigella boydiii.

Petit et al. (1999) developed a DNA extraction protocol suitable for estuarine water,
allowing for the simultaneous extraction of RNA from viruses. The detection of Salmonella in the
estuary water was performed using both PCR and standard culture techniques. Five samples
containing Salmonella were studied, and culture techniques detected Salmonella in four of them.
In contrast, the PCR analysis of the same samples showed Salmonella in all five samples,
suggesting that the bacteria were probably in a VBNC state.

An alternative 16S rDNA-based fingerprinting method is denaturing gradient gel
electrophoresis (DGGE) of the 16S rRNA fragment (Becker et al., 2006). It is especially useful
for determining the microbial community structure, where diversity is lower in contaminated soil
(Ferris et al., 2003). Microbial diversity in polluted soil was studied using Polymerase Chain
Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE) (Rasmussen et al., 2000). The
authors used the technique to detect the bioavailable fraction of mercury in polluted soil from a
garden farm in Kingston (USA). Two different soil types were spiked with 2.5 ug.g"' Hg in
microcosms and the bacterial diversity in response to mercury exposure, was evaluated by the
number of bands visualised in DGGE gels after electrophoresis of the PCR amplified products.
The initial concentration of bioavailable Hg (estimated to be 40 ng.g') was recorded in
agricultural soil. The technique showed that the concentration stayed the same during the first
three days, coinciding with increased degrees of resistance and a decrease in diversity.
Kozdr6j & Van Elsas (2001) used PCR-DGGE for structural diversity determination of
dominating populations in situ in heavy metal contaminated soil. Total DNA was extracted from
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the soil samples and amplified using eubacterial primers, with the PCR products analysed using
DGGE. Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis analysis showed
significant differences in microbial community structure between the soils studied and the

contamination levels.

1.6 AIMS OF THE STUDY

The continued provision of safe, potable drinking water is of major international concern, due to
increases in urbanisation and the growing third-world population. This results in increased
pollution from anthropogenic sources, be it human or industrial, leaching into river systems and
resulting in elevated concentrations of metals and xenobiotics in the environment. This current
study was undertaken to determine the presence of metal contaminants in the rivers of the
Western Cape, South Africa. River water could serve as a possible alternative source of potable
and domestic water, but because of severe contamination due to industrial- as well as human
activities, the rivers in South Africa are highly polluted with micro-organisms and metals,
amongst others. The aims of the study were as follows:

1.6.1 Identifying and sampling at three points along the Plankenburg- (Stellenbosch), Berg-
(Paarl) and Diep Rivers, as well as the Rietvlei (Oil Refinery) on a monthly basis from
May 2004 to May 2005 (Berg- and Plankenburg Rivers). Sampling of the Diep River
sites started in March 2005 and continued until November 2005.

1.6.2. Determine the presence and concentrations of metals (Al, Cu, Fe, Mn, Ni, Pb and Zn) in
the river water, sediment and biofilm samples, using nitric acid digestion and Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES).

Article one (chapter two - Jackson, V.A., Paulse, A.N., Van Stormbroek, T., Odendaal,
J.P. & Khan, W. 2007. Investigation into metal contamination of the Berg River, Western
Cape, South Africa. Water SA., 33: 175-182).

Article two (chapter three - Jackson, V.A., Paulse, A.N., Odendaal, J.P. & Khan, W.
2008. Investigation into the metal contamination of the Plankenburg- and Diep Rivers,
Western Cape, South Africa. Accepted for publication by Water SA).

1.6.3. Determine LIVE/DEAD ratios of micro-organisms when exposed to varying

concentrations of metals, through the use of flow cells and the Baclight™

viability probe,
and identify metal-tolerant micro-organisms, through DNA extraction, PCR and

sequencing.
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1.6.4.

1.6.5.

Article three (chapter four - Jackson, V.A., Paulse, A.N., Khan, S., Odendaal, J.P. &
Khan, W. 2008. Identification of Metal-tolerant Organisms Isolated from the Plankenburg
River, Western Cape, South Africa. Submitted to the Canadian J. Microbiol.).

Develop and optimise a laboratory-scale bioreactor system to reduce the concentrations
of metals in river water.

Appendix A (Jackson, V.A., Paulse, A.N., Bester, A.A., Neethling, J.H., Du Plessis, K.R.
& Khan, W. 2007. The application of bioremediation: reduction of metal concentrations in
river water and COD in distillery effluent. Wat. Sci. Technol., 55: 183-186).

Establish an on-site large-scale bioreactor system along the Plankenburg River.

Article four (chapter five - Jackson, V.A., Paulse, A.N., Bester, A.A., Neethling, J.H.,
Khan, S. & Khan, W. 2008. Bioremediation of Metal Contamination in the Plankenburg
River, Western Cape, South Africa. Accepted for publication by International
Biodeterioration and Biodegradation).
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Abstract

A recent decline in water quality of the Berg River, Western Cape, South Africa, has lead to the
investigation into the degree of metal pollution in the river system. This study was conducted over a
period of one year, from May 2004 to May 2005. The nitric acid digestion technique was used to extract
metals from water, sediment and biofilm samples collected at various points (Site A - agricultural area,
Site B - informal settlement and Site C — Newton pumping station) along the Berg River. Metal
concentrations were obtained using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES). The highest mean metal concentrations recorded were as follows; water samples, 6 mg.l!'1 for Al,
14.6 mg.f'1 for Fe and 18.8 mg.f'1 for Mn; sediment samples, 17448.8 mg.kg'1 for Al and 26473.3 mg.kg'1
for Fe; biofilm samples, 876.8 mg.['1 for Al and 1017.5 mg.f'1 for Fe. The increased availability, or
noteworthy incidence of Al and Fe, could be due to the leaching of metals into the river water from waste
and household products associated with the informal settlement and the subsequent settling on sediment.
The highest recorded concentrations in water were recorded for site C (agricultural area). Recorded
concentrations fluctuated throughout the study period for most of the metals analysed, but Al and Fe were
consistently above the recommended guidelines as stipulated by the Department of Water Affairs and

Forestry and the Canadian Council of Ministers of the Environment.

Keywords: metals, river systems, sediment, biofilm, inductively coupled plasma atomic emission

spectrometry (ICP-AES)
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Introduction

Metals occur in less than 1% of the earth’s crust, with trace amounts generally found in
the environment (Alloway, 1995a). When these concentrations exceed a stipulated limit
(South African Bureau of Standards, 2001; World Health Organisation, 1991), they may
become toxic to the surrounding environment. Sources of metal contamination include
industrial and medical waste (Dorigo et al., 2004), pesticides, petroleum by-products
(Mowat and Bundy, 2001), household products, as well as urban and pharmaceutical
waste (Brooks et al., 2003). Domestic and household sources of metal contamination
generally occur as a result of corrosion of metal plumbing fittings, galvanized roofs and
wire fences [zinc (Zn), cadmium (Cd)], and healthcare products, such as Zn- or
selenium (Se) containing shampoos and Zn-containing baby creams (Alloway, 1995b).
Silver paint containing Aluminum (Al), Al-coated roofs, saucepans and utensils (Friberg
et al., 1986), are also possible sources of contamination.

Natural watercourses can also be contaminated with microorganisms, which
inhabit the natural environment in the form of planktonic organisms and sessile biofilms.
Under favourable conditions, microorganisms will generally form a biofilm on any surface
exposed to an aqueous environment. These biofilms can be defined as a community of
attached microbial cells organized within extracellular polymer matrices (EPS). This
EPS assists in the bacterial survival by providing protection against metals, predation
and environmental fluctuations, and also provide increased resistance against
antimicrobial agents (Decho, 1990). Biofilms are advantageous in that they encapsulate
toxic molecules, such as metals (Costerton et al.,, 1978), by providing a substrate for

them to adhere to, thereby limiting the diffusion of biocides and other toxic molecules
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across the EPS (De Beer et al.,, 1994; Huang et al., 1995). This implies that the
attached biofilm communities may then be employed in the removal of toxins from
aqueous systems, as the biofilms are able to concentrate and bind ions from the passing
water (Neu et al., 1992).

The presence of metals in biofilms isolated from the Elbe River in Germany was
determined in a study by Friese et al. (1997). They found fractions of several elements
from stones and plates incubated in the river. These elements included potassium (K),
calcium (Ca), chromium (Cr), manganese (Mn), lead (Pb), nickel (Ni), copper (Cu), zinc
(Zn) and iron (Fe). Factors contributing to microbial biodiversity and the tolerance of
certain organisms to metals depend on the type of attachment material (e.g. glass,
stones, leaves, rocks) the biofilm is isolated from, the age of the biofilm and the
concentration of the EPS. In addition, research has indicated that the predominant
metals present in streams and lakes are Zn, Pb, Cu, Fe and Mn (Geesey et al., 1992;
Nelson et al., 1996).

Metal concentrations in environmental samples, may be determined using
different analytical techniques. These techniques can be divided into single element
analysis, using Atomic Absorption Spectrometry (AAS) and simultaneous multi-element
analysis, using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
and X-ray Fluorescence spectrometry (XRF). Vermeiren et al. (1990) investigated ICP-
AES as a method of determining the presence of the metals Cd, Pb, Cu and Zn in
natural waters. Certain samples were enriched with specific concentrations of the
metals, while others were not. Comparison of the results obtained for the enriched and
non-enriched river water samples indicated that the technique is accurate in the

determination of metal concentrations.
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An increase in urbanisation has led to an upsurge in informal settlements in the
Western Cape, South Africa, where the inhabitants of these settlements experience a
distinct lack of resources. Inadequate sanitation behaviour and a lack of adequate
sewage disposal facilities may lead to the leaching of potentially harmful substances,
from waste, household products, etc. into the environment. The Berg River was
specifically selected due to the increased incidence of pollution recorded within the area
in recent times. This increased pollution is of great concern, as the Berg River serves as
a water source to towns, cities, rural communities, farms and recreational users in the
area (River Health Programme, 2004). The objective of this study was to identify the
predominant metals, which occur within the river water, sediment and the biofilm

samples isolated from the Berg River (Paarl) in the Western Cape, South Africa.

Materials and Methods

Site Description

Sampling commenced in May 2004 and was conducted over a period of one year until
May 2005. Experimental work entailed collecting samples along the Berg River
(Western Cape) after 1, 5, 9, 17, 21, 25, 33, 37, 41, 45 and 49 weeks from the
commencement of the study (Figure 2.1). As indicated on Figure 2.1, the samples were
collected from Site A (agricultural farming area) and Site B, known as Plot 8000 (at the
informal settlement of Mbekweni). Storm water drainage pipes from the communities in

the settlement enter the river at Site B. A third site, Site C (the Newton pumping
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station), serves as an inlet of storm drainage water and wastewater into the river from

the residential area of Newton as well as certain areas of Mbekweni.

Sampling

Water samples (200 mf were collected in sterile 250 m{ narrow mouth square
polypropylene bottles (Cole-Palmer Instrument Company). The sediment samples were
collected in 250 m¢{ plastic containers and consisted of a combination of five different
subsamples (£15 cm deep) collected at different locations in a defined perimeter. The
biofilm samples were obtained by collecting various materials, such as glass, leaves,
stones, rocks, etc. (~100 g) along each of the different sampling points and storing them

in sterile whirlpack bags. The samples were stored at 4°C during transport.

Sonication of collected biofilm samples

Bacterial suspensions were removed from rocks, leaves, glass and stones collected
from each representative site, by sonication. Collected material samples (~100 g) were
sonicated for 10 minutes in 30 m{ sterile distilled water in a UMC5 sonication bath
(Instrulab, Inc.). The procedure was repeated at least twice, with fresh sterile d.H0
added after each sonication step. The sonicated samples were combined to result in a
total of 60 m{ bacterial suspension. The biofilm suspension obtained was used for

further analysis.
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Metal concentrations in sediment, biofilm and water samples

To determine the concentrations of Al, Zn, Cu, Fe, Pb, Ni and Mn, sediment samples
(0.500 — 0.600 g; dry mass), biofilm suspensions (5 m{) and water samples (5 m{) were
digested with 10 mf 55% Nitric acid at 40°C for 60 minutes and then at 120°C for 180
minutes, using a Grant dry-block heater. A blank (control) of 10 mf 55% nitric acid was
analysed along with the collected samples, to check for possible contamination. The
samples were cooled to room temperature, filtered with Whatman filter paper No 6 into
20 m? volumetric flasks, made up to a volume of 20 m{ with distilled water and
subsequently filtered for a second time using 0.45 um cellulose nitrate ultrafiltration
membrane filters (Whatman). Metal concentrations were determined using Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) analysis according to the

procedure outlined in Saleh et al. (2000).

Statistical analysis

The results presented are the averages of five repeats for each particular sampling point
at the different sampling sites. For statistical analysis, the dry masses (0.500 — 0.600 @)
and volumes (5 mf) were taken into consideration for the calculation of the final metal
concentrations in a given sample. Repeated measures ANOVA (RMA) was performed
on all 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% were used as standards.
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Results and Discussion

Metals in Water

Comparisons of the mean metal concentrations in water are represented in Figures 2.2A
and B. The highest mean metal concentrations were recorded for Mn (18.8 mg.t"), Fe
(14.6 mg.t') and Al (6 mg.t'") during weeks 25, 45 and 49, respectively, at Site A. The
concentrations of Al and Fe were significantly higher than the recommended guidelines
of Al and Fe in freshwater systems as stipulated by the Department of Water Affairs and
Forestry (DWAF, 1996) and the Canadian Council of Ministers of the Environment
(CCME, 2001) (Table 2.1). Overall the mean concentrations; for Al ranged from
0.4 mg.t" during week 1 at site B to 6 mg.t" during week 49 at site A, and for Fe from
1.7 mg.t" during week 1 at site C to 14.6 mg.t" during week 45 at site A (Table 2.1).
The particular agricultural area, situated near the Berg River in the Western Cape
utilises the following pesticides and insecticides for the treatment of their crops:
Acrobat® MZ, Copperflo, Cosavet, Folpan, Karathane, Mancozeb™, Phosguard™,

Richter and Stroby. The increased concentrations of Al could be due to the use of

dTM dTM

Phosguard™™, of which Al oxide is a component (Seachem, 2006). Phosguar is an

algicide, which is used to control algae growth in this particular agricultural area.
Manganese concentrations fell within the recommended quality guideline range

for most of the sampling period with the exception of weeks 25, 45 and 49, where

increased concentrations ranging from 3.6 mg.t' to 18.8 mg.t" at Sites C and A (Figure

2.2), respectively, were recorded. Manganese is a major component of pesticides such

b™ and Maneb. Mancozeb™

as Mancoze , then in turn, makes up 60% of the fungicide,
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Acrobat® MZ, which is used to manage early and late blight in potatoes (Acrobat®,
2005). Mancozeb, or manganese-zinc ethylene bis (dithiocarbamate), is a fungicide
used for the treatment of plant diseases in the Western Cape. Its usage in agriculture
amounts to 1343 x 10° kg/a (Vermeulen et al., 2001). Contamination of the water could
be due to excessive use or improper discarding of these pesticides into the river
(Agency for Toxic Substances and Disease Registry) (ATSDR, 2000). As previously
mentioned, Site A (Figure 2.1) is situated in an agricultural area and is the site at which
the highest concentrations of metals were recorded. Runoff from a nearby farm enters
the river at this site, which could account for the increase in Mn concentrations.

The recorded concentrations of Cu, Ni and Zn in water samples varied throughout
the study period (Table 2.1). Lead could not be detected in any of the analysed
samples. The concentrations of Cu, Ni and Zn fluctuated above and below the
recommended guidelines of DWAF (1996) and the CCME (2001). The mean
concentrations recorded for Ni were higher than the recommended concentrations
during weeks 17, 21, 25, 33, 37, 45 and 49. The recorded mean Cu and Zn
concentrations fell within the recommended guidelines for week 41 only (Table 2.1).
The increases in Zn could also be as a result of Mancozeb™ use, as Zn is a component
of this pesticide. The increased metal concentrations could also possibly be due to
recurring anthropogenic episodes associated with the Berg River during the sampling

period (Barnes, 2003).

Metals in Sediment

Comparisons of the mean concentrations for Al and Fe are presented in Figure 2.3.

Results for Cu, Mn, Ni, Pb, and Zn are presented in Tables 2.2 and 2.3. No
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recommended sediment quality guidelines for Al, Fe, Mn, Pb, Ni, Cu and Zn were
available from DWAF (1996) and guidelines for Cu and Zn only were available from the
Canadian Council of Ministers of the Environment (CCME, 2001). Significant
differences (p < 0.05) in the concentrations for Al and Fe were observed for the
sediment samples. The highest mean concentration (mg.kg™') of 17448.8 mg.kg™' was
recorded for Al during week 1 at Site B (Figure 2.3). In comparison to the results
obtained for week 1, no significant differences in concentrations (p > 0.05) of Al were
recorded from weeks 5 to 49, where mean concentrations ranged from 353.2 mg.kg™" at
Site A to 2687.7 mg.kg' at Site C, both during week 5. The highest mean
concentrations of 21035 mg.kg" and 26473.3 mg.kg™" were recorded for Fe in weeks 1
and 5, at Sites B and C, respectively. In comparison to the results obtained for weeks 1
and 5, no significant (p > 0.05) differences in concentrations of Fe were recorded for
weeks 9 to 49, where the mean concentrations ranged from 700 mg.kg’ to
7014.9 mg.kg™, during weeks 33 and 45, at Sites A and C, respectively.

The Agency for Toxic Substances and Disease Registry (ATSDR, 1995) reported
that Al composes 8% of the earth’s crust, with dissolved Al and Fe primarily derived from
soils (Neal et al., 1997). In addition, Al forms complexes with organic matter in soil,
which could contribute to elevated concentrations (Tipping et al., 1991).

Effluent from a nearby stormwater drain enters the river at site B, where the
highest concentration of Al was recorded in week 1. The high concentrations of Al and
Fe in the sediment samples could partly be due to the leaching of metals from housing
materials and household products, utilised by inhabitants of the informal settlements,
into the river. In addition, the galvanised sheeting used to build informal dwellings is
primarily composed of Fe. When pure iron reacts readily with oxygen and moisture in

the environment, a red or brown ferric oxide coating is formed, which destructively
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corrodes the galvanised sheeting. Excess Fe in aqueous environments can be the
cause of chronic and acute health effects, but according to the Department of Water
Affairs and Forestry, accidental Fe poisoning is rare (DWAF, 1996).

Tables 2.2 and 2.3 represent the mean concentrations for Cu, Mn, Ni, Pb and Zn.
Manganese, Ni and Pb concentrations were significantly low throughout the study period
with the highest mean metal concentrations for Mn, Ni and Pb recorded at: 70 mg.kg™ in
week 5 at Site C; 44 mg.kg™" in week 1 at site B and 23 mg.kg ™' in week 45 at Site B
(Tables 2.2 and 2.3), respectively. No recommended sediment quality guidelines for Pb,
Mn and Ni were available from DWAF (1996) and the CCME (2001).

The highest mean Cu concentration of 74 mg.kg™' was recorded at Site B, during
the first sampling week (Table 2.2). This result for Cu was higher than the
recommended environmental quality guideline of 35.7 mg.kg™ in freshwater sediment as
specified by the CCME (2001). Thereafter, during weeks 5 to 49, concentrations for Cu
decreased significantly (p < 0.05), to levels lower than the guideline (CCME, 2001).

The highest mean Zn concentration of 395 mg.kg™ was recorded at Site B, during
week 1 (Table 2.3). This result was higher than the recommended Canadian sediment
quality guidelines of 123 mg.kg' (CCME, 2001). During the subsequent sampling
weeks the mean Zn concentrations ranged from 4 to 36 mg.kg™ (Table 3), which falls
within the accepted CCME guidelines. During week 1 of sampling the region
experienced very low rainfall (6 mm). In the following weeks, the recorded rainfall
ranged from 52.2 mm to 154 mm. The lower rainfall could imply that the metals were
not readily available in the water column, impeding metal transportation from site to site

and increasing metal accumulation in sediment.
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Metals in Biofilms

No recommended biofilm quality guidelines were available from DWAF (1996) and the
Canadian Council of Ministers of the Environment (CCME, 2001). Biofilms are layers of
organisms, organic matter and inorganic material, organised within extracellular
polymeric substances (EPS) (Decho, 1990). These organisms attach and develop on
biologically active or non-active surfaces (Stickler, 1999).

Comparisons of the mean concentrations for Al and Fe are presented in Figure
2.4. Results for Cu, Mn, Ni, Pb, and Zn are represented in Tables 2.4 and 2.5. The
highest metal concentrations recorded in the biofilm samples (mg.t"), were for Al and
Fe, as in the case of sediment. Throughout the entire study period, Fe was consistently
present in elevated concentrations in water, sediment and biofilm samples when
compared to the other metals analysed for. The recorded results for Fe and Al
fluctuated throughout the entire study period. The mean concentrations recorded for Al
ranged from 14.1 mg.t" during week 33 to 876.8 mg.t", during week 37, both at Site A
(Figure 2.4). In addition, the mean Fe concentrations in biofilm samples ranged from
18 mg.t" during week 33 to 1017.5 mg.t" during week 37, again both at Site A (Figure
2.4).

As indicated above, an increase in the concentrations of Al and Fe in the biofilm
samples was observed at site A in week 37. For the same time period, a corresponding
study investigating microbial contamination of the river revealed a microbial count in
sessile samples of 3.9 x 10" organisms/ml. This increased number of microorganisms
could have facilitated the Al and Fe accumulation in the biofilm. It is well recognised that
microorganisms have developed unique means of resistance to specific metals (Roanne

and Pepper, 2000), the mechanisms of which are not yet fully understood. Extracellular
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Polymeric Substances contains various constituents such as polysaccharides, proteins,
nucleic acids, lipids or humic substances (Mayer et al.,, 1999). Decho (1990) showed
that the EPS assists in the bacterial survival by providing protection against predation
and environmental fluctuations.

Tables 2.4 and 2.5, represents the metal concentrations recorded in biofilm
samples for Cu, Mn, Ni, Pb and Zn. These metal concentrations were consistently lower
than the concentrations recorded for Al and Fe. The highest mean metal concentrations
for Cu, Mn, Ni, Pb and Zn were recorded at: 2 mg.£" in weeks 1 and 37 at sites C and A;
71 mg.t" in week 25 at Site A; 19 mg.£" in week 17 at site A; 1.6 mg." in week 5 at site
C and 8.4 mg.t" in week 25 at site A, respectively (Tables 2.4 and 2.5).

Kropfl et al. (2006) studied metal accumulation by biofilms in the Tisza River,
Hungary. The authors utilised different substrates to cultivate biofilms, with the aim of
investigating the applicability of biofilms as biomonitors. The different substrates used
were andesite, polished granite, Plexi-glass, granite and polycarbonate. The biofilms
were cultivated for 6 weeks, after which, the samples were analysed using Total
Reflection X-Ray fluorescence (TXRF) for elemental analysis. The concentrations of
essential elements and heavy metal pollutants (Cu, Ni, Pb and Zn) were highest in
biofilms on polished granite or granite (rocks and stones) (Krdpfl et al., 2006). In the
present study, various substrates such as rocks, leaves, glass and stones were
collected as representative biofilm samples form the Berg River. Biofilms are currently
being studied as biomonitors in ecological research, but it is important to note that as yet
no guidelines exist for biofilms in aquatic systems.

Research has shown that the EPS layer also exhibits a high metal absorption
capacity. A study by Suh et al. (1999) investigated the accumulation of Pb?* into the

EPS layer of pure species Aureobasidium pullulans biofilms using Transmission Electron
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Microscopy (TEM). The results of the study showed that the EPS was responsible for
more than 90% of Pb* accumulation of the total Pb dissolved. The TEM
microphotographs showed that the Pb?* penetrated the cell wall, cell membrane and
even into the inner cellular parts of the cell.

Prat et al. (1999) studied the recovery of an aquatic ecosystem after toxic mining
waste was dumped into the Guadiamar River Basin, Sevilla, Spain in April 1998. Nine
sites were sampled, three of which were unaffected and designated as the control or
reference sites. Sampling was carried out over a period of five months, in the form of
plankton and particulate material, naturally occurring biofilms and macroinvertebrates
obtained from water, riffles (stones), introduced artificial substrates (large tiles),
vegetation and sediment. These samples were analysed for water quality and for
arsenic (As), cadmium (Cd), antimony (Sb), thallium (Tl), Cu, Pb and Zn concentrations,
as these were the most abundant heavy metals in the mine spill. Compared to the
reference stations, the concentrations of metals were higher in the polluted sites, with
As, Cu, Pb and Zn, being the most abundant. Except for Cd, Cu and Sb, all the other
metals in biofilms from the polluted sites were found to be more than 15 times higher
than in the reference stations (Prat et al., 1999). In addition, the metal concentrations
recorded in the biofilm samples were five to 20 times higher than the recorded values in
macroinvertebrates (Prat et al., 1999). This study proved that biofilms are effective in

the accumulation of metals from the environment.
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Conclusions

The conclusions of this study were as follows:

Al and Fe were recorded at consistently higher concentrations than all the other
metals analysed for in water, sediment and biofilm samples.

In both the sediment and biofilm samples, the concentrations of Al and Fe were
significantly higher (p < 0.05) than Cu, Zn, Pb, Ni, and Mn.

On average, the results generated for water for Al and Fe, were higher than the
quality guidelines recommended by DWAF (1996) and the CCME (2001).

The results for Cu and Zn were higher than the recommended quality guidelines
in freshwater sediment (CCME, 2001). No guidelines for Al, Fe, Mn, Pb and Ni
were available in sediment.

The highest metal concentrations were obtained in the sediment and biofilm
samples, yet no freshwater guidelines for metals in sediment were available from
DWAF and no guidelines for metal concentrations in biofilms were available from

either DWAF or the CCME.

Future research

Future research would include the setting up of parameters or guidelines for acceptable

metal concentrations in rivers. Research at the Cape Peninsula University of

Technology is currently being conducted on the Lourens-, the Diep-, the Kuils- and the

Plankenbrug Rivers, as well as the Berg River, as discussed in this article.
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Table 2.1. Concentrations obtained in water of the Berg River compared to recommended safe concentrations as stipulated by the Department of
Water Affairs and Forestry (1996) and the Canadian Council of Ministers of the Environment Quality Guidelines (2001)

Metal Recommended safe concentrations as | Environmental quality guidelines as | Mean meal concentrations
stipulated by DWAF (1996) (mg.(™) stipulated by CCME (2001) (mg./") | obtained in water (mg./™)

Al 0.1-0.15 0.005-10.1 04-6

Cu 0.002 -0.012 0.002 - 0.004 0-22

Fe N/A 0.3 1.4-14.6

Mn 1.3 N/A 0-18.8

Ni N/A 0.025-0.15 0-0.5

Pb N/A 0.001 - 0.007 0-0

Zn 0.036 0.03 0.01-21

N/A = Data not available
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Mean Aluminium and Iron concentrations in sediment samples from the Berg River
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Table 2.2. Mean metal concentrations of Cu, Mn and Ni recorded in sediment samples for the different sampling weeks

67

Metals (mg.kg™)

Time Cu Mn Ni
(weeks)
Sites A B C A B C A B C
1 5.04.5 74.0+0 8.2+2.1 3.0£0.5 11.0+0 11.0+0.9 5.0£0.2 44.0+0 5.0%0.1
5 4.0+1.6 3.8+1.8 12.0+2.9 5.0+0.6 7.510.8 70.0£5.8 5.0+0.3 5.0+0.4 5.0+0.1
9 2.0+0.9 3.2+1.8 4.4+2.2 3.0£0.5 8.4+1.1 12.0+£3.4 4.0+0.4 5.0£0.5 8.0x0.3
17 2.0+0.1 5.9+2.5 9.9+2.1 7.0£0.6 9.4+0.6 12.0+0.7 5.0%0.1 5.0+0.2 5.0+0.4
21 3.0+0.6 3.310.4 2.910.4 5.0+1.3 8.610.5 13.0£2.5 0.0+0.0 0.0£0.0 6.0+0.5
25 1.0+1.7 12.0+1.9 11.0+3 8.0+0.4 3.9+0.3 13.0+0.9 0.00.0 0.4+0.0 0.00.0
33 5.0+1.3 4.910.9 6.712.2 3.0£0.2 4.1+0.4 5.9+0.4 2.0+0.3 2.0:0.4 1.0+0.3
37 7.010.9 6.310.8 7.4+1.2 7.0+0.9 5.1£0.5 15.0+2.3 2.0£0.4 2.0£0.3 3.0+0.2
41 5.0+0.8 4.9+1.3 4.5+0.2 9.00.7 4.4+0.4 19.0+1.4 0.00.0 0.0£0.0 3.0+0.3
45 7.0+0.9 6.7+1.6 6.9+0.4 11.0+0.6 16.0+3.8 43.0+7.2 4.0+0.6 5.0£0.5 1.0+0.7
49 4.0+0.7 2.910.7 7.8+4.9 7.0+0.2 12.0+1.4 44.011.4 4.0£0.4 4.0+0.3 5.0+0.4
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Table 2.3. Mean metal concentrations of Pb and Zn recorded in sediment samples for the different sampling weeks

Metals (mg.kg™)

Time (weeks) Pb Zn

Sites A B C A B C

1 0.00.0 2.0+0.3 2.1+0.3 7.6x1.4 395.0+0.0 11.0+0.5
5 2.0+1.3 2.0+0.6 11.04+1.7 6.5£0.7 12.0+2.3 22.0+2.3
9 1.01£0.8 2.0£1.9 3.0£0.4 7.0£1.4 11.0+2.3 11.011.4
17 3.0£2.2 2.0+0.2 3.0+0.4 8.5+0.5 9.51+0.5 9.0+1.4
21 1.0£0.3 3.0+0.4 4.2+0.7 4.3+0.8 9.240.8 7.310.9
25 3.0£0.4 2.0+0.2 4.240.3 13.011.4 9.2+0.5 11.0+0.9
33 2.0+£0.5 2.0+0.3 2.9+0.6 4.0£2.1 3.810.4 6.2+0.7
37 3.0£0.6 3.0£0.5 4.910.3 8.6£0.5 10.0+0.7 11.0£1.3
41 4.0+0.6 3.0£0.3 4.61£2.6 13.0+1.0 12.0+0.9 14.0+2.3
45 5.0£1.5 23134 8.9+6.8 19.0+2.5 23.0+7.9 16.0+1.3
49 2.0+0.4 6.0+2.9 5.1£0.6 12.0+1.0 27.016.7 36.0+41.0
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Mean Aluminium and Iron concentrations in biofilm samples from the Berg River
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Table2.4. Mean metal concentrations of Cu, Mn and Ni recorded in biofilm samples for the different sampling weeks
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Metals (mg./")

Time Cu Mn Ni
(weeks)
Sites A B C A B C A B C
1 1.04£0.2 1.710.2 2.0+0.5 2.610.9 1.440.1 9.0+0.8 0.410.1 0.310.0 0.310.0
5 1.0£0.1 0.2+0.0 1.0£0.1 2.240.2 1.1£0.1 11.0£0.3 0.5+0.0 0.410.0 0.710.0
9 1.0%0.1 0.7£0.2 1.0+0.2 4.9+0.3 2.0+0.1 32.0+1.4 0.60.0 0.6x0.0 0.910.0
17 1.510.2 0.840.1 1.0£0.1 17.0£3.1 8.4+1.3 9.0+1.2 19.0£41.0 0.610.0 0.7£0.1
21 0.0+0.0 0.520.1 0.0+0.0 1.410.4 4.610.8 8.010.5 0.0+0.0 0.0+0.0 0.0£0.0
25 1.0+0.1 0.720.1 1.0+0.2 71.0£17.0 1.710.2 6.0+0.4 1.0%0.1 0.4+0.0 0.5%0.0
33 0.3+0.0 0.4%0.1 0.0+0.0 0.710.0 1.440.2 3.010.3 0.0+0.0 3.015.8 0.0£0.0
37 2.0+0.2 0.410.0 1.0£0.1 13.0£1.5 2.240.5 9.0+1.2 0.5+0.0 0.0+0.0 0.1£0.0
41 1.0+£0.0 0.4+0.1 0.0£0.1 3.4+0.4 1.6x0.2 4.0+0.2 0.0£0.0 0.0£0.0 0.0£0.0
45 1.0£0.1 0.620.1 0.0+0.1 1.240.1 1.8£0.4 5.0+0.8 0.710.0 1.0£0.1 0.410.0
49 1.0+0.1 0.710.0 0.0£0.1 0.8+0.0 1.320.2 4.8+0.1 0.6%0.1 0.4+0.0 0.3x0.0
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Table 2.5. Mean metal concentrations of Pb and Zn recorded in biofilm samples for the different sampling weeks

Metals (mg./")

Time (weeks) Pb Zn

Sites A B C B
1 0.4+0.1 0.00.0 0.2+0.0 2.0£0.5 2.0+0.2 1.0+0.1
5 0.410.0 0.2+0.0 1.6120.1 2.0+0.2 2.0£0.1 5.010.2
9 1.320.2 0.6x0.0 1.2+0.1 2.00.1 3.0+0.2 6.00.3
17 0.3x0.0 0.920.1 0.5%0.1 5.6+1.0 3.0£0.5 2.0+0.3
21 1.310.2 0.7£0.1 0.4%0.1 0.0+0.0 2.0£0.4 1.0£0.2
25 0.0£0.0 0.2+0.0 0.320.1 8.4+1.0 1.0+0.1 2.0+0.2
33 0.240.1 0.310.0 0.2+0.0 0.5+0.0 1.0£0.2 1.0£0.1
37 0.7£0.1 0.2+0.0 0.7£0.1 8.010.1 1.0£0.1 2.01£0.3
41 0.720.1 0.00.0 0.2+0.0 3.0x0.7 1.0x0.2 1.0+0.3
45 0.940.1 0.620.1 0.120.1 5.0+0.6 3.0£0.5 1.0£0.1
49 1.410.4 0.5+0.0 0.0£0.0 6.0+1.4 3.0+0.2 1.0£0.1
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Abstract

Metal contamination in the Plankenburg and Diep Rivers (Western Cape) was investigated over a 12 and
9 month period, respectively. Aluminium (Al), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel
(Ni) and zinc (Zn) concentrations were determined using the nitric acid digestion method and analysed by
inductively coupled plasma atomic emission spectrometry (ICP-AES). For both rivers the Al and Fe
concentrations were higher than all the other metals analysed for in sediment and water samples. The
highest concentrations recorded in the Plankenburg River was 13.6 mg-E'1 (water - Week 18, Site B) and
15 018 mgkg” (sediment - Week 1, Site C) for Al and 48 mg-{' (water - Week 43, Site A) and
14 363.8 mg-kg'1 (sediment - Week 1, Site A) for Fe. The highest concentrations recorded in the Diep
River was 4 mg-l!'1 (water - Week 1, Site A) and 19 179 mg-kg'1 (sediment - Week 1, Site C) for Al and
513 mg-l!'1 (water - Week 27, Site A) and 106 379.5 mg-kg'1 (sediment - Week 9, Site C) for Fe. For most
of the metals analysed the concentrations were higher than the recommended water quality guidelines as
stipulated by the Department of Water Affairs and Forestry (DWAF, 1996b), the Canadian Council for the
Ministers of the Environment (CCME, 2001) and the ‘World average’ (Martin and Windom, 1991). Point
sources of pollution could not conclusively be identified, but the industrial and residential areas could have
influenced the increased concentrations. Metal concentrations should be routinely monitored and the

guidelines should be updated and revised based on the current state of the rivers and pollution influences.

Keywords: ICP-AES, metal contamination, river water; sediment, water and sediment quality guidelines
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Introduction

South Africa’s major water sources are primarily used for agricultural activities (52%),
industry, mining and power generation (12.5%) and domestic and municipal uses (12%),
with a further 15% needed to maintain estuaries and rivers (Schutte and Pretorius, 1997;
Holtzhausen, 2002). The quality of the water resources is, however, steadily declining
due to an increase in urbanisation and industrialisation, with the major sources of
pollution including industrial and agricultural effluents and domestic and commercial
sewage [Department of Water Affairs and Forestry — chapter 2 (DWAF, 2004)]. In
addition, population increases in South Africa are expected to lead to an increase in
agricultural development, which will in turn lead to an increased demand for irrigation
water (Natural Resources Management and Environment Department, 2007).

Point- and non-point source pollution contributes to a decline in the quality of the
water when leaching occurs into the surrounding environment (Hills et al.,, 1998;
Ho et al., 2003). Agricultural contamination was also shown by the Agency for Toxic
Substances and Disease Registry (2000) to be due to the discharging of pesticides into
rivers. In addition, pollutants such as micro-organisms, metals, oils and other toxic
substances contribute to the decrease in water quality (Pegram et al., 1999).

Metals are present in the environment at trace amounts and certain metals, like
iron (Fe), copper (Cu) and zinc (Zn) are essential for a variety of functions in organisms.
It is important though, to ensure that these metals do not exceed normal concentrations,
as they may have detrimental long-term effects on human health (Wright and
Welbourne, 2002). Excessive consumption of cadmium (Cd) and lead (Pb) could result
in neurological, bone and cardiovascular diseases, renal dysfunction, and various

cancers, even at relatively low levels (Calderon, 2000; Jarup, 2002). The short-term
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effects of high Cd concentrations also include diarrhoea, nausea, vomiting, renal failure,
muscle cramps, salivation, sensory disturbances, convulsions, shock and liver injury
(Hazards Centre and People’s Science Institute, 2005). Short-term exposure to Cu
fumes causes irritation of the eyes, nose and throat, and a flu-like illness called metal
fume fever. Symptoms of metal fume fever include, fever, muscle aches, nausea, chills,
dry throat and cough (US Department of Health and Human Services, 1978). Iron is an
essential element, but ingestion of Fe concentrations above the permissible
concentrations, may cause many gastrointestinal disturbances, including vomiting,
diarrhoea and abdominal pain. The prolonged intake of high dose of Fe can result in
liver damage and kidney failure (Hazards Centre and People’s Science Institute, 2005).

High concentrations of metals usually deposit on and integrate in river sediment,
which are organic or inorganic materials removed by erosion and transported by fluid
flow to different locations (Prange and Dennison, 2000; Marchand et al., 2006). The
highest metal content available for transport between sites is stored in the sediment-
water interfaces (Maanan et al., 2004). Increased levels of heavy metals were reported
in Mooi River sediment, South Africa (Wade et al., 2000). The release of mine water
from a nearby goldmine into a tributary of the Mooi River presumably resulted in the
increased levels of toxic metals in both the water and sediment. The results obtained
did not change appreciably when compared to a previous study conducted by Witmann
and Forstner (1977), where concentrations for water and sediment was recorded for Cu
(5.4 mg-t' and 484 mgkg') and Zn (26.0 mgt' and 6440 mg-kg”'). The authors
concluded that the high concentrations could be due to the fact that the slime dams
receive discharges of high acidity from the mines.

A study investigating the aluminium (Al), Fe, Mn, Zn, chromium (Cr), Cu, Pb, Cd

and mercury (Hg) bioaccumulation patterns in sediment, water and fish samples
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collected on a quarterly basis from the Mhlathuze Estuary, South Africa, was conducted
by Mzimela et al. (2003). The highest concentrations for Al (26 200 mg-£' and
13928.6 mgkg "), Fe (23500 mg-' and 16 035.71 mg-kg”') and Mn (266 mg-¢"' and
182.8 mg-kg') were recorded in water and sediment, respectively, in December, which
coincided with an extremely high freshwater inflow from the Mhlathuze River. Metal
concentrations were generally lower during April, which coincided with the reduced
riverine runoff from the catchment of the estuary. In the fish tissue, Fe and Al were
recorded in concentrations ranging from 450 and 3000 pg-g~".

Jackson et al. (2007) investigated the degree of metal pollution (Al, Cu, Fe, Mn,
Ni, Pb and Zn) at 4 different sampling points along the Berg River, as a recent decline in
water quality has been reported. Inductively coupled plasma atomic emission
spectrometry (ICP-AES) analysis of water, sediment and biofilm samples revealed that
the highest mean metal concentrations recorded were for Al (6 mg-t', 17 448.8 mg-kg™
and 876.8 mg-f") and for Fe (14.6 mg-{", 26 473.3 mgkg' and 1 017.5 mg-t"). The
increased concentrations of Al and Fe in comparison to the other metals analysed for,
could be due to the leaching of metals into the river water from waste and household
products associated with the informal settlement and the subsequent settling on
sediment.

Cadmium, Hg and Zn concentrations in the Umtata, Buffalo, Keiskamma, and
Tyume Rivers and in the Sandile and Umtata Dam were determined by Fatoki and
Awofolu (2003). These catchments support rapidly growing populations and concerns
arose regarding the quality of the surface waters. Cadmium levels in the Umtata River
and the Umtata Dam were normal, but in the Keiskamma, Buffalo and Tyume rivers
elevated Cd concentrations of 0.007 mg-¢" to 0.009 mg-t', 0.008 mg-¢" to 0.01 mg-¢"

and 0.008 mg-f' to 0.017 mg-£", were recorded in the respective rivers. These levels
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exceeded the South African guideline of 0.005 mg-¢" for Cd (DWAF, 1996a). According

to the authors, use of river water with elevated Cd levels may have affected the health of
the rural communities who use the river water prior to treatment, as Cd is extremely toxic
and could cause adverse health effects (Friberg et al., 1986). Cadmium has been found
to be toxic to fish and other aquatic organisms (Fianko et al., 2007). In humans, Cd can
result in bone demineralisation, either through direct bone damage or indirectly as a
result of renal dysfunction (Bernard, 2008). The recorded levels of Hg and Zn were
normal in these rivers and did not exceed the recommended concentrations of metals in
water as stipulated by the Department of Water Affairs and Forestry (DWAF, 1996b).

The Plankenburg River is 10 km long, and originates from a mountainous area in
the Boland region, South Africa. It flows downstream through Stellenbosch and services
various industrial and agricultural activities. The river also flows through the informal
settlement of Kayamandi, where the population size in the settlement is roughly
estimated to be about 22 000. Twenty percent of Kayamandi’s inhabitants live in brick
houses with in-house water connections and flush toilets. The remaining 80% of the
inhabitants live in shacks that are densely populated and utilise portable toilets (DWAF,
2001). Service delivery to the settlement is inadequate and skips provided by the local
municipality for refuse are not frequently emptied or removed. Farmers up- and
downstream from this settlement utilise the river water for the irrigation of vineyards, as
well as other crops. In addition, the river flows through Stellenbosch’s industrial area,
which includes amongst others a clothing factory, a well-known cheese factory, spray
painting and mechanical workshops and yoghurt and dairy producing plants.

The Diep River is 65 km long, originates from the Riebeek-Kasteel Mountains,
flows south-westerly, through Malmesbury and drains into Table Bay. Land in the upper

catchment area is dominated by agricultural activities, while in the lower part of the
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catchment land use is largely reserved for urban development, which includes formal
and informal settlements, as well as industrial establishments, such as spray painting,
chemical and clothing manufacturers, a wastewater treatment works and an oil refinery.
The Diep River-Rietvlei system has silted up significantly over the past few years which
has resulted from extensive erosion (Grindley and Dudley, 1988). It can therefore be
regarded as a storage area for sediment-rich water during floods. The sedimentation
rate is enhanced by vegetation in the vlei, especially where treated sewage water is
being released.

The aim of this study was to investigate the spatial and temporal variation in the
metal contamination in the Plankenburg and Diep Rivers in the Western Cape, South
Africa. Metal concentrations in water and sediment samples were analysed using the
nitric acid digestion method followed by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (Saleh et al., 2000). The two rivers selected borders industrial
areas, residential areas, agricultural areas and informal settlements. Increased metal
pollutants also have a detrimental effect on human health (Wright & Welbourne, 2002),
where exposure is mainly due to the ingestion of food and water contaminated with

metals leaching into groundwater (Piver, 1992).

Materials and Methods

Sampling Sites

Four sampling sites were identified for the Plankenburg River (Stellenbosch) location:

Site A (agricultural farming and residential areas); Site B (informal settlement of

Kayamandi); Site C (substation in industrial area) and Site D (industrial area at Adam
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Tas Bridge) (Fig. 3.1). Sampling of sites along the Plankenburg River started in May
2004 and continued for a period of one year until May 2005. Sites for the Diep River
(Milnerton) location: Site A (Zoarvlei nature reserve - industrial as well as residential
areas); Site B (Theo Marais sportsclub - industrial and residential area); Site C (Potsdam
wastewater treatment works) and Site D (Rietvlei boating club and nature reserve) (Fig.
3.2). Sampling of these sites started in March 2005 and continued for a period of nine
months until November 2005. Sampling at the Diep River initially started in May 2004,
but due to adverse weather conditions, one of the original sampling points dried up and
another site had to be selected to replace it. Site C was selected as effluent from a
nearby oil refinery flows directly into a stormwater drain at the wastewater works.

Results for the period before March 2005, was thus not reported on.

Sampling for metal concentration determination

Water samples were collected in sterile 250 m{ narrow mouth square polypropylene
bottles (Cole-Palmer Instrument Company). The sediment samples consisted of a
combination of five different sub-samples collected from various points (15 cm deep) in
250 mi plastic containers. The samples were stored at 4°C during transport. The
temperature and pH was determined at each site using a YSI pH 100 portable pH

millivolts and temperature instrument (YSI Environmental).
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Metal concentration determination in water and sediment samples

The collected sediment samples were dried in an oven for three days and weighed using
a fine analytical balance (RADWAG®). In order to determine the concentrations of Al
Zn, Cu, Fe, Pb, Ni and Mn (total metals), water (5 mf) and sediment samples (0.500 —
0.600 g; dry mass) were digested with 10 m{ 55% Nitric acid at 40°C for 60 minutes and
then at 120°C for 180 minutes, using a Grant dry-block heater. A blank (control) of
10 mf 55% nitric acid was analysed along with the collected samples to check for
possible contamination. The samples were cooled to room temperature, filtered with
Whatman No. 6 filter paper into 20 m{ volumetric flasks, made up to a volume of 20 m¢{
with distilled water and subsequently filtered for a second time using 0.45 um cellulose
nitrate ultrafiltration membrane filters (Whatman) (Odendaal and Reinecke, 1999). Metal
concentrations were determined using inductively coupled plasma atomic emission
spectrometry  (ICP-AES) analysis according to the procedure outlined in
Saleh et al. (2000). Analytical efficiency was checked using standard reference material
(100 g contaminated soil std). Metal concentrations are expressed in mg-{" (water) and
mg-kg' (sediment). Recovery rates measured were between 91 and 102% for the
metals analysed in accordance with confidence limits of published values for the

reference materials.

Statistical analysis

Repeated measures ANOVA (RMA) was performed on all 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
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5% was used as standards. The results presented are the averages of five repeats for
each particular sampling point at the different sampling sites for both water and
sediment samples. For statistical analysis, the volumes (5 mf) and mass (0.500 —
0.600 g; dry mass) were taken into consideration for the calculation of the final metal

concentrations in a given sample.

Results

Metal concentrations in water samples

Plankenburg River

Comparisons of the mean metal concentrations in water samples collected at Sites A, B,
C and D along the Plankenburg River over time are presented in Tables 3.1, 3.2 and
3.5. The recorded Al and Fe concentrations were higher than all the other metals
analysed for. The concentrations of Al ranged from 0.3 mg-f' (Week 1, Site A) to
13.6 mg-L' (Week 18, Site B), while for Fe the concentrations ranged from 0.3 mg-{"
(Week 39, Site B) to 48 mg-t"' (Week 43, Site A). Throughout the entire study period,
the recorded concentrations for Al in water were higher than the recommended
concentrations for Al of 0.1 mg-£' to 0.15 mg-' (DWAF, 1996b) and 0.005 mg-{"' to
0.1 mg-¢"' [Canadian Council of Ministers of the Environment (CCME, 2001)] (Table 3.5).
The Fe concentrations also exceeded the guidelines of 0.3 mg-¢' (CCME, 2001) and the
‘World average’ of 0.04 mg-t' (Martin and Windom, 1991). No Al guidelines were

available for the ‘World average’ and no Al and Fe guidelines were available for the
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Australian and New Zealand Environment and Conservation Council (ANZECC, 2000).
No guidelines for Fe in river water samples were available from DWAF.

The mean metal concentrations recorded for Cu, Mn, Ni and Zn in the
Plankenburg River are presented in Tables 3.1, 3.2 and 3.5. Lead was not detected in
any of the analysed samples for the Plankenburg River. The concentrations of Cu, Ni
and Zn in the Plankenburg River water samples varied throughout the study period. The
Cu concentrations ranged from 0.3 mg-t' (Weeks 27 and 52, Site D) to 2.2 mg-t' (Week
1, Site A) (Tables 3.1, 3.2 and 3.5). The Cu concentrations were higher than the
recommended concentrations of 0.002 — 0.012 mg-£' 0.002 — 0.004 mg-',
0.0015 mg-£" and 0.0001 — 0.00015 mg-{" as stipulated by DWAF (1996b), the CCME
(2001), Martin and Windom (1991) and ANZECC (2000), respectively (Table 3.5). Mean
Mn concentrations ranged from values below the detection limit to 0.4 mg-£" (Site C)
(Tables 3.1 and 3.2) at different weeks during the sampling period and always fell within
the recommended quality guideline of 1.3 mg-t"' as stipulated by DWAF (1996b) (Table
3.5). The recorded concentrations, were however higher than the ‘World average’ of
0.0015 mg-f' (Martin and Windom, 1991) (Table 3.5). No environmental quality
guideline for Mn was available from the CCME (2001) or ANZECC (2000). The mean
metal concentrations for Ni recorded throughout the study period ranged from 0.1 mg-{"
(Sites B, C and D) to 0.5 mg-£' (Site A) and were generally above the recommended
concentrations of 0.025— 0.15mg-{", as stipulated by the CCME (2001), with the
exception of weeks 27, 36, 43 and 52, where concentrations of 0.1 mg-£' were recorded
at sites B, C and D, respectively (Tables 3.1 and 3.2). The concentrations for Ni were
significantly higher (p < 0.05) than the ‘World average’ guideline of 0.0005 mg-£' (Martin
and Windom, 1991) and the ANZECC (2000) guideline of 0.0001 — 0.0005 mg-£' (Table

3.5). No environmental quality guideline for Ni was available from DWAF (1996b). The
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mean metal concentrations recorded for Zn ranged from below the detection limit to
1.1 mg-t" (Tables 3.1, 3.2 and 3.5). Zinc concentrations fell within the recommended
quality guideline of 0.03 mg-¢', 0.036 mg-', 0.0006 mg-£' and 0.0009 mg{', as
stipulated by the CCME (2001), DWAF (1996b), Martin and Windom (1991) and
ANZECC (2000), respectively (Table 3.5), only once during the sampling period, when a
concentration below the detection limit was recorded (Week 1, at Site B). During the
subsequent sampling weeks, the recorded concentrations all exceeded the

recommended range (Table 3.1 and 3.2).

Diep River

Comparisons of the mean metal concentrations in water samples collected at Sites A, B,
C and D along the Diep River over time are presented in Tables 3.3, 3.4 and 3.5. At
many sites the recorded Al, Zn and Fe concentrations were higher than all the other
metals analysed for. The concentrations for Al ranged from below the detection limit
during Week 9 at Site C to 4 mg-t" during Week 1 at Site A (Table 3.5). The
concentrations of Zn ranged from 0.1 mg-£" to 4.4 mg-f'' (Weeks 9 and 27, respectively,
Site A) (Table 3.3 and 3.5). The concentrations for Fe ranged from 0.1 mg-{"' to
513 mg-f" (Weeks 9 and 27, respectively, Site A) (Table 3.3 and 3.5). Throughout the
entire study period, the overall concentrations for Al were mostly higher than the
recommended concentrations of 0.1 mg¥' to 0.15mg-t' (DWAF, 1996b) and
0.005mg-¥' to 0.1 mg®' (CCME, 2001) (Table 3.5). The overall concentrations
recorded throughout the study period for Zn were mostly higher than the recommended
concentrations of 0.03 mg-£' (CCME, 2001), 0.036 mg-{" (DWAF, 1996b), 0.0006 mg-f"

(Martin and Windom, 1991) and 0.0009 mg-¢" (ANZECC, 2000) (Table 3.5). The
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recommended concentrations of 0.3 mg-' (CCME, 2001) and the ‘World average’ of
0.04 mg-t' (Martin and Windom, 1991) for Fe, were mostly higher than the overall
concentrations recorded during the entire study period (Table 3.5). No Al guidelines
were available for the ‘World average’ and no Al and Fe guidelines were available for
the Australian and New Zealand Environment and Conservation Council (ANZECC,
2000). No guidelines for Fe in river water samples were available from DWAF.

The mean metal concentrations recorded for Cu, Mn and Ni in water samples in
the Diep River are represented in Tables 3.3, 3.4 and 3.5. Lead was not detected in any
of the samples analysed for in the Diep River. The recorded concentrations for Cu
ranged from 0.1 mg-¢" during Weeks 1 and 36, at Sites C and D, respectively, to
0.8 mg-f' during Week 32 at Site D (Table 3.4). These concentrations for Cu were
higher than the recommended concentrations of 0.002 — 0.012 mg-£', 0.002 — 0.004
mg-¢", 0.0015 mg-f" and 0.0001 — 0.00015 mg-¢" as stipulated by DWAF (1996b), the
CCME (2001), Martin and Windom (1991) and ANZECC (2000), respectively (Table
3.5). Similar to the result obtained for Mn in the Plankenburg River, Mn concentrations
recorded in the Diep River, always fell within the recommended concentrations of
1.3 mg-f' (DWAF, 1996b) (Table 3.5), with the highest mean Mn concentration of
1.3 mg-t" recorded during Week 27 at Site A (Table 3.3). The Mn concentrations
however mostly exceeded the ‘World average’ of 0.0015 mg-£' (Martin and Windom,
1991) (Table 3.5). The mean metal concentrations recorded for Ni fluctuated throughout
the entire study period, ranging from values below the detection limit to 0.4 mg-£" during
Weeks 23 and 32 at Sites D and C, respectively. The recorded concentrations
exceeded the recommended concentration of 0.025 — 0.15 mg-t' (CCME, 2001),

0.0005 mg-f' (Martin and Windom, 1991) and the Australian and New Zealand
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guidelines of 0.0001- 0.00015 mg-¢" (ANZECC, 2000) during Weeks 5, 14, 18, 23, 27

and 32 at various sampling sites.

Metal concentrations in sediment samples

Plankenburg River

Comparisons of the mean metal concentrations for Al, Fe, Mn, Zn, Cu, Ni and Pb are
presented in Figs. 3.3, 3.4 and 3.5, for sediment samples collected from various sites
along the Plankenburg River. No recommended sediment quality guidelines for Al, Fe,
Mn, Pb, Ni, Cu and Zn were available from DWAF (1996b) and the ‘World average’
(Martin and Windom, 1991), and only guidelines for Cu and Zn were available from the
CCME (2001). Guidelines for Cu, Pb, Ni and Zn were available from ANZECC (2000).
The highest Al concentration of 15 018 mg-kg ' was recorded during Week 1 at Site C
(Fig. 3.3). The lowest mean Al concentration of 1 609 mg-kg” was recorded during
Week 52 at Site D (Fig. 3.3). The mean concentrations recorded for Fe during the entire
study period ranged from 3 763 mg-kg"' recorded at site D, during Week 52 to
19 179 mg-kg™' recorded during Week 1 at Site C (Fig. 3.3).

The highest Mn concentration of 225 mg-kg ™' was recorded during Week 5 at Site
A, while the lowest Mn concentration of 15.93 mg-kg™” was recorded during Week 22 at
Site B in the Plankenburg River (Fig. 3.4). The highest Zn concentration recorded in the
Plankenburg River was 269.5 mg-kg™' during Week 1 at Site B (Fig. 3.4). The highest
recorded concentration was significantly higher (p < 0.05) than the recommended

environmental quality guideline of 123 mg-kg™ in freshwater sediment as stipulated by
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the CCME (2001) and 200 mg-kg™" as stipulated by ANZECC (2000). The mean metal

concentrations recorded for Zn fluctuated throughout the study period, exceeding the
recommended concentrations intermittently, with the exception of Site A, where all the
concentrations fell below the recommended concentrations of the CCME (2001) and
ANZECC (2000).
The highest Pb concentration in the Plankenburg River was recorded at
275 mg-kg' during Week 9 at Site C, with the lowest concentration of 7.38 mg-kg™
recorded during Week 52 at Site C (Fig. 3.5). The highest Pb concentration exceeded
the Australian and New Zealand quality guideline of 50 mg-kg™' (ANZECC, 2000). The
highest (11.7 mg-kg™") and lowest (0.62 mg-kg™') Ni concentrations were recorded during
Weeks 1 and 52 at Sites C and D, respectively (Fig. 3.5). The highest Ni concentration
was lower than the quality guideline as stipulated by ANZECC (2000).
The highest Cu concentration of 251.8 mg-kg™" was recorded during Week 9 at
Site C (Fig. 3.5). This concentration was significantly higher (p < 0.05) than the
recommended environmental quality guideline of 35.7 mg-kg™ in freshwater sediment as
stipulated by the CCME (2001) and the Australian and New Zealand quality guideline of
65 mg-kg' (ANZECC, 2000). The Cu concentrations fluctuated throughout the entire
study period. At Sites A, B and D of the Plankenburg River, concentrations were
generally lower than the recommended guidelines, while Cu concentrations recorded at

Site C were in most cases higher than the recommended guidelines (Fig. 3.5).

Diep River

Comparisons of the mean metal concentrations for Al and Fe, Mn and Zn and Cu, Ni

and Pb are presented in Figs. 3.6, 3.7 and 3.8, respectively, for sediment samples
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collected from various sites along the Diep River. No quality guidelines for Al, Cu, Fe,
Mn, Ni, Pb and Zn were available from DWAF and the ‘World average’ (Martin and
Windom, 1991) and guidelines for only Cu and Zn were available from the CCME
(2001). Guidelines for Cu, Ni, Pb and Zn were available from ANZECC (2000). The
highest mean Al concentration of 14 363.8 mg-kg™” was recorded during Week 1 at Site
A in the Diep River (Fig. 3.6). The lowest mean Al concentration was recorded at
175.5 mg-kg” during Week 1 at Site D (Fig. 3.6). The mean metal concentrations
recorded for Fe ranged from 299.3 mgkg' during Week 14 at Site B to
106 379.5 mg-kg ™" during Week 9 at Site C (Fig. 3.6).

The highest mean concentrations for Mn and Zn, were 1 353.5mg-kg' and
1 081.2 mgkg' during Week 1 at Sites C and A, respectively (Fig. 3.7). The highest
mean Zn concentration of 1 081.2 mg-kg™' was significantly (p < 0.05) higher than the
recommended Canadian sediment quality guidelines of 123 mg-kg™" (CCME, 2001) and
the Australian and New Zealand guideline of 200 mg-kg”' (ANZECC, 2000). The mean
metal concentrations recorded for Zn fluctuated above and below the recommended
concentration for most of the sampling sites, except for Site D at the Diep River, where
all the concentrations fell below the recommended concentration.

The highest mean metal concentration of 643.06 mg-kg™ recorded for Pb during
Week 1 at Site A was higher than the recommended concentration of 50 mg-kg™ as
stipulated by ANZECC (2000). For Ni, the highest mean concentration of 15.81 mg-kg™,
recorded during Week 9, at Site C (Fig. 3.8), was lower than the ANZECC guideline of
21 mg-kg” (ANZECC, 2000). The highest Cu concentration recorded in the Diep River
was 370.5mg-kg”’ during Week 1 at Site B (Fig. 3.8). This concentration was
significantly higher (p < 0.05) than the recommended Canadian environmental quality

guideline of 35.7 mg-kg ' in freshwater sediment as stipulated by the CCME (2001) and
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65 mg-kg', as stipulated by ANZECC (2000). The Cu concentrations also fluctuated

above and below the recommended guideline at Sites A, B and C. Copper

concentrations did not exceed the recommended guideline at Site D (Fig. 3.8).

Discussion

Metal concentrations in water samples

For all the sites investigated along the Plankenburg River, the results for metal
concentrations fluctuated throughout the study period and no specific point sources of
pollution could be identified. The different sites were situated close to agricultural areas
and residential areas (Site A), the informal settlement of Kayamandi (Site B), the
substation in the industrial area of Stellenbosch (Site C) and the industrial area at the
Adam Tas Bridge (Site D). In a previous investigation into the metal contamination of
the Berg River, Western Cape, Jackson et al. (2007) showed that Mn, Al and Fe were
recorded at higher concentrations at an agricultural area situated along this river system.
Correspondingly, the agricultural area (Site A) situated along the Plankenburg River was
found to be one of the possible sources of Cu, Zn, Ni and Fe pollution, as elevated
concentrations of these metals were recorded at this particular site. Similar to farmers in
the Paarl/Wellington area for the Berg River, the farmers in Stellenbosch use the same

bTM

pesticides, such as Mancoze and Copperflo, among others, to treat their crops.

Copper is a major component of Copperflo, while Mancozeb™ is composed of 60% Mn

and Zn (Acrobat®™Mz, 2005). Vermeulen et al. (2001) stated that 1343 x 10° kg

bTM

Mancoze per annum is utilised in agricultural areas in the Western Cape. The

Fisheries and Aquaculture Department (Botswana) compiled a review in 2007, on heavy
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metals in aquatic systems, where they identified the major sources of pollution and most
commonly documented pollutants in aquatic systems. They found that fertilisers and
biocides, which include pesticides and herbicides, are a major source of Cd, Hg, Pb, Al,
arsenic (As), chromium (Cr), Cu, Mn, Ni, Zn and tin (Sn) pollution.

A stormwater drain flowing directly from the informal settlement of Kayamandi
enters the river at Site B. Effluent from household products and waste could leach into
the river via this stormwater drain and influence the metal concentrations at this site.
Site C is situated close to the industrial area which includes amongst others
spraypainters, panel-beaters and yoghurt manufacturers. All the metals analysed were
found at elevated concentrations at Site C and effluent or waste from the surrounding
areas may enter the river due to the leaching of waste from the surrounding factories
into the river system. The increased and continued pollution of the Plankenburg River
can adversely affect the primary uses of the river water, such as supplying water for
irrigation. The concentrations recorded during the study generally fell within the
guidelines for irrigation water for DWAF (1996¢) and ANZECC (2000) for all the metals
analysed, except for Fe, where the highest concentrations of 48 mg-t" exceeded the
recommended guidelines of 20 mg-t' (DWAF, 1996¢c) and 10 mg-£' (ANZECC, 2000).
The increased Fe concentration could result in a deposition of an Fe coating on plants,
which can interfere with photosynthesis, leading to plant damage and death. This can in
turn negatively impact the export of fruits and wine due to the production of below par
products, which could influence South Africa’s economy (DWAF, 2001).

As with the results for the Plankenburg River, the point sources of pollution at the
Diep River could not be conclusively identified. The different sites were situated close to
the Zoarvlei Nature Reserve - industrial and residential areas (Site A), the Theo Marais

Sportsclub — industrial and residential areas (Site B), the Potsdam Wastewater treatment
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works (Site C) and the Rietvlei Boating club and Nature Reserve (Site D). No direct
correlation between rainfall, pH or temperature could be drawn at both rivers, as the
concentrations recorded in the water samples fluctuated throughout the study period.
From the results it was concluded that Sites A and B contributed to the Al, Fe and Zn
pollution in the Diep River, especially during Weeks 1 and 27. According to the Fisheries
and Aquaculture Department (2007) of Botswana, industrial waste, such as pigments,
paints, alloys, solders and batteries, are the primary sources of Pb, Zn, Mn, Al, Cu and
Fe in the environment. In the Diep River, the pollution incidences at the various sites
could have been influenced by the leaching of industrial effluent from the surrounding
industries into the river. These industries include numerous panel-beaters, Al works,
chemical manufacturers (cleaning materials), petrol stations and cold storage facilities.
As with the Plankenburg River, pollution could possibly be attributed to improper waste

discharge and the leaching of effluent and waste products into the river.

Metal concentrations in sediment samples

Comparison of the overall results obtained at the various sites, showed that the point
sources of pollution at the Plankenburg River could not conclusively be identified as
concentrations at the various sites fluctuated throughout the entire study period. The
increased concentrations for Al and Fe at the different sites, relative to the other metals
analysed for, could be ascribed to elevated Al and Fe pollution at the different sampling
times. For both Al and Fe, the highest mean metal concentrations were recorded at Site
C of the Plankenburg River, which is situated close to the industrial area in Stellenbosch.
At Site A (located in the agricultural area), the sources of Al, Mn and Fe contamination of

the Plankenburg River, could be due to the leaching of pesticides, fertilisers and
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algicides, utilised in the surrounding farming areas, into the river (Jackson et al., 2007).
The concentrations recorded for Cu and Zn at the agricultural area fell within the
recommended guidelines of the CCME (2001) and ANZECC (2000). The concentrations
of Fe and Al were however, recorded in significantly high (p < 0.05) concentrations. Iron
and Al are also two of the most abundant naturally occurring elements in the
environment [Agency for Toxic Substances and Disease Registry (ATSDR), 1995]. Iron
is the most abundant element in the Earth’s crust (35%) with Al as the third most
abundant element, constituting 7.3%. At Site B (the informal settlement), Fe, Zn and Pb
could have leached into the river via a nearby stormwater drain, through which waste
from the settlement is discarded. The galvanised sheeting used in housing materials in
the informal settlement is composed of Fe coated with Zn, to provide resistance to
abrasion (Surfacequery, 2007). These results were similar to that obtained from a report
compiled by the Nairobi River Basin Programme Phase |l Pollution Monitoring
Stakeholders in 2003. The water and sediment quality of the Moitoine- and Ngong
Rivers was monitored and results showed that Fe and Zn concentrations were high at
the site situated in the Kibera informal settlement. The authors attributed this to the use
of Fe sheets galvanised with Zn as roofing and building materials in the settlement. The
industrial area situated along the banks of the Plankenburg River, houses different
industries, which include amongst others spray painters, a cheese factory and panel-
beaters, from which effluent could be discharged into the river, accounting for the
increased concentrations of metals.

A comparison of the overall results obtained at the various sites along the Diep
River could not conclusively identify any definite point source of metal contamination.
As with results obtained at the Plankenburg River the elevated metal concentrations at

specific sites during the sampling period could be attributed to pollution incidences. No
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direct correlation between rainfall, pH or temperature could be drawn at both rivers, as
concentrations recorded in the sediment samples fluctuated throughout the study period.
Increased concentrations could be due to the leaching of industrial waste into the river at
Sites A and B, which are situated close to the industrial area. These industries include
amongst others spray painting, paint manufacturers, a pharmaceutical company,
chemical manufacturing companies and concrete manufacturers. The highest mean
concentrations recorded for Al along the Diep River, were at Sites A and C, which is
situated close to the industrial area and the oil refinery, respectively. The highest mean
concentrations for Fe recorded along the Diep River were at Site C (Potsdam
Wastewater Treatment Works), which is situated close to an oil refinery.

Aluminium products are also used in production equipment and as containers for
chemicals and food beverage products in the area. Corrosion of Al is a result of the
combination of sulphur dioxide, chlorides, phosphates, nitrates and other industrial
emissions with precipitation or dew, resulting in increased Al concentrations in the
sediment samples as Al could leach into the surrounding environment. The surrounding
industrial activities could all have a significant impact on the water source and the
surrounding environment. Waste from a nearby oil refinery could also enter the river via
stormwater drains at Site C, the Potsdam Wastewater Treatment Works.

According to the Fisheries and Aquaculture Department (2007) the metals
associated with oil refinery discharge are Fe, Ni, Pb, Mn and Zn. Mwamburi (2003)
found increased concentrations of Fe, Mn, Zn, Cr and Al in sediment samples of the
Kasat River, Kenya. The increases in metal concentrations in comparison with
unpolluted sites could be correlated to the direct waste input into the Kasat River from
municipal and industrial sources. Singh et al. (2005) studied the concentrations of Cd,

Cr, Cu, Fe, Pb, Mn, Ni and Zn in water and bed sediments of the Gomti River (India).
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Water and sediment samples were collected from 10 different locations and analysed
using ICP-AES. The heavy metal concentrations found in the river water were 0.0001 to
0.0005 mg-f' (Cd), 0.0015 to 0.0688 mg-£' (Cr), 0.0013 to 0.0.0043 mg-£' (Cu),
0.0791 to 0.3190 mg-£" (Fe), 0.0038 to 0.0.0973 mg-£' (Mn), 0.0066 to 0.011 mg-£" (Ni),
0.0158 to 0.0276 mg-{" (Pb) and 0.0144 to 0.0298 mg-f" (Zn). In the sediment samples,
the concentrations were 0.7 to 7.9 ug-g” (Cd), 6.1 to 0.60 ug-g” (Cr), 3.7 to 35.7 ug-g™
(Cu), 5051.5 to 8291.5 ug-g” (Fe), 134.9 to 320.5 ug-g™ (Mn), 13.9 to 37.4 ug-g™" (Ni),
21.3 to 92.2 ug-g™ (Pb) and 15.7 to 99.4 ug-g” (Zn). The authors concluded that the
high concentrations were due to a discharge of industrial effluent from various sources,
including municipal waste, untreated sewage and agrochemical runoff from nearby cities
and villages into the river water. Based on the geoaccumulation indices, the Gomti River
sediments from Neemsar to Jaunpur was polluted with Pb (moderately), Cd (moderately
polluted to highly polluted) and Ni (sediment was highly polluted).

Davies et al. (2006) evaluated the accumulation of Cr, Cd and Pb in water,
sediment and periwinkle (Tympanotonus fuscatus var radula; shell and soft tissues) from
4 stations along Elechi Creek (Nigeria), which receive effluent from heavily industrialised
and highly populated settlements. Chromium, Cd and Pb concentrations in sediment,
water and periwinkles was determined using Buck Scientific Atomic Absorption/
Emission Spectrophotometry. The results showed that the concentrations of Cr were
highest in both the sediment and water samples at all the sampling sites, where
concentrations of 0.01 mg-kg™" were recorded. The concentrations of these metals were
higher in the periwinkles, which is consumed by the surrounding human population. The
authors concluded that for future use, the metal concentrations in sediment must be

monitored on a regular basis. As with the results recorded in the present study, the
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concentrations recorded in the sediment samples exceeded the concentrations recorded
in the water samples.

The effect of anthropogenic inputs on the accumulation of metals in sediment at
the Hugli River (India), were studied by Sarkar et al. (2004). Of the 8 stations studied,
all the elements (Al, Fe, Mn, Zn, Cr, Pb, Ni, Sn, gallium (Ga), vanadium (V), bismuth
(Bi), cerium (Ce) and As) analysed for, displayed elevated concentrations at the
Gangasagar site (mouth of the river). This was presumably due to the metal-containing
effluent or discharge from upstream located oil refineries, fertilisers, pesticides, a
sulphuric acid plant, a battery manufacturing plant, tanneries and thermal power plants.
In the present study, the exact point sources of pollution could also not conclusively be
identified. The industrial and residential areas, waterworks and oil refinery could all
have contributed to the metal contamination of the river. The elevated levels of metals
could therefore be attributed to anthropogenic sources. In the present study, the
recorded concentrations for metals in sediment samples for Cu and Zn at both rivers
exceeded the recommended concentrations of the CCME (2001), ANZECC (2000) and
Mico et al. (2007), while the Pb concentration exceeded the recommended guidelines of
ANZECC (2000) and the baseline values determined by Micé et al. (2007).

Baseline values for heavy metals were proposed by Micé et al. (2007) to identify
soil contamination in Alicante, Spain. Cadmium, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn
concentrations were determined using atomic absorption spectrometry. The baseline
values identified were 0.7 mg-kg™”, 11 mg-kg™”, 36 mg-kg™”, 28 mg-kg™, 19,822 mg-kg™,
402 mgkg ', 31 mg-kg™’, 28 mg-kg” and 83 mg-kg" for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb
and Zn, respectively. The authors concluded that the baseline concentrations would be
beneficial to compare the concentrations of metals for which there are no recommended

quality guidelines, such as Al, Fe and Mn. The values could also provide a basis to
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identify contaminated sites. The concentration of Fe in the soil recorded by
Micé et al. (2007) was comparable to the concentrations of Fe recorded in the
Plankenburg River, but lower than the concentration for Fe recorded in the Diep River.
The Mn concentrations recorded at the Plankenburg River was lower than the Micé et al.
(2007) results, but the Diep River result exceeded to baseline concentration recorded by
Mico et al. (2007). The highest Cu, Pb and Zn concentrations recorded at both rivers
were significantly higher (p < 0.05) than the baseline concentration stipulated by
Mico et al. (2007), while for Ni, the recorded concentrations at both rivers were below
the baseline concentrations of Mic6 et al. (2007). Results from the present study show
that the metal concentrations in the river systems should routinely be analysed. The
national guidelines should be updated or revised to accurately reflect the current state of

the rivers and pollution influences.

Conclusions

The major conclusions of the study include the following:

e Aluminium and Fe concentrations were higher than all the other metals analysed
for in the water samples collected from the Plankenburg River, which exceeded
the guidelines stipulated by DWAF and the CCME (Al and Fe) and the ‘World
average’ (Fe).

e Concentrations of Cu and Zn (with the exception of Week 1, Site B) in the
Plankenburg River water samples exceeded the guidelines stipulated by the
CCME, DWAF, ANZECC and the ‘World average’.

e Concentrations of Mn fell within the DWAF guidelines, as well as the ‘World

average’. No guidelines for Mn were available from the CCME.
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No Pb could be detected in any of the Plankenburg and Diep River water
samples.

The highest mean metal concentrations in sediment samples were recorded for Al
and Fe at Site C (substation in the industrial area) in the Plankenburg River.

The highest mean metal concentrations in water samples were recorded for Al,
Fe and Zn at Site A (industrial area) in the Diep River, which exceeded the
guidelines stipulated by DWAF, the CCME, ANZECC and the ‘World average’,
and for Fe and Zn, the baseline values of Micé et al. (2007).

Concentrations for Cu in water samples from the Diep River exceeded the
recommended concentrations for ANZECC, DWAF, the ‘World average’ and the
CCME, while Ni concentrations fluctuated above and below the recommended
guidelines at Sites A, B, C and D. Manganese concentrations fell below the
recommended guideline during the sampling period, with the exception of Week
27, where the Mn concentration was 1.3 mg-£', at Site A.

The highest mean Al concentration in sediment samples from the Diep River was
recorded at Site A (industrial area) and the highest mean Fe concentration was
recorded at Site C (wastewater treatment works). The highest Fe concentration
was significantly higher (p < 0.05) than the baseline value obtained by Mico et al.
(2007).

Possible sources of contamination of the Plankenburg River could be ascribed to
the leaching of household waste into the river water from the informal- and formal
residential settlements, as well as the leaching of industrial effluent from the

industries situated close to the river.
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e In addition, contamination of the Plankenburg River could also have been due to
the excessive use of pesticides and insecticides on farms bordering the river
system and the discarding of these pesticides into the rivers.

e Possible sources of contamination of the Diep River could have been the
leaching of industrial waste from various industries into the sampled sites along
the banks of the river, as well as waste from the nearby oil refinery.

e Metal concentration analysis should be routinely performed to ensure an accurate
assessment of the current state of the rivers, and based on these results quality

guidelines should be adapted accordingly.
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Metal concentrations (mg-kg" ) (Mn and Zn) in sediment samples obtained from 4 sites (A to D) in the Diep River
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Table 3.1 Metal concentrations (mg-£") (+SD*) in water samples obtained from the Plankenburg River (Sites A and B)

Site A Site B

Weeks [Cu] [Mn] [Ni] [Zn] [Al] [Fe] [Cu] [Mn] [Ni] [Zn] [Al] [Fe]
1 1.110 0.2+0 0.510 0.3+0 0.3+0.1 5.1+0.2 1.7+1 %040 0.2+0 %040 0.5+0.3 4.4+0.7
5 0.8+0 0.2+0 0.210 0.3x0 0.5+0.1 15.316 0.6£0 0.1£0 0.210 0.1x0 0.6+0.1 9.7¢1.9
9 0.8+0 0.1x0 0.210 0.4+0 0.8+0.1 26.5+5.4 0.6+£0 0.1£0 0.210 0.4+0 1£0.1 25.816.8
18 0.4+0 0.1x0 0.310 0.2+0 0.8+0.1 10.943.3 0.5+0 0.210 0.210 0.4+0 13.614.2 0.510
22 0.5+0 0.02+0 0.210 0.4+0 0.910 12.13.6 0.5+0 0.04+0 0.310 0.1x0 1.41£0.2 5.1£0.6
27 0.4+0 0.1x0 0.210 0.2+0 0.6+0.1 5.8+1.7 0.4+0 0.1£0 0.1£0 0.2+0 0.3+0.1 4.9+1.2
36 0.5+0 0.1x0 0.310 0.4+0 0.7£0.1 | 29.8414.9 0.5+0 2040 0.210 0.2+0 0.7+0.2 0.5+£0.2
39 0.4+0 0.3x0 0.310 0.1x0 0.7+0.1 5+1.1 0.3x0 0.210 0.310 0.1x0 0.6+0.2 0.3+0.1
43 0.41+0 0.310 0.2+0 0.6£0 1.6+0.3 48+8.8 0.81+0 0.2+0 0.210 10 1.1+£0.3 0.8+0.3
48 0.6£0 %0+0 0.320 0.1£0 0.4+0 10.44.8 0.4+0 %040 0.310 0.1+0 0.7+0.2 8.5+4.7
52 0.41£0 0.310 0.2+0 0.310 0.620.1 18.845.5 0.4+0 0.2+0 0.2+0 0.2+0 0.8+0.2 19.315.4

* standard deviation (SD)
2 = values below the detection limit
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Table 3.2  Metal concentrations (mg-{"') (+SD*) in water samples obtained from the Plankenburg River (Sites C and D)

Site C Site D
Weeks [Cu] [Mn] [Ni] [Zn] [Al] [Fe] [Cu] [Mn] [Ni] [Zn] [Al] [Fe]
1 2.2+1 0.2+0 0.5+0 0.3+0 0.6+0.3 5.1+0.3 1+0 0.1£0 0.4+0 0.310 0.5+0.1 5+0.2
5 0.510 0.1£0 0.210 0.310 0.740.2 19.2+2 0.6+0 0.1£0 0.310 0.310 0.6+0.4 15.9+1.4
9 0.6x0 0.210 0.210 0.41+0 1+0.1 20.6+3.6 0.6+0 0.1£0 0.2+0 0.4+0 0.8+0.1 17.14£3.8
18 0.410 0.1+0 0.3+0 0.2+0 0.8+0.1 10.2+2 0.4+0 %040 0.2+0 0.1£0 1+0.1 0.4+0.1
22 0.6x0 0.1+0 0.2+0 0.2+0 1.11£0.1 5.2+0.5 0.5+0 %040 0.2+0 0.1£0 0.9+0 4.4+0.8
27 1.1£2 0.4+1 0.1£2 11 1.6£2.5 | 25.7+12.6 0.3x0 0.1£0 0.1£0 0.310 0.4+0.1 10.1£7.5
36 0.5+0 %040 0.1x0 0.2+0 1£0.1 0.5+0.1 0.4+0 2040 0.210 0.210 6.8+0.7 0.41£0
39 0.6+£0 0.4+0 0.3x0 1.1£0 0.9+0.1 0.6+0.2 0.7£0 0.1£0 0.210 0.510 2.1£0.2 31.3+13.7
43 0.5+0 0.3x0 0.2+0 0.5+0 0.8+0.1 0.5+0.1 0.6+£0 2040 0.1£0 0.310 1.240.1 25.1+4.7
48 0.5+0 2040 0.2+0 0.1x0 0.7+0.1 8.1+2 0.6+£0 2040 0.210 0.210 0.6£0 6.6+£1.2
52 0.4+0 0.1x0 0.2+0 0.2+0 0.4+0.2 12.616.2 0.3x0 0.1£0 0.1£0 0.210 0.41£0 4.6+£0.5

* standard deviation (SD)
2 = values below the detection limit
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Table 3.3  Metal concentrations (mg-{') (+SD*) in water samples obtained from the Diep River (Sites A and B)
Site A Site B

Weeks [Cu] [Mn] [Ni] [Zn] [Al] [Fel [Cu] [Mn] [Ni] [Zn] [Al] [Fe]
1 0.5+0.1 400 0.1£0.1 1.820.1 410.9 72+12.7 0.2+0 400 40+0 0.7+0.3 0.8+0.3 13.2+4.4
5 0.5+0.1 0.2+0 0.3+0.1 0.5+0 3.5+0.5 19.913 0.4+0.2 400 0.2+0.1 0.2+0 0.7£0.4 11.1£4.9
9 0.410.1 20+0 %00 0.1£0.1 0.5+0 0.1+0.2 0.310 0.1£0 20+0 0.51+0.5 0.310.4 7.312.9
14 0.5+0 0.320 0.120.1 1+0.2 1.1+£0.6 99.9+16 0.6£0.1 0.310.1 20+0 1.1+£0.2 1.840.3 105.9+23.4
18 0.410.1 0.120.1 0.210.1 0.610.2 0.7+0.2 69+32.8 0.610 %0+0 20+0 0.31£0.1 1.310.2 5.412.6
23 0.5+0.1 40+0 0.2+0.1 0.3+0.1 1.1£0.2 4.7+0.8 0.4+0 0.3+0.2 40+0 1.1£0.5 1.7£0.2 113.6+57.1
27 0.3+x0 1.320.5 0.2+0.2 4.4+1.6 1+0.3 513+204.1 0.3+0.1 0.8+0.4 0.2+0.1 2.6+0.9 0.9+0.1 317.1£148
32 0.4+0.2 400 0.1£0.1 0.4+0.1 0.5+0.3 12.8£8.4 0.4+0.1 400 40+0 0.5+0.1 0.3+0.1 11.1£2.3
36 0.510.1 20+0 %0+0 0.410.1 0.7+0.2 0.7+0.4 0.1£0.1 0.1x0 20+0 0.310.1 0.5£0.1 1212

* standard deviation (SD)

a

= values below the detection limit
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Table 3.4  Metal concentrations (mg-t'") (+SD*) in water samples obtained from the Diep River (Sites C and D)
Site C Site D

Weeks [Cu] [Mn] [Ni] [Zn] [Al] [Fel [Cu] [Mn] [Ni] [Zn] [Al] [Fe]
1 0.120 0£0.1 0.1£0.2 0.6+£0.4 0.6+0.1 15.4+16.9 0.1x0 400 40+0 0.4+0.2 1+0.1 9.4+4 1
5 0.5+0.3 400 0.2+0.1 0.2+0 0.6+£0.4 11£9.4 0.6+0.1 400 0.1+0.1 0.2+0 0.9+0.2 3.9+0.7
9 0.310.1 0.1x0 %00 0.210 %00 3.9+1.2 0.7+0 %0+0 20+0 0.410.1 0.6£0.1 2.612.6
14 0.510.1 0.210.1 0.2+0.2 1+£0.4 1.1+£0.2 89.91£31.9 0.41+0 0.210.1 20+0 0.9£0.1 1.210.2 98.9+13.1
18 0.610.1 20+0 0.3+0.3 0.5£0.1 1.1+£0.2 4.4+1.2 0.5£0.1 %0+0 20+0 0.410.1 1.210.1 42121
23 0.4+0 0.2+0.1 0.2+0.2 0.9+0.4 1.320.2 82.6+46.5 0.2+0 400 0.4+0.1 0.5+0.1 1.31£0.2 10.5+5.3
27 0.6+0.3 a0+0 0.1£0.1 2.5%4 .4 0.3+£0.2 11£2.3 0.4+0.2 400 0.1+0.1 0.5+0 0.4+0.2 16.2+3.4
32 0.3+0.1 400 0.4+0.2 0.6+0.2 0.3+0.1 12.1£8 0.8+0.2 400 0.2+0.2 0.6+0.1 0.5+0.1 6.4+1.6
36 0.1x0 0.1x0 %0+0 0.410.1 0.410 0.2+0.5 0.1£0.1 0.1£0 20+0 0.810.2 1.1+£1.1 23.91£10.9

* standard deviation (SD)

a

= values below the detection limit

117



CHAPTER THREE: ARTICLE ACCEPTED FOR PUBLICATION BY WATER SA

118

Table 3.5 Concentrations obtained in water of the Plankenburg and Diep Rivers compared to recommended safe concentrations
as stipulated by the Department of Water Affairs and Forestry (1996b), the Canadian Council of Ministers of the
Environment Quality Guidelines (2001), the ‘World average’ (Martin and Windom, 1991) and the Australian and New
Zealand Environment and Conservation Council (ANZECC, 2000)

Metal Recommended Environmental quality | ‘World average’ for | Water quality Mean metal Mean metal
safe concentrations guidelines as metal guidelines as concentrations concentrations
as stipulated by stipulated by CCME concentrations in | stipulated obtained obtained
DWAF (1996b) (2001) (mg-£") freshwater by ANZECC (2000) in water (mg-f'") | in water (mg-t")
(mg-t") Martin and Windom | (mg-¢") (Plankenburg (Diep River)
(1991) (mg-t") River)
Al 0.1-0.15 0.005-0.1 N/A N/A 0.3-13.6 0-4
Cu 0.002 - 0.012 0.002 — 0.004 0.0015 0.0001 —0.00015 0.3-22 0.1-0.8
Fe N/A 0.3 0.04 N/A 0.3-48 0.1-513
Mn 1.3 N/A 0.0015 N/A %0-04 0-1.3
Ni N/A 0.025-0.15 0.0005 0.0001 — 0.00015 0.1-05 %0-04
Pb N/A 0.001 - 0.007 N/A N/A -2 -0
Zn 0.036 0.03 0.0006 0.0009 %0 —1.1 0.1-44

N/A = Data not available

a

= values below the detection limit
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27 Abstract

28

29 The ability of biofilms to resist pollutants make them advantageous for use in bioremediation. The
30 objective of this investigation was to isolate metal-tolerant micro-organisms from a site along the
31 Plankenburg River. Microbial biofilms cultivated in multi-channelled flow cells were exposed to varying
32 concentrations of aluminium (Al), iron (Fe), copper (Cu), manganese (Mn), nickel (Ni) and zinc (Zn),
33 stained with the BacLight™ viability probe, visualised using Epifluorescence Microscopy and analysed
34 using Scionlmage. Exposure to the highest Al, Fe, Cu and Mn concentrations increased the
35 percentages of dead cells. A difference in live and dead cells exposed to the varying Zn and Ni
36 concentrations was not evident. When exposed to the lowest concentrations, no notable could be
37 detected in comparison with the untreated control. Possible metal-tolerant micro-organisms were
38 identified from the exposed flow cells using Polymerase Chain Reaction (PCR) and Deoxyribonucleic

39 Acid (DNA) sequencing, followed by Clustal X alignment and phylogenetic analysis. Phylogenetic
40 analysis identified a variety of organisms, including Bacillus sp., Pseudomonas sp., Delftia
41 tsuruhatensis strain A90, Kocuria kristinae strain 6J-5b, Comamonas testosteroni WDL7,
42 Stenotrophomonas maltophilia strain 776, Staphylococcus sp. MOLA:313, Micrococcus sp. TPR14,
43 Sphingomonas sp. 8b-1 and Microbacterium sp. PAO-12. Two major clusters could be distinguished
44 based on their Gram-reactions.

45

46

47

48

49

50

51 Keywords: biofilms, Deoxyribonucleic Acid (DNA) sequencing, Epifluorescent Microscopy, flow cells,

52 Polymerase Chain Reaction (PCR)

53
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Introduction

Population growth and urbanisation, results in increased water resource utilisation.
Continued deposition of point- and non-point source pollutants, including industrial
effluents, agricultural runoff, leaking sewers, on-site sanitation at informal housing
and waste irrigation (Department of Environmental Affairs and Tourism 1996),
amongst others, adversely affects the surrounding environment.

Metal contamination in the environment can also be attributed to the natural
occurrence of metals in soil, atmospheric deposits (Radenac et al. 2001) and the
corrosion of building materials (Maanan et al. 2004). The metals most commonly
associated with most river water systems are lead (Pb), copper (Cu), iron (Fe),
cadmium (Cd), aluminium (Al), mercury (Hg), arsenic (As) and manganese (Mn)
(Wright and Welbourne, 2002, Jackson et al. 2007).

Zinc (Zn), nickel (Ni), As, Hg, cobalt (Co) and Mn concentrations were studied in
water and fish samples isolated from the Aba River, Nigeria, into which waste from
various industries are discharged. Atomic Absorption Spectrometry (AAS) analysis,
revealed elevated concentrations of Zn, Mn and As in fresh fish and elevated Ni and
Hg concentrations in frozen fish found in a nearby market (Allinnor 2005).

In water and the environment, micro-organisms exist mostly as biofilm
communities attached to surfaces (Teitzel and Parsek, 2003). Microbial biofilms
exhibit high affinities for contaminants due to the ability of the exopolymers to bind
and sequester antimicrobial agents from the surrounding environment (Hunt 1986).
Biofilms have been shown by Roane and Pepper (2000) to be one of the most

effective treatments for the removal of metals from metal-contaminated water
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Flow cell systems have been used to cultivate microbial biofilms in vivo
(Caldwell et al. 2002). They are multi-channelled to allow for experimental replication
and simplified handling. Teitzel and Parsek (2003) used a flow cell system to
visualise the behaviour of biofilm-bound micro-organisms in response to Cu and Zn.
The CLSM analysis revealed that the majority of cells in the outer layers were dead,
in comparison to the untreated control, where the majority of cells were alive.

Microbial composition can be determined genetically (Christensen et al. 1998),
through the amplification of the 16S or 23S rRNA region of the genomic DNA, using
specific primers (Amann et al. 1995). The diversity of tolerant micro-organisms
depends on nucleotide sequences variations (Martin 2002), ranging from 20% to 80%
G+C (Ochman et al. 2005) among individual species sharing common ancestry. This
genetic variation can then be visualised with phylogenetic trees (Martin 2002).

Chien et al. (2007) studied the microbial diversity in soil contaminated with
effluent from a chemical industrial factory, using 16S rDNA. The organisms isolated
were Polyangium spp., Sphingomonas spp., Variovorax spp., Hafina spp., Clostridia,
Acidobacteria, the enterics and some uncultured strains. Acinetobacter, Enterobacter
and Stenotrophomonas spp. also exhibited the ability to tolerate high concentrations of
Cd.

The objective of this investigation was to isolate metal-tolerant micro-
organisms from a metal contaminated site along the Plankenburg River. The micro-
organisms were cultured and isolated in flow cell systems after exposure to varying
metal concentrations and identified using the Polymerase Chain Reaction (PCR)

technique and analysed phylogenetically.
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Materials and Methods

Site description

A previous study identified four sampling sites along the Plankenburg River (Fig. 4.1)
(Jackson et al. 2008). These sites included Site A (Agricultural Farming and
Residential Areas); Site B (Closest point to Informal Settlement); Site C (Substation in
Industrial Area) and Site D (Industrial Area at Adam Tas Bridge). Results from this
study showed that the highest concentrations of metals were recorded at Site C
(Substation in the industrial area), which explains why the particular site was selected
to investigate the efficiency of the bioreactor systems to reduce metal concentrations
in the river water. Ten litres of river water was then collected from Site C (Fig. 4.1) in

one ten litre plastic container and transported at 4°C.

Metal concentrations in river water

To determine the concentrations of Al, Cu, Fe, Mn, Ni and Zn in water (5 ml), samples
were digested with 10 ml 55% nitric acid at 40°C for 60 minutes and then at 120°C for
180 minutes, using a Grant dry-block heater. A blank (control) of 10 ml 55% nitric acid
was analysed along with the collected samples to check for possible contamination.
The samples were cooled to room temperature, filtered with Whatman No. 6 filter
paper into 20 ml volumetric flasks, made up to a volume of 20 ml with distilled water
and subsequently filtered for a second time using 0.45 um cellulose nitrate
ultrafiltration membrane filters (Whatman) (Odendaal and Reinecke, 1999). Metal

concentrations were determined using Inductively Coupled Plasma Atomic Emission
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126 Spectrometry (ICP-AES) analysis according to the procedure outlined in
127 Saleh et al. (2000).

128

129 Flow Cell Technique

130 Six multi-channelled (eight channels) flow cells were constructed from Perspex, a
131 glass coverslip and silicone tubing. The flow channels were 5 mm wide, 30 mm long,
132 3 mm deep and were 4 mm in distance from the next channel. The glass coverslip
133 (50 mm x 75 mm) was kept in place on top of the flow cell with marine silicone glue
134 and provided an attachment surface for the microbial growth. Silicone tubing
135 (1.6 mm) was used for the flow through the respective channels from the reservoirs
136 (influent - collected river water) to the outlet (effluent). After construction, the flow
137 cells were sterilised with a solution of sodium hypochlorite and flushed with distilled
138 water (Fig. 4.2). The collected river water was pumped through the flow cell systems,
139 using a Watson Marlow peristaltic pump (205S) (Watson Marlow Limited, Cornwall,
140 England), to ensure a constant flow rate at 2 roms (revolutions per minute). After a
141 three-week period, which allowed for maximum biofilm growth, the channels were
142 exposed to varying metal concentrations. Each flow cell was exposed to different
143 concentrations of Al, Fe, Cu, Mn, Ni and Zn (Table 4.1), based on concentrations
144 recorded during a previous study (Jackson et al. 2008). The first two channels of
145 each flow cell were not exposed to any metals and served as the controls. Each flow
146 cell channel was exposed to the respective metal concentrations for six hours, while
147 the peristaltic pump was switched off and the tubing was clamped.

148

149
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150  Exposure to the Baclight™ viability probe

151 After the six hour metal exposure period, one of each channel spiked with the
152 respective metal concentrations, as well as one of the unexposed control channels
153 were stained with the multifluor LIVE/DEAD Baclight™ fluorescent viability probe
154 (invitrogen — Molecular Probes™, Oregan, USA). The stain was prepared by mixing
155 4 ul of the green fluorescing probe (SYTO 9) with 4 pul of the red fluorescing probe
156 (propidium iodide) and 1 ml of distilled water. The probe was allowed to attach to the
157 cell surfaces of the biofilm organisms for a period of 20 minutes. After the attachment
158 period, the pump was switched on to remove any excess dye. The channels not
159 exposed to the probe, were flushed by turning the pump up to its maximum flow rate
160 of 90 rpms in order to dislodge the attached biofilm growth. This microbial
161 suspension was collected into individual 50 ml Schott bottles.

162

163 Microscopy and Image Analysis

164  Epifluorescence microscopy was used in conjunction with the LIVE/DEAD BacLight™
165  probe (invitrogen — Molecular Probes™, Oregan, USA) in order to provide total cell
166 counts, using images based on the relative abundance of micro-organisms
167 (Boulos et al. 1999). The images were visualised and captured using The Zeiss
168 Axiovert 200 motorised fluorescence microscope, which contains the Dapi, Alexa,
169 Cy3, GFP and Cy5 laser lines. lt is also equipped with a monochrome Zeiss Axiocam
170 HR digital camera. The 100X, 1.4 NA oil immersion objective was used to visualise
171 the biofilm, along with an argon laser exciting the fluorophores. Ten randomly
172 captured images along the surfaces of the attached coverslip were obtained from

173 each of the exposed channels using the Axiovision 4.6 Software Programme (Zeiss



CHAPTER FOUR: ARTICLE SUBMITTED TO THE CANADIAN JOURNAL OF MICROBIOLOGY 126

174 imaging systems), which were further used for viewing and simple image processing.
175 Ten images were randomly captured along the surfaces of the coverslips and the
176 percentage area covered by living and non-living biomass was determined using
177 Scionlmage Analysis (Scioncorp.com). These techniques were performed in
178 duplicate and the results obtained were the averages of the replicates.

179

180 DNA Extraction and Agarose Gel Electrophoresis

181 The flushed material obtained from the unstained flow cell channels for each
182 respective metal, was spread plated onto nutrient agar plates and incubated at 37°C
183 for two days. Single colonies were then selected in order to isolate pure cultures and
184 DNA was extracted using the High pure PCR template preparation kit, as per
185 manufacturer’s instructions (Roche Diagnostics GmbH, Mannheim, Germany). Ten
186 microlitres of the extracted DNA samples were electrophoretically analysed on a 0.8%
187 molecular grade agarose gel containing 12 pl of 0.5 pg/ml ethidiumbromide (EtBr),
188 using 1 x Tris-acetate- ethylenediamine tetraacetic acid (TAE) electrophoresis buffer
189 at 90 volts for one hour.

190

191 Polymerase Chain Reaction (PCR)

192 Amplification of target DNA by PCR was performed in a total reaction volume of 50 pl
193 containing 10 mM dNTP Mix (1 ul), 25 mM MgCl, (3 ul), 10X Taq Buffer with
194 (NH4)2SO4 (5 ul), 10 UM forward (fDD2 -
195 CCGGATCCGTCGACAGAGTTTGATCITGGCTCAG) (5 ul), 10 uM reverse (rPP2 -
196 CCAAGCTTCTAGACGGITACCTTGTTACGACTT) (5 pl) (Rawlings 1995), Tag DNA

197 polymerase (1 ul) (5u/5 pl) (Fermentas Life Sciences, EU), 1 ul of a concentrated
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198 DNA sample and 29 ul sterile distilled. The amplification process included an initial
199 denaturation step of 94°C for 2 minutes, followed by 30 cycles of amplification (1
200 minute at 94 °C, one minute at 57°C and two minutes at 72°C). This was followed by
201 a final extension step of 72°C for 10 minutes. Ten microlitres of the subsequent PCR
202 amplicons were then electrophoretically analysed on a 0.8% molecular grade agarose
203 gel containing 12 pl of 0.5 pug/ml EtBr, using 1 x TAE electrophoresis buffer at
204 100 volts for one hour, to determine whether amplification was successful.

205

206 Sequencing of 16S rRNA

207 The amplified PCR products (1200 bp) were purified using a High Pure PCR product
208 purification kit, as per manufacturer's instructions (Roche Diagnostics GmbH,
209 Mannheim, Germany). The concentrations of the DNA samples were determined using
210 spectrophotometry and 15 ul of concentrated DNA (50 to 100 ng/ul depending on the
211 length) samples were loaded onto 96-well microtitre plates, dried in a speed vac, with
212 medium heat for 30 to 60 minutes (depending on the volumes), and sent for
213 sequencing. The sequencing lab used the Applied Biosystems Big Dye Terminator
214 v3.1.

215

216 Phylogenetic Analysis

217 The resultant sequences were identified with a similarity search using Blastn from the
218 National Centre for Biotechnology Information (NCBI) (Altschul et al. 1997).
219 Contiguous sequences were formed for the forward and reverse sequences of a
220 particular organism, using the CAP3 Sequence Assembly Programme (Huang and

221 Madan 1999). The contiguous sequences were aligned with Clustal X (1.81) (Higgins
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222 and Sharpe 1988) using default parameters and the BLOSUM matrix, which corrects
223 for multiple base changes. There were 37 organisms isolated overall, but many of the
224 isolates were identical, therefore the 13 representative organisms on the tree were
225 used for phylogenetic analyses. An unrooted tree was constructed using the
226 neighbour-joining program of Saitou and Nei (1987). Phylogenetic analysis was
227 conducted using Molecular Evolutionary Genetics Analysis, Version 3.1 (MEGA
228 version 3.1) (Kumar et al. 2004). To estimate the node reliability, bootstrap values
229 were obtained from 1000 randomly generated trees. Trees were visualised using

230 MEGA version 3.1 (Felsenstein 1985, Efron et al. 1996, Kumar et al. 2004).

231

232 Results and Discussion

233

234 Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) was used to
235 determine the initial concentrations of metals in the collected river water prior to the
236 flow cell set-up. These concentrations were compared to the Department of Water
237 Affairs and Forestry (DWAF 1996) and the Canadian Council of the Ministers of the
238 Environment (CCME 2001) recommended guidelines (Table 4.2). The Al, Cu, Fe, Ni
239  and Zn concentrations were 11.56 mg.I'", 0.06 mg.I", 12.2 mg.I", 0.17 mg.I" and
240 0.4 mg.I", respectively (Table 4.2). These concentrations were above the
241 recommended concentrations as stipulated by DWAF (1996) and the CCME (2001).
242 The Mn concentration of 0.29 mg.I"", was below the recommended concentration of
243 1.3 mg.I'" (DWAF 1996).

244 Figures 4.3A, 4.4A, 4.5A, 4.6A, 4.7A and 4.8A represent the percentages of live

245 and dead organisms (epifluorescence microscopy in conjunction with the Scionlmage
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246 statistical programme) within the biofilm cultivated in the flow cells. In the graphs, the
247 letter G (green) indicates the live cells and the letter R (red), the dead cells. Figures
248 4.3B, 4.4B, 4.5B, 4.6B, 4.7B and 4.8B are images captured (untreated control and
249 images captured after exposure to the respective metal concentrations) with
250 epifluorescence microscopy. The results recorded in the control channels (which
251 were left unexposed), showed that the initial percentages of live cells, for all the
252 metals analysed, were higher than that of the dead cells.

253 The following percentages were recorded for the channels exposed to Al
254 concentrations; the control channels [48.12% alive (G), 43.21% dead (R)], the highest
255 concentration of 900 mg.I"' [40.63% (G) and 47.68% (R)], for 500 mg.I"' [42.31% (G)
256 and 44.52% (R)] and when exposed to 10 mg.I" [43.38% (G) and 42.59% (R)] (Figs.
257 4.3A and 4.3B).

258 The percentages recorded for live and dead cells exposed to varying
259 concentrations of Cu were; 44.02% (G) and 40.96% (R) in the control channel,
260 41.85% (G) and 44.67% (R) for the highest concentration of 10 mg.I"', 40.86% (G)
261 and 41.14% (R) for 1 mg.I'" and when exposed to the lowest concentration of
262 0.5 mg.I"", the percentages were 41.66% (G) and 41.04% (R) (Figs. 4.4A and 4B).

263 For Fe, the ratio of live and dead cells in the untreated control was 46% live (G)
264 and 40.88% dead (R), respectively. The percentages obtained when the channels
265 were exposed to the highest Fe concentration of 1000 mg.I" was 41.66% (G) and
266 44.47% (R), when exposed to 500 mg.l", the percentages were 42.96% (G) and
267 44.25% (R), and when exposed to the lowest concentration of 10 mg.I", the

268 percentages recorded were 43.32% (G) and 42.40% (R) (Figs. 4.5A and 4.5B).
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269 The percentages of live and dead cells recorded after exposure to Mn in the
270 untreated control were 43% (G) and 41.07% (R), respectively. Upon exposure to the
271 highest concentration (80 mg.I"), the number of live cells were 44.04% (G) and the
272 number of dead cells were 50.23% (R). When exposed to the two lower
273 concentrations of 15 mg.I"" and 1.5 mg.I"", the percentages of live and dead cells were
274 42.94% (G) and 43.39% (R) and 41.99% (G) and 41.18% (R), respectively (Figs. 4.6A
275 and 4.6B).

276 The percentage of cells in the untreated flow cell control channels used to
277 evaluate the various Ni concentrations, were 47.34% (G) and 44.27% (R), ratio of live
278 and dead cells, respectively. The percentages recorded in the channels exposed to
279 the highest Ni concentration of 20 mg.I"", was 43.68% (G) and 43.75% (R), while the
280 percentages recorded when exposed to 1 mg.I", were 44.91% (G) and 42.89% (R)
281 and when exposed to 0.5 mg.I", 41.49% of the cells were alive (G) and 40.95% of the
282 cells were dead (R) (Figs. 4.7A and 4.7B).

283 The channels exposed to the varying Zn concentrations yielded the following
284 results in the untreated control channel; 45.06% live cells (G) and 41.32% dead cells
285 (R). The percentages recorded in the flow cell channels exposed to the highest Zn
286 concentrations (40 mg.I'") was 41.27% (G) and 41.82% (R), while the percentages
287  recorded when exposed to 1 mg.', was 41.37% (G) and 41.44% (R). The
288 percentages recorded when exposed to 0.5 mg.I"', was 42.58% (G) and 41.15% (R),
289 respectively (Figs. 4.8A and 4.8B).

290 When compared to the untreated controls, the percentages obtained in the
291 channels of the flow cells exposed to the highest concentrations of Al (900 mg.I'"), Cu

292 (10 mg.l"), Fe (1000 mg.I'") and Mn (80 mg.I"") (Figs. 4.3A, 4.4A, 4.5A, 4.6A), showed
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an increase in the number of dead cells of 4.47%, 3.71%, 3.59% and 9.16%,
respectively. When the channels were exposed to the lowest concentrations of
10 mg.I" (Al), 0.5 mg.I'" (Cu), 1.5 mg.I'" (Mn) and 0.5 mg.I" (Zn), the ratio of live to
dead cells was similar to that of the untreated control. When exposed to the highest
concentrations of Zn (40 mg.I") and Ni (20 mg.I"), no significant differences between
the live and dead cell percentages, were observed as the percentages of dead cells
only decreased by 0.52% and 0.5%, respectively (Figs. 4.7A and 4.8A). In a previous
study, conducted by Bhadra et al. (2007), the effect of high concentrations of metals
(Zn and Ni) in the river water affected the numbers of Zn and Ni resistant bacteria,
therefore, the higher metal concentrations resulted in an increase in resistance
mechanisms of the isolates. Table 4.2 represents the metal concentrations recorded
in the water samples, and showed that the initial Zn concentration in the river water
prior to treatment was 0.4 mg.I"", which was significantly higher (p < 0.05) than the
recommended guideline of 0.036 mg.I" (DWAF 1996) and 0.03 mg.I"" (CCME 2001).
The initial Ni concentration in the river water prior to treatment was 0.17 mg.I"", which
was significantly higher (p < 0.05) than the recommended guideline of 0.025 mg.I" to
0.15 mg.I"" (CCME 2001).

Results show that flow cells are ideal to provide results instantaneously while
providing multiple replications and also allow for the comparison of untreated controls
and treated channels (Nancharaiah et al. 2005). In the case of exposure of the
respective flow cell channels to the highest Al and Fe concentrations, Figs. 4.3B and
4.5B showed that the organisms tended to clump together in response to the metal
exposure. The ability of extracellular polymeric substances to bind metals and

pollutants also contribute to the clumping of cells (McLean et al. 1990). Metals can



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

CHAPTER FOUR: ARTICLE SUBMITTED TO THE CANADIAN JOURNAL OF MICROBIOLOGY 132

alter the number, biochemical activity, diversity and community structure of micro-
organisms in many different ways (Ellis et al. 2003). The resistance of micro-
organisms to the metals could be attributed to many factors, including, lateral gene
transfer (Sobecky et al. 1998), co-contamination with organic material
(Toes et al. 2008) and trace elements in cells, inhibiting normal physiological functions
(Hultberg et al. 1997). Metals, such as Mn, Fe, Cu, Ni, Zn and cobalt (Co) can cause
direct and indirect oxidative stress, which result in the accumulation of reactive oxygen
species (Salzano et al. 2007). Previous research performed by Teitzel and Parsek
(2003) showed that cells at the biofilm-bulk liquid interface were exposed to the high
concentrations of various metals. The two fluorophores used (SYTO 9 and Propidium
lodide) stains the living cells green and the dead cells red, respectively. When the
cells fluoresce yellow, it means that the two images are superimposed and it is
impossible to distinguish live cells from dead cells (Figs. 4.3B to 4.8B). Teitzel and
Parsek (2003) also reported that in minimal media with short exposure times, biofilms
have a demonstrable resistance to the heavy metals Cu?*, Zn®* and Pb**.

Table 4.3 represents the names of organisms isolated from the flow cells after
exposure to varying metal concentrations. An agarose gel electrophoresis
photograph showing selective results of the PCR fragments (1200 bp) is presented in
Fig. 4.9. Figure 4.9 clearly shows that the 1200 bp PCR amplicon was routinely
amplified. Overall 37 organisms were isolated, but many of the isolates were
identical, therefore only 13 organisms were used in the construction of the
phylogenetic tree. The phylogeny of the 13 representative organisms in GenBank:

www.ncbi.nlm.nih/gov/Genban/submit.html, were analysed using the Neighbour-
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340 joining algorithm in Clustal X (Fig. 4.10). The tree was aligned to determine
341 evolutionary relatedness between the various isolates.

342 Most of the isolates from all the channels were identified as Staphylococcus sp.
343 MOLA:313, Delftia tsuruhatensis strain A90, Pseudomonas fluorescens isolate
344 TC222, Pseudomonas beteli strain RRLJ SMAR, Bacillus sp. ZH6 and
345 Stenotrophomonas maltophilia strain 776. Two major clusters could be distinguished
346 from the tree (Fig. 4.10) based on their Gram-reaction. From the phylogenetic tree it
347 could be seen that the Gram-negative organisms, Proteobacteria (Pseudomonas sp.,
348 and Stenotrophomonas sp.) clustered together, whereas the Gram-positive
349 organisms, low and high G + C Gram-positives (Bacillus sp., Micrococcus sp. and
350 Microbacterium sp.) clustered together. In the first cluster, two clades could clearly
351 be distinguished; the first clade consisted of Pseudomonas sp. and the second clade,
352 of a Pseudomonas sp. and a Stenotrophomonas sp. The isolates, Delftia
353 tsuruhatensis st. A90 and Sphingomonas sp. 8b-1 were rooted to clades one and two,
354 but judging by the length of the nodes, did not seem to belong to any of the groups.
355 In the second cluster, two distinct clades could be distinguished. The first clade
356 consisted of WDL7 Comamonas testosterone, ZH6 Bacillus sp. and
357 MOLA 313 Staphylococcus sp. The second clade consisted of TPR1 Micrococcus
358 sp., 6J-5b Kocuria kristinae st and PAO-12 Microbacterium sp.

359 In previous research it was shown that several Gram-positive (Arthrobacter sp.
360 and Corynebacterium sp.) and Gram-negative (Alcaligenes sp.) organisms were
361 shown to be resistant to Pb, Hg, Cd, Cu, Co and Zn (Trajanovska et al. 1997), which
362 could be correlated to the results obtained in the present study. The major difference

363 between the two clusters, was that the Gram-positive organisms, Staphylococcus
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MOLA:313, Micrococcus sp. TPR1 and Kocuria kristinae st. 6J-5b were resistant to Mn
(Fig. 4.10 and Table 4.4), and that the clade consisting of the Pseudomonas sp. all
exhibited tolerance to Ni exposure. Table 4.4 represents the organisms isolated from
the different flow cells after exposure to the varying metal concentrations. The
organisms in the table below were present after exposure to Al, Cu, Fe, Mn, Ni and Zn
concentrations and were presumed to be metal-tolerant organisms. Organisms such
as Comamonas testosteroni WDL7, Microbacterium sp. PAO-12, Sphingomonas sp.
8b-1, Kocuria kristinae strain 6J-5b and Micrococcus sp. TPR14 exhibited tolerance to
specific metals, which included Cu, Ni, Zn and Mn, respectively (Table 4.4). The other
isolates showed resistance to a range of different metals.

In a previous study by Bhadra et al. (2007), Pseudomonas, Bacillus, Moraxella,
Enterobacter, Serratia, Morganella and Acinetobacter species were used to study Ni
and Zn resistance, as these organisms possess inducible Ni or Zn resistance genetic
systems. Their results indicated that the Ni and Zn resistance was induced at
concentrations as low as 5 um Zn®* (325 ppb) for Ni resistance in Pseudomonas sp.
and Zn resistance were inducible by a concentration as low as 4 pm Zn**. Hussein et
al. (2004) showed that Cd and Ni could be bounded to their Pseudomonas species
isolated from wastewater by as much as 0.5 and 0.56 mg.kg' biomass, respectively,
while Cu and Cr uptake values ranged between 0.01 to 0.24 mg.kg™' biomass. In the
present study, it was shown that Pseudomomas sp. was isolated from the flow cell
channels exposed to Ni and Zn (Table 4.4).

The clusters also contained more Gram-negative than Gram-positive organisms
(Fig. 4.10). Duxbury and Bicknell (1983) and Drancourt et al. (2000), amongst others,

suggested that Gram-negative organisms predominated in metal-polluted
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388 environments, and also showed that it was reasonable to expect a certain degree of
389 overlap between Gram-positive and Gram-negative bacteria, as some of these
390 species are resistant to the same metals. Possible metal-tolerance mechanisms of
391 organisms could be that Gram-positive bacteria possess a high metal absorption
392 capacity Yilmaz (2003).

393 After the metals bind to the organism, it must either cross the cell wall of the
394 Gram-positive organism or the outer membrane of the Gram-negative organism. The
395 Gram-positive bacteria have no receptor molecules to block or hinder the transport of
396 pollutants across the membrane and are therefore less resistant to attack (Cloete
397 2003). The Gram-negative organisms have developed a means of resistance to more
398 specific pollutants because of the narrow porin channels, which slow down the
399 penetration of substances, contributing to the resistance of Gram-negative organisms
400 to pollutants (Nikaido 1996). The efficiency of metal ions depend on their ability to
401 bind to proteins and prevent replication of the bacterial cells (Kar et al. 1992). Studies
402 on Cu, Cd, Zn, Cr, Ni and As resistant bacteria have identified metal resistance genes
403 to be located on the plasmid (Trajanovska et al. 1997) and can be inducible in the
404 presence of the particular metal (Cloete 2003). The Staphylococcus sp. were shown
405 to carry genes for Hg, Cd, As, Pb and Zn resistance (Nakahara et al. 1977). In their
406 studies, they also found that most of the metal-resistant isolates were multiply metal
407 resistant and also multiply drug resistant (Nakahara et al. 1977), as micro-organisms
408 usually contain a cluster of genes involved in both metal and antibiotic resistance
409 (Alonso et al. 2000). The high degree of antibiotic resistance may also be associated

410 with higher levels of tolerance to various heavy metals (Hassen et al. 1998).
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Cloete (2003) showed that the presence of some metals might induce resistance to a
broader spectrum of metals.

Bacillus, Pseudomonas, Xanthomonas, Stenotrophomonas, Sphingomonas sp.
and Janthinobacterium lividum, were shown to display resistance to Zn, Bacillus sp.
was shown to be resistant to Cu, while Variovorax sp. were shown to be resistant to
silver (Ag), Zn and Cu (Piotrowska-Seget et al. 2005, Kuffner et al. 2008). In the
present study, isolates, such as Comamonas testosteroni WDL7 showed resistance to
Cu, Kocuria kristinae strain 6J-5b showed resistance to Mn, and Bacillus sp. ZH6,
Stenotrophomonas maltophilia strain 776 and Staphylococcus sp. MOLA:313 all
showed resistance to Al, Fe and Zn (Table 4.4).

Piotrowska-Seget et al. (2005) studied metal-tolerant bacteria occurring in heavily
polluted soil and mine spoil in Katowice, Poland. The authors performed minimum
inhibitory concentration studies to determine the resistance mechanisms of the
different bacterial isolates. They found that Pseudomonas gladioli, was resistant to Zn
and Cu concentrations of 10 mM and 5 mM, respectively. In the present study, the
isolate, Pseudomonas beteli str. RRLISMAR, showed resistance to Cu concentrations.
Another study conducted by Chien et al. (2007) evaluated the bacterial diversity in soil
in order to determine bacterial response to media amended with Cd, Cr, Ni, Zn, Pb,
and Cu. Stenotrophomonas sp., isolated from a site contaminated with high
concentrations of Cd (3 mg.kg") and Cr (115 mg.kg™”), was able to grow on media
containing Cd concentrations of up to 4 mM, and was also able to remove up to 80%
dissolved ions upon completion of the stationary growth phase. In addition it was also
able to resist other metals, such as, Cu, Cr, Ni, Pb and Zn at levels of more than 2 mM

(Chien et al. 2007).
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435 Three Bacillus isolates (B. cereus, B. megaterium and B. sphaericus), recovered
436 from a uranium waste pile in Germany, were evaluated for their ability to accumulate
437 metals, including Al, Cd, Cu, Fe, Mn, Ni, Pb, and Zn, amongst others. Results
438 revealed that the Bacillus sp. were able to accumulate large amounts of Pb, Cd, Cu,
439 Al,; Mn, Ni and Zn (Selenska-Pobell et al. 2006).

440 Yilmaz (2003) showed that Bacillus circulans could tolerate high concentrations of
441 Cu, Mn, Ni, Zn, Co and Cd, and that the increased metal resistance resulted in a
442 decrease in bacterial growth. Pseudomonas sp. was shown to be resistant to Cu, Cd,
443 Cr, Pb, Ni and vanadium (V) (Muraleedharan et al. 1991, Raja et al. 2006, Shirdam
444 2006). The present study showed that different micro-organisms with the ability to
445 resist varying concentrations of metals were isolated from the treated flow cells
446 following metal exposure. Isolates, such as Pseudomonas sp., Bacillus sp. and
447 Staphylococcus sp., were shown to be tolerant to a wider range of metals (Cu, Mn, Ni,
448 Zn, Al and Fe), while others, such as Comamonas testosteroni WDL7 and Kocuria
449 kristinae strain 6J-5b showed resistance to only Cu and Mn, respectively. These
450 organisms can thus potentially be employed for future use in remediation processes.
451
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Figure 4.9. Agarose gel electrophoresis photograph of the PCR products obtained with 16SrRNA
universal forward and reverse primers (fDD2 and rPP2) of organisms isolated from flow cells after
exposure to varying metal concentrations. Lane one represents the marker (lambda DNA/Hindlll), lane
two, the negative control and lanes three to 20, represent the selected isolates showing the 1200 bp
amplicons.

Figure 4.10. An unrooted phylogenetic tree of organisms isolated from flow cells after exposure to varying
metal concentrations. The tree of 13 isolates was constructed using the Neighbour-joining algorithm of
Clustal X. Bootstrap values are constructed using the shown at the nodes.

Table 4.1 Representation of the different concentrations of metals (Al, Cu, Fe, Mn, Ni and Zn)
to which the six respective flow cells channels were exposed.

Metals Flow cell Flow cell Flow cell Flow cell

channels one channels three channels five channels

and two and four and six seven and

eight

Al Untreated control 900 mg.I” 500 mg.I" 10 mg.I"
Cu Untreated control 10 mg.I" 2.5 mg.l" 0.5mg.I"
Fe Untreated control 1000 mg.I" 500 mg.I” 10 mg.I"
Mn Untreated control 80 mg.I” 15 mg.I" 1.5 mg.I”
Ni Untreated control 20 mg.I” 1 mg.l” 0.5 mg.I"
Zn Untreated control 40 mg.I” 1 mg.l” 0.5 mg.I"

Table 4.2 Metal concentrations obtained in water of the Plankenburg River compared to
recommended safe concentrations as stipulated by DWAF (1996) and the CCME (2001).

Metal Recommended safe Environmental quality Mean meal concentrations
concentrations as guidelines as stipulated obtained
stipulated by DWAF by CCME (2001) (mg.I") in water (mg.I")
(1996) (mg.l") (Plankenburg River)

Al 0.1-0.15 0.005-0.1 11.56

Cu 0.002-0.012 0.002 — 0.004 0.06

Fe N/A 0.3 12.2

Mn 1.3 N/A 0.29

Ni N/A 0.025-0.15 0.17

Pb N/A 0.001 —0.007 0

Zn 0.036 0.03 0.4
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Table 4.3
accession numbers.

Table of 13 isolates, their names presented on the phylogenetic tree and

Name presented on tree Organism Accession #
12A 10 Pseudomonas sp. Pseudomonas sp. 12A_10 abJAY689075.1
TC222 P. fluorescens isolate Pseudomonas fluorescens isolate TC222 dbj|AB238774.1|
12A Pseudomonas sp. Pseudomonas sp. 12A abJAY689075.1
A90 D. tsuruhatensis st Delftia tsuruhatensis strain A90 agb|EF421404.1
RRLJSMAR P. beteli st Pseudomonas beteli strain RRLJ SMAR gb|DQ299947.1|
776 S. maltophilia st Stenotrophomonas maltophilia strain 776 ab|EU430096.1
8b-1 Sphingomonas sp. Sphingomonas sp. 8b-1 gb|DQ378211.1]
WDLY7 C. testosteroni Comamonas testosteroni WDL7 AF538929

ZH6 Bacillus sp. Bacillus sp. ZH6 ab|EU236752.1
MOLA 313 Staphylococcus sp. Staphylococcus sp. MOLA:313 emb|AM945546.1|
PAO-12 Microbacterium sp. Microbacterium sp. PAO-12 agb|EF514877.1
TPR1 Micrococcus sp. Micrococcus sp. TPR14 ab|EU373424.1
6J-5b K. kristinae st Kocuria kristinae strain 6J-5b ablEU379300.1

Table 4.4 Isolated organisms and the metals to which they were exposed.
Microorganisms Metals
Comamonas testosteroni WDL7 Cu
Microbacterium sp. PAO-12 Ni
Sphingomonas sp. 8b-1 Zn
Kocuria kristinae strain 6J-5b Mn
Micrococcus sp. TPR14 Mn
Pseudomonas beteli strain RRLJ SMAR, | Cu, Ni
Pseudomonas sp. 12A, Pseudomonas
fluorescens isolate TC222, Pseudomonas
sp. 12A_10
Delftia tsuruhatensis strain A90 Ni, Cu
Bacillus sp. ZH6 Zn, Ni, Al, Fe
Staphylococcus sp. MOLA:313 Zn, Mn, Al, Fe
Stenotrophomonas maltophilia strain 776 Zn, Ni, Cu, Al, Fe
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Figure 4.2. Multi-channel flow cell system to isolate metal-tolerant organisms. A — untreated control
(channels 1 and 2), B — highest concentration (channels 3 and 4), C — second lowest concentration
(channels 5 and 6) and D — lowest concentration (channels 7 and 8).
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Figure 4.3A. Represents the percentages of living and dead organisms in response to exposure to various Al concentrations.

(i) (ii) (iif) (iv)

Figure 4.3B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 900 mg.l'1AI, (i) 500 mg.I'1 Al and (iv) 10 mg.I'1 Al.

152



803
804

805
806

807

808

809

810

811

812
813

814

CHAPTER FOUR: ARTICLE SUBMITTED TO THE CANADIAN JOURNAL OF MICROBIOLOGY

CG(Alive) CR(Dead) 10 mg/l 10 mg/l 2.5 mg/l 2.5 mg/l 0.5 mg/l 0.5 mg/l

Figure 4.4A. Represents the percentages of living and dead organisms in response to exposure to various Cu concentrations.

(i) (ii) (iii) (iv)
Figure 4.4B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 10 mg.l'1 Cu, (iii) 2.5 mg.I'1 Cu and (iv) 0.5 mg.l'1 Cu.
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Figure 4.5A. Represents the percentages of living and dead organisms in response to exposure to various Fe concentrations.

(i) (if) (iif) (iv)

Figure 4.5B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 1000 mg.I'1 Fe, (iii) 500 mg.l'1 Fe and (iv) 10 mg.I'1 Fe.
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Figure 4.6A. Represents the percentages of living and dead organisms in response to exposure to various Mn concentrations.
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Figure 4.6B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 80 mg.l'1 Mn, (iii) 15 mg.I'1 Mn and (iv) 1.5 mg.I'1 Mn.

155



838
839

840
841
842
843
844
845
846

847

848
849

CHAPTER FOUR: ARTICLE SUBMITTED TO THE CANADIAN JOURNAL OF MICROBIOLOGY

48.00

CG(Alive) CR(Dead) 20 mg/l 20 mgyg/l 1 mg/l 1 mg/l 0.5 mg/l 0.5 mg/I

Figure 4.7A. Represents the percentages of living and dead organisms in response to exposure to various Ni concentrations.

(i) (ii) (iii)
Figure 4.7B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 20 mg.l'1 Ni, (iii) 1 mg.l'1 Ni and (iv) 0.5 mg.I'1 Ni.
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Figure 4.8A. Represents the percentages of living and dead organisms in response to exposure to various Zn concentrations.
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Figure 4.8B. Epifluorescent images of biofilm exposed to (i) Control, (ii) 40 mg.l'1 Zn, (iii) 1 mg.l'1 Zn and (iv) .05 mg.l'1 Zn.
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870 Figure 4.9. Agarose gel electrophoresis photograph of the PCR products obtained with 16SrRNA
871 universal forward and reverse primers (fDD2 and rPP2) of organisms isolated from flow cells after
872 exposure to varying metal concentrations. Lane one represents the marker (lambda DNA/Hindlll), lane
873 two, the negative control and lanes three to 20, represent the selected isolates showing the 1200 bp
874 amplicons.
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Bioremediation of Metal Contamination in the Plankenburg River,
Western Cape, South Africa
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As most of South Africa’s water resources are stored in dams, rivers and abstraction
schemes, the bioremediation of river water could serve as a possible alternative to
the growing dilemma of water shortages. Two laboratory-scale and one on-site
bioreactor system was developed to decrease the metal concentrations in the river
water. The final concentrations for Al, Ni and Zn (bioreactor one) and Mn
(bioreactor two), decreased to below their recommended concentrations in water
samples, as stipulated by the Department of Water Affairs and Forestry (DWAF)
and the Canadian Council for the Ministers of the Environment (CCME). The metal
concentrations recorded in biofilm suspensions removed from bioreactor two and
the on-site bioreactor, revealed concentrations higher than those recorded in the
corresponding water samples, except for Fe. The metal-tolerant organisms isolated
from the bioballs collected from laboratory-scale bioreactor two (Bacillus,
Pseudomonas, Micrococcus and Stenotrophomonas, amongst others), could
possibly be utilised for bioremediation purposes. The bioreactor system will
however be optimised to improve its efficiency.
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Abstract

Three bioreactors (two laboratory-scale and one on-site) were evaluated for their efficiency to
reduce metal concentrations in water collected from the Plankenburg River, South Africa. Water
(bioreactors one, two and on-site) and bioballs (bioreactors two and on-site) collected throughout the
study periods, were digested and analysed using Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). Aluminium (Al), nickel (Ni), and zinc (Zn) concentrations decreased from
0.41 mg.I'" to 0.06 mg.I" (85%), 0.2 mg.I" to 0.07 mg.I'" (65%) and 75 mg.I" to 0.02 mg.I" (97%),
respectively (bioreactor one). Aluminium [(1.55 mg.I" to 0.38 mg.I" (75%)], copper (Cu) [57% (from
0.33 mg.l'1 to 0.14 mg.l")], iron (Fe) [71.99 mg.l'1 to 40.4 mg.l'1 (44%)] and manganese (Mn) [57%
(0.07 mg.I" to 0.03 mg.I"")] concentrations also decreased in the water samples from bioreactor two.
In the on-site, six-tank bioreactor system, concentrations for Fe, Cu, Mn and Ni decreased, while Zn
and Al concentrations increased. The concentrations recorded in biofilm samples were higher than the
corresponding water samples. The bioballs employed in the bioreactor were thus shown to be efficient
attachment surfaces for biofilm development and subsequent metal accumulation. Potentially metal-
tolerant organisms (Pseudomonas sp., Sphingomonas sp., and Bacillus sp.) were also identified using

phylogeny.

Keywords: bioreactor, Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), metals,
phylogeny, river water
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1. Introduction

The quality and quantity of the essential element water, is important for the
continued sustenance of not only the world’s human population, but also for its
application in industrial and agricultural sectors, amongst others. In South Africa,
water resources are generally collected in dams or water abstraction schemes.
These water sources are then primarily used for agricultural activities, industry,
mining and power generation, domestic and municipal uses, with 15% of the
available water resources required to maintain estuaries and rivers (Langwaldt and
Puhakka, 2000).

Pollution, by metals and microbes (Pegram et al., 1999), amongst others,
greatly influences the quality of the water sources, and leads to the continued search
for new and improved methods to not only clean up contaminated systems, but also
to achieve this aim in an environmentally friendly and cost-effective manner.

The ubiquitous nature of biofilms allows these viable and metabolically active
microorganisms (Ehrlich, 1998) to survive and proliferate in a variety of different
environments, due to its protective polysaccharide coating. Biofilms have a high
metal-binding capacity as toxicants are absorbed by cell surface polymers, or
extracellular polymeric substances (EPS), which have been shown to be responsible
for the interaction of toxicants with the biofilm community (Henriques and Love,
2007). Biofilms are thus applied in the effective remediation or removal of pollutants
such as metals, from contaminated areas (Roane and Pepper, 2000).

Bioremediation is a process by which microbial degradation processes are used
in technical and controlled treatment systems (Langwaldt and Puhakka, 2000).
Bioremediation can also be applied as green technologies, due to its negligible
effects on the environment, and its proven cost-efficiency (Adriaens et al., 2006).
Bioreactors, which can be applied in bioremediation strategies, are basically tanks in
which living organisms carry out biological reactions. Their efficiency is based on the
ability of bacteria to attach to inert packing, such as granular activated carbon, at
interfaces to generate high biomass (Bouwer and McCarty, 1982; Teitzel and Parsek,
2003). The reactor should also be easy to maintain and operate (Evangelho et al.,
2001; Teitzel and Parsek, 2003), and should be able to function under aerobic and
anaerobic conditions (Langwaldt and Puhakka, 2000).

Bioreactors have been utilised in many studies to remove or reduce metal
concentrations in wastewater and various types of effluent. A mixture of sewage and
synthetic gold milling effluent was treated using a trickling filter bioreactor (Evangelho
et al., 2001). More than 90% of the free cyanide, thiocyanate, copper (Cu) and zinc
(Zn) was removed post-treatment, after analysis with nitric acid digestion and Atomic
Absorption Spectrometry (AAS). A rotating-disk biofilm reactor was also used to
determine the heavy metal toxicities for biofilms and planktonic cells after exposure
to metal concentrations of 0.015 mM to 225 mM Cu, lead (Pb) and Zn, respectively
(Teitzel and Parsek, 2003). When comparing the results obtained for resistance of
planktonic to biofilm cells, the authors found that the biofilm cells exhibited a two-fold
and 600-fold increase in resistance to Pb and Cu, respectively.

The structure and distribution of microorganisms in the contaminated area, as
well as possible tolerance, is dependant on the types of pollutants in the specific
areas (Marin-Guirao et al., 2005). Organisms that have been isolated from
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contaminated sites can also be identified and used in bioreactor systems to improve
the removal efficiency of the contaminants.

Amann et al. (1995) showed that specific microorganisms can be identified
genetically through the amplification of the 16S or 23S rRNA region of the genomic
DNA, using primers to identify the organisms. Toes et al. (2008) investigated the
effects of heavy metal pollution (Cd and Cu) on the microbial diversity in muddy- and
sandy sediments, using Denaturing Gradient Gel Electrophoresis (DGGE) profiles of
bacterial 16S rRNA genes and phylogenetic analyses. Phylogenetic trees showed
an abundance of members of the Flavobacteriaceae and the a- and c-Proteobacteria
in the sediments.

The objective of this investigation was to assess the efficiency of a bioreactor
system to remove, or decrease the concentrations of metal contaminants at a site
along the Plankenburg River, Western Cape, South Africa. Potential metal-tolerant
microorganisms were also isolated from the attachment material.

2. Materials and methods
2.1.  Site description

A previous study identified four sampling sites along the Plankenburg River,
Stellenbosch, South Africa (Fig. 5.1) (Jackson et al., 2008a). These sites included
Site A (Agricultural Farming and Residential Areas); Site B (Closest point to
Informal Settlement); Site C (Substation in Industrial Area) and Site D (Industrial
Area at Adam Tas Bridge). Results from this study showed that the highest
concentrations of metals were recorded at Site C (Substation in Industrial Area),
which explains why the particular site was selected to investigate the efficiency of
the bioreactor systems to reduce metal concentrations in the river water.

2.2. Laboratory-scale bioreactor set up

River water (200 L) was collected from Site C at the Plankenburg River
(preliminary results identified this site as a source of metal pollution). Laboratory-
scale bioremediation systems were then evaluated to reduce the concentrations of
metals in water collected from this site (Jackson et al., 2008a). One bioreactor
system was established in the laboratory (two-week period) to minimise the influence
of environmental factors. The running time for a second bioreactor was extended to
three weeks and it was moved outside to determine the effect of environmental
factors on the bioremediation system. The river water was fed through the horizontal
bioreactors (35 cm x 30 cm x 100 cm) (Fig. 5.2A) at a flow rate of 1000 L/h, using an
Ecopool 6 pump, at a retention time of three minutes. Each of the three
compartments of the bioreactor was filled with Bioballs™ (Fig. 5.2B), which is
composed of acrylonitrile, butadiene and styrene (ABS). These Bioballs™ serve as
attachment material for microbial organisms to adhere to. Each Bioball™ has a
surface area of 20 cm® and were compactly packed in the different sections of the
reactor.
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2.3. Sampling of laboratory-scale bioreactors

Sixty millilitres of water was collected in two 50 ml Greiner bio-one tubes
(Cellstar®) on a daily basis from the effluent line (Fig. 5.2). Three Bioballs™, were
also collected, from each of the three different compartments from reactor two, and
stored in sterile whirl-pack bags. The collected samples were stored at 4°C until
further use.

2.4. On-site bioreactor

A large-scale on-site reactor was then established at Site C along the
Plankenburg River (Fig. 5.3). The system consisted of six 500 L tanks stacked next
to each other, with river water flowing from one tank to another along a gradient. The
river water was pumped at a flow rate of 1000 L/h and a retention time of 120
minutes. Each of the six tanks were compactly packed with Bioballs™ to maximise
the biofilm attachment area (Fig. 5.2B). The bioreactor is still in operation, however
results for the first two months only, are presented.

2.5. Sampling of on-site bioreactor

Sixty millilitres of water was collected in two 50 ml Greiner bio-one tubes
(Cellstar®), from the effluent line twice a week. Six Bioballs™ from each of the six
tanks were also collected and stored in sterile whirl-pack bags. The collected
samples were stored at 4°C during transport and until further use.

2.6. Sonication of collected biofilm samples

Bacterial growth was removed from the representative bioballs collected from
each container, by sonication. Collected material samples (~100 g) were sonicated
for 10 min in 30 ml sterile water in a Branson 5510 sonication bath (Bransonic®
Ultrasonic Cleaner). The procedure was repeated at least twice, with fresh sterile
d.H,O added after each sonication step. The sonicated samples were combined
resulting in a total of 60 ml bacterial suspension. The biofilm suspension obtained
was used for further analysis.

2.7. Metal concentrations in water and biofilm samples

To determine the concentrations of Al, Zn, Cu, Fe, Pb, Ni and Mn in water (5 ml)
and biofilm (5 ml) samples were digested with 10 ml 55% nitric acid at 40°C for
60 minutes and then at 120°C for 180 minutes, using a Grant dry-block heater. A
blank (control) of 10 ml 55% nitric acid was analysed along with the collected
samples to check for possible contamination. The samples were cooled to room
temperature, filtered with Whatman No. 6 filter paper into 20 ml volumetric flasks,
made up to a volume of 20 ml with distilled water and subsequently filtered for a
second time using 0.45 um cellulose nitrate ultrafiltration membrane filters
(Whatman). Metal concentrations were determined using Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES) analysis according to the
procedure outlined in Saleh et al. (2000).
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2.8. Statistical analysis

Repeated measures ANOVA (RMA) was performed on all 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. The results presented are the
averages of five repeats for each particular sampling point at the different sampling
sites. For statistical analysis, the volumes (5 ml) were taken into consideration for
the calculation of the final metal concentrations in a given sample.

2.9. DNA extraction and Agarose Gel Electrophoresis

One hundred microlitres of the sonicated biofilm samples were spread plated
onto nutrient agar plates and incubated at 37°C for two to three days, to isolate pure
bacterial cultures. This procedure was performed in duplicate. Single colonies
were then selected on the basis of their morphological differences and DNA was
extracted using the High pure PCR template preparation kit as per manufacturer’s
instructions (Roche Diagnostics). Ten microlitres of the extracted DNA samples
were electrophoretically analysed on a 0.8% molecular grade agarose gel
containing 12 pl of 0.5 pg/ml ethidiumbromide (EtBr), using 1 x Tris-acetate-
ethylenediamine tetraacetic acid (TAE) electrophoresis buffer at 90 volts for one
hour.

2.10. Polymerase Chain Reaction (PCR)

Amplification of target DNA by PCR was performed in a total reaction volume
of 50 ul containing 10 mM dNTP Mix (1 ul), 25 mM MgCls (3 ul), 10X Taq Buffer with
(NH4)2SOq4 (5 ul), 10 uM forward (fDD2 -
CCGGATCCGTCGACAGAGTTTGATCITGGCTCAG) (5 ul), 10 uM reverse (rPP2 -
CCAAGCTTCTAGACGGITACCTTGTTACGACTT) (5 ul) (Rawlings, 1995), Taq
DNA polymerase (1 pul) (5u/5 ul) (Fermentas Life Sciences, EU), 1 ul of a
concentrated DNA sample and 29 ul sterile distilled. The amplification process
included an initial denaturation step of 94°C for 2 minutes, followed by 30 cycles of
amplification (1 minute at 94 °C, one minute at 57°C and two minutes at 72°C). This
was followed by a final extension step of 72°C for 10 minutes. Ten microlitres of the
subsequent PCR amplicons were then electrophoretically analysed on a 0.8%
molecular grade agarose gel containing 12 pl of 0.5 ug/ml EtBr, using 1 x TAE
electrophoresis buffer at 100 volts for one hour, to determine whether amplification
was successful.

2.11. Sequencing of 16S rRNA

The amplified PCR products (1200 bp) were purified using a High Pure PCR
product purification kit, as per manufacturer’s instructions (Roche Diagnostics). The
concentrations of the DNA samples were determined using spectrophotometry and
15 ul of concentrated DNA (50 to 100 ng/ul) samples were loaded onto 96-well
microtitre plates, dried in a speedy vac, with medium heat for 30 to 60 minutes
(depending on the volumes), and sent for sequencing. The sequencing lab used the
Applied Biosystems Big Dye Terminator v3.1.
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2.12.Phylogenetic analysis

The resultant sequences were identified with a similarity search using Blastn
from the National Centre for Biotechnology Information (NCBI) (Altschul et al.,
1997). Contiguous sequences were formed for the forward and reverse sequences
of a particular organism, using the CAP3 Sequence Assembly Programme (Huang
and Madan, 1999). The contiguous sequences were aligned with Clustal X (1.81)
(Higgins and Sharpe, 1988) using default parameters and the BLOSUM matrix,
which corrects for multiple base changes. The 20 isolates (Fig. 5.8) and 45 isolates
(Fig. 5.9) were representative of the organisms isolated overall. An unrooted tree
was constructed using the neighbour-joining program of Saitou and Nei (1987).
Phylogenetic analysis was conducted using Molecular Evolutionary Genetics
Analysis, Version 3.1 (MEGA version 3.1) (Kumar et al., 2004). To estimate the
node reliability, bootstrap values were obtained from 1000 randomly generated
trees. Trees were visualised using MEGA version 3.1 (Kumar et al., 2004).

3. Results and Discussion
3.1. Laboratory-scale Bioreactors

Figures 5.4 (bioreactor one), 5.5 (bioreactor two) and 5.6 (on-site bioreactor)
represent the mean metal concentrations for Al, Cu, Fe, Mn, Ni and Zn recorded over
the respective study periods.

3.2. Laboratory-scale bioreactor one

In laboratory-scale bioreactor one, the final concentrations (mg.I"") on day 15 for
Al, Ni and Zn were lower (p < 0.05) than the initial concentrations recorded (Fig. 5.4).
Concentrations for Al decreased, from 0.41 mg.I"" to 0.06 mg.I" (85%). The post-
treatment Al concentration of 0.06 mg.I'" was lower than the recommended
concentrations of 0.1 mg.I"" to 0.15 mg.I" (DWAF, 1996) and 0.005 mg.I" to 0.1 mg.I
' (CCME, 2001). The recorded concentrations for Ni, decreased from 0.2 mg.I" to
0.07 mg.I" (65%), and also fell within the recommended concentrations of 0.025 mg.I
'to 0.15 mg.I" (CCME, 2001). Zinc concentrations decreased from 0.75 mg.I"' to
0.02mg.I" (97%), which was lower than the recommended concentrations of
0.036 mg.I" (DWAF, 1996) and 0.03 mg.I"" (CCME, 2001).

The final concentrations for Cu (Fig. 5.4) and Fe (results not presented) on day
15 increased in comparison to the concentrations recorded in the initial sample. The
metal concentrations for Cu increased from 0.15 mg.I" to 0.21 mg.I'", and was
significantly higher (p < 0.05) than the recommended concentration of 0.002 mg.I"" to
0.012 mg.I" (DWAF, 1996) and 0.002 mg.I'" to 0.004 mg.I" (CCME, 2001). The
concentration for Fe increased from 4.98 mg.I" to 7.06 mg.I", and was also
significantly higher (p < 0.05) than the recommended concentration of 0.3 mg.I”
(CCME, 2001). No Mn concentrations were recorded in any of the bioreactor one
samples throughout the study period. Comparison of the initial and final water
sample concentrations indicated that there were reductions in the concentrations of
most of the metals analysed for. The final concentrations for Al, Ni and Zn (65% to
97% reduction) decreased to below their recommended concentrations, whereas the
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concentrations recorded for Cu and Fe increased and were significantly higher
(p < 0.05) than the recommended guidelines (CCME, 2001; DWAF, 1996). In a
previous study by Jackson et al. (2007b), the authors evaluated the efficiency of a
laboratory-scale bioreactor, with particular emphasis on Chemical Oxygen Demand
(COD) reduction in winery effluent as well as metal reduction in the Plankenburg
River. The authors reported a reduction in the concentrations of Al (0.75 mg.I"" to
0.18 mg.I'") and Ni (0.19 mg.I"" to 0.06 mg.I'"), while the result for Fe was similar to
the result obtained in the present study. The final Al concentrations were, however
still higher than the recommended concentrations.

3.3. Laboratory-scale bioreactor two

The recorded concentrations for Cu, Mn (Fig. 5.5), Fe and Al (results not
shown), decreased (p < 0.05) after the three-week experimental procedure.
Concentrations for Al decreased from 1.55 mg.I" to 0.38 mg.I" (75%), which was
higher than the recommended concentrations for Al (CCME, 2001; DWAF, 1996).
For Cu, the concentrations decreased by 58% (from 0.33 mg.I" to 0.14 mg.I""), which
also exceeded the stipulated guidelines for Cu (CCME, 2001; DWAF, 1996). The
metal concentrations for Fe decreased from 71.99 mg.I" to 40.4 mg.I" (44%) and
was significantly higher (p < 0.05) than the recommended concentration of 0.3 mg.I”
(CCME, 2001). The initial concentrations for Al, Cu and Fe in bioreactor two were
however significantly higher (p < 0.05) than the initial concentrations recorded in
bioreactor one. Manganese concentrations decreased by 57% (0.07 mg.I" to
0.03mg.I""). The Mn concentrations recorded before and after treatment, were
however, lower than the recommended guideline, which is 1.3 mg.I" (DWAF, 1996).

Negligible increases in Ni and Zn concentrations were observed. Nickel
concentrations increased from below the detection limit to 0.03 mg.I”, and was lower
than the recommended concentrations of 0.025 mg.I"" to 0.15 mg.I" (CCME, 2001),
while recorded Zn concentrations increased from 0.62 mg.I" to 0.64 mg.I"", and was
significantly higher (p < 0.05) than the recommended concentrations of 0.036 mg.I”
(DWAF, 1996) and 0.03 mg.I" (CCME, 2001).

The results recorded in the biofilm samples (results not shown) revealed a
negligible increase in the mean metal concentrations for Al, Cu, Fe and Mn from
compartments (i) to (iii) (Fig. 5.2). The Al, Cu, Fe and Mn concentrations in the
biofilm increased from 2.2 mg.I"" to 2.9 mg.I", 0.23 mg.I" t0 0.36 mg.I"", 5.43 mg.I"" to
6.59 mg.I"" and 0.08 mg.I" to 0.10 mg.I"", respectively. Nickel and Zn concentrations
from compartments (i) to (iii) decreased from 0.21 mg.I" to 0.17 mg.I'" and 1.01 mg.I"
to 0.78 mg.I"", respectively (results not shown). Although the concentration of Fe in
the bioballs was lower than that of the water samples, the concentration recorded in
the biofilm samples increased during the course of the study period.

Shirdam et al. (2006) showed that metal accumulation was two to three times
higher in immobilised cells than in free-floating cells. Jackson et al. (2007a) studied
metal accumulation in water, biofilm and sediment samples collected from the Berg
River. On average metal concentrations of 6 mg.I" (Al) and 14.6 mg.I" (Fe) were
recorded in water samples, compared to 876.8 mg.I"" for Al and 1017.5 mg.I" for Fe
in biofilm samples. Research has shown that the extracellular polymeric substances
(EPS) exhibits a high metal absorption capacity (Suh et al., 1999).
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3.4. On-site Bioreactor

The recorded concentrations for Al, Cu, Mn and Ni in river water are presented
in Fig. 5.6. The concentrations for Cu ranged from 0.16 mg.I"" (initial) to 0.01 mg.I”
(final) (94%), with the final concentrations falling within the recommended
concentrations according to DWAF (1996). The initial Mn concentration of 0.12 mg.I’
! decreased to 0.01 mg.I"" (92%). Both the initial (day one) and the final (day 67)
concentrations fell within the recommended concentration of 1.3 mg.I" (DWAF,
1996). Nickel concentrations decreased from 0.1 mg.I"" to 0.01 mg.I"" (90%), and fell
within the recommended concentrations (CCME, 2001; DWAF, 1996). Iron
concentrations decreased from 4.2 mg.I" to 0.5 mg.I'" (88%) (result not shown),
which was still higher (p < 0.05) than the recommended concentration (DWAF,
1996). In contrast the concentrations for Al increased from 0.42 mg.I"" to 0.66 mg.I™.
Both the initial and final concentrations exceeded the recommended concentrations
as stipulated by DWAF (1996) and the CCME (2001). The only other metal, besides
Al, that showed an increase in the concentration post-treatment, was Zn, which
increased from 0.66 mg.I"" to 0.8 mg.I"" (result not shown). Both the initial and final
Zn concentrations exceeded the stipulated guidelines (CCME, 2001; DWAF, 1996).

The mean metal concentrations recorded for Al, Cu, Fe and Zn in the biofilm
suspension removed from the bioballs for the on-site bioreactor (Fig. 5.3) were
higher (p < 0.05) in tank A in comparison to the mean metal concentrations recorded
in tank F over the entire study period. The concentrations for Al, Cu, Fe and Zn,
recorded in tanks A and F, were; 47 mg.I" to 9 mg.I'", 0.8 mg.I" to 0.09 mg.I", 83
mg.I" to 52 mg.I" and 3 mg.I" to 2 mg.I", respectively (results not shown). The
concentrations of Mn in tank A and F, increased from 0.5 mg.I" to 0.7 mg.I" over the
study period, while Ni concentrations remained the same at 0.1 mg.I" (results not
shown). The increased metal concentration in tank A and in the biofilm samples
could indicate the efficiency of the bioballs to remove metals from the river water,
which could also explain the decreased metal concentrations in bioballs collected
from tank F. The concentrations recorded in the biofilm suspension removed from
the bioballs collected from the compartments in bioreactor two, as well as the biofilm
suspension collected from the six-tank, on-site bioreactor, revealed concentrations
higher than those recorded in the corresponding water samples (Al, Cu, Mn, Ni and
Zn), except for Fe in bioreactor two, where the concentration of Fe in the water was
higher. Cylindrical bioreactors were used to determine the efficiency of a yeast
biomass (Saccharomyces cervisiae) to remove, or reduce the concentrations of Ni,
Zn, Cu, Cd and chromium (Cr) from electroplating effluent (Stoll and Duncan, 1997).
The results showed that for all the metals analysed, the two-tank system efficiently
reduced the metal concentrations between 17% and 18%. Costley and Wallis (2001)
investigated the efficiency of a rotating biological contactor bioreactor to reduce Cu,
Cd and Zn from heavy metal contaminated industrial wastewater, using three-week
old biofilm material in a batch reactor. The system was able to reduce Cd, Cu and
Zn concentrations by 30.4%, 81.1% and 49.6%, respectively. In the present study,
an on-site six-tank bioreactor system was evaluated for its ability to remove metals
from river water. The on-site bioreactor system was able to reduce Cu, Fe, Mn and
Ni concentrations in the water samples by 88% to 94%. Overall, the removal
efficiency of metals from the river water in the on-site bioreactor proved to be high.
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3.5. Identification of organisms isolated from bioballs in Bioreactor two

Figures 5.7a and 5.7b are representatives of the agarose gel electrophoresis
photos captured after PCR amplification. The size of the PCR product (1200 bp) in
comparison with the Lambda DNA/Hind Il marker can clearly be seen.

The phylogeny of the representative organisms in GenBank, were analysed
using the Neighbour-joining algorithm in Clustal X (Figs. 5.8 and 5.9). The
organisms used to construct the phylogenetic trees were representative of the
isolated organisms of which many were identical. Tables 5.1 and 5.2 represent
organism names and accession numbers for Figs. 5.8 and 5.9. These figures also
represent the micro-organisms isolated from the biofilm suspension removed from
the bioballs collected from the bioreactor three days (to allow for biofilm attachment)
after it was started (Fig. 5.8) and the organisms isolated from the bioballs collected
during the bioreactor run (Fig. 5.9), up until the final day of sample collection.

When comparing the isolates in Fig. 5.9 to the isolates originally present in Fig.
5.8, organisms such as Aeromonas sp., Acinetobacter sp., Janthinobacter sp.,
Burkholderiaceae sp., Leptothrix sp., Luteococcus sp., Brevibacillus sp.,
Sphingomonas sp., Microbacterium sp., Delftia sp., Brachybacterium sp., Kocuria
sp., amongst others, were present in Fig. 5.9 (after 15 days), but absent in Fig. 5.8
(after 3 days). Species, such as Hydrogenophaga sp., Chelatobacter sp.,
Corynebacterium sp., Ochrobactrum anthropi strain W-7 and Crocebacterium sp.
were present in the sample collected after 3 days, but were absent at the end of the
bioreactor run. Bacterium PTO3, Pseudomonas sp., Variovorax sp., Bacillus sp.,
Sphingomonas sp. and Brevundimonas sp. were present throughout the bioreactor
run (Figs. 5.8 and 5.9).

In Figs.5.8 and 5.9, the Gram-negative (such as Pseudomonas, Variovorax,
Acinetobacter, and Burkholderia, amongst others) organisms exceeded the Gram-
positive (such as Micrococcus, Bacillus and Staphylococcus, amongst others)
organisms and tended to cluster together in both Figs. 5.8 and 5.9. This result was
similar to the study by Duxbury and Bicknell (1983), who showed that Gram-negative
organisms predominated in metal-polluted areas, such as the river water used in the
current study, where high concentrations of metals were recorded. Eusébio et al.
(2007) also showed a predominance of Gram-negative bacteria to Gram-positive
bacteria, recorded at 87% and 13%, respectively. Out of a total of 331 aerobic
heterotrophic bacterial strains, only 20 were Gram-positive, while the rest of the
samples were dominated by Gram-negative bacteria, such as Burkholderia sp.,
Pedobacter sp., Janthinobacter sp., Duganella sp., and Sphingomonas sp. Mannist6
et al. (2001) also showed that the presence of many Pseudomonas isolates exhibited
strong inhibition against certain Gram-positive species.

Hydrogenophaga sp. along with Acidovorax sp. belong to the “Knallgas” goup of
hydrogen-oxidising organisms (Aragno and Schlegel, 1992). The Hydrogenophaga
sp. have been shown to be quite common in activated sludge, preceding wastewater
treatment and they, along with Comamonas isolates, may dominate the biofilm in the
early stages of development and during periods of nutrient limitation, such as
methanol, but tend not to be present at later stages in the reactor runs (Lemmer et
al., 1997). In a study by Xia et al. (2008), Ochrobactrum sp. were involved in the
fouling of membranes and also played a major role in the development of the mature
biofilm. A lack of nitrogen or ammonia as a nitrogen source, necessary for the
growth of nitrate-reducing organisms could have contributed to the loss of the above-
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mentioned bacteria in the later stages of the bioreactor run. Similarly, in the present
study, species such as Hydrogenophaga sp. and Ochrobactrum anthropi strain W-7
were present in the sample collected after 3 days, but were not present in the
samples collected at the end of the bioreactor run. The surviving populations present
both in the beginning and at the end of the bioreactor run belonged predominantly to
the genera, Pseudomonas and Bacillus. In previous studies, the organisms
predominantly isolated were Pseudomonas and Bacillus spp., presumably because
of their ability to survive under both aerobic and anaerobic conditions and utilise
nitrogen as an alternative electron acceptor if necessary (Eusébio et al., 2007).

Stenotrophomonas sp. was shown by Chien et al. (2007) to be resistant to high
concentrations of Cd, and to some extent to Cr, Cu, Pb, Ni and Zn. Kim et al. (2007)
showed that Bacillus sp. exhibited a high uptake capacity for Pb, Cd, Cu, Ni, Co, Mn,
Cr and Zn and that a mixture of heavy metals, as opposed to exposure to a single
metal, is more toxic to bacterial growth. Stenotrophomonas, Pseudomonas, Bacillus,
Micrococcus (Yilmaz, 2004) and Acinetobacter sp. (Boswell, 2001), amongst others,
have been shown to exhibit heavy metal-tolerance in previous studies, as well as in
the current study. They could be applied in bioremediation strategies in different
pollution sources, due to their high tolerance to various metals (Malik, 2004).

According to Leung et al. (2000) Pseudomonas, Bacillus, Klebsiella,
Aeromonas, Xanthomonas, Kocuria and Micrococcus sp., amongst others were
isolated from activated sludge treating industrial wastewater. The authors studied
the metal resistance of Pseudomonas pseudoalcaligenes and Micrococcus luteus to
heavy metals. Their results indicated that Cu uptake by Micrococcus Iuteus
increased by 61% and that the Micrococcus sp. also showed an ability to increase Pb
uptake.

Arthrobacter sp. resistance to metals could be due to novel mechanisms of the
genome of the species. Research has shown that Arthrobacter resistance to Al and
Cr could be due to the production of extracellular soluble substances (Benyehuda et
al., 2003). In a previous study, where the metal tolerance of micro-organisms
isolated from river water using flow cells was determined, the authors isolated PAO-
12 Microbacterium, Pseudomonas sp., Delftia sp., Sphingomonas sp., Bacillus sp.
and Kocuria sp. from flow cells after exposure to the varying metal concentrations
(Jackson et al., 2008b). The present study showed the efficiency of an on-site
bioreactor system in the removal of metals from river water through the sequestering
of metals from the system by means of biofilms. The diversity and number of micro-
organisms isolated from bioreactor two could be beneficial in the remediation
process due to their ability to resist metal pollutants. The bioreactor system should
however be optimised to increase it’s efficacy.
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Fig. 5.1. Map of the Plankenburg River indicating the different sampling points: Site A — agricultural
farming and residential areas; Site B — close to the informal settlement; Site C — Substation in the
industrial area and Site D — industrial area at Adam Tas Bridge.



CHAPTER FIVE: ARTICLE ACCEPTED FOR PUBLICATION BY INTERNATIONAL BIODETERIORATION AND BIODEGRADATION 174

INFLUENT
SAMPLE

’ ECOPOOL 6 O
o PUMP @ %

(] (] + [) O D
[] [] [] + O O T

Vo i i i EFFLUENT
C SAMPLE

Fig. 5.2. Laboratory-scale batch system bioreactor, containing Bioballs™, which is composed of acrylonitrile, butadiene and styrene (ABS).
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Fig. 5.3 (A) On-site large-scale bioreactor established at Site C and (B) bioballs in bioreactor during treatment.
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Fig. 5.4. Metal concentrations (mg.I") recorded in water samples collected from the first laboratory-scale bioreactor (Plankenburg River).
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Fig. 5.5. Metal concentrations (mg.I"") (Cu, Mn and Ni) recorded in water samples collected from the second laboratory-scale bioreactor (Plankenburg
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Fig. 5.7a. Representative result of agarose gel electrophoresis of organisms isolated from bioballs
at the start of bioreactor three. Lane one represents the marker (Lambda DNA/HINDIII), lane two, the
negative control, and lanes three to 20, represent the Purified PCR products.
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Fig. 5.7b. Representative result of agarose gel electrophoresis of organisms isolated from bioballs
at the end of bioreactor three. Lane one represents the marker (Lambda DNA/HINDIII), lane two, the
negative control, and lanes three to 20, represent the Purified PCR products.
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Fig. 5.8. An unrooted phylogenetic tree of organisms isolated from bioballs at the start of
bioreactor three. A tree of 20 isolates was constructed using the Neighbour-joining algorithm of
ClustalX. Bootstrap values are shown at the nodes.
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Fig. 5.9. An unrooted phylogenetic tree of organisms isolated from bioballs during the course of the
three-week bioreactor experiment. A tree of 45 isolates was constructed using the Neighbour-joining
algorithm of ClustalX. Bootstrap values are shown at the nodes.
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18 Table 5.1

19 Table of 20 isolates, their names presented on the tree and accession numbers.

Name presented on tree Organism Accession #
EP37 Pseudomonas sp. Pseudomonas sp. EP37 AM403728.1
CAIl-4 P reactans sp. Pseudomonas reactans strain CAl-4 DQ257418.1
PTOS Bacterium Bacterium PT03 DQ136048.2
R-20805 Pseudomonas sp. iso Pseudomonas sp. isolate R-20805 AM114534.1
776 S maltophilia st. Stenotrophomonas maltophilia strain 776 EU430096.1
V paradox Variovorax paradoxus AF532868.1
Esa.33 Hydrogenophaga sp. Hydrogenophaga sp. Esa.33 AY569978.1
BAC108 Hydrogenophaga sp. Hydrogenophaga sp. BAC108 EU130958.1
Sulf-946 H lleronii iso. Hydrogenophaga palleronii isolate Sulf-946 AM922191.1
BAC306 Hydrogenophaga sp. Hydrogenophaga sp. BAC306 EU130968.1
BBCT20 Sphingomonas sp. Sphingomonas sp. BBCT20 DQ337548.1
DS-18 B lenta st. Brevundimonas lenta strain DS-18 EF363713.1
435 C. heintzii Chelatobacter heintzii 435 AF250406.1
W-70 O. anthropi Ochrobactrum anthropi strain W-7 EU187487 1
KBAB4 weihenstephanensis Bacillus weihenstephanensis KBAB4 CP000903.1
megabacterium Bacillus Bacillus megaterium DQ105968.1
C. xerosis Corynebacterium xerosis AF145257 1
EHFS1 SO1 Hd M. luteus st. Micrococcus luteus strain EHFS1 _S01Hd EU071591 .1
T202 C. ilecola st. Crocebacterium ilecola strain T202 DQ826511.1
PF-G Brevibacillus sp. Brevibacillus sp. PF-G DQ207364.1
20

21

22 Table 5.2

23 Table of 45 isolates, their names presented on the tree and accession numbers.

Name presented on tree Organism Accession #
TDIW13 Acinetobacter sp. Acinetobacter sp. TDIW13 EU000454 .1
A449 A. salmonicida Aeromonas salmonicida subsp. salmonicida A449 CP000644.1
92-0600 Arthrobacter sp. Arthrobacter sp. 92-0600 EU086811.1
CICCHL JQ9 B. cereus st3 Bacillus cereus strain CICCHLJ Q93 EF528295.1
XJU-1B.cereus st Bacillus cereus strain XJU-1 EF185296.1
760B.pumilus st Bacillus pumilus strain 760 EU430090.1
PR35-2-1 Bacillus sp. Bacillus sp. PR35-2-1 EU057855.1
PTO3 Bacterium Bacterium PT03 DQ136048.2
rJ6 Bacterium Bacterium rJ6 AB021324.1
Lact 5.2 B. arcticum st Brachybacterium arcticum strain Lact 5.2 AF434185.1
V4.BO.05 Brevundimonas sp. Brevundimonas sp. V4.BO.05 AJ244704 1
KVD-unk-80 Burkholderiaceae Burkholderiaceae bacterium KVD-unk-80 DQ490281.1
549 Chryseobacterium sp. Chryseobacterium sp. 549 EF565935.1
MT2.2 Dermacoccus sp. Dermacoccus sp. MT2.2 AY894329.1
J. lividum Janthinobacterium lividum Y08846.1
5N-4 K. palustris st. Kocuria palustris strain 5N-4 EU379291 1
L. japonicus Luteococcus japonicus Z78208.1

L. ginsengisoli Leptothrix ginsengisoli AB271046.1
sp 7 4K Microbacterium Microbacterium sp. 7_4K EF540477.1
PAO-12 Microbacterium sp. Microbacterium sp. PAO-12 EF514877.1
4RS-9a M. luteus st Micrococcus luteus strain 4RS-9a EU379286.1
ATCC 17527 P. putida st Pseudomonas putida strain ATCC 17527 AF094743.1
PC16 P. putida st Pseudomonas putida strain PC16 AY918067.1
ML0004 R. opacus st Rhodococcus opacus strain ML0O004 DQ474758.1
BIR2-rlima Sphingomonas sp. Sphingomonas sp. BIR2-rlima EF153191.1
MP20 Sphingomonas sp. Sphingomonas sp. MP20 AY521015.2
1/4 C7 32 Sphingopyxis sp. Sphingopyxis sp. 1/4_C7_32 EF540469.1
S. succinus Staphylococcus succinus AF004219.1
88 17 clone Uncult Acinefobact Uncultured Acinetobacter sp. clone 88_17 AF467302.1
211c A. veronii st Aeromonas veronii strain 211¢ AY987746.1
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6 clone Uncult bact Uncultured bacterium clone 6 AY682678.1
300C-CO03 clone Uncult bact Uncultured bacterium clone 300C-C03 AY662023.1
AKIW820 clone Uncult bact Uncultured bacterium clone AKIW820 DQ129610.1
BY14 Clone Uncult bact Uncultured bacterium clone BY14 DQ494790.1
PB93P. kribbensis st Pedobacter kribbensis strain PB93 EF660752.1
D. acidovorans Delftia acidovorans AB020186.1
ST7 Clone Uncult bact Uncultured bacterium clone ST7 DQ347893.1
WBI100 Clone Uncult bact Uncultured bacterium clone WBI100 EU024391.1
DSSF72 Uncult bact Uncultured bacterium DSSF72 AY328694.1
6C 13 Variovorax sp. Variovorax sp. 6C_13 AY689053.1
Acinetobacter sp. anoxic Acinetobacter sp. 'anoxic' AY055373.1
ctg CGOF257 Clone Uncult org Uncultured organism clone ctg. CGOF257 DQ395648.1
wged11 Leifsonia sp. Leifsonia sp. wgedi1 DQ473536.1
Amico6 Variovorax sp. Variovorax sp. Amico6 AY512635.1
ENV481 X. flavus st Xanthobacter flavus strain ENV481 EF592179.1
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GENERAL CONCLUSIONS

6.1. INVESTIGATION INTO METAL CONTAMINATION IN THE BERG RIVER,
WESTERN CAPE, SOUTH AFRICA

Natural watercourses, such as rivers, can be contaminated with metals and
micro-organisms. When the concentrations of naturally occurring metals exceed
a stipulated limit (South African Bureau of Standards, 2001; World Health
Organisation, 1991), they may become toxic to the surrounding environment.
Sources of metal contamination include industrial and medical waste
(Dorigo et al., 2004), pesticides, petroleum by-products (Mowat & Bundy, 2001),
household products, as well as wurban and pharmaceutical waste
(Brooks et al., 2003). Domestic and household sources of metal contamination
generally occur as a result of corrosion of metal plumbing fittings, galvanised
roofs and wire fences and metal-containing products, such as sunblocks,
shampoos, amongst others (Alloway, 1995b).

Micro-organisms inhabit the natural environment in the form of planktonic
organisms and sessile biofilms. These biofilms can be defined as a community
of attached microbial cells organised within extracellular polymer matrices (EPS).
This EPS assists in the bacterial survival by providing protection against metals,
predation and environmental fluctuations, and also provides increased resistance
against antimicrobial agents (Decho, 1990). Biofilms are advantageous in that
they encapsulate toxic molecules, such as metals (Costerton et al., 1978), by
providing a substrate for them to adhere to, thereby limiting the diffusion of
biocides and other toxic molecules across the EPS (De Beer et al., 1994; Huang
et al., 1995).

The Berg River flows through many different areas, which include a
wastewater works, an agricultural area and an informal settlement. It also serves
as a source of water for towns, cities, and recreational users (River Health
Programme, 2004). In recent years, the Berg River has experienced incidences
of increased pollution. The objective of this study was to investigate the

concentration of the following metals: aluminium (Al), zinc (Zn), copper (Cu), iron
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(Fe), lead (Pb), nickel (Ni) and manganese (Mn), which occur within the river
water, sediment and the biofilm samples collected from different sites along the
Berg River (Paarl) in the Western Cape, South Africa. The figures and tables
discussed are presented in article one (chapter two). As indicated on Figure 2.1,
the samples were collected from site A (agricultural farming area), site B (Plot
8000), where storm water drainage pipes from the communities in a nearby
settlement enter the river at site B, and site C (the Newton pumping station),
which serves as an inlet of storm drainage water and wastewater into the river
from the residential area of Newton as well as certain areas of Mbekweni.

Results obtained from the nitric acid digestion method, in conjunction with
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), revealed
that the highest mean metal concentrations were recorded for Al (6 mg.I"), Fe
(14.6 mg.I'") and Mn (18.8 mg.I"") in water samples (Figure 2.2A). The
concentrations of Al and Fe were significantly higher than the recommended
guidelines for Al (0.1 to 0.15 mg.I"" and 0.005 to 0.1 mg.I") and Fe (0.3 mg.I'") in
freshwater systems as stipulated by the Department of Water Affairs and
Forestry (DWAF, 1996) and the Canadian Council of Ministers of the
Environment (CCME, 2001). Manganese concentrations fell within the
recommended quality guideline range of 1.3 mg.I"" (DWAF, 1996) for most of the
sampling period with the exception of weeks 25, 45 and 49, where increased
concentrations ranging from 3.6 mg.I" to 18.8 mg.I" at sites C and A (Figure
2.2A) respectively, were recorded. The recorded concentrations of Cu, Ni and
Zn in water samples varied throughout the study period and fluctuated above and
below the recommended guidelines of 0.002 mg.I" to 0.012 mg.I"" (DWAF, 1996)
and 0.002 mg.I" to 0.004 mg.I" (CCME, 2001), 0.025 mg.I'" to 0.15 mg.I"
(CCME, 2001) and 0.036 mg.I"" (DWAF, 1996) and 0.03 mg.I'" (CCME, 2001),
respectively (Table 2.1 & Figure 2.2B). Lead could not be detected in any of the
analysed samples.

In the sediment samples (Figure 2.3), the highest concentrations were
recorded at 17448.8 mgkg' for Al and 26473.3 mg.kg' for Fe. No
recommended sediment quality guidelines for Al, Fe, Pb, Mn and Ni were
available from DWAF (1996) and the CCME (2001). Tables 2.2 & 2.3 represent
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the mean concentrations for Cu, Mn, Ni, Pb and Zn in sediment samples.
Manganese, Ni and Pb concentrations were significantly low throughout the study
period in sediment samples, with the highest mean metal concentrations for Mn,
Ni and Pb recorded at: 70 mg.kg™' (week 5, site C); 44 mg.kg™' (week 1, site B)
and 23 mg.kg"' (week 45, site B) (Tables 2.2 & 2.3), respectively. The highest
mean Cu concentration of 74 mg.kg' (week 1, site B) (Table 2.2) was higher
than the recommended environmental quality guideline of 35.7 mg.kg' in
freshwater sediment as specified by the CCME (2001). Thereafter, during weeks
5 to 49, concentrations for Cu decreased significantly (p < 0.05), to levels lower
than the guideline (CCME, 2001). The highest mean Zn concentration of
395 mg.kg”' (week 1, site B) (Table 2.3), was higher than the recommended
Canadian sediment quality guidelines of 123 mg.kg™' (CCME, 2001). Thereafter
the mean Zn concentrations ranged from 4 mg.kg'to 36 mg.kg" (Table 2.3),
which fell within the accepted CCME guidelines.

The recorded results for Fe and Al in biofilm samples fluctuated
throughout the entire study period. The mean concentrations recorded for Al and
Fe ranged from 14.1 mg.I" (week 33) to 876.8 mg.I" (week 37), and from
18 mg.I" (week 33) to 1017.5 mg.I" (week 37), at site A, respectively (Figure
2.4). The highest mean metal concentrations in biofilm samples for Cu, Mn, Ni,
Pb and Zn were recorded at: 2 mg.I"" (weeks 1 and 37, sites C and A); 71 mg.I”
(week 25, site A); 19 mg.I" (week 17, site A); 1.6 mg.I" (week 5, site C) and
8.4 mg.I"" (week 25, site A), respectively (Tables 2.4 and 2.5).

The highest concentrations of metals in water was recorded at the

b™ and

agricultural area (site A), where pesticides, such as Mancoze
Phosguard™, amongst others, are utilised. Aluminium is a component of
Phosguard™ (Seachem), and Mn composes 60% of Mancozeb™, which is a
fungicide used for the treatment of plant diseases in the Western Cape.
Vermeulen et al. (2001) reported that Mancozeb™ usage in the Western Cape
amounts to 1343 x 10% kg/annum. The highest Al (week one) and Fe (weeks one
and five) concentrations in sediment samples were recorded at site A for Al and
at sites A and B (Informal settlement) for Fe. It was concluded that the high

concentrations in the informal settlement could have been due to the leaching of



CHAPTER SIX: GENERAL CONCLUSIONS 187

Al and Fe from household products and galvanised roofing and building materials
into the river. The high concentrations of Al and Fe in the biofilm samples,
especially during week 37, could be correlated with a corresponding increase in
microbial counts in the biofilm sample (3.9 x 107 organisms.ml”) (Paulse et al.,
2008), collected during that particular sampling time period. The increase in the
number of micro-organisms could have facilitated the Al and Fe accumulation in
the biofilm, as it has been shown in previous studies that microorganisms have
developed unique means of resistance to specific metals (Roane & Pepper,
2000), largely due to it's ability to develop a strong extracellular polymeric layer
(EPS) (Mayer et al., 1999).

6.2. INVESTIGATION INTO THE METAL CONTAMINATION OF THE
PLANKENBURG- AND DIEP RIVERS, WESTERN CAPE, SOUTH
AFRICA

Point- and non-point source pollution contributes to a decline in the quality of the
water when leaching occurs into the surrounding environment (DWAF, 2004).
Agricultural contamination was also shown by the Agency for Toxic Substances
and Disease Registry (2000), to be due to the discharging of pesticides into
rivers. In addition, pollutants such as micro-organisms, metals, oils and other
toxic substances contribute to the decrease in water quality (Pegram et al.,
1999). High concentrations of metals usually deposit on and integrate in river
sediment, which are either organic or inorganic materials, removed by erosion
and transported by fluid flow to different locations (Prange & Dennison, 2000;
Marchand et al., 2006), where the highest metal content available for transport
between sites is stored in the sediment-water interfaces (Maanan et al., 2004).
The Plankenburg River flows downstream through Stellenbosch’s
industrial area, which includes amongst others a clothing factory, a well-known
cheese factory, spray painting and mechanical workshops and yoghurt and dairy
producing plants. The river also flows through an informal settlement. Farmers
up- and downstream from the settlement utilise the river water for the irrigation of
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vineyards, as well as other crops. In the Diep River catchment, land in the upper
catchment area is dominated by agricultural activities. In the lower part of the
catchment, land use is largely reserved for urban development, which includes
formal and informal settlements, industrial establishments, such as spray
painting, chemical and clothing manufacturers, a wastewater treatment works
and an oil refinery. It also serves as a storage area for sediment-rich water
during floods.

The aim of this study was to investigate the spatial and temporal variation
in the metal contamination in the Plankenburg and Diep Rivers in the Western
Cape, South Africa. Metal concentrations in water and sediment samples were
analysed using the nitric acid digestion method followed by inductively coupled
plasma atomic emission spectrometry (ICP-AES) (Saleh et al., 2000). The two
rivers selected borders industrial areas, residential areas, agricultural areas and
informal settlements. Increased metal pollutants also have a detrimental effect
on human health (Wright & Welbourne, 2002), where exposure is mainly due to
the ingestion of food and water contaminated with metals leaching into
groundwater (Piver, 1992). The figures and tables discussed are presented in
article two (chapter three).

Metal concentrations in sediment and water samples were determined at
different sites (Figures 3.1 & 3.2) along the rivers, using the nitric acid digestion
technique in conjunction with Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). The sampling sites for the Plankenburg River were:
site A (Agricultural Farming and Residential Areas); site B (Informal Settlement of
Kayamandi); site C (Substation in Industrial Area) and site D (Industrial Area at
Adam Tas Bridge) (Figure 3.1). The sampling sites for the Diep River were: site
A (Zoarvlei Nature Reserve - Industrial as well as Residential Areas); site B
(Theo Marais Sportsclub - Industrial and Residential Area); site C (Potsdam
Wastewater Treatment Works) and site D (Rietvlei Boating Club and Nature
Reserve) (Figure 3.2).

The recorded Al and Fe concentrations were mostly higher than all the
other metals analysed. Metal concentrations recorded for Al and Fe in water
samples collected at the Plankenburg River ranged from 0.3 mg.I"" (week 1, site
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A) to 13.6 mg.I" (week 18, site B) and 0.3 mg.I" (week 39, site B) to 48 mg.I”
(week 43, site A), respectively (Tables 3.1, 3.2 and 3.5). The Al concentrations
mostly exceeded the recommended concentrations of 0.1 mg.I" to 0.15 mg.I"
(DWAF, 1996) and 0.005 mg.I" to 0.1 mg.I" (CCME, 2001). The Fe
concentrations also exceeded the guidelines of 0.3 mg.I"" (CCME, 2001) and the
‘World average’ of 0.04 mg.I"" (Martin and Windom, 1991). No Al guidelines were
available for the ‘World average’ and no Al and Fe guidelines were available for
the Australian and New Zealand Environment and Conservation Council
(ANZECC, 2000). Lead (Pb) was not detected in any of the analysed samples
from the Plankenburg River. The mean metal concentrations recorded for copper
(Cu), manganese (Mn), nickel (Ni) and zinc (Zn) in the Plankenburg River water
samples, are presented in Tables 3.1 & 3.2. The concentrations of Cu, Ni and
Zn recorded in water samples from the Plankenburg River varied throughout the
study period. The Cu concentrations ranged from 0.3 mg.I" (weeks 27 and 52,
site D) to 2.2 mg.I"" (week 1, site A) (Tables 3.1, 3.2 & 3.5). Throughout the
study period, the recorded Cu concentrations were higher than the recommended
concentrations of 0.002 — 0.012 mg.I", 0.002 — 0.004 mg.I"", 0.0015 mg.I" and
0.0001 — 0.00015 mg.I" as stipulated by DWAF (1996b), the CCME (2001),
Martin and Windom (1991) and ANZECC (2000), respectively (Table 3.5). Mean
Mn concentrations ranged from below the detection limit (sites A, B, C and D) to
0.4 mg.I" (site C) (Tables 3.1 & 3.2) at different weeks during the sampling
period, and always fell within the recommended quality guideline of 1.3 mg.I"
(DWAF, 1996) for the Plankenburg River. The recorded concentrations, were
however higher than the ‘World average’ of 0.0015 mg.I"" (Martin and Windom,
1991) (Table 3.5). The mean metal concentrations for Ni recorded throughout
the study period ranged from 0.1 mg.I"" (sites B, C and D) to 0.5 mg.I"" (site A) for
the Plankenburg River. The recorded values generally exceeded the
recommended concentrations of 0.025 mg.I" to 0.15 mg.I" (CCME, 2001), with
the exception of weeks 27, 36, 43 and 52 (Tables 3.1 & 3.2), where the Ni
concentration was recorded at 0.1 mg.I". The concentrations for Ni were
significantly higher (p < 0.05) than the ‘World average’ guideline of 0.0005 mg.!
(Martin and Windom, 1991) and the ANZECC (2000) guideline of 0.0001 —
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0.0005 mg.I" (Table 3.5). No environmental quality guideline for Ni was
available from DWAF (1996b). Throughout the entire study period, the overall
concentrations for Zn in the water samples were mostly higher than the
recommended concentrations of 0.03 mg.I'", 0.036 mg.I", 0.0006 mg.I" and
0.0009 mg.I"", as stipulated by the CCME (2001), DWAF (1996b), Martin and
Windom (1991) and ANZECC (2000), respectively (Table 3.5).

The concentrations of Al and Fe recorded in water from the Diep River,
ranged from below the detection limit to 4 mg.I" (week 1, site A) and from
0.1 mg.I" (week 9, site A) to 513 mg.I"" (week 27, site A), respectively (Tables
3.3, 3.4 and 3.5). No Al guidelines were available for the ‘World average’ and no
Al and Fe guidelines were available for the Australian and New Zealand
Environment and Conservation Council (ANZECC, 2000). No guidelines for Fe in
river water samples were available from DWAF. Lead (Pb) was not detected in
any of the analysed samples from the Diep Rivers. The concentrations of Cu, Ni
and Zn in the Diep River water samples varied throughout the study period. The
Cu concentrations ranged from 0.1 mg.I" (weeks 1 and 36, sites C and D,
respectively) to 0.8 mg.I"" (week 32, site D, respectively) (Table 3.4). Throughout
the study period, the recorded concentrations for Cu were higher than the
recommended concentrations of 0.002 — 0.012 mg.I'", 0.002 — 0.004 mg.I",
0.0015 mg.I" and 0.0001 — 0.00015 mg.I" as stipulated by DWAF (1996b), the
CCME (2001), Martin and Windom (1991) and ANZECC (2000), respectively
(Table 3.5). The highest Mn concentration recorded for the Diep River was
1.3 mg.I" (week 27, site A) (Table 3.3), which is the maximum limit as stipulated
by DWAF (1996) (Table 3.5). The Mn concentrations however mostly exceeded
the ‘World average’ of 0.0015 mg.I" (Martin and Windom, 1991) (Table 3.5). The
mean metal concentrations for Ni recorded throughout the study period ranged
from below the detection limit to 0.4 mg.I" (weeks 23 and 32, sites D and C,
respectively) for the Diep River. The recorded concentrations exceeded the
recommended concentration of 0.025 — 0.15 mg.I" (CCME, 2001), 0.0005 mg.I"
(Martin and Windom, 1991) and the Australian and New Zealand guidelines of
0.0001- 0.00015 mg.I"" (ANZECC, 2000) during Weeks 5, 14, 18, 23, 27 and 32
at various sampling sites. The overall concentrations recorded throughout the
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study period for Zn were mostly higher than the recommended concentrations of
0.03 mg.I'" (CCME, 2001), 0.036 mg.I" (DWAF, 1996b), 0.0006 mg.I"" (Martin
and Windom, 1991) and 0.0009 mg.I"" (ANZECC, 2000) (Table 3.5).

No sediment quality guidelines for Al, Cu, Fe, Mn, Ni, Pb and Zn were
available from DWAF and the ‘World average’ (Martin and Windom, 1991) and
guidelines for only Cu and Zn were available from the CCME (2001). Guidelines
for Cu, Ni, Pb and Zn were available from ANZECC (2000). Results for metal
concentrations in sediment samples in the Plankenburg River were as follows: Al
[1609 mg.kg' (week 52, site D) to 15018 mg.kg™' (week 1, site C)] and for Fe
[3763 mg.kg™' (week 52, site D) to 19179 mg.kg ' (week 1, site C)] (Figure 3.3).
The Mn concentrations ranged from 15.93 mg.kg' (week 22, site B) to
225 mg.kg' (week 5, site A) in the Plankenburg River (Figure 3.4). The Pb
concentrations in the Plankenburg River ranged from 7.38 mg.kg™ (week 52, site
C) (Figure 3.5) to 275 mg.kg" (week 9, site C). The highest Pb concentration
exceeded the Australian and New Zealand quality guideline of 50 mg-kg
(ANZECC, 2000). The concentrations recorded for Ni in the Plankenburg River,
ranged from 0.62 mg.kg" (week 1, site C) to 11.7 mg.kg” (week 52, site D)
(Figure 3.5). The highest Ni concentration was lower than the quality guideline
as stipulated by ANZECC (2000). The highest Cu concentrations recorded for
the Plankenburg River was recorded at 251.8 mg.kg' (week 9, site C). This
concentration was significantly higher (p < 0.05) than the recommended
environmental quality guideline of 35.7 mgkg' in freshwater sediment as
stipulated by the CCME (2001) and the Australian and New Zealand quality
guideline of 65 mg.kg”' (ANZECC, 2000). The highest Zn concentration recorded
in the Plankenburg River was 269.5 mg.kg™' during Week 1 at Site B (Figure
3.4). The highest recorded concentration was significantly higher (p < 0.05) than
the recommended environmental quality guideline of 123 mg.kg™' in freshwater
sediment as stipulated by the CCME (2001) and 200 mg.kg™' as stipulated by
ANZECC (2000).

No sediment quality guidelines for Al, Cu, Fe, Mn, Ni, Pb and Zn were
available from DWAF and the ‘World average’ (Martin and Windom, 1991) and
guidelines for only Cu and Zn were available from the CCME (2001). Guidelines
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for Cu, Ni, Pb and Zn were available from ANZECC (2000). The results for Al
and Fe in the sediment samples collected from the Diep River revealed the
following: 175.5 mg.kg™ (week 1, site D) to 14363.8 mg.kg™ (week 1, site A) and
from 299.3 mg.kg ™' (week 14, site B) to 106379.5 mg.kg ™' (week 9, site C) (Figure
3.6), respectively. The highest Mn concentration in the Diep River was recorded
at 1353.5 mg.kg™" (week 1, site C). The highest mean metal concentration for Pb
in the Diep River was 643.06 mg.kg' (week 1, site A). The highest Pb
concentration exceeded the Australian and New Zealand quality guideline of
50 mg.kg” (ANZECC, 2000). For the Diep River, the highest Ni concentration
was recorded at 15.81 mg.kg” (week 9, site C) (Figure 3.8). The highest Ni
concentration was lower than the quality guideline as stipulated by ANZECC
(2000). The highest Cu concentrations recorded for the Diep River was recorded
at 370.5 mg.kg" (week 1, site B) and was significantly higher (p < 0.05) than the
recommended environmental quality guideline of 35.7 mg.kg' in freshwater
sediment as stipulated by the CCME (2001) and the Australian and New Zealand
quality guideline of 65 mg.kg™ (ANZECC, 2000). The highest Zn concentrations
recorded for the Diep River was 1081.2 mg.kg"' and was significantly higher
(p < 0.05) than the recommended environmental quality guideline of 123 mg.kg™
in freshwater sediment as stipulated by the CCME (2001) and 200 mg.kg' as
stipulated by ANZECC (2000).

Comparison of the overall results obtained at the various sites, showed
that the point sources of pollution at the Plankenburg and Diep Rivers could not
conclusively be identified as concentrations at the various sites fluctuated
throughout the entire study period. The increased concentrations of Al and Fe at
the various sites could be due to the fact that they are the two most abundant
metals in the environment [Agency for Toxic Substances and Disease Registry
(ATSDR), 1995]. The sources of Al, Mn and Fe contamination could be due to
the leaching and the inadequate disposal of pesticides and fertilisers into the river
(ATSDR, 2000; Jackson et al., 2007).

The increased concentrations of Fe, Zn and Pb in the informal settlement
of the Plankenburg River, was similar to results obtained by the Nairobi River
Basin Programme Phase |l Pollution Monitoring Stakeholders in 2003, where the
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authors attributed the high Fe and Zn concentrations to the use of Fe sheets
galvanised with Zn. Similarly, the informal settlement situated along the banks of
the Plankenburg River, also use the same materials in the construction of their
informal housing.

Contamination at the industrial sites of both rivers could have been due to
the leaching of waste products from the surrounding industrial activities. The
increased concentrations recorded from the waste products leaching into the
river from a stormwater drain coming from the oil refinery close to the Diep River,
correlates with results obtained in studies conducted by Mwamburi (2003), where
increased concentrations of Fe, Mn, Zn, Cr and Al in sediment samples, were
recorded in the Kasat River (Kenya), where the direct input of waste from
municipal and industrial sources could have contributed to the increased
concentrations.

Davies et al. (2006) evaluated the accumulation of Cr, Cd and Pb in water,
sediment and periwinkle (Tympanotonus fuscatus var radula; shell and soft
tissues). The results showed that the concentrations of Cr were highest in both
the sediment and water samples at all the sampling sites, where concentrations
of 0.01 mg.kg" were recorded. The authors found that effluent from heavily
industrialised and highly populated settlements contributed to the metal
accumulation at the affected sites. The authors concluded that for future use, the
metal concentrations in sediment must be monitored on a regular basis. As with
the results recorded in the present study, the concentrations recorded in the
sediment samples exceeded the concentrations recorded in the water samples.

The recorded concentrations were compared to the baseline values
obtained by Micé et al. (2007). Baseline values for heavy metals were proposed
by Micé et al. (2007) to identify soil contamination in Alicante, Spain. Cadmium,
Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn concentrations were determined using atomic
absorption spectrometry. The baseline values identified were 0.7 mg.kg™,
11 mg.kg', 36 mg.kg™, 28 mg.kg', 19,822 mg.kg”, 402 mg.kg”, 31 mg.kg™,
28 mg.kg' and 83 mgkg' for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn,
respectively. The authors concluded that the baseline concentrations would be
beneficial to compare the concentrations of metals for which there are no
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recommended quality guidelines, such as Al, Fe and Mn. The values could also
provide a basis to identify contaminated sites. The concentration of Fe in the soil
recorded by Micé et al. (2007) was comparable to the concentrations of Fe
recorded in the Plankenburg River, but lower than the concentration for Fe
recorded in the Diep River. The Mn concentrations recorded at the Plankenburg
River was lower than the Mic6 et al. (2007) results, but the Diep River result
exceeded to baseline concentration recorded by Mico et al. (2007). The highest
Cu, Pb and Zn concentrations recorded at both rivers were significantly higher
(p < 0.05) than the baseline concentration stipulated by Micé et al. (2007), while
for Ni, the recorded concentrations at both rivers were below the baseline
concentrations of Mico et al. (2007). Results from the present study show that
the metal concentrations in the river systems should routinely be analysed. The
national guidelines should be updated or revised to accurately reflect the current

state of the rivers and pollution influences.

6.3. IDENTIFICATION OF METAL-TOLERANT ORGANISMS ISOLATED
FROM THE PLANKENBURG RIVER, WESTERN CAPE, SOUTH AFRICA

In water and the environment, micro-organisms exist mostly as biofilm
communities attached to surfaces (Teitzel & Parsek, 2003). Microbial biofilms
exhibit high affinities for contaminants due to the ability of the exopolymers
produced by the biofilm to bind and sequester antimicrobial agents from the
surrounding environment (Hunt, 1986). Studies performed by various
researchers have highlighted the ability of certain micro-organisms to resist metal
contamination (Roanne & Pepper, 2000). Research by Geesey et al. (1989)
showed that extracellular polymeric substances (EPS) could serve as potential
agents for the concentration and deposition of fine-grained minerals. Biofilms
have also been shown by Roane & Pepper (2000) to be one of the most effective
treatments for the removal of metals from metal-contaminated water. These
authors also showed that because of the resistance build-up of the different

micro-organisms within the biofilm, certain micro-organisms are more effective in



CHAPTER SIX: GENERAL CONCLUSIONS 195

the removal of different metals from the contaminated environment (Roane &
Pepper, 2000). Factors contributing to the increased resistance of micro-
organisms to metal pollution include the taxonomic groups of the different micro-
organisms within the biofilm matrix, as well as the age and size of the biofilm
exposed to the contaminants (Wright & Welbourne, 2002). These factors
accelerate and improve the immobilisation and degradation of pollutants (Singh
et al., 2006).

Devices developed to assist in the treatment of contaminated water
bodies, such as flow cell systems, have been used to cultivate microbial biofilms
in vivo (Caldwell et al, 2002). They are multi-channelled to allow for
experimental replication and simplified handling, and are made of Perspex. They
can also be used to identify potential metal-tolerant micro-organisms in situ,
through exposure to varying metal concentrations. The adverse effect of metals
on micro-organisms can be evidenced by various factors, such as reductions in
microbial diversity and number, and alterations in community structure
(Ellis et al., 2003). The composition of the micro-organisms can be determined
genetically (Christensen et al., 1998), through the amplification of the 16S or 23S
rBNA region of the genomic DNA, using specific primers to identify organisms
(Amann et al., 1995). The objective of this investigation was to isolate metal-
tolerant micro-organisms from a site where high metal concentrations were
recorded along the Plankenburg River (Jackson et al., 2008). The figures and
tables discussed are presented in article three (chapter four). The micro-
organisms were cultured and isolated in flow cell systems (Figure 4.2) after
exposure to varying metal [aluminium (Al) (10 mg.I", 500 mg.I" and 900 mg.™"),
iron (Fe) (10 mg.I", 500 mg.I" and 1000 mg.I'"), copper (Cu) (0.5 mg.l”,
2.5mg.I" and 10 mg.I'"), manganese (Mn) (1.5 mg.I'", 15 mg.I" and 80 mg.I"),
nickel (Ni) (0.5 mg.I", 1 mg.I'" and 20 mg.I'") and zinc (Zn) (0.5 mg.I'", 1 mg.I"
and 40 mg.I")] concentrations (Table 4.1). They were then identified using the
Polymerase Chain Reaction (PCR) technique to amplify the 16S rRNA region.
The phylogeny of the representative organisms in GenBank, were analysed using
the Neighbour-joining algorithm in Clustal X.
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The results for the determination of metal-tolerance, revealed an increase
in the number of dead cells (4.47% increase) when the biofilm was exposed to
900 mg.I"" Al, in comparison to the untreated control (Figures 4.3A & 4.3B). For
Cu, exposure to 10 mg.I"" resulted in an increase in the number of dead cells by
3.71% in comparison to the untreated control (Figure 4.4A & 4.4B). Exposure of
the biofilms to 1000 mg.I'" Fe and 80 mg.I" Mn showed an increase in the
number of dead cells by 3.59% and 9.16%, respectively, in comparison with the
untreated controls (Figures 4.5A, B & Figures 4.6A, B). A difference in live and
dead cells exposed to the varying Ni and Zn concentrations was not evident
(Figures 4.7A, B & Figures 4.8A, B). When exposed to the lowest
concentrations of 10 mg.I"" (Al), 0.5 mg.I"" (Cu), 10 mg.I" (Fe), 1.5 mg.I'"" (Mn),
0.5 mg.I" (Ni) and 0.5 mg.I" (Zn), no notable differences in the obtained
percentages could be detected in comparison with the untreated control, for any
of the metals analysed for.

Exposure of the respective flow cell channels to the highest Al and Fe
concentrations (Figures 4.3B and 4.5B) showed that the organisms tended to
clump together in response to the metal exposure. The ability of extracellular
polymeric substances to bind metals and pollutants also contribute to the
clumping of cells (McLean et al, 1990). Metals can alter the number,
biochemical activity, diversity and community structure of micro-organisms in
many different ways (Ellis et al., 2003). Previous research performed by Teitzel
& Parsek (2003) has shown that cells at the biofilm-bulk liquid interface were
exposed to the highest concentrations of the pollutants. The two fluorophores
used (SYTO 9 and Propidium lodide) stains the living cells green and the dead
cells red, respectively. When the cells fluoresce yellow, it means that the two
images are superimposed and is impossible to distinguish live cells from dead
cells (Figs. 3B to 8B). Teitzel & Parsek (2003) also reported that in minimal
media with short exposure times, biofilms have a demonstrable resistance to the
heavy metals Cu?*, Zn®** and Pb**

Phylogenetic analysis showed that a variety of organisms, which included
Bacillus sp., Pseudomonas sp., Delftia tsuruhatensis strain A90, Kocuria kristinae

strain 6J-5b, Comamonas testosteroni WDL7, Stenotrophomonas maltophilia
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strain 776, Staphylococcus sp. MOLA:313, Micrococcus sp. TPR14,
Sphingomonas sp. 8b-1 and Microbacterium sp. PAO-12, were isolated from the
flow cells after exposure to the various metal concentrations. Two major clusters
could also be distinguished based on their Gram-reactions (Figure 4.10).

In previous research it was shown that several Gram-positive and Gram-
negative organisms were shown to be resistant to Pb, Hg, Cd, Cu, Co and Zn
(Trajanovska et al., 1997), which could be correlated to the results obtained in
the present study (Table 4.4). The major difference between the two clusters,
was that the Gram-positive organisms, Staphylococcus MOLA:313, Micrococcus
sp. TPR1 and Kocuria kristinae st. 6J-5b were resistant to Mn (Figure 4.10 &
Table 4.4), and that the clade consisting of the Pseudomonas sp. all exhibited
tolerance to Ni exposure. The clusters also contained more Gram-negative than
Gram-positive organisms (Figure 4.10). Duxbury & Bicknell (1983), amongst
others, suggested that Gram-negative organisms predominated in metal-polluted
environments, and also showed that it was reasonable to expect a certain degree
of overlap between Gram-positive and Gram-negative bacteria, as some of these
species are resistant to the same metals. Isolates such as Stenotrophomonas
maltophilia strain 776, Bacillus sp. ZH6 and Staphylococcus sp. MOLA:313
displayed resistance to multiple metals (Zn, Ni, Cu, Al and Fe), as well as
Pseudomonas sp. and Delftia tsuruhatensis strain A90 (Cu and Ni resistance) to
a lesser extent. The other isolated organisms did not exhibit multiple metal
resistance (Table 4.4).

6.4. BIOREMEDIATION OF METAL CONTAMINATION IN THE
PLANKENBURG RIVER, WESTERN CAPE, SOUTH AFRICA

Bioremediation is a process by which microbial degradation processes are used
in technical and controlled treatment systems (Langwaldt & Puhakka, 2000).
Bioremediation can also be applied as green technologies, due to its negligible
effects on the environment, and its proven cost-efficiency (Adriaens et al., 2006).

The attached organisms (biofilms) then aid in effectively reducing the toxicity in
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the contaminated area. Bioreactors which can be applied in bioremediation
strategies are basically tanks in which living organisms carry out biological
reactions. Their efficiency is based on the ability of bacteria to attach to inert
packing, such as granular activated carbon, at interfaces to generate high
biomass (Bouwer & McCarty, 1982; Teitzel & Parsek, 2003). The reactor should
also be easy to maintain and operate (Evangelho et al., 2001; Teitzel & Parsek,
2003), and should be able to function under aerobic and anaerobic conditions
(Langwaldt & Puhakka, 2000).

Bioreactors have been utilised in many studies to remove or reduce metal
concentrations in wastewater and various types of effluent. It is also essential to
obtain information on the structure and distribution of micro-organisms in the
contaminated area, as tolerant micro-organisms become dependant on the types
of pollutants in specific areas (Marin-Guirao et al., 2005). Organisms that have
been isolated from contaminated sites can also be identified and used in
bioreactor systems to improve the removal efficiency of the contaminants.

The objective of this investigation was to assess the efficiency of a
bioreactor system to remove, or decrease the concentrations of metal
contaminants at a site along the Plankenburg River, Western Cape, South
Africa. Potential metal-tolerant micro-organisms were also isolated from the
attachment material.

The figures and tables discussed are presented in article four (chapter
five). Two laboratory-scale bioreactors were developed (Figure 5.2) and the
effect of different parameters, such as time and environmental conditions, were
evaluated. The bioreactor system was optimised and a six-tank large-scale on-
site bioreactor (Figure 5.3) was constructed at the most polluted area along the
Plankenburg River, which was identified as the site located closest to the
industrial area. Successful operation of the bioreactor system, could lead to the
utilisation of the system in other settings, such as wastewater treatment works
and effluent clean-up or removal. It is also essential to identify organisms
isolated from the contaminated sites, for possible future use in bioreactor

systems to improve the contaminant removal efficiency.
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Metal concentrations in the laboratory-scale bioreactors were analysed by
nitric acid digestion and Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). Aluminium (Al), nickel (Ni) and zinc (Zn)
concentrations in water samples from bioreactor one decreased from
0.41 mg.I" to 0.06 mg.I"", 0.2 mg.I" to 0.07 mg.I"" and 75 mg.I"" to 0.02 mg.I",
respectively (Figure 5.4). Copper (Cu) and iron (Fe) concentrations increased
from 0.15 mg.I" to 0.21 mg.I"" (Figure 5.4) and 4.98 mg.I"" to 7.06 mg.I"" (result
not shown), respectively.

The recorded concentrations for Al, Cu, Fe and manganese (Mn)
decreased after completion of the three-week (bioreactor two) experimental
procedure. These decreases were recorded at 1.55 mg.I" to 0.38 mg.I"" (75%)
for Al (results not shown), 0.33 mg.I"" to 0.14 mg.I" (57%) for Cu, 0.07 mg.I"" to
0.03 mg.I"" (57%) for Mn (Figure 5.5) and 71.99 mg.I"" to 40.4 mg.I"" (44%) for
Fe (results not shown). The results recorded in the biofilm samples revealed a
negligible increase in the mean metal concentrations for Al, Cu, Fe and Mn
from compartments i to iii. The Al, Cu, Fe and Mn concentrations in the biofilm
suspension removed from the bioballs collected from compartments i to iii,
increased from 2.2 mg.I" to 2.9 mg.I", 0.23 mg.I"" to 0.36 mg.I"", 5.43 mg.I"" to
6.59 mg.I” and 0.08 mg.I'" to 0.10 mg.I'", respectively. Nickel and Zn
concentrations from tanks i to iii decreased from 0.21 mg.I"" to 0.17 mg.I"" and
1.01 mg.I" to 0.78 mg.I"", respectively (results not shown). Comparison of the
metal concentrations in water and biofilm samples showed that the Al, Mn and
Ni concentrations in the biofilm samples were higher than that of the
corresponding water samples. Although the concentration of Fe in the bioballs
was lower than that of the water samples, the concentration recorded in the
biofilm samples increased during the course of the study period.

Results recorded for Cu, Mn, Ni and Fe decreased in the on-site
bioreactor from initial (tank A) to final (tank F) concentrations and ranged from:
0.16 mg.I"" to 0.01 mg.I'", 0.12 mg.I'" to 0.01 mg.I", 0.1 mg.I'" to 0.01 mg.I"
(Figure 5.6) and 4.2 mg.I"" to 0.5 mg.I", respectively. The concentrations for
Zn (0.66 mg.I" to 0.8 mg.I") and Al (0.42 mg.I" to 0.66 mg.I'") (results not
shown) increased from tanks A to F. The concentrations of metals recorded in
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the biofilm suspension removed from bioballs collected from the on-site
bioreactor (results not shown) exceeded the concentrations recorded in the
corresponding water samples. The concentrations recorded in the biofilm
suspension from tanks A to F for Al (47 mg.I" to 9 mg.I'"), Cu (0.8 mg.I" to
0.09 mg.I'"), Fe (83 mg.I" to 52 mg.I") and Zn (3 mg.I" to 2 mg.I"") decreased
throughout the study period (results not shown). The concentrations of Mn
increased from 0.5mg.I" to 0.7mg.I" over the study period, while Ni
concentrations stayed constant at 0.1 mg.I" (results not shown). The
decreases in metal concentration, between tanks A and F, indicated the
efficiency of the bioballs to remove metals from the river water. This then could
explain the decreased metal concentrations in the biofilm suspension collected
from tank F, as there may not have been a high degree of available metals to
be sequestered by the bioballs.

In a previous study by Jackson et al. (2007a) the authors reported a
reduction in the concentrations of Al (0.75 mg.I'" to 0.18 mg.I") and Ni
(0.19 mg.I'" to 0.06 mg.I"). Aluminium concentrations were, however still
higher than the recommended concentrations. In contrast, the final
concentrations in the optimised bioreactor (one) were lower than the
recommended concentrations, indicating that the optimised bioreactor was
more efficient at removing metals from the system. The starting concentrations
for laboratory-scale bioreactor two, however, was higher that the initial
concentrations recorded in laboratory-scale bioreactor one, and even though
the concentrations for most of the metals decreased, they still exceeded the
recommended guidelines (CCME, 2001 & DWAF, 1996).

The on-site, six-tank bioreactor system was able to reduce Cu, Fe, Mn and
Ni concentrations in the water samples by 88% to 94%. In a previous study by
Costley & Wallis (2001) the efficiency of a rotating biological contactor
bioreactor to reduce Cu, Cd and Zn from heavy metal contaminated industrial
wastewater was evaluated. The system was able to reduce Cd, Cu and Zn
concentrations by 30.4%, 81.1% and 49.6%, respectively. The on-site

bioreactor system was able to reduce Cu, Fe, Mn and Ni concentrations in the
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water samples by 88% to 94%. Overall, the removal efficiency of metals from
the river water in the on-site bioreactor proved to be high.

Results from a study by Shirdam et al. (2006) showed that metal
accumulation was two to three times higher in immobilised cells. The
superiority of metal uptake by immobilised cells could have accounted for the
increased concentrations of Al, Cu and Fe in biofiim samples recorded in
bioreactor two and where increased Mn concentrations were recorded in
bioreactor two and the on-site bioreactor.

Phylogenetic analysis (Figures 5.8 & 5.9) of potentially metal-tolerant
organisms, such as Pseudomonas sp., Delftia sp., Sphingomonas sp., Bacillus
sp. and Kocuria sp. (Bhadra et al., 2007; Piotrowska-Seget et al., 2005; Kuffner
et al., 2008; Selenska-Pobell et al., 2006; Leung et al., 2000) showed that most
of the organisms isolated were similar to those found in a previous study by
Jackson et al. (2008a), which implies that these organisms could possibly be
utilised for bioremediation purposes, to increase efficiency of the bioreactors.
The number of Gram-negative organisms exceeded the number of Gram-
positive organisms in Figures 5.8 & 5.9. A study by Duxbury & Bicknell (1983)
also showed the predominance of Gram-negative organisms in metal-polluted
areas such as the river water. Certain organisms, such as Hydrogenophaga
sp., Ochrobactrum sp., Chelatobacter sp., amongst others were present at the
start (three days) of the reactor run, but not at the end (15 days) of the reactor
run. The Hydrogenophaga sp. and Ochrobactrum sp. have been shown to be
quite common in activated sludge, preceding wastewater treatment and in the
case of Ochrobactrum sp. contributing to the fouling of membranes and
contribute to biofilm development (Xia et al., 2008). The development of the
biofilm results in a lack of nitrogen sources, necessary for the growth of nitrate-
reducing organisms, which could have contributed to the loss of the above-
mentioned bacteria in the later stages of the bioreactor run. The surviving
populations present both in the beginning and at the end of the bioreactor run
belonged predominantly to the genera, Pseudomonas and Bacillus, which have
been shown in previous studies, to have the ability to survive under both

aerobic and anaerobic conditions and utilise nitrogen as an alternative electron



CHAPTER SIX: GENERAL CONCLUSIONS 202

acceptor if necessary (Eusébio et al., 2007). Mannisté et al. (2001) also

showed that the presence of many Pseudomonas isolates exhibited strong

inhibition against certain Gram-positive species. Metal-tolerant organisms,

Bacillus, Pseudomonas, Micrococcus and Stenotrophomonas, amongst others,

could possibly be utilised for bioremediation purposes. The bioreactor system

will however be optimised further to improve its efficacy.

6.5. MAJOR FINDINGS OF THE STUDY

The significant results of this study were as follows:

6.5.1.1.

6.5.1.2.

6.5.1.3.

6.5.1.4.

6.5.2.1.

6.5.2.2.

6.5.2.3.

Aluminium (Al) and Fe were recorded at consistently higher
concentrations than all the other metals analysed for in water,
sediment and biofilm samples.

In both the sediment and biofilm samples, the concentrations of Al and
Fe were significantly higher (p < 0.05) than Cu, Zn, Pb, Ni, and Mn.
The results for Cu and Zn were higher than the recommended quality
guidelines in freshwater sediment (CCME, 2001).

The highest metal concentrations were obtained in the sediment and
biofilm samples, yet no freshwater guidelines for metals in sediment
were available from DWAF and no guidelines for metal concentrations
in biofilms were available from either DWAF or the CCME.

Aluminium and Fe concentrations were higher than all the other metals
analysed for in the water samples collected from the Plankenburg
River, which exceeded the guidelines stipulated by DWAF and the
CCME (Al and Fe) and the ‘World average’ (Fe).

Concentrations of Cu and Zn (with the exception of Week 1, Site B) in
the Plankenburg River water samples exceeded the guidelines
stipulated by the CCME, DWAF, ANZECC and the ‘World average’.
Concentrations of Mn fell within the DWAF guidelines, as well as the

‘World average’. No guidelines for Mn were available from the CCME.
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6.5.2.4.

6.5.2.5.

6.5.2.6.

6.5.2.7.

6.5.2.8.

6.5.2.9.

6.5.2.10.

6.5.2.11.

6.5.2.12.

No Pb could be detected in any of the Plankenburg and Diep River
water samples.

The highest mean metal concentrations in sediment samples were
recorded for Al and Fe at Site C (substation in the industrial area) in
the Plankenburg River.

The highest mean metal concentrations in water samples were
recorded for Al, Fe and Zn at Site A (industrial area) in the Diep River,
which exceeded the guidelines stipulated by DWAF, the CCME,
ANZECC and the ‘World average’, and for Fe and Zn, the baseline
values of Micé et al. (2007).

Concentrations for Cu in water samples from the Diep River exceeded
the recommended concentrations for ANZECC, DWAF, the ‘World
average’ and the CCME, while Ni concentrations fluctuated above and
below the recommended guidelines at Sites A, B, C and D.

Manganese concentrations fell below the recommended guideline
during the sampling period, with the exception of Week 27, where the
Mn concentration was 1.3 mg.I"", at Site A.

The highest mean Al concentration in sediment samples from the Diep
River was recorded at Site A (industrial area) and the highest mean Fe
concentration was recorded at Site C (wastewater treatment works).
The highest Fe concentration was significantly higher (p < 0.05) than
the baseline value obtained by Mico et al. (2007).

Possible sources of contamination of the Plankenburg River could be
ascribed to the leaching of household waste into the river water from
the informal- and formal residential settlements, as well as the leaching
of industrial effluent from the industries situated close to the river.

In addition, contamination of the Plankenburg River could also have
been due to the excessive use of pesticides and insecticides on farms
bordering the river system and the discarding of these pesticides into
the rivers.

Possible sources of contamination of the Diep River could have been
the leaching of industrial waste from various industries into the
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6.5.2.13.

6.5.3.1.

6.5.3.2.

6.5.3.3.

6.5.3.4.

6.5.3.5.

6.5.3.6.

6.5.3.7.

sampled sites along the banks of the river, as well as waste from the
nearby oil refinery.

Metal concentration analysis should be routinely performed to ensure
an accurate assessment of the current state of the rivers, and based

on these results quality guidelines should be adapted accordingly.

Exposure of the flow cell channels to the highest concentrations of Al
(900 mg.I'"), Fe (1000 mg.I"), Cu (10 mg.I") and Mn (80 mg.l")
increased the percentage of dead cells.

When the channels were exposed to the lowest concentrations of
10 mg.I'" (Al), 0.5 mg.I" (Cu), 1.5 mg.I"" (Mn) and 0.5 mg.I" (Zn), no
significant differences between the live and dead cells could be
distinguished.

The percentages of dead cells when exposed to the highest
concentrations of Zn (40 mg.I") and Ni (20 mg.I"") did not show any
significant differences between the live and dead cells.

Phylogenetic analysis showed that the organisms isolated from the
flow cell experiment were diverse and some of the isolates exhibited
multiple metal resistance, while others only exhibited resistance to
specific metals.

Stenotrophomonas maltophilia strain 776 exhibited tolerance to Zn, Ni,
Cu, Al, Fe, while Bacillus sp. ZH6 exhibited tolerance to Zn, Ni, Al and
Fe and Staphylococcus sp. MOLA:313 exhibited tolerance to Zn, Mn,
Al and Fe exposure. Pseudomonas sp. and Delftia tsuruhatensis strain
A90 were resistant to Cu and Ni exposure.

Comamonas testosteroni WDL7, Microbacterium sp. PAO-12 and
Sphingomonas sp. 8b-1 exhibited tolerance to Cu, Ni and Zn,
respectively, while Kocuria kristinae strain 6J-5b and Micrococcus sp.
TPR14 exhibited tolerance to Mn.

The major metal-resistant organisms, Bacillus sp. and Pseudomonas
sp., both displayed resistance to Ni. Bacillus sp., however exhibited
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6.5.4.1.

6.5.4.2.

6.5.4.3.

6.5.4.4.

6.5.4.5.

6.5.4.6.

6.5.4.7.

6.5.4.8.

resistance to Zn, Al and Fe, while Pseudomonas sp. also exhibited

resistance to Cu.

The final concentrations for Al, Ni and Zn (bioreactor one) and Mn
(bioreactor two), decreased to below their recommended
concentrations in water samples, as stipulated by DWAF (1996) and
the CCME (2001).

Although a decrease in the final concentrations recorded in the water
samples collected from bioreactor two was observed for most of the
metals analysed, these concentrations were, however still higher than
the recommended concentrations (CCME, 2001; DWAF, 1996), as a
result of the high initial concentrations recorded.

In the on-site, six-tank bioreactor system, the concentrations for Fe,
Cu, Mn and Ni decreased, but still exceeded the recommended
concentrations (DWAF, 1996; CCME, 2001).

The concentrations recorded in the biofilm suspensions removed from
the bioballs collected from bioreactor two and the on-site bioreactor,
revealed concentrations higher than those recorded in the
corresponding water samples for all the metals analysed, except Fe.
The bioballs were thus shown to be efficient for biofilm attachment and
subsequent metal accumulation.

The species diversity of the organisms isolated from the bioreactor
experiment after three days (initial) differed from the organisms
isolated after 15 days (final).

Phylogenetic analysis showed that the Gram-negative and the Gram-
positive species clustered together.

Hydrogenophaga sp., Ochrobactrum sp, Corynebacterium sp.,
Chelatobater sp. and Brevundimonas sp. were present in tree one
(three days of biofilm growth), but absent in tree two (15 days of biofilm

growth).
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6.5.4.9. The surviving populations present both in the beginning and at the end
of the bioreactor experiment belonged predominantly to the genera,
Pseudomonas and Bacillus.

6.5.4.10. Microbacterium PAO-12, Pseudomonas sp., Delftia sp., Sphingomonas
sp., Bacillus sp. and Kocuria sp. were isolated, as in a previous study
performed by the same authors, where metal-tolerant organisms were
isolated (Jackson et al., 2008b).

6.5.4.11. Metal-tolerant organisms, Bacillus, Pseudomonas, Micrococcus and
Stenotrophomonas, amongst others, could possibly be utilised for
bioremediation purposes. The bioreactor system will however be
optimised further to improve its efficacy.

6.6. RECOMMENDATIONS

Without adequate control measures to monitor pollution input/influx into the rivers
from the various anthropogenic sources, the surrounding ecosystems could be
further contaminated. The existing guidelines were drawn up in 1996 and 2001
for DWAF and the CCME, respectively, and from the results obtained in the
study, it is suggested that the guidelines should be updated on a regular basis to
incorporate the changing environmental conditions. Future research also
includes the setting up of parameters or guidelines for acceptable metal
concentrations in South African river water and sediment, as well as biofilms, as
metals accumulate in these attached organisms. No recommended quality
guidelines for metals in biofilms could be found. Also, especially for the informal
settlements situated along the banks of the Plankenburg- and Berg Rivers,
educational campaigns should be implemented, to inform the inhabitants of
proper sanitation behaviour and the municipal responsibility of waste disposal.
The efficiency of the bioreactor to reduce metal concentrations in the
Plankenburg River shows potential for future studies, where the bioreactor will be
optimised further for use in other settings, such as in wastewater works, winery

effluents and industrial wastes, amongst others. The increased metal
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concentrations recorded in the biofilm suspensions sonicated from the bioballs
over the metal concentrations recorded in the corresponding water samples, is a
clear indication as to the efficacy of the bioballs utilised to reduce metal
concentrations in the river water. The numerous microbial species isolated from
both the flow cells and the bioballs demonstrate the species diversity
accumulating within the biofilm samples. Upon identification of the afore-
mentioned organisms, the particular resistance mechanisms with which these
isolates protects themselves from predation and chemical attack must be further
elucidated, as well as their specificity identification, i.e., the particular organism’s
ability to resist, or to proliferate in the presence of a particular metal contaminant.
The toxicity of metals should also be investigated to further understand which
metals compliment each other and which metals prevent the modes of action of
others. Previous research has also shown that most metals are resistant to not
only one, but many different organisms, presumably due to the presence of a
cluster of genes, which confer not only metal-resistance, but antibiotic resistance
as well. The genes conferring resistance must be studied further to possibly
improve their removal capacity. These specific modified organisms can then be
introduced into a particular environment to which they are genetically
predisposed. The individual species isolated from the laboratory-scale bioreactor
system, should also be further investigated to determine which organisms are the

most effective in reducing metal concentrations.
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The article published in Water Science and Technology was aimed at developing

a bioreactor system to reduce or remove metal pollutants from river water.
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Abstract

The major aim of this study was to evaluate and develop artificial bioremediation systems
to reduce or remove metal pollutants from contaminated river water and to decrease the
chemical oxygen demand (COD) in distillery effluent. Metals were extracted using the
nitric acid digestion method, and the concentrations determined using Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES). A decrease in metal concentrations
was observed for most of the metals analysed in the river water after being pumped
through the bioreactor system for approximately two weeks, e.g. Al concentration
decreased from 0.75 mg.1™' to 0.18 mg.l" and for Ni, from 0.19 mg.I" to 0 mg.l'. In
addition, the COD counts decreased from 2255 mg.1" to a final value of < 150mg.I"" in the
distillery effluent. It could thus be concluded that the bioreactor system decreased the
COD and metal concentrations in the distillery effluent as well as the river water,
respectively. A bioreactor has been constructed on-site at a wine cellar to reduce COD and
will be constructed at a site along the Plankenbrug River.

Keywords Bioremediation; distillery effluent; inductively coupled plasma atomic
emission spectrometry; metals; pollution; rivers

INTRODUCTION

Bioremediation is defined as treatment technology that uses living organisms (plants, microbes, etc.) to
reduce the concentration or toxicity of contaminants in soil, water and wastewater (Evangelho ef al., 2001).
Numerous applications of biofilms in bioremediation exists as these microbial communities are inexpensive
labourers capable of cleaning up pollutants such as, metal contaminants, chlorinated solvents, crude oil,
sewage water, etc. (Langwaldt and Puhakka, 2000), with the ideal bioremediation system being time-
efficient, as well as cost-effective (Liu et al., 2001).
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The trickling filter, which is one of the most commonly used fixed-film bioreactors, consists of a solid
substratum to which microorganisms (biofilm) attach. The ideal substratum material should be highly
durable, have a low cost, should not clog easily and should have a high surface area for maximum
microbial adsorption (Metcalf and Eddy, 1991; Evangelho et al., 2001).

The current research project focuses on the development and the application of a bioremediation system to
reduce or remove metal pollutants from contaminated river water and to decrease the chemical oxygen
demand (COD) in distillery effluent.

METHODS

Sampling

Distillery effluent from a settling pond, and river water from a site located near the informal settlement of
Khayamandi (Stellenbosch), was evaluated in two bioreactor systems. A volume of 200 L of distillery
effluent and river water respectively, was fed through the bioreactors using an Ecopool 6 pump for a period
of approximately two weeks. Initial samples were collected and subsequent effluent samples collected
every day from the outlet system.

Development of Trickling filter bioreactor

The distillery effluent was pumped through a continuous reactor system with the dimensions 30 cm x 30
cm x 100 cm at a flow rate of 1000 L/hour at room temperature with a retention time of 2 minutes.
Polyvinylchloride (PVC) sheeting was used as the attachment surface within the reactor. Based on these
results, a bioreactor system (Figure 1), with the dimensions of 35 cm x 30 cm x 100 cm, a flow rate of 1000
L/h and a retention time of 3 minutes, was constructed for the removal of metals from river water.
Different materials, such as, Bioballs™ and Alphagrog™, were used to create an increased surface area for
maximum metal removal efficiency.

INLET SAMPLE

|

ECOPOOL 6
PUMP

EFFLUENT SAMPLE

Figure 1. Horizontal trickling filter bioreactor system.

Metal concentration and Chemical oxygen demand (COD) determination

The nitric acid digestion method was used to analyse for Aluminium (Al), Copper (Cu), Nickel (Ni)
Manganese (Mn) and Iron (Fe) in the effluent samples of the reactor with the concentrations measured
using ICP-AES (Saleh er al, 2000). For comparison, a blank (control) of 10 ml 55% nitric acid was
analysed along with the collected samples. Chemical Oxygen Demand (COD) measurements on the



APPENDIX A 239

distillery effluent samples (vertical reactor) were performed using the COD Cell Test Kit, Method
photometric (15000 mg/L).

RESULTS AND DISCUSSION

Mean metal concentration in river water:

The metal concentrations at four sampling sites along the Plankenbrug River,
Stellenbosch were analysed for a period of one year. Based on these results, river water
was collected from the site with the highest metal concentrations.

Metal concentrations recorded from the bioreactor

The recorded concentrations in the effluent samples after being fed through the bioreactor
system for a period of two weeks were lower than in the initial samples (Figure 2). The
decrease in metal concentrations were as follows: Al, 0.75 mg.l'1 t0 0.18 mg.l'l, Cu, from
0.10 mg.I" to 0.06 mg.I"}, Mn, from 0.10 mg.I"' to 0 mg.I", Ni, from 0.19 mg.I"' to 0.06
mg.l”", and Fe from 4.9 mg.1" to 4.8 mg.l"" (results for Fe not shown). The bioreactor
effluent concentrations for Al, Cu and Fe were however still significantly higher than the
recommended safe concentrations as stipulated by the Department of Water Affairs and
Forestry (DWAF) and the Canadian Council of Ministers of the Environment (CCME) in
their guidelines published in 1996 and 2001, respectively.
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Figure 2. Mean Metal concentrations (mg.1") in effluent samples over the three sampling times
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COD results using a trickling filter bioreactor

Results obtained from the COD Cell Test Kit, Method photometric (15000 mg/L) for
distillery effluent, revealed a significant (p < 0.05) decrease in COD concentration.
Chemical oxygen demand concentrations decreased from an initial value of 2255 mg/L to
a final value of < 150mg/L as shown by the graphical representation in Figure 3. A
severe limitation of this method is that the COD could only be measured up to a
concentration of 15000 mg/L and the exact initial concentration could thus not be

COD Reduction: Distillery Effluent
2500
L
2000 +
<
()] i
£ 1500
S 1000 -
o
500 +
0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Time (Days)
determined.

Figure 3. Graphical representation of reduction in COD (mg/1"") for samples obtained from the
3rd settling dam.

CONCLUSIONS

The bioreactor system used for the remediation of the river water sample, proved to be
effective in decreasing the metal concentrations. In addition, results show a significant
decrease (p < 0.05) in the COD concentrations of the distillery effluent pumped through
the bioreactor. This system is currently being evaluated on a large-scale for winery
effluent and will be constructed on-site at the most contaminated location along the
Plankenbrug River.
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The figures below represent the agarose gel electrophoresis results of amplified

PCR products of the organisms isolated from the multi-channelled flow cells after

exposure to varying metal [aluminium (Al), copper (Cu), iron (Fe), manganese

(Mn), nickel (Ni) and zinc (Zn)] concentrations.
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781
764
725
784
785
784
754
760
762

839
832
849
840
840
832
794
854
855
855
826
831
833
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12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

CCCGCACAAGCGGHGGANEATG|

oeGCleCcoVACHeTG——— - ———————————————

gTACggcCgcaAGg t AAaCTCaaa gaatTgACGGGG cccgcacaagcgg ggag atg gg ttaattc

* 960 * 980 * 1000 * 1020

TTGGIGCETENC——(€
TTGGIGCETUNC——(€
TTGGIGCETUNC——(€
TTGGUGCETC——[€¢

GGC-TICTECINTCGE
GGC-TECTECITCGE
GCCTHCCECITCG[€

iCAGAGATGGTTC—TTCCCCTTTGG
C

ga gcaacgcgaagaaccttacc cttgacat ga c agagat g c t g

* 1040 * 1060 1080

(ehNesdCINeyNepNe\ CAGGTGETGCATGGWTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGE®AACGA]
(e):XeRuCIXeyNepNe\ CAGGTGTGCATGGINTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGEAACGA
(clelerACLV:VXehNe\ CAGGTGTGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGEAACGA
(eleSC eleley N CAGGTGTGCATGGINTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCG®AACGA
(eleEaNeleley NN\ CAGGTGETGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGE®AACGA]
[OF: S C N YW VN CAGG TG TGCATGGWTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGE®AACGA]
acaggtg tgcatgg tgtcgtcagctcgtgtcgtgagatgttgggttaagtccecg aacga

* 1120 * 1160
AGONGOINCGTA GGIAGACTGCCGGpN
AGONGONCGTA GGHGACTGCCGGT
AGONGOINCGT T
GEONCONCGTA

ATE@TT, GOONTONT T AAGHN——| ®ACT Cw:VAGGINGACT GCCGGpN

GEIOATONTTAAG ®ACTpNVNEGINNGACT GCCGG]N

ETTECAT GEIOAGOINCGTAG EACTCLYNEGGHGACTGCCGGE

GCGCAACCCT@GHNC e uN GOIACOINCGT G GACTCATGGGRGACTGCCGGG
GCGCAACCCT@GHNRC Y GlACONCGTA.

gcgcaaccct g

GCGCAACCCTTEATCTT GCCATCATTAAQE ®ACT Cw-VAGGINGACT GCCGGpN
G| G

[¢] gtt cca ca t tggg actc gg gactgccgg g caa cggag

248

912
905
922
913
874
905
848
927
928
928
899
904
906

982
975
992
983

9717
998
999
1000
971

976
977
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12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

* 1180 * 1200 *

GAAGGTGGGGATGACGTCAARTCATCATGECCCT TAICINSINGCGCTIACAC
TGACCTGGGCTRCAC
TGATTTGGGCTHCAC

gaaggtggggatgacgtcaa tcatcatg ccctta g gggct cac ¢ t ctacaatgg ggtaca

A GING® T GCINAIGINC(O/GOIGA GGURE[EAGCURAA T CpyC AN
AINEGECAE[® TH GAGGIHOEYNGCINAA T C[@CANN
ATEGETINEI®GINT AlGIT € T(€X:NE(EIT GCLIEG TV UNSIC{ey:\
JAAGEGINT GCIEAINNCUNGIRGAGGINE[EAGCSAA T C6CA!
JAAGlE|GOT GCINAIWAC(®GECAGGNE[EAGCGAAT C6CA!

A CGING®T GCE FGGAGGAG(“AAT(“AAA
A
ag g tgc a ¢ g gagg agc aatc ca aaa cc

tc agt cggat g g ctgcaactcg

* 1380

PACIECIETGAAGINGGGAMTCGCTAGTAATCGC
ACTGeEGINenvNeTCE RTC CTAGTAATC

A®TG GTGAAGTCGGA%TCGCTAGTAATCGC

TGAAGOMNGGAINTCGCTAGTAATCGCEEATCAGEA
TGAAGCTGGARTCGCTAGTAATCGCGGATCAGC
TGAAGCTGGARTCGCTAGTAATCGTAGATCAGC

GGATCGCTAGTAATCGC
TGAAGIYSGGAGTCGCTAGTAATCGC
TGAAGINSGGAGTCGCTAGTAATCGCINEAT CAG[®AINGG GG CGGINGAATACGTTCCCGGGICTTGTAC
tgaag gga tcgctagtaatcgc atcag a g gcgg gaatacgttcccggg cttgtac

249

1274
1267
1284
1275

1266

1287
1288
1290
1261
1266
1267

1346
1339
1356
1348

1338

1359
1360
1362
1334
1339
1340
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12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

12A_10_Pse
12A_Pseudo
TC222_P._f
RRLJSMAR_P
776_S._mal
A90_D._tsu
8b-1_Sphin
WDL7_C._te
ZH6_Bacill
MOLA_313_S
TPR1_Micro
6J-5b_K._k
PAO-12_Mic

* 1400 * 1420 * 1440 * 1460

[ACACCGCCCGTCA@NCCLUNCEEAGT eleje T ye CTAETCTRAGMOTTCGEEAGGACGGTTNCCC
CTAETCTRAGOTTCGEEAGGACGGTTNCCC

[ACACCGCCCGTCA@:NCCLUNCEEACT eleje T ye
TEGGLERIGGGINT G CTAETCTRABMOTTCG GGACGGTTNCCA
TEGGHEMNT TGINT G GTAEC-TRAGETTCG GGGCGCTGCCAC

GC AGAMECiErvNe T CEGTGEGGTRACOTT T - CCCGCCGCTAAG
C ACHCCCGAAGTCGGTGGGGT CCpyiiny CCCACCCGCCTA
cC
C
cC
T
[¢}
* 1480

AGAOCERVNEIC CEGGGAGACC—E§TTAG GCAGCCGTCAAG
C[EGGTGTCATGACGGGGGGGGGGGNNN : 1446

AC‘CCCGAAGCCGG—GGCCTE;CC———T GGGGGCCTCAAGG
C[EGGTGTCATGACGGGGGGGGGGGNNN : 1439

ASIC[el®/C[eVNEIC C[elG-G[ECCCINABGCT T T(€l€CGGAGCCTCCAAG
AlGA{e T(€7:V:Xe/C C[€]G - G{eCCTINAGOCTT T GGAGCCTCAAGG
c cc gaag g g a cc gg

acaccgcccgtca

g

CEGGTGTTCTGAGGGGGGGGGGNNN~~ : 1454
GETGCCAGCGGNNNNNN-———-—————— : 1437
GECGGTCGAGGGTTTN ——————————— : 1427
TE@TCGGCGGAAAAN-———————————— : 1445
AEGGGGCAATATGGGGGGCCNNN-—-—— : 1455
GECCCAAAGATGGTGTTAANN-————— : 1454
GECCCCGTGCTATTNNNNNNNNN--—-— : 1426
GEGTCTCCGTGGCTGGGCCNN-————— : 1432
Glg--TCTCATAGCTCCGCTTNN————— : 1432
9

250

1419
1412
1429
1420

1411

1431
1432
1433
1403
1411
1412

Alignment of the amino acid sequences of 13 isolates obtained after exposure

to metal. The alignment was carried out by the multiple alignment of Clustal X

(1.81). Genedoc software was used for homology shading. The conserved

regions are indicated with Roman numerals. The abbreviations of the isolates

are given in the text. Gaps introduced into the alignment are indicated with

dashes. Four shading levels were set.
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APPENDIX C1

The figures below represent the agarose gel electrophoresis results of purified
PCR products of the organisms isolated from the biofilm samples (obtained from
the bioballs) collected from the three compartments of the three-week,
laboratory-scale bioreactor system, three days after start-up. The code for the

organisms names are Bl — Bioreactor Initial (after three days).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18 19 20

ol e S L e 0 -

LANE 1 — Marker LANE 2 — Negative Control LANE 3 - Bl1
(Lambda DNA/HIND I11)

LANE 4 - BI2 LANE 5 -BI3 LANE 6 - Bl4
LANE 7 - BI5 LANE 8 — BI6 LANE 9 - BI7
LANE 10 - BI8 LANE 11 -BI9 LANE12 - BI10
LANE 13 - BI11 LANE 14 - BI12 LANE 15-BI13
LANE 16 — BI14 LANE 17 - BI15 LANE 18 — BI16
LANE 19 - BI17 LANE 20 - BI18
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i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

2027 bp
1200 bp
LANE 1 — Marker LANE 2 — Negative Control LANE 3 - EMPTY
(Lambda DNA/HIND I11)
LANE 4 - BI19 LANE 5 - BI20 LANE 6 — BI21
LANE 7 — BI22 LANE 8 — BI23 LANE 9 — BI24
LANE 10 — BI25 LANE 11 - BI26 LANE 12 — BI27
LANE 13 — BI28 LANE 14 - BI29 LANE 15 - BI30
LANE 16 — BI31 LANE 17 — BI32 LANE 18 — BI33
LANE 19 — BI34 LANE 20 — BI35
1 2 3 4 5 6 7 8 9 10 11 12
2027 bp
1200 bp

LANE 1 —Marker LANE 2-BI36 LANE 3 - BI37
(Lambda DNA/HIND 11I)

LANE 4 - BI38 LANE 5 - BI39 LANE 6 — BIl40
LANE 7 - Bl41 LANE 8 — Bl42 LANE 9 - Bl43

LANE 10 — Bl44 LANE 11 - Bl45 LANE 12 — Bl46
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APPENDIX C2

* 20 * 40 *
EHFS1_SO01H : —NNCCGCGTAGTACCGTAGAGGTTGGAGNAN—ATGAAGCCCAG—— TTGC—-TGGGT : 51
T202_C._il : —NNCCGCCGAGCACGCTTAGAETTEGACAACGATGAAGCTGGGT TTGCACCTGGT : 56
C._xerosis : NNNCCGCGCTAGACGTTCANAECTEGGANNCCCCCANGGCCCCGE®TTGC-CAGGTT : 56
435_C._hei : ——————————— GTTGGGCCGGCAGECAECTACAATGCAGGTCGAE§GCCCCGCA——— 43
W-70_C._an : ——————————— NNNGGGCAGG———[€ECAECTACCATGCAG-TCGAEI®OGCCCCGCAA—— : 40
DS-18_B._1 : ————————————— NNNGGCGTAGTCACECTAGATG-TTGGAGAC[EGACCCTTCGG—— : 41
BBCT20_Sph : ——————————————— NNCGCEAGEGCECTATCAGCTTGGAGACEANACCTTCTG—— 39
EP37_Pseud : ——NNNCCGAGCGCAGCTACATECAETCEA--GCGGTAGAGAGAAEOTTGCTTCTC—— : 51
CAI-4_P._r : ——NNCCGCGATGGCGCTACCAECAETCEA--GCGG-AGAGAGAA-(@TTGCTTCTC—— : 49
PTO3_Bacte : —NNNGCCGAGCGCAGCTACATECAETCEA--GCGGTAGAGAGAAEOTTGCTTCTC—— : 52
R-20805_Ps : —NNNCCCGAGCGCAGCTACATECAETCEA--GCGGTAGAGAGAAEOTTGCTTCTC—— : 52
776_S._mal : ——NNNGGCGCAGGAGCTACATECAETCEACGGCAGCACAGGAGAECOTTGCTCTCTGG : 55
Esa.33_Hyd : ——-NNCCCGAGCGCGCTCTCATETGETCAACGGTA-CA-—-GGCCEI®AAGGTGCTG—— : 49
BAC108_Hyd : NNNCCGCGAGCGCGCTCTCATETGETCEAAGGTA-CA-——-GGCCE®AAGGTGCTG—— : 51
Sulf-946_H : NNNCCGCGAGCGCGTCTTCAT[ETGETCEAAGGTA-CA———GGCCE8AAGGTGCTG—— : 51
BAC306_Hyd : —NNCCGCGAGAGCGCTTITAATETAETCEAAGGTAACA-——GGCCEeAAGGTGCTG—— : 51
V._paradox : —NNCCCCGCAGGCGTCTTCAGTGGETCCACGGCAGCGC——-GGGAEISATCCTGGCG—— : 52
KBAB4_B._w : ———-NCCCGAGCGCCGCTATATECAETCEA-GCGATGGATTAAGAEC®TTGCTCTTATG : 53
megaterium : —NNNGGCGAGCGCGGCTAAATECAETCEA-GCGACTGATTAGAAEOTTGCTTCTATG : 55
PF-G_Brevi : ————————————— NNNCCGCEATEGCECTATAATGCAGGCGAAEGGGCACAATG—— 41
g 9 g gc
EHFS1_SO01H 106
T202_C._1il 111
C._xerosis 111
435_C._hei 96
W—-70_C._an 93
DS-18_B._1 94
BBCT20_Sph 92
EP37_Pseud 105
CAI-4_P._r 103
PTO03_Bacte 106
R-20805_Ps 106
776_5S._mal 110
Esa.33_Hyd 101
BAC108_Hyd 104
Sulf-946_H 103
BAC306_Hyd 103
V._paradox : : 103
KBAB4_B._w : 7 7 INCCIRAMGCATAAGACTIEIE[ErN : 108
megaterium : GECEEACGEET GA 7 7 Ef TGTAAGACT[elegeN 110
PF-G_Brevi : ———-TCICT[EeT@e TiNslecicuNeC 7 ‘CCTATCACEGGGGG? : 93
Ag GgCg ACGggTGag taA T Cc t GGgA
120 * 140 * 160 *
EHFS1_SO01H : G =G ————CCGCATGG : 156
T202_C._il : -——-a§ccaTcT ¢ 161
C._xerosis : N : 157
435_C._hei : eLVVAC T TG T clopwvuy-(oele TEe \CETCOGCGAT ————————— : 144
W-70_C._an : : 141
DS-18_B._1 142
BBCT20_Sph 140
EP37_Pseud 153
CAI-4_P._r 151
PTO03_Bacte 154
R-20805_Ps : : 154
776_S._mal : MNVNGGTAG ACENWNSGC TAATAC 7 : 158
Esa.33_Hyd : MINNGGCAGC[EnNNAGC TGC(Ecipvuy (e : 149
BAC108_Hyd : ;152
Sulf-946_H 151

BAC306_Hyd : Z vy (elefleC \cerT@TAT——————— —— : 151

V._paradox 151
KBAB4_B._w 165
megaterium : : 167
PF-G_Brevi : e I -\2A A ACAGCGGGC—————— . 144

gcTAATaCCG ATa g g a
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EHFS1_SO01H
T202_C._11
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1i1l
C._xerosis

435_C._hei
W-70_C._an
DS-18_B._1

BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO1H
T202_C._11
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

180
TG-GGTGTTGGAAAGATTENAT
CCTGGGGGTGGAAAGAATH-T
GGGTGTGGTGGAAAGTTTH-T

GCAGGGGACCTTCGGGCCHTG
GCAGGGGACCTTCGGGCCHTG
GCAGGGGACCTTCGGGCCHTG
GCGGGGGACCTTCGGGCCHCG
GCAGGGGATCTTCGGACCHTG
GCGGGGGACCGTAAGGCCHCG
GCGGGGGACCGTAAGGCCHCG
GCGGGGGACCGTAAGGCCHCG
GCGGGGGACCGTAAGGCCHCG
GCAGGGGATCGCAAGACCHTG
TTGAAAGGCGGCTTCGGCHGT
TTGAAAGATGGTTTCGGCHAT

* 240

GEGI\GGTAAR
GLGINGGTA
GEGI\GGTA
GTGRFGTA

GTG FGTA

GtG GGTAA gGCtcACCAAG C aCGAt

CACACTGG
CACACTGGH ACTGAGACAC@@TCCAGACTCCTACLLGA(GCAGCAGTGGGGAAT

300

T|

TAgc Gg CTGAGAGG Ga C gc

* 320 *

CACACTGH ACTGAGACAC(HTCCAGACTCCTACLLGA(GCAGCAGTGGGGAAT

CACACTGGEACTGAGACACGGOCCAGACTCCTACGGGAGGCAGCAGTEGGGAATINTT)

CACACTGGE

CTGAGACACGG

@CCAGACTCCTACGGGAGGCAGCAGTRGGGAATE®TT]

CACACTGGEACTGAGACACGGEOCCAGACTCCTACGGGAGGCAGCAGTIGGGAAT®TT]
CACALCEGCGOACTGCGAGANACGGECCO®EACTCCTACGGGAGGCAGCAGTINGGGAATINTT]
CACActGG ACTGAGACACGG CCagACTCCTACGGGAGGCAGCAGTgGGGAAT TT

212
217
213
187
184
185
183
210
208
211
211
215
206
209
208
208
208
222
224
201

269
274
270
244
241
242
240
267
265
268
268
272
263
266
265
265
265
279
281
258

326
331
327
301
298
299
297
324
322
325
325
329
320
323
322
322
322
336
338
315

254
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EHFS1_SO01H
T202_C._1i1
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_S01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

g aCAATGGgcG AAGcCTGAt cAGC A gCCGCGTIG

C
C
Tt

46

GAC

GTAAARNGENCT
GTAAARNGENCT

GTAAA

0

ggTAcc

CTtT

360 * 380 * 40

GA GAaGG ctTc GG

480 * 500 *

AINAAGCINCCGGCTAACT@MNGTGCCAGCAGCCGCGGTAATACKHY
AINAAGCINCCGGCTAACT@MNGTGCCAGCAGCCGCGGTAATACKHY

AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC
AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC
AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC
AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC
AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC
AINAAGCIMCCGGCTAACTINEGTGCCAGCAGCCGCGGTAATAC

agAa AAGC cCGGCTAACT cGTGCCAGCAGCCGCGGTAATACg

382
387
383
357
354
355
353
380
378
381
381
385
376
379
378
378
378
392
394
372

418
423
419
388
385
386
384
436
434
437
437
441
432
435
434
434
434
449
450
422

475
480
476
445
442
443
441
493
491
494
494
498
489
492
491
491
491
506
507
479

255
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EHFS1_SO01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1i1
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_BRacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_S01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_BRacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

ALIGNMENT OF AMINO ACIDS

ele T

: :: ,“
: GG G
e Jn
: >G Ch
;iR |

QQQQ Q Q

@]

>

R

QOO

) Q Q

aGGg GC AGCGTT

540

CGGAaTTA TGGGcgTAAAG G CG AGG GG tt

600

TAFFFTTGCTFFFAATTACTCCGCGTAAAFGG‘

\STGCGTAGA

SR TEINAATAAT TGELEECT G- CCleeNNGGA T Gleliehv - ¢ o clehNel- BV el i er)

ct GAgt g agaGg

tGgAAtt c

gtGTA Gc GTGaAA tgCgtAgA

532
537
533
502
499
500
498
550
548
551
551
555
546
549
548
548
548
563
564
536

588
593
590
558
555
556
554
606
604
607
607
611
602
605
604
604
604
619
620
592

642
647
645
612
609
610
608
660
658
661
661
665
656
659
658
659
660
673
674
646

256
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EHFS1_SO01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_S01H
T202_C._1i1
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

CgaTG

AGCEGITGGGEAGCHAA
AGCEGITGGGEBAGCHAA
AGCEGITGGGEBAGCHAA
AGCEGITGGGEAGCHAA
AGCEGITGGGEAGCHAA
AGCEGITGGGEAGCHAA
AGCEGITGGGEAGCHAA

g

g

>

>

>

AGCC-TTGAG
GAGCC-TTGAG
GAGTC-TTGA.
GTGCAATTTGG
GTCTCTITCTG
GTCTCITCTG
GTCTCITCTG
GTCTCITCTG
GAATTCACTTT

TAAAGGGTTTCCGC

T GGGTTTICCGC
TTEACGGT————A

g

TTAGATAC
TTAGAT
TTAGATAC
TTAGAT

cTgg c

actgAc CT A

cg AgctAAcgC T

8

698
703
701
668
665
666
664
716
714
717
717
721
712
715
714
715
716
729
731
702

754
759
757
724
721
722
720
772
770
773
773
777
768
771
770
771
773
785
787
758

811
816
813
778
775
776
775
827
825
828
828
833
822
825
825
825
827
841
843
810
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EHFS1_SO01H
T202_C._1i1
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_S01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

860 * 880 * 900 *

ACTCAAAGGAATEGACEGG
ACTCAAAGGAATEGACEGG
ACTCAAAGGAATTGACEGG
ACTCAAANGAATEGACEGGG
ACTCAAANGAATEGACEGGG

ACTCAAANGAATEGACEGGG

ACTCAAAMGAATHGACEGG
ACTCAAAGGAATHGACEGG

ACTCAAAGGAATHGACEGG

AGIINEC CECCTGGGGAGTACGEMECGCAL ACTCAAAGGAATHGACEGG
A AGIMNEINC CECCTGGGGAGTACGEECGCAAGEM TIEAAACTCAAAGBGAATHGACEGG
A AGIMNEINC CECCTGGGGAGTACGEECGCAAGEMTIEAAACTCAAAGBGAATHGACEGG
A AGIMNEINC CECCTGGGGAGTACGEIECGCAAGEMTIEAAACTCAAAGBGAATHGACEGG
1 ACOFXMNC CECCTGGGGAGTACGEECGCAAGE® TIEAAACTCAAAGBGAATHGACEGG
1 AGOFXSMNC CECCTGGGGAGTACGERMNGGCAAGIN® T[EAAACTCAAAGBGAATHGACEGG
A A GINSlOMNC C\CC TGGGGAGTACGOMEEGCAA e T[EAAACTCAAABGAATHGACEGG
AAg CCgCCTGGGGAGTACGg cGCAAg T AAACTCAAAGGAATtGACQGG

920 * 940 * 960

GEICCEGCACAAGCGGEGGACMATGEGGETTAATTCG
GINCCEGCACAAGCGGEGGANGATGEGGETTAATTCG
GINCCEGCACAAGCGGEGGANEATGEGGETTAATTCG
GINCCEGCACAAGCGGEGGANGATGEGGETTAATTCG
GINCCEGCACAAGCGGEGGANGATGEGGETTAATTCG
GINCCEGCACAAGCGGEGGANEATGEGGETTAATTCG

GCAACGCGA

GCAACGCGAAﬁAACCTTAC
GCAACGCGAAﬁAACCTTAC
GCAACGCGAARAACCTTAC

G cCcGCACAAGCGGtGGA ATGtGGtTTAATTCGA GcaACGCGaa AACCTTAC

* 980 * 1000 * 1020
@AAGGCHNERFNIGTTCTCGATC-GCCCTINGNENAA CGGTTTCCECTTIGGE-——-G
ISRy GGTCAACTCTTTGGAC———A
CCTTGIE----G

AT ——TTGECRENCINNCGCTTAGIG®TCGAAAEA-GAG
AT ——TTGECREINCINNCGCTTAGIG®TCGAAAEA-GAG
AT ——TTGECREINCINNCGCTTAGIG®TCGAAAEA-GAG
AT ——TTGECREINCINNCGCTTAGIG®TCGAAAEA-GAG
AT ——TCGECREINCINNCGCTTAGIG®TCGAAAEA-GAA

C TtgAcat g a

c AGAgAT t c g

867
873
869
834
831
832
831
883
881
884
884
889
878
881
881
881
883
897
899
866

924
930
926
891
888
889
888
940
938
941
941
946
935
938
938
938
940
954
956
923

976
981
976
948
943
941
942
992
990
993
993
998
989
992
992
992
994
1006
1010
974
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EHFS1_SO01H
T202_C._11
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1i1l
C._xerosis

435_C._hei
W-70_C._an
DS-18_B._1

BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO1H
T202_C._11
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

* 1040 * 1060 * 1080
ClejelepNe \CAGGTGETGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CEINOIENW VAL CAGGTGETGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINOIENV- U CAGCTGE@TGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CloleleRuNe\CAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
Clolelesd U A CAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CENElE[&NSACAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINEEIVNO A CAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CRUNMNONEACAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CENNNEYNEACAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CRUNMNONE ACAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINONEINO\CAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINSIEVVNO A CAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CEOeawVNO ACAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
ClOleaw VN \CAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
COEeawVNO ACAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
ClOleaw VN \CAGGTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
COEeawVNO A CAGCTGOTGCATGGOTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINEINEINE A CAGCTGE@TGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CINEINENE\CAGGTGETGCATGGITGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
CiyouNeNe g GGCTGOTGCATGGOTGCGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA

AcCAGGTG TGCATGG TGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA

* 1100 * 1120 1140
GTCCCGEAACGAGCGCAACCLTS
GTCCCGEAACGAGCGCAACCLT®
GTCCCGEAACGAGCGCAACCCTHN
GTCCCGCAACGAGCGCAACCETC
GTCCCGEAACGAGCGCAACCLT

GTCCCGEAACGAGCGCAACCLCTEN
GTCCCGEAACGAGCGCAACCCTEN
GTCCCGEAACGAGCGCAACCLCTEN
GTCCCGEAACGAGCGCAACCCTEN
GTCCCGEAACGAGCGCAACCLCTHN
GTCCCGEAACGAGCGCAACCLCTEN
GTCCCGEAACGAGCGCAACCCTEN
GTCCCGEAACGAGCGCAACCLCTEN

* 1160 * 1180 * 1

GAGGAAGGIGEGEGAEGACGTCA
GAGGAAGGEGEEGAMGACGTCA
GAGGAAGGIGEGEGAEGACGTCA.
NCAAINCCGRGAGGAAGGHGEGEGAEGACGTCA.
NCANINCCGRGAGGAAGGEGEGEGAEGACGTCA

1CCGGTH CAAINCCGRGAGGAAGGEGEEGGATGACGTCA

GG GREAAINCCGCRGAGGAAGGEGEEGATGACGTCA.
NGACEGCCEGIGCREAANCCGCRGAGGAAGGEGGEEGGATGACGTCA
ANNGIAGA CEGCCEGHGRCEAAINCCGRGAGGAAGGHGEEGATGACGTCA.
NGACEGCCEGHGREAAINCCGRGAGGAAGGHGEEGATGACGTCA.
NGACEGCCEGIGCREAANCCGCRGAGGAAGGEGEEGGATGACGTCA
GACTFCCGGTF CAA‘CCG GAGGAAGGEGEEGAMGACGTCA

taa g gACtGCCthG CAA ccG GAGGAAGGtGggGAtGACGTCAA TC TCAT

1033
1038
1033
1004

999

998

999
1049
1047
1050
1050
1055
1046
1049
1049
1049
1051
1063
1067
1030

1090
1095
1090
1059
1054
1053
1054
1106
1104
1107
1107
1112
1096
1099
1099
1099
1105
1118
1122
1087

1146
1151
1146
1116
1111
1109
1110
1162
1160
1163
1163
1168
1152
1155
1155
1155
lle61
1174
1178
1143
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EHFS1_SO01H
T202_C._il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_S01H
T202_C._1il
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PTO3_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

EHFS1_SO01H
T202_C._1i1
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

200 * 1220 * 1240 *

€ TAC AATFGGG.Aa Aﬁ
TT2PUNCTERE A ACACE T ACAn TeCReEETAC A IS

Cl JAN
G CCCTTA GGGCtaCACaCgT TACAATGG ggtACA GgG gc a

1260 * 1280 * 1300 *
NCINCEINCACCINECACCINA A T CCORVAA A A €CCele T CINSAGTINCGGATINGIE@GT CTGCA?Z
NCCCIWNACCINECACCIENA AT CCORVAANANECCe[e T CINSA G TINCGCATIGINGGT CTGCA.
[ECCCEINCACCINECACCIAAT CClogNe AN e CClele T CINOAGTINC GGAT[®GEI@GTCTGCA.
ACCCCCACCINOCACCUNA A\ T CENSIOAA AN ECCRINT CINSA G TINCGCGATINGOIN®T C T GCA?
[ONCCCCACINEUNCACCINA AT CENSIOINA NN\ ECCRINT CINOAGTINC GGATINGI®VNGT C TGCA?Z

ccgcgagg  gagc AATCc  AAA cc  TC AGT CGGAT G gtCTGCAA

1320 * 1340 * 1360

( GAAGE®GGAASCGITAGTAATCGENEEAT
CT(GﬁCTACﬁTGAAGCTGGAATCGCTAGTAATCGCGGAT

CTCGECINANCINTE GAAGOINGGAATCGETAGTAATCGEEAT
CTCGCACINGIWNT GAAGOINGGAATCGETAGTAATCG{OEEATC
CTCGac c¢ tGAAGt GGAatCGcTAGTAATCG ATCAG at G CGGtGaA

1203
1208
1203
1173
1168
1160
1167
1219
1217
1220
1220
1225
1209
1212
1212
1212
1218
1231
1235
1200

1260
1265
1260
1229
1224
1201
1223
1276
1274
1277
1277
1282
1266
1269
1269
1269
1275
1288
1292
1257

1317
1322
1317
1285
1280
1257
1279
1332
1330
1333
1333
1339
1322
1325
1325
1325
1331
1344
1348
1314
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EHFS1_SO01H
T202_C._1i1l
C._xerosis
435_C._hei
W-70_C._an
DS-18_B._1
BBCT20_Sph
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd
V._paradox
KBAB4_B._w
megaterium
PF-G_Brevi

TACGTTCCCgGg CttGtaCACacCgCCCGtcacacca

* 1440
EHFS1_SO01H GTEGAC GGTTTTATA
T202_C._il AC-GCCAEGGCTTAACC
C._xerosis GTTGACAEGGTTTTHICC
435_C._hei CGhYAEGCACIGTGC
W-70_C._an CGhYANEGCECIGT GC
DS-18_B._1 CGARANEGTEGINGCG—IRAA
BBCT20_Sph CATGEACAGGGTT—
EP37_Pseud
CAI-4_P._r
PT03_Bacte
R-20805_Ps
776_S._mal
Esa.33_Hyd
BAC108_Hyd
Sulf-946_H
BAC306_Hyd

V._paradox
KBAB4_B._w
megaterium

PF-G_Brevi : TTGHATC

aag g t t c

* 1460

CGTTCACGCCAGAGTCCTAC

CTTTC§CC----GATCCT
GETTC-CGCCGEAGTCCT

CGCAAE-AC-GCAG-CG
CGCAAEGAG-GCAGGLCG

CGCAAE-GC-GCAGTCCT
TTTCGCATA-AC-CCAGTCGT,

GA-—-GGACGGT
GG——-GGACG-T
GA——-GGACGGT
GG——-GGACGGT

GCC-GGGT-CT
GAC-GGGCGCT

G———-GGGCGAT
GAG-GGGA—-T

TAGCTAGTGCG

GA--GGGCGCTG

GA-—-CCCGCCGC
GA--GCAGCCGC@AA-GTGTC——-AAATTNN-——

C

CG

C
C
o
c—
c—
C

GCC-GG-T-CTATC

CC
C
C

Gggag ggt

* 1480
GA-CGTCACCGAAA—-
GA-GTTCACGGAAAA-
GATCTTTGCCAAGGN-
GAGTCGGACCNNNN--
GAGTCCA-—-TGGNN--
TAGTACCACCGGNN-—

CAGACTGC-GCCGAAA——

GGTGTCATGAGGNNNN
AGTTTCAGCGTGGNN-
CGTGTCAGCGAAANN-
CGTTTCATAGGN———-—
CGTGCCTGCGGNNNN-
GAGTTCAAGGNN-——-—
GAGTTCTGGGN—————
GAGGTACGACCGNNN-
GAGTGTCCACGGGGGN
GCAGTCGACGGNNN--
GTGTCGCAGGNNNN-—

TBAGGN-—————————————

C

261

1373
1378
1373
1341
1335
1313
1335
1387
1385
1388
1388
1393
1377
1380
1381
1381
1387
1400
1403
1369

1426
1427
1427
1392
1386
1364
1385
1439
1435
1438
1437
1444
1426
1428
1435
1434
1438
1452
1452
1412

Alignment of the amino acid sequences of isolates obtained from bioballs three

days into the setup of the bioreactor.

The alignment was carried out by the

multiple alignment of Clustal X (1.81). Genedoc software was used for homology

shading. The conserved regions are indicated with Roman numerals.
abbreviations of the isolates are given in the text.

The

Gaps introduced into the

alignment are indicated with dashes. Four shading levels were set.
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APPENDIX C3

The figures below represent the agarose gel electrophoresis results of purified
PCR products of the organisms isolated from the biofilm samples (obtained from
the bioballs) collected from the three compartments of the three-week,
laboratory-scale bioreactor system, fifteen days after start-up. The code for the
organisms names are BF — Bioreactor Final (after 15 days).

1 2 3 45 6 7 8 9 10 1112 13 14 15 16 17 18 19 20

- 2 Oy U Y W e Wy W oy W W s e gy

LANE 1 —Marker LANE 2 — Negative Control LANE 3 — BF1
(Lambda DNA/HIND 1)

LANE 4 —BF2 LANE 5 - BF3 LANE 6 — BF4
LANE 7 — BF5 LANE 8 — BF6 LANE 9 — BF7
LANE 10 - BF8 LANE 11 - BF9 LANE 12 - BF10

LANE 13 - BF11
LANE 16 — BF14

LANE 19 - BF17

LANE 14 - BF12
LANE 17 - BF15

LANE 20 - BF18

LANE 15 -BF13

LANE 18 —BF16
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i 2 3 4 5 6 7 8 9 10 1112 13 14 1516 17 18 19 20

2027 bp
1200 bp
LANE 1 — Marker LANE 2 — Negative Control LANE 3 -BF19
(Lambda DNA/HIND I11)
LANE 4 - BF20 LANE 5 - BF21 LANE 6 — BF22
LANE 7 — BF23 LANE 8 — BF24 LANE 9 — BF25
LANE 10 — BF26 LANE 11 - BF27 LANE 12 — BF28
LANE 13 - BF29 LANE 14 — BF30 LANE 15— BF31
LANE 16 — BF32 LANE 17 — BF33 LANE 18 — BF34
LANE 19 — BF35 LANE 20 - EMPTY
i1 2 3 4 5 6 7 8 9 10 1112 13 14 1516 17 18 19 20
2027 bp
1200 bp - N - - - - e G ey -

LANE 1 — Marker LANE 2 — Negative Control LANE 3 — BF36
(Lambda DNA/HIND I11)

LANE 4 - BF37 LANE 5 - BF38 LANE 6 — BF39

LANE 7 — BF40 LANE 8 — BF41 LANE 9 -BF42
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LANE 10 — BF43 LANE 11 — BF44 LANE 12 — BF45
LANE 13 — BF46 LANE 14 — BF47 LANE 15 — BF48
LANE 16 — BF49 LANE 17 — BF50 LANE 18 — BF51
LANE 19 — BF52 LANE 20 — BF53

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20

2027 bp

1200 bp

LANE 1 —Marker LANE 2 — Negative Control LANE 3 — BF54
(Lambda DNA/HIND 1)

LANE 4 — BF55 LANE 5 — BF56 LANE 6 — BF57
LANE 7 — BF58 LANE 8 — BF59 LANE 9 — BF60
LANE 10 — BF61 LANE 11 — BF62 LANE 12 — BF63
LANE 13 — BF64 LANE 14 -EMPTY LANE 15 - EMPTY
LANE 16 — BF65 LANE 17 — BF66 LANE 18 — BF67

LANE 19 — BF68 LANE 20 - BF69
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1 2 3 4 5 6

2027 bp
1200 bp

LANE 1 — Marker
(Lambda DNA/HIND I11)

LANE 4 - BF70
LANE 7 - BF73

LANE 10 - EMPTY
LANE 13 - BF77
LANE 16 — BF80

LANE 19 — BF83

1 2 3 4 5 6

2027 bp
1200 bp

LANE 1 — Marker
(Lambda DNA/HIND l111)

LANE 4 — BF85
LANE 7 — BF88
LANE 10 - BF90
LANE 13 — BF93
LANE 16 — EMPTY

LANE 19 - BF97

265

7 8 9 10 1112 13 14 15 16 17 18 19 20

LANE 2 — Negative Control
LANE 5 — BF71

LANE 8 — BF74

LANE 11 - BF75

LANE 14 -BF78

LANE 17 — BF81

LANE 20 - EMPTY

LANE 3 - EMPTY
LANE 6 — BF72
LANE 9 - EMPTY
LANE 12 - BF76
LANE 15 -BF79

LANE 18 — BF82

7 8 9 1011 12 13 14 15 16 17 18 19 20

LANE 2 — Negative Control

LANE 5 - BF86
LANE 8 — BF89
LANE 11 — BFO1
LANE 14 — EMPTY
LANE 17 — BF95

LANE 20 — BF98

LANE 3 - BF84

LANE 6 — BF87
LANE 9 - EMPTY
LANE 12 — BF92
LANE 15 - BF94

LANE 18 — BF96
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* 20 * 40 *
92-0600_Ar : —=—=—--—————- GTTNT@NESGC-AA-~CCGATGATCCG-GTGCTTGCACCGGGEA-A 41
5N-4_K._pa : —---NNNNCCGGTTACTNE®G-A-—-CGCTGAGCAC-CAGCTTGCIGGTGTGG-A : 47
4RS-9a_M._ : ————————— NNNNCCGETHAGEA-G---TGACGAGAGC-CCGCTTGCTG-GGTGG-A : 41
Amico6_var : ———-———-——- NNCCCGE@AeA - N---TGACGAGAGC-CCGCTTGCIG-GGTGG-A : 40
MT2.2_Derm : —-————-——- NNTTTAETHAGEA-G-—-TGACGAGAGCGCCGCTTGCIGGTGTGG-A : 42
Lact5.2_B. : ————NNNNCCGGCTCTE@:ENeG—A---CGATGATGGTGGTGCTTGCCTCCCTG—-A : 47
rJ6_Bacter : ———————————— NTNTE®NERGA - N-——-GGTGAAGCC-CAGCTTGCIGGGTGE--A : 37
PAO-12_Mic : ————- NNCECCGGTAAE®NENEG-A-——~GGTGAC-CG-GAGCTTGCICTGTGEG-A : 44
sp.7_4K_Mi : ————- NNNGGGECTAAT[E[@NENSGC-AA -~ CGGTGGAAGA-GAGCTTGCICTCTGG--A @ 46
wgedll_Lei : ——-NNNNCCCGGTTACT®NEINOG—A---CGGTGAGCAG-GAGCTTGCICTTGTGG-A : 48
L._japonic : ——————————- TTTTTCYGECTA-AT-—CAGTCGACGGTAGGCCCTTCGGGGTAC-A @ 42
MLO004_R._ : ——————————— NNNNNCGGECTA-ATECAGTCGAGCGGTAGGCCCTTCGGGGTAC-A @ 44
6_Clone_Un : —-———-—————- NNNNNTBCEET-ATG-CAGTCGACGGTACGCGGGGCACCTGECGA : 44
CICCHL_JQ9 : ----NNNCCGGC-A-AENehNe--AG--CGATGGATA-AGAGCTTGCICTTATGAAG : 46
XJU-1_B._c : --NNNGGCCGGC-ACAESNEIG--AG--CGATGGATT-AGAGCTTGCTICTTATGAAG : 49
PR35-2-1_B : ———NNNCCGAGC-TACEHEEINEG-AG--CGATGGATTGAGAGCTTGCICTCAAGAAG : 50
760_B._pum : NNNNTTTCGGGCTACTEerNeAN6G-AG--CGGAAGAAG-GGAGCTTGCTCCCG-GATG : 52
S._succinu : ---NNNNCCGGC--AAEONEIS - -GG——CGACGGATA-GGAGCTTGCICCTTTGAAG : 47
ST7_Clone_ : —--——- NNNGGC---GE@AGE--AG--TGACGAGAG-CCAGCTTGCTIGGGTGEA-~ : 41
88_17_clon : —--NNNNNCCGCTAA-E®NEFI®GC-GCEGA--GA-AGGTAGCTTGCTACTGAACTTA- : 48
Acinetobac : —-NNNNNCCGGCTAAT(EerNeleGAGCGGA-~GAGAGGTAGCTTGCTACTGAACTTA- : 52
TDIW13_Aci : —-NNNNNCCGGCTAATEONEINOGAGCGGA--GCGAGGGTGCTTGCACCTTAGCTTA- @ 52
RA449_A._sa 1 ———————— NCGCTAT—(e{ohNelN8 A - GCGGAGCGGGAAGTAGCTTGCTACTTTTGCCGG & 47
211c_A._ve : ——————- NNGGGCAR-(E{ohNeliGA-GCGGA-CGGGAAGTAGCTTGCTACTTTIGCCGG & 47
ATCC_17527 & —=—=——-- NNNCGGCAC-(e{ohNehiGA -GGG ——————~ AGAGGGGCTGCTCEICTGATTC-- : 40
PCl6_P._pu : ————- NNNCCGGCAA - El@NEEN -GCGGA-—~TGAGAGAGCTTGCTCICTGATTCA- : 46
PTO3_Bacte : —————- NNGGGCTAA-(E{ehNelNeG-GCGG———~TGAGAGAGCTTGCTTCTCTTGAGA- : 44
KVD-unk-80 : ———NNNGGGCG-CTAAESEINeG-ACGGC-—-AGCACGGACTTCGGTCTGGTGECG- : 48
J._lividum : ——-NNNNNCCGTCTATE®NEINOG-ACGGC---AGCACGGAGCTTGCTCTGGTGGCG— : 49
L._ginseng : —-NNNTTTCGGCTTATE®NEINOG-ACGGT---A-CGCGGG-GCA-—CCTGGCGACG— : 46
6C_13_Vari : —---- NNNCCGCTCA-E@Neec-ACCGC---G-CGCGGGAGCAATCCTGGCGECG- = 45
D._acidovo : ---NNNNNCGGCCTATE®NEIN®G-ACCGT---A-ACGGTCTTCG--GACGCTGACG- : 46
300C-C03_C : --NNNNNCCCGTCAATEONERIOGC-ACGA———————————————~— CCCETCGGGET-- : 36
ctg_CGOF25 : —--NNNNCCGGCTAATEONEEG-ACGA———————————————— CCCITCGGGGT-- : 35
BY14_Clone : —————- NNNGGGC TAAESNEEG-ACGA———————————————— ACCIT-GGGGT-- : 31
BIR2-r_lim : ——————- NNNCCGCAAESNERIGA ~GAGA ———————————————— TCTI---GGAT-- : 28
MP20_Sphin : —--NNNNCCCETCAATEONEEGC-ACGAG—————————————~ ATCCITCGGGETC- : 38
DSSF72_Unc : ---NNNNNCCGTCAA-EFNehNeG-ACCAG-————————————— ATCTIC--GGATC- : 35
1/4_C7_32_ ¢ ——————— NNNGGGCAAESNERGA - GAGA————————————————~ CTIC---GBT-- : 27
AKIW820_Cl : --NNNNGGCCGTCAATENENEG-ACCAG—————————————— ACCTIC--GGGTC- : 37
WBI100_Clo : ————- NNNNCCGCTAAEONENSG-ACCCG—————————————— CACTICGGIGCT-- : 35
ENVA81_X._ : ———————————— NNGGE®ACGEA-GTGAG-—————————————— GCCAGCATGGG-- : 27
V4.BO.05_B : ——--- NNNNCEGC TAAESNE®G-ACGAC——————————————— TCTECGGAGTT-- : 34
549_Chryse : —-—---————-= NNNNNG{EGGCA®T-GCAGCTGAGCGGTAGAGTCTCTTCGGAGACTTG : 46

PB93_P._kr : —————————— TTTTGGE@AAGEA-GTGAC--GATGATAGAGCTTGCTTTTA---TCG : 41
gcagtc
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PTO03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

60 * 80 * 100 *

TGCGGA‘C CGEINGT[ECLINCouNC/ol@ TTTATCAGGEEGIUIAGC : 102
AL(eTelelec/clXelelele - pye Cleliv.VACGeCiNA TECIC oA e T TAATCAGGEEGEIIGE - 97
aG GGCg ACGGG TG Gtaa ¢ T G aA cTgCC t GG AtAa
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92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO0O04_R._
6_Clone_Un
CICCHL_JQ9
XJUu-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449 A._ sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_ Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

CCAGGEREVACTTGGA TNV NGec TRNGTG-CCCTTCGGGG]
TCAGGERGVACTTGT G ORiv Gelc AMNCG T G- CCCTTCGGGG
CTTTC[eRBVAGGAAGATINGEUVNGE/C CLNAATA-TATAGAGTG]
CCGAARWAT TCGCATINRCINGOE CRMAAAAAACACAGAGT

GAAA

cTAAtaCcg AT

ATTACTCAATGTTC
gA g

268

152
158
153
151
154
158
149
156
158
160
154
155
153
157
161
lel
l64
159
153
155
159
159
157
157
147
153
151
156
158
154
153
154
135
134
129
127
137
134
126
136
132
125
132
158
154
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PTO03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

180 * 200 * 220

TCGGAC
TCGGGC
TCGGGC
TCGGGC
TCGGGC
TCGGGC
TAAGGC
CAAGAC
CAAGAC
CAAGGC
TCGGGC

t g GAtg C g AT AGcT GTTGGtg
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203
209
203
201
204
208
199
205
207
210
204
205
203
214
218
218
221
215
202
204
208
208
206
206
196
202
200
205
207
203
202
203
180
179
174
172
182
179
171
181
177
170
177
207
203
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92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO0O04_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449 A._ sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14 Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

GGGTAAggGCCT‘CCAZ—\GGCGACGZ—\TCTGTAGCTGGTCTGZ—\GAGGA
INGGTA ‘GGCTCACCAAGCCGECGATCTGTAGCTGGTCTGAGAGG‘
GTA:FGCAC CAAGECGACGANoNNE T AGCINGCINC TGAGAGGH

INGGTARINGGCINSACCAAGGCINACGAINGINNT AGCENGGINC T GAGAGGINT GAINC
INGGTA ‘GGCGCACCAAGECTACGATCCTTAGCTGGTCTGAGAGG‘TG‘TC

GgTAa gGC ACCAAGgCgacGA

TAgc Gg CTGAGAGG tGA C gcCAC

270

260
266
260
258
261
265
256
262
264
267
261
262
260
271
275
275
278
272
259
261
265
265
263
263
253
259
257
262
264
260
259
260
237
236
231
229
239
236
228
238
234
227
234
264
260
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

* 300 * 320 *
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGEGACTGAGALCACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACQTGGEGACTGAGALCACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
AETGGGACTGAGAEACGGCCCAﬂACTCCTACGGGAGGCAGCAGTGGGGAAT
ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT

ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACBACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGEACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGIVACTGAGACACGGHCCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGIVACTGAGACACGGHCCAGACTCCTACGGGAGGCAGCAGTEGGEGGAAT
ACTGGINACTGAGACACGGICCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGINACTGAGACACGGICCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGINACTGAGACACGGICCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT

ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT

ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
ACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGT@GGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACTGGGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEBEGGAAT
ACGTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT
AETGGGACTGAGACACGGCCCAﬂACTCCTACGGGAGGCAGCAGTGGGGAAT
ACQTGGEGACTGAGACACGGECCAGACTCCTACGGGAGGCAGCAGTEGEGGAAT

TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT

TT
TT
TT
TT
TT
TT
TT
TT
TT

TT
TT
TT
TT
TT
TT
TT
TT
TT
TT

A TGGEACTGAGABACGGECCAMRCTCCTACGGGAGGCAGCAGTGEGGAATETT

CCABACTCCTACGGGAGGCAGCAGTGMAGGAAT

AcCTGGgACTGAGACACGGCcCCAgACTCCTACGGGAGGCAGCAGTggGGAAT TTg a

TT
TT

271

317
323
317
315
318
322
313
319
321
324
318
319
317
328
332
332
335
329
316
318
322
322
320
320
310
316
314
319
321
317
316
317
294
293
288
286
296
293
285
295
291
284
291
321
317
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92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

CAATGGGCGEOAAGCCTGATGCAGCEAINGCCGCGT GEGEGCARGA

CAATGGGCCRAAGCCTGATIECAGClE
CAATGGMCGEAAGTCTG‘CGGAGC

CAATGGGGGEAAECCTGATCCAGCA‘TGCCGCGTGTGTG‘
A

CAATGGGCCRAAGCCTGCATGCAGCCRAINGCCGCGT GIRGINGA
CAATGGGCGEAAGCCTGATCCAGCC‘TGCCGCGTGCGGG‘
CAATGGGCEINAAGCCTGATI®CAGCEAIGCCGCGT GORNEGCARIGA

CAATGGECER
CAATGGGEGEAAECCTGATCCAGC
CAATGGGEEINAAGEC TGATECAGC

CAATGGgcg aagcCTGAt cAGC A gCCGCGTG g GA GA gGccetT

gGgTt

272

373
379
373
371
374
378
369
375
377
380
374
375
373
384
388
388
391
385
372
374
378
378
376
376
366
372
370
375
377
373
372
373
350
349
344
342
352
349
341
351
347
340
347
378
374
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92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_

AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

GTAAA c¢ CTtT

ggga gA
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408
415
408
406
409
413
404
410
412
415
409
410
428
440
444
444
446
440
407
430
434
434
431
431
421
427
425
430
432
428
427
428
380
379
374
372
382
379
371
381
377
370
377
427
423
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

CGGT‘TGCGTAGA‘GAAGCACCGGCCAACTACGTGCCAGCAGCCGCGGTGATAC
CleCTACCINEI®ACAAIGAACCICCCGGCOAACTIREGTGCCAGCAGCCGCGGIEAATAC

CleGCTACCHNVNS® &N\ NCCONCCCGCTAACTINCGTGCCAGCAGCCGCGGTAATAC
CleCTACCHp VNSO NN ACCONCCCCEAACTREGTGCCAGCAGCCGCGGEAATAC
CleCTACCHp VNS €A CCONCCCCEAACTREGTGCCAGCAGCCGCGGEAATAC
CleCTACCHW VNS €N\ A CCONCCCCEAACTREGTGCCAGCAGCCGCGGIEAATAC
CleCTACCINE®@AC A ACANCCINCCGGCTAACTINCGTGCCAGCAGCCGCGGEAATAC

—

H = 34 +H 34
RN

=Nl
SN

—H H =
RN

TA

TA

‘T‘AECACCGGCTAACTCTGTGCCAECAGCCGCGGEAATACAAR

Cleiy T 2 CyNelel®AG » AN~ 7 GCRC C GGCEAAC TIGING TGCCABCAGCCGCGGEAATACKEA
Cleiy T 2 CyNeleleAC » AN~ 7 GCIC C GGCEAAC TIINGTGCCABCAGCCGCGGEAATACINEA

Clepy T ACINoel®AC A AlGA AGCCICCGGCREAACT®CGTGCCAGCAGCCGCGGEAATAC

Clepy T ACiNoe[®AC A AleA AGCICCGGCEAACTO®CEGTGCCAGCAGCCGCGGEAATAC
Clepy T ACCIONOACA ANANCGCINCCGGCTAACTIOMIGT GCCAGCAGCCGCGGTAATACIEA
Clepy T ACCIONOACA ANANCGCINCCGGCTAACTOMIGT GCCAGCAGCCGCGGTAATACKEA
ClepN T ACCIONOACA ANANCGCINCCGGCTAACTOMIGT GCCAGCAGCCGCGGTAATACKEA
CleCTACCIEENACA AN ACCICCGGCREAACTREGTGCCAGCAGCCGCGGIEAATAC
CleCTACCHENAGCA AN AGCINCCGGCREAACTREGTGCCAGCAGCCGCGGIEAATAC
CleCTACCHENAGCA AN AGCICCGGCREAACTREGTGCCAGCAGCCGCGGIEAATAC

GA
GA

274

465
472
465
463
466
470
461
467
469
472
466
467
485
497
501
501
503
497
464
487
491
491
488
488
478
484
482
487
489
485
484
485
437
436
431
429
439
436
428
438
434
427
434
484
480
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

520 * 540 * 560 *
ECTeleTINElesee T TGTCGC

GGGEGCRAGCGTTepNOCCGGAATTANT GGGLEETAAAGINGEENCGINA G GEGGNTENEHNCE(®
GGGINGCIEAGCGTTHUNGCGGAATTANT GGGLEGETAAAGINGEENCGINA G GCGGNTENEHNGE(®
GGCIGCIEAGCCT TRYNOCGGAATIANT GGGCGTAAAGIAGCENCGINA G GEGGENTENE Nele(e
GGCIGCIEAGCCT T[ENOCGCCGAATIANT GGGCGTAAAGIAGCCHMIGINA GGEGGNTNE N ele[®
[elecCelen AGCGTTGTCCGGAATT‘TTGGGCGTAAAGHGCTCGTAGGIGGCTTGTCGC
INGGEGCINAGCGT TEMNSCGGARATTANT GGGNGTAAAGIRGOINCGEINAGGCGGNTiNesNelel®
GGGEGCRAGCGT THUNGCGGAATTANT GGGLEGETAAAGINGEENCGINA G GCGGNTENEHNGE(®
GGGEGCRAGCGT THUNGCGGAATTANT GGGEETAAAGINGGENCGINA G GCGGNTENEHNGE(®
GGEIGCRAGCGT T[ENOCGGAATIANT GGGCEGTAAAGIAGCENCGINA G GEG GENTENE Nele(®
GGGTGCﬁAGCGTTGTCCGGAATT‘TTGGGCGTAAAG‘GCTTGTAGGCGGTTTGTTGC
GGEGHGCRAGCGT T[ENOCGCGAATTAMT GCGGCETAAAGIRGICENCGEINA G GEGGENTENE Nele(®
GGGIGCIRAGCGT TRMNCGGAATTAMTGGGEET AAAGEGINEC GEA GG EGGENTLNNESVA
GGINEGCIAGCGT TRNNOCGGAATTANT GGGEETAAAGEGEEC GO GGENGGENTINGHNNIVA
GGINEGCIAGCGT TRNNOCGGAATTANT GGGEETAAAGEGEEC GO GGENGGENTINGHNNIVI
GGINEGCIAGCGT TRMNOCGCGAATTANT GGGEETAAAGEGEEC GEOAGGENGGCUNTUNCHNVVY
GGINEGCIAGCGT T[EUNOCGCGAATTANT GGGECET AAAGEGCHINCGOA GG LCGCGUNTUNCHNNVVY
GGINEGCCIRAGCGT TRMNOCGCGAATTANT GGGECETAAAGEGEECGINAGCGCGGUNTUNCHNV-V-N
GGGCINGCIEAGCGTTHUNGCGGAATTANT GGGEGETAAAGINGEENCGINA G GCGGNTENEHNGE(®
GGGGGCGAGCGTTAATCGEATTT‘CTGGGCGTAAAGCGTGCGTAGGCGGCTGATTAA
GGGIGCIEAGCGT TRICGGANTTAMTGGGEET AAAGEGINECGINA GG CGGETIEr UMV
GGCGCEAGCGT TRRMICGCGANTTAMT GGGEET AAAGEGINEC GINA GG C GGG TIEUNNVY
GGEHGCRAGCGT TRRMICGGAATTAMT GGGEET AAAGEGEOICGEOAGCGLCGGUNTIE[Er UV

GGEHGCRAGCGT TRRUICGGAATTAMT GGGEET AAAGEGEOIC GEOAGCGEGCGUNTIE[ErUN-V-
GGGUGCRAGCGT TRRMNICGGAATTAMTGGCGGEETAAAGEGEECGINAGGENGGENTINEHNNIVA
GGGUGCRAGCGT TRMICGGAATTAMTGGGEETAAAGEGEECGINAGGENGGENTINEHNNIVA
GGGTGCEAGCGTTAATCGGAATT‘CTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAA

GGCGCEAGCGT TRRUICGGAATTAMT GGGEET AAAGEGINEC GOAGCGCGGUNTINMNESV-V-Y

GGg gC AGCGTT CGgAaTtA TGGGcgTAAAG G cG AGGeGG t
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522
529
522
520
523
527
518
524
526
529
523
524
542
554
558
558
560
554
521
544
548
548
545
545
535
541
539
544
546
542
541
542
494
493
488
486
496
493
485
495
491
484
491
541
537
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92-0600_Ar 579
5N-4_K._pa 586
4RS-9a_M._ 579
Amico6_Var 577
MT2.2_Derm 580
Lact5.2_B. 584
rJ6_Bacter 575
PAO-12_Mic 581
sp.7_4K_Mi 583
wgedll_Lei 586
L._japonic 580
MLOOO4_R._ 581
6_Clone_Un 599
CICCHL_JQ9 611
XJU-1_B._c 615
PR35-2-1_B 615
760_B._pum 617
S._succinu 611
ST7_Clone_ 578
88_17_clon 601
Acinetobac 605
TDIW13_Aci 605
A449_A._sa 602
211c_A._ve 602
ATCC_17527 592
PCl6_P._pu 598
PT03_Bacte 596
KVD-unk-80 601
J._lividum : E : 603
L._ginseng : enonCA TIEhNeYNINT 066 C GGleleRNCIN-(8C TCleleAACINC®A TITETGINITECATCGIOA 599
6C_13_Vari : : 598
D._acidovo 599
300C-C03_cC 551
ctg_CGOF25 550
BY14_Clone 545
BIR2-r_lim 543
MP20_Sphin 553
DSSF72_Unc 550
1/4_C7_32_ 542
AKIW820_C1 552
WBI100_Clo 548
ENV481_X._ 541
V4.BO.05_B 548
549_Chryse 598
PB93_P._kr 594

gtc g GTGAAA ccc GCT AaC gg tgC t g AC g CT
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* 640 * 660 * 680
92-0600_Ar 635
5N-4_K._pa 642
4RS-9a_M._ 635
Amico6_Var 633
MT2.2_Derm 636
Lact5.2_B. 640
rJ6_Bacter 631
PAO-12_Mic 637
sp.7_4K_Mi 639
wgedll_Lei 642
L._japonic 636
MLOOO4_R._ 637
6_Clone_Un 655
CICCHL_JQ9 667
XJU-1_B._c 671
PR35-2-1_B 671
760_B._pum 673
S._succinu 667
ST7_Clone_ 634
88_17_clon 657
Acinetobac 661
TDIW13_Aci 661
A449_A._sa 658
211c_A._ve 658
ATCC_17527 648
PCl6_P._pu 654
PT03_Bacte 652
KVD-unk-80 657
J._lividum 659
L._ginseng 655
6C_13_Vari 654
D._acidovo : : 655
300C-C03_C : GTGTAGIGGTGAAATINC GINAGANA THINGEEH 607
ctg_CGOF25 : 7 GTGTAG“GGTGAAATTCGTAG THNNTC 606
BY14_Clone : 7 / GTGTAGRGGTGAAATTCGTAG THNNTC 601
BIR2-r_lim : / / GTGTAGRGGTGAAATTCGTAG THNNTC 599
MP20_Sphin : GTGTAGHGGTGAAATTCGTAG}TATTC : 609
DSSF72_Unc : GTGTAGRGGTGAAATTCGTAG}TATTC : 607
1/4_C7_32_ : GTGTAGGGTGAAATINC GINAGANNA T {G{GEEH 598
AKIW820_C1 : 7 / GTGTAG“GGTGAAATTCGTAG THNNTC 608
WBI100_Clo : [ek : 604
ENV481_X._ : / / y; GCTGITAGINGGTGAAATINCGEINAGAINA TINCEEH 597
V4.BO.05_B : GTGTAGHGGTGAAATTCGTAG}TATTC : 604
549_Chryse : 654
PB93_P._kr 650

tgg AAttcc gtGtAg gGTGaAAT Cg AgA AT

gA t g Ag gg
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

ele;
ele;
ele;
ele;
ele;
ele;
ele;
ele;
ele;

700

720 * 740

INKONACTGACECTEAG
WelWNACTGACIHC TEAGCWECE

CTGACECTEANCHNECE
WelWNACTGACIHC TGAGEINECER

CTGACGCTEAGGTGCG‘

CTGACGCTEAGCINECGA

EVNEUNAM T GACGCTGAGGENECGA
INeleaV A T GACGCTGAGCENECGA
RVNGUNAM T GACGCTGAGGENE CGA
RVNGUNAM T GACGCTGAGGENE CGA
INEEM AN T GACGCTGAGGINECGA
INEEM AN T GACGCTGAGGINECGA
AAGTRTENEING C(UNENNE(E T GloErs

GCCAINGANCACCINGTGGCEGAAGGCEININGIAC T CCOUNNMNAC T GACGCTGAGGOMNCGA
CTT‘GAACACC"TTGCGAAGGC‘GGTC‘CT‘TGTCTT‘ACTGACGCTGAE GAEER
GINOAG /. \CA CCIERVTINGCEGAAGGCINCGINNAC TENNCICUNBNMNANN T GACGC TGAGGOACGEA

gga gAAcACC

tgGCgAAGGC

acTGACgCTgAgg CgA
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692
699
692
690
693
697
688
694
696
699
693
694
712
724
728
728
730
724
691
714
718
718
715
715
705
711
709
714
716
712
711
712
664
663
658
656
666
664
655
665
661
654
661
711
707
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

* 760 * 780 *

TGGGEGAGCIAACAGGEOTTAGATACCCTGGTAGTCCACI®CCEGTAAACOHNT GlEl®

TGGGGAGCIAACAGGEOTTAGATACCCTGGTAGTCCACI®MCEGTAAAC
TGGGGAGCIAACAGGEOTTAGATACCCTGGTAGTCCACI®CEGTAAAC
TGGGGAGCIEAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
TGGGGAGC‘AACAGGETTAGATACCCTGGTAGTCCACGCCGTAAAC
TGGGﬂAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAAC
AAGC‘TGGGGAGC‘AACAGGATTAGATACCCTGGTAGTCCACGCCETAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEAGCIEAACAGGATTAGATACCCTGGTAGTCCACGCEGEGTAAAC
AAGCGTGGGGAEC‘AACAGGATTAGATACCCTGGTAGTCCACGCCGTAAAC
AAGCIT GGGGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC

AAGCIT GGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCANGCEGTAAACKVAT GIN®

AAGCIT GGGGAGCIMAACAGGATTAGATACCCTGGTAGTCCANGCEGTAAAC
AAGCRTGGGGAGC‘AACAGGATTAGATACCCTGGTAGTCC GCCGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCC®TAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCC®TAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCC®TAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCCI®TAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCC®TAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEGEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEGAGCIMAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEEGTAAAC
AAGCETGGGEGAGCINAACAGGATTAGATACCCTGGTAGTCCACGCEGTAAAC

AAGc TGGGgAgC AACAGGaTTAGATACCCTGGTAGTCCAcgCcgTAAACg TG
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749
756
749
747
750
754
745
751
753
756
750
751
769
781
785
785
787
781
748
771
775
775
772
772
762
768
766
771
773
769
768
769
721
720
715
713
723
721
712
722
718
711
718
768
764
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92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_C
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

ctag gt

G

tt

CGe~GCTAACCCITTALG
CCle 0T~ CE0NIT A
CCle 60T~ CE0N T A
Ge R~ SeelNT - .6
0T~ e A E
ol Bt oo\t~
CCH 0T~ CE0NTT A
Y T~ CCON T A 06
NN
NN
851 2 CoolN - 0
e BT 2 CeolN A 0
Cr\~ GRyT ~ ACCCINTT A A G
CCer@cT~ACH
CGe~GCTAACGC
CGe~GCTAACGC

CCEAGCTAACGC

CCEAGCTAACGC
CCEAGCTAACGCRNITAAG
CGCAGCTAACGCRTTAAG
CGCAGCTAACGCRTTAAG
CCIAGCTAACGCIETIEANG
CCOAGCTAACGCIETIEANG
CENAGCTAACGCIETIEANG
CGHAGCTAACGCGTGAAG
CGRAGCTAACGCGTGAAG
CCEAGCTAACGCRNITAAG
AGCTAACGCRTTAAG
AGCTAACGCHTTAAG
CGCAGCTAACGCRTTAAG
CGCAGCTAACGCRTTAAG
CGCAGCTAACGCRTTAAG
‘GCAGCTAACGCRTTAAG
AACGCRTTAAG

gtg cg AgctAAcgc ttAAg
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804
811
804
802
805
809
802
806
808
811
805
806
824
835
839
839
841
835
802
824
828
828
825
825
815
821
819
823
825
821
820
821
774
773
768
766
776
774
765
775
770
763
770
818
814
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

860 *
[®8CCGCCTGGGGAGTACH
[®8CCGCCTGGGGAGTACE
[®8CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[®OCCGCCTGGGGAGTACE
[®8CCGCCTGGGGAGTACE
[®8CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[M®CCGCCTGGGGAGTACE
[®8CCGCCTGGGGAGTACE
OINCCGCCTGGGGAGTACE
OINCCGCCTGGGGAGTACE
@INCCGCCTGGGGAGTACE
@INCCGCCTGGGGAGTACE

MCCECCTGGGGAGTACE
@NCCGCCTGGGGAGTACE
@NCCGCCTGGGGAGTACE
IMACCGCCTGGGGAGTACE
PMICCEGCCTGGGGAGTACE
PMICCEGCCTGGGGAGTACE
PMICCEGCCTGGGGAGTACE
IMAICCGCCTGGGGAGTACE
IMACCGCCTGGGGAGTACE
IMACCGCCTGGGGAGTACE
PMICCEGCCTGGGGAGTACE
IMNCCGCCTGGGGAGTACE
INOCCGCCTGGGGAGTACE
IMACCGCCTGGGGAGTACE

IMNCCINCCTGGGGAGTACGeEC|
CCgCCTGGGGAGTACgg C GCAAG

GCAAGINETI@AAACTCAAA
T AAACTCAAA

*

GAATTGACGGGG CCc
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861
867
860
858
861
865
858
862
864
867
861
862
880
891
895
895
897
891
858
880
884
884
881
881
871
877
875
879
881
877
876
877
830
829
824
822
832
830
821
831
826
819
826
874
870
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

920

*

940

* 960

GCACAAGCGGEGGAGCATGEGCRT TAATTEGANGCAACGCGIMAGAACCT TACCLYXEE
GCACAAGCGGEGGAGCATGEGCRT TAATTEGANGCAACGCGIAGAACCT TACCLYXEE
GCACAAGCGGEGGAGCATGEGCRT TAATTEGANGCAACGCGIRMAGAACCT TACCLYNEE

AGCAACGCGRAGAACCTTACCK{e/ehy
AGCAACGCGRAGAACCTTACCK{e/ehy
AGCAACGCGHRAGAACCTTACCIKYe/enN
AGCAACGCGHRAGAACCTTACCHKYe/epN
AGCAACGCGHRAGAACCT TACCK:V:YN
AGCAACGCGRAGAACCTTACCKH{e/ehy
WGCAACGCGIMAGAACCTTACCNEEnN
WGCAACGCGIMAGAACCTTACC)NE[EnN
WGCAACGCGRAGAACCTTACC)NEEhN
WGCAACGCGRAGAACCTTACCNEElS

WGCAACGCGRAGAACCTTACCNEElS

AGCAACGCGRAGAACCTTACCKe/el
AGCAACGCGRAGAACCTTACCKe/el
AGCAACGCGRAGAACCTTACCKHe/el
TGCAACGCGA*‘AACCTTACCTACC
TGCAACGCGA*‘AACCTTACCTACC
WGCAACGCGRAMNAACCTTACCNNGE
WGCAACGCGIARMAACCTTACC/orNE®
WGCAACGCGIRARAACCTTACC/oNES®
AGCAACGCGEAGAACCTTACCHKe/ele
AGCAACGCGEAGAACCTTACCHK\elsle]
AGCAACGCGEAGAACCTTACCIKk\elele]
AGCAACGCGEAGAACCTTACCHK\elsle]
AGCAACGCGEAGAACCTTACCKH{e/elE
AGCAACGCGEAGAACCTTACCKH{e/elE
AGCAACGCGEAGAACCTTACCHKe/elE
AGCAACGCGEAGAACCTTACCKe/®
AGCAACGCGEAGAACCT TACCIKe[ouN
AGCAACGCGEAGAACCTTACCKe/®
AGCAACGCGEAGAACCTTACCKL{elonN

GCACAAGCGG GGAgcATG gG TTAATTcGA GcaACGCG agAACCTTACC

282

918
924
917
915
918
922
915
919
921
924
918
919
937
948
952
952
954
948
915
937
941
941
938
938
928
934
932
936
938
934
933
934
887
886
881
879
889
887
878
888
883
876
883
931
927
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92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

* 980 * 1000 * 1020

CEERAFNiGAACCGGAA-AGACCTGEACAGGTG--CCCEGCTT-GCGG--TCGGT
CEMNEINSINIA TACCGGAT-CGTTCCNENEGGTTC- - TTCCCCTTTGGGG—-TCGGT
CEMNEINSINIG T TCTCGAT-CGCCG T NEINERINA CGGT--TTCCCCTTTGGGG—-CGGGT
CEMNEINSNIG T TCTCGAT - CGCCGTINENEIMIA CGGT- - TTCCCCITTGGGG—-CGGGT
CEMNERNSINiA CACCGGAA-TCATGCENEINGTGTG CGTCTTCGGA--CTGGT
CEMNERNSINIGCACCGGGC—GACTGCIENEIGTGGT————— TTTCTTCGGA--CTGGT
CEWNEINSINiA CACCAGAA-CACCGTNENAMINA CGGG—-A-CTCTTTGGACA--CTGGT
CEMNEINSINIA TACGAGAA-CGGGL SN GG TCA--A-CTCTTTGGACA--CTCGT
CEMNEINSINIA TACGAGAA-CGGGCCNENA GG TCA--A-CTCTITGGACA--CTCGT
CEMNEINSINIA CACGAGAA-CGCTGCENAMNG TAGT- - T-CTCTITGGACA—-CTCGT
TEMNERNSINIA TGCCGGAA-ACATT CIENEIGGAT G- ——-CCCCITTTTGG--TCGGT
TEMNERNSINIA TACCGGAA-AGCCGTRENEMIA CGGC———-CCCCCTTGTGG—-TCGGT
CEMNEINSINIGGGCCGGAC-CGGGL T GENAICAGTCC--TTCCCCTTTGGGG--CCGGT
CEMNEINSINICCTCT-GAA-AACCC TINENEIAGGGC -~ TTCTCCTTCGGGAG-CAGAG
CRMNEINSINICCTCT-GAA-AACCCTINENERIAGGGC -~ TTCTCCTTCGGGAG-CAGAG
CEMNEINSINICCTCT-GAA-AACCCTINEINEIMIAGGGC -~ TTCTCCTTCGGGAG-CAGAG
CEMNERNSINICCTCT-GAC—AACCC TINEINEMIAGGGC -~ TTTCCCTTCGGGGA-CAGAG
CEMNEINSNICCTTT-GAA-AACTC TINEINEMIAGAGCC-TTCCCCTTCGGGGGACARAG
CEMNEINSINICCTCT-GAA-AACCCTINEINERIAGGGC -~ TTCTCCTTCGGGAG-CAGAG
CEMNEINSINIA GTAAGAAC——TTTCCEINEI - GGATTGGTGCC TTC—-GGGAACTTAC
CEMNEINSINIA GTAAGAAC——TTTCCEINEI - GGATTGGTGCCTTC—-GGGAACTTAC
CEMNERNSINIA GTAAGAAC— - TTTCCIENEIN - GGATTGGTGCCTIC—-GGGAACTTAC
CEMNEINSINIGTCTGGAAT - —CCTGTIEINEMN - ACGGGAGTGCCTIC—-GGGAATCAGA
CEMNEINSNIG T CTGGAAT - —CCTGCEINEMN - GCGGGAGTGCCTIC—-GGGAATCAGA
CEMNEINSINiCCAATGAAC—-TTTCCEINERN - GGATTGGTGCCTTC—-GGGAACATTG
CEMNEINSINiCCAATGAAC—-TTTCCIEINERN - GGATTGGTGCCTTC—-GGGAACATTG
CEMNEINSINiCCAATGAAC—-TTTC TN - AGATTGGTGCCTTC—-GGGAACATTG
CEMNEINSINIGCCACTAAC- -GAAGCENEIMIGCAT CAGGTGCCCGARAGGGAAAGTGG
CEMNEINSINIGGCTGGAAT - —CCCCGAENEINN - TGGGGAGTGCTCGAAAGAGAACCAGT
CEMNEINSINIGTCTGGAAT - —CCTGAMNEINEIN - TTGGGAGTGCTCGAAAGAGAGCCAGA
TN NG TACGGAAC——TTGCCIEINERNI - GGC TTGGTGCTCGAAAGAGAGCCGTA
TN NIGGCAGGAAG——TTTCCENEI -GGATTCGTGCTCGAAAGAGAACCTGC
TEMNEINSINICCCG--CGCTATTACCENERGG-TAAGTTCCCTTCGG—-GGACGCGG
TIMYEINO ¥l CCCG——CGCTATCACC/NENERIGG-TGAGTTCCCTTCGG—-GGACGCGG
TEMNERNSINICCCG——CGCTATCCAGHMENEIMIN T T-GGAGTTCCCTICGG—-GGACGCGG
TEMNERNSNICCTCATCGCGAT TTCCENEMIGGAT TTCTTCAGTICGGCTGGATG-AG
TEMNEINSINICCTCATCGCGAT TTCCIEINEBGGAT TTCTTCAGTICGGCTGGATG-AG
TN NIGCCTAGTATATT T TCC SN GGAT TATTTCAGTTCGGCTGGCTA-GT
TEMNEINSINICCTGATCGCGGAT TAGHENERIC TTT TCCTTCAGTICGGCTGGATC-AG
CIMYEINe NI CCCGGTCGCGGTCTCTGENEMCAGAGACTTICAGTICGGCTGGACC-GG
TN NG TCCGGTTTGATCGGCENEMNGCCTTTTTTCAGTICGG-CTGGCCGGA
TR NIGGCAGGAC-GACTTCCGENEICGGAT TTCTICCAG-CAA-TGGACCTGC
TN NIGCCTGG————ACCGCCENEMGATCTGGCTTITCECTTCG-GGGACTAGG
CpMNAIA TGGGAATTGAT-CGGTTTINENAMNIAGACC————— TTCCTTCGGGCAATTTT
CIERA NG T TAGTGAAT - TA- TTC/EGNEINGAATA AGTGAGCAATCACACGA
TTgAcat aGAgAt

283

969
976
969
967
967
971
966
970
972
975
968
969
989
1000
1004
1004
1006
1002
967
989
993
993
990
990
980
986
984
991
992
988
987
988
939
938
933
935
945
943
934
944
939
930
935
982
977



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

TG
TG
TG
TG
TG
AT
AT
AT
AC
AC
AG
AG
AG
AC
AC
AC
AC
AC
TG
TG
TG
TG
TG
GC
TG

* 1040 * 1060 * 1080

acAGGTG TGCATGG tGTCGTCAGCTCGIGtCGTIGAGaTGTTgGGTTAAGTCCc
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1026
1033
1026
1024
1024
1028
1023
1027
1029
1032
1025
1026
1046
1057
1061
1061
1063
1059
1024
1046
1050
1050
1047
1047
1037
1043
1041
1048
1049
1045
1044
1045

996

995

990

992
1002
1000

991
1001

996

987

992
1037
1034



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_

AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

* 1100
GEAACGAGCGCAACCCHIS
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCHIS
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCTN
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCTN

GEAACGAGCGCAACCC|onN
GEAACGAGCGCAACCC|onN
GINAACGAGCGCAACCCIN
GINAACGAGCGCAACCCIN
GINAACGAGCGCAACCCIN
GEAACGAGCGCAACCCTN
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCTN
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCIN
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCIS
GEAACGAGCGCAACCCHS
GEAACGAGCGCAACCCHS

GcAACGAGCGCAACCCt g

*

TTCTAT/cjuNc@e

TCTTT
TCATT
TCATT
TCATT
TCATT
TCCTT
TCCTT
TCCTT
TCCTT
CCTIT
TCTTIT

CCCCT
CCCCT
CCTICT
CCATT
TTACT

gTTgCca

1120 *

GC
GC
GC
GC
GC
GC
GC
GC
GC
GC

GTAATGGNEEEA
GTAATGGNEEEA
GTGATGG/€E€EEn

GTAATGG)€€El€E
GTAATGG]€€El€E
GTAATGGClgele

©GTAATGG/NeE[EN
©GTAATGG/NeElEN

tGgG

INGNCATGGE
INGNCATGGE
INSMNC A TAGE
ACTCHRUNNEG
INSMNC G TAAE
QNG ATGGE
QNS TAAGE
QNS TAAGE
INSMNC TAAGE
INSMNCTAAGE
NG T TAGGT
QN TAAGE

ACTCrRVEEE
ACTCRV:EEC
QN TAAGE
QNG TAAGE
QN TAAGE
INSMNCTAGAE
NN TAATE
INSUNCTAATE
QNG TAAT(€
QNG TAAT(€
QNS TAAGE
INSMNCTAAGE
A CTCUWVAEG
A C TCUWVAEG
QNG TAAAE
QNG TAAAE
QNG TATGE
ACTCUWNEES

ACTc g
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1083
1090
1083
1081
1081
1085
1080
1084
1086
1089
1082
1083
1103
1112
1116
1116
1118
1114
1079
1102
1106
1106
1104
1104
1094
1100
1098
1098
1099
1095
1098
1099
1051
1050
1045
1047
1057
1055
1046
1056
1051
1042
1047
1092
1091



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLO004_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

*

1160 * 1180 * 1

N ClIGCCEEECHNe~ A NCCMCAGGAAGGHGEGGAMGACGTCA

AGkNeiifeleleicic GieTC
AGkNeiifeleleicic GieTC

AGINeelele T[E
ACtGCCgg G AA

AINCGRGAGGAAGGIGIAGG
ASINCGRGAGGAAGGIEGEGG

cG GAGGAAGGtGgGGA GACGTCAa TC TCAtG CCC

286

1139
1146
1139
1137
1137
1141
1136
1140
1142
1145
1138
1139
1159
1168
1172
1172
1174
1170
1135
1158
1162
1162
1160
1160
1150
1156
1154
1154
1155
1151
1154
1155
1107
1106
1101
1103
1113
1111
1102
1113
1108
1099
1103
1148
1147



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

T TAGEN

€
€

TTA g

* 1220 * 1240 *
geleTTERGATACTET

elelensGGGEIACAL
GGGC%CAC
jNelele ; GGCMACAL

GGGct CAc C TgcTACAATGG g tACA GgG gc a g
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1196
1203
1196
1194
1194
1198
1193
1197
1199
1202
1195
1196
1216
1225
1229
1229
1231
1227
1192
1215
1219
1219
1217
1217
1207
1213
1211
1211
1212
1208
1211
1212
1164
1163
1158
1160
1170
1168
1159
1170
1165
1156
1148
1205
1204



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_

AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

gag

TGTGAT
TAGTAT

agc AATC c

ATREVAGT TGTINGT CLXCUNT (G ClEr W T[€ T AGJN T

1280 * 1300 *

EeTCEe CTINCEGCATINCINEETCTGCAACTCGA
EeTCEe CTINCEGCATINCINEETCTGCAACTCGA
EeTCEe CTINCEGCATINCINEETCTGCAACTCGA
€T CiNeAGTINCGGATIGKEETCTGCAACTEGA
GGTCTCAGTTCGGATTGGGGTETGCAACTCGA
EEeTCIN0AGTINCGGATOGEEETCTGCAACTEGA
EETCINGAGTINCGGCATINCEEETCTGCAACTCGA
EINTCINGAGTINCGGATINGINAE[ECTGCAACTLG
EINTCINGAGTINCGGATINGINAE[ECTGCAACTEG
EUINT CiNOAGTINCGGATIGINNEIECTGCAACTCCH

TGCAACTCGA

ATRVVAT TGTTCTCAGTTCGGATCGCAGTHTGCAACTCG‘

ENTCEIN N GTOCECCATINCENETINTGCAACTEGA
ENTCEN N GTOCECATINCENETINTGCAACTEGA

—GTCTCAGTTCEGATTGCACTCTGCAACTCGA
mE I CINGAGTINCCGGATINGOIN®TCTGCAACTEGA
eI CINGACTICEGCATIHGINGETC TGCAACTEGA
E€TCINOAGTINCGCATINGENETCTGCAACTCGA
T CINGAGCTICGGATHIGEEETCTGCAACTEGA
tC AGT CgGAT G tcTGCAACTcGa
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1253
1260
1253
1251
1251
1255
1250
1254
1256
1259
1252
1253
1273
1282
1286
1286
1288
1284
1249
1272
1276
1276
1274
1274
1264
1270
1268
1268
1269
1265
1268
1269
1220
1219
1214
1216
1226
1224
1215
1226
1221
1212
1195
1261
1261



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

CTAC‘TGAAGCTGG?“TCGCTAGTAATCGCGGATCAGC‘—TGCCGCGGTGAATACGT

ﬁTGAAGCTGGA‘TCGCTAGTAATCGCGGATCAGC‘—TGCCGCGGTGAATACGT

‘TGAAGCTGGA‘TCGCTAGTAATCGTAGATCAGC‘—TGCTACGGGGAATACGT
AﬂTCGCTAGTAATCGCGGATCAGC‘

CTCC‘TGAAGTCGGAﬁTCGCTAGTAATCGCGGATCAGM

CTCC‘TGAAGTCGGAﬁ

OUNSICYNT CAAGINGIGC CAINTCGCTAGTAAT CGCEGCAT CAGIRARIGEISEGCGGEGAATACGT

CTAE

7\

CTCCGTGAAGTCGGARTCGCTAGTAATCGCA‘ATCAG"—TGTTGCGGTGAATACGT
CTGCGTGAAGTCGGA;TCGCTAGTAATCGC

CTGCGTGAAGTCGGAﬁ

CTGCGTGAAGTCGGAﬁTCGCTAGTAATCGCG‘ATCAG“

IVNCIET CAACOING CANTCCGCTAGTAAT CGCEGCAT CAGCARNGEOIEGCGGHGAATACGT

CTGE® TGAAGTCGGAH

GAGC‘TGAAGGCGGAﬁ

ONECINT GCAACEECCANTCCCTAGTAAT CGCECAT CAGCARNGOEGCGGHGAATACGT
NIGAACEECCANTCGCTACTAAT CGLEGAT CAGCARING®O®GCGGTGAATACGT

GAGCﬁTGAAGGCGGA‘TCGCTAGTAATCGCGGATCAGC‘—TGCCGCGGTGAATACGT

GAGC‘TGAAGGCGGA;TCGCTAGTAATCGCGGATCAGC‘

GAGC‘TGAAGGCGGAﬁTCGCTAGTAATCGCGGATCAGC‘

GAGC‘TGAAGGCGGAﬁTCGCTAGTAATCGCGGATCAGC‘

[EUNECVNT CAAGINNG CGAINTCGCTAGTAAT CGCRGAT CAGCARMNGOUNGCGGGAATACGT
NTGAACEINCCANTCGCTAGCTAAT CGINEGA T CAGCARINGOINCGGTGAATACGT

GTGCRTGAAGTTGGAﬁTCGCTAGTAATCGTGGATCAGC‘—TGCCACGGTGAATACGT

c tGAag gGa tcGctagTaATCGc gaTCAGca G gCGGtGAATACGT
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1310
1317
1310
1308
1308
1312
1307
1311
1313
1316
1309
1310
1330
1338
1342
1342
1344
1340
1305
1328
1332
1332
1330
1330
1320
1326
1324
1324
1325
1321
1324
1325
1276
1275
1270
1272
1282
1280
1271
1282
1277
1268
1251
1318
1318



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M.__

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_cC
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

TCCCEGGEET TGHACACECcCGCCCGTCRINE
TCCCEGGEET TGHACACACCGCCCGTCHINE
TCCCEGGEET TGHACACACCGCCCGTCARNE
TCCCEGGEET TGHACACACCGCCCGTCARNE
TCCCEGGEET TGHACACECCGCCCGTCARE
TCCCEGGINET TGACACACCGCCCGTCHRNE
TCCCEGGINET TGACACACCGCCCGTCARNE
TCCCEGGIET TGACACACCGCCCGTCARNE
TCCCEGGEET TGHACACACCGCCCGTCARNE
TCCCEGGEETTGEACECEcCGCCCGTCRRNENN
TCCCEGGEET TGHACACACCGCCCGTC A
TCCCEGGEET TGHACACACCGCCCGTCHINE
TCCCEGGEET TGHACACACCGCCCGTCHAOING
TCCCEGGEET TGHACACACCGCCCGTCHAOINE
TCCCEGGEET TGHACACACCGCCCGTCHAGING
TCCCEGGEET TGHACACACCGCCCGTCHAOING
TCCCEGGHMT TGHACACACCGCCCGTCHAGING
TCCCEGGEET TGHACACACCGCCCGTCHOINE
TCCCEGGEETTGHACACEcCGCCCGTCEeEE
TCCCEGGEET TGHACACECCGCCCGTCEeEE
TCCCEGGEET TGHACACACCGCCCGTCAGING
TCCCEGGEET TGHACACACCGCCCGTCHAMS

TCCCEGGECTTGEACACACCGCCCGTCAEE®
TCCCEGGECTTGEACACACCGCCCGTCAGING

TCCCgGG cTTGtACaCaCCGCCCGTCa

1420

ACEAARENTGETAACAGECErV
ACEAAINEMICGETAACABECERVA
ACEAAINEMITGETAACABECERA
ACEAAIEMICGETGACCEECERA

ATGANRNENCCETAACCEECERAACC

ATEAAINENICGETAACABE T(ERVA
ATEAAINENICGETAACCEIET(ERVA
ATEAAINEMICGETAACABECERVA
ATEAAINEMICGCCCACABEC(ERVA
ATEAAINEMICGETAACABEC(ERVA
‘CGAAAGTTGETAAC‘CCCGAA
ACEAGIENTT - TAACABECERVA
ACEAGIENTT - TAACABECERVA
CCIEAGINENTTETAACAGE CERVA
‘CGAGAGTTTECAAC‘CCCGAA
CCIEAGINEINT T - TAACAGEICERVA
ACEAGIENTT - TAACABECERVA
TUNTT€T TCCC@GACEVA
‘TGGGRTTTTGTTCCCCCAGAA
ATEGGCIEMTTETTGCCEEACEVA
ATEGGCIEMGGET TGCCEEACEVA
ATEGGCIEMGGET TGCCEEACEVA
ATEGCIENIGGET TGCABEAChVA
ATEGCIENIGGET TGCABEAChVA
ATEGGCIENIGGET TGCCEEAEhvA
ATEGGCIEMGGET T T T GG ACEVA
ATEGGCIECGGET T T -ABEACEVA
ATEGGCIECGGETTCTGEEACEA
ATEGGIECGGETTCTGEEACEVA
ATEGGCIECGGETCTCGEEAEhA
ATEGCIEN TGEGT TCABECERA
ATEGCIEMTGEAT TCAGT ClEhvA
ATEGCIEMTGET T TCABECERVA
ATEGCIEMTGEAT TCAGT ClEhvA
ATEGCIEN TGEAT TCABECERA
ATEGGCIEN TGEAT TCABECERVA
ATEGCIENTGET T TCABECERvA
ATEGCIEMTGET T T TABEC(ERVA
ATEGCIEMTGEGT T TABEC(ERVA
ATEGGCIEMTGECT T TABEC(ERVA
ATEGGCIENTGET TC TAECERvA
ATEGAIENICTEGGGTABE T(ERvA
ATEGAIENITGEGGGTAGE T ARVA
Ca G Agt g

Cc gAAg

290

1366
1374
1367
1365
1365
1369
1364
1368
1370
1373
1366
1367
1387
1394
1398
1399
1401
1396
1361
1385
1389
1389
1387
1387
1377
1383
1381
1381
1381
1378
1381
1382
1333
1332
1327
1329
1339
1337
1328
1339
1334
1325
1308
1375
1374



APPENDIX C4: ALIGNMENT OF AMINO ACIDS

92-0600_Ar
5N-4_K._pa
4RS-9a_M._

Amico6_Var
MT2.2_Derm
Lact5.2_B.
rJ6_Bacter
PAO-12_Mic
sp.7_4K_Mi
wgedll_Lei
L._japonic
MLOOO4_R._
6_Clone_Un
CICCHL_JQ9
XJU-1_B._c
PR35-2-1_B
760_B._pum
S._succinu
ST7_Clone_
88_17_clon
Acinetobac
TDIW13_Aci
A449_A._sa
211c_A._ve
ATCC_17527
PCl6_P._pu
PT03_Bacte
KVD-unk-80
J._lividum
L._ginseng
6C_13_Vari
D._acidovo
300C-C03_C
ctg_CGOF25
BY14_Clone
BIR2-r_lim
MP20_Sphin
DSSF72_Unc
1/4_C7_32_
AKIW820_C1
WBI100_Clo
ENV481_X._
V4.BO.05_B
549_Chryse
PB93_P._kr

* 1460 * 1480
GATCTTCAAGAEEGTTCTCGATGCTTCGCCTTNN
GAGCCTCEAAGEEGTCTCCGTGGCTGGGCCNN-—
—-———CCTE@AAGEEGC-CCCGTGCTATTNNNNNNN
GAGCCTCEOAAGEEGCTCCCATGCTCTTCTTNN-—
GAGCCTC®AAGEEGCGTTCCGTGCTGGTGTTTNN-
GATCTTCAAGGE——-TTCCGTGCTGACTCCN———

CGAAEGTGGGTCACATATTGGGCGGG
——AAEGGCCCAAAGATGGTGTTAANN
TAAEEGG——-GCAATATGGGGGGCCNN
CAC|ele-GGGCCGAGACTGGTGTGGGG
CAC|el€-GGGCCGAGACTGGTGTGGGG
CCC|ele-GGGCCGAGACGGGGGGGGGEE
CCGET-GTTTTCTGACGGTGGGCCCN
CClele-GTGTTCAGACGGTGGGGGGN
CCClele-GTGTCATGACGGGGGGGGGG
CAC|ele-GTGTTCTGAGGGGGGGGGGN
CCClele-GTGTACTGTCGGTGGGCCCN
CAC|El€CAGGGTCAGAGTGGGCGGGGN
CCCCIETAGGATCTGGCGGGGCGGGNN
CAC|E€CAGGTTCTGGCGGGGGGGGGEE
CACEECAGGTTCTGTCGGGGCGGCTN
CACEECCGGTTCGGTTGGGCTGGNNN
C—-Clel€GG-TTGCGGGGGGGGGENN——
CACAEGG-TTAGCGCTGGTGTGCCNN
CAC|El€EGGGTCAGCGCCGGGGGGGGNN

taacc

99

291

1421
1425
1415
1418
1417
1414
1410
1418
1424
1419
1421
1419
1439
1447
1451
1454
1457
1447
1414
1439
1443
1443
1441
1441
1431
1437
1435
1435
1435
1433
1435
1437
1384
1387
1382
1382
1386
1391
1385
1394
1389
1382
1361
1422
1416

Alignment of the amino acid sequences of 45 isolates obtained from bioballs

during the course of the bioreactor run. The alignment was carried out by the

multiple alignment of Clustal X (1.81). Genedoc software was used for homology

shading. The conserved regions are indicated with Roman numerals.
abbreviations of the isolates are given in the text.

alignment are indicated with dashes. Four shading levels were set.

The

Gaps introduced into the
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