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Abstract

The temporal fate of selected parameters, includedpx potential; pH; phenol; nitrates;
sulphates; copper and zinc, of a young synthetetogenic phase landfill leachate was
assessed by perfusing a series of sequentialkbatildn) microcosms (arrays) at two hydraulic
loading rates (HLR). We chose HLRs that were regméative of areas in South Africa with
typically elevated rainfall (Pietermaritzburg — HbRand one with relatively low rainfall
(Kimberley — HLR). Preliminary phenol, copper, and zinc adsorptiovestigations on
gamma radiation sterilized soil and unsterilizedl evealed superior adsorption rates for each
compound in the unsterilized soil. This revealeel importance of the biological component
of soil in phenol, copper, and zinc attenuatiorsail. The results presented in this thesis
suggest that the HLR of leachate into soil arraystributes to significant differences in the
fate of the landfill leachate parameters mentioeedier. In addition, we assessed the
temporal and spatial succession of bacterial conitmdiversity in each of the soil arrays by
polymerase chain reaction (PCR) and denaturingigmadel electrophoresis (DGGE). Prior
to this, we compared two soil DNA isolation techreg, the modified method of Duadeal.
(1998) (Bead Beat) and the commercial Mo-Bio Ulte@™ Soil DNA isolation kit (Kit).
The DNA isolated by the Kit method was significgnguperior regarding purity and absence
of DNA fragmentation. However, the Bead Beat mdtpmduced a significantly higher yield
per reaction before further purification with Wid&' Clean-Up columns produced DNA
extracts of similar purity at the cost of a sigrafint reduction in DNA yield. The Kit method
was chosen for future DNA isolation and PCR-DGGEdohon the quality of the PCR
amplicons generated from the Kit isolated DNA. POBGE was further optimized by
comparing the efficiency and sensitivity of a sil&ain against ethidium bromide. Silver
stain generated DGGE gels with greater number nfi®dspecies richnessSy and stronger
band signal intensities. Captured DGGE fingergrggnerated data that were subjected to the
Shannon-Weaver IndexH{) and the associated Shannon-Weaver Evenness [fgl¢xto
measure the change in spatial and temporal bdotérexsity. There was a significant shift in
S and H' for both HLRs but a significant change Ey was only observed for HLR

Furthermore, a temporal comparison®BndH’ between both HLRs revealed significant

\Y



differences throughout the investigation. Candri@@respondence Analysis (CCA) revealed
spatial distribution of bacterial community diveéysiwith depth. Effects of phenol
concentration, redox potential, and pH of the effiuleachate on bacterial community
diversity was tentatively assessed by three-dinoesigraphical representation on PlotIT 3.2
software. Bacterial community diversity showed exréase with elevated pH and phenol
concentration along with decreasing redox potenfiad both HLRs. While this study reveals
the spatial and temporal dynamics of bacterial camtyg diversity in sity, it provides
important evidence with respect to: (i) the effeaftsainfall / leaching rates (HLR) on spatial
and temporal bacterial community succession; lfe) importance of the biological component
in natural attenuation; (iii) the ability of sofhreviously unexposed to landfill leachate, to
initiate natural attenuation of phenol and othachate constituents; (iv) the capacity of PCR-
DGGE to fingerprint successional changes in badtesommunity diversity, (v) and the
potential to clone and sequence selected membdractérial associations for future reference

in environmental remediation strategies.
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Chapter One

1. Literature Review

1.1 Introduction

One of the oldest and simplest forms of biotechgwls landfilling. Apart from its
simplicity, the popularity of this technology as salid waste disposal option remains
unmatched (Sulfita, Gerba, Ham, Palmisano, RatijeRobinson, 1992; El-Fadel, Findikakis
and Leckies, 1997) due largely to the relative loogt in comparison to other solid waste
disposal options (Senior and Balba, 1987). Theeeflandfills will continue to be the most
attractive route for solid waste disposal. Indeedearch has shown that up to 95 % of solid
waste generated worldwide, is currently emplacetiwiandfills (Cossu, 1989). Alternatives
to landfilling are considered as volume reducingcesses because they produce waste
fractions that ultimately end up in landfills (E&défelet al, 1997). Although differences in
classification, sampling, and analytical methodskendirect comparisons difficult, globally
there exists a significant difference in refuse position. This is not only evident between
countries, but also evident within countries betwvdgferent cultures; socio-economic groups;
and socio-economic areas (Senior, 1990; Al-Fadehl, 1997). Despite the variability in
waste composition, total organic content (in pattc cellulosic material) constitutes the
highest percentage of solid waste (El-Faetehl, 1997). It is this organic material that is
susceptible to aerobic and anaerobic degradatiomnggrise to leachate and gas as a

consequence of numerous interacting variables ¢get®90; El-Fadett al, 1997).

Simplistically, leachate is water that has peramathrough emplaced waste, forming a
solution carrying with it suspended and solubleamal to the bottom of the landfill (Senior,
1990; Novella, Ekama and Blight, 1996). Initialriadles such as refuse composition;
moisture content; microbial inoculum; the electemteptors and donors present in the refuse
(Novella et al, 1996), as well as first-tier variables such geplogy; hydrogeology;
hydrometereology; refuse emplacement strategiesercgpermeability and topography;

vegetation cover; site after-use; season and tamllepndergo complex interactions with
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second-tier variables such as, redox potential;gtd; temperature. These factors will have a

direct influence on the quality and quantity of ttachate produced (Senior, 1990).

Landfill leachate present at the bottom of the fdinar at the interface of an impermeable
layer within the landfill, either travels laterallg a point where it discharges to the ground’s
surface as a “seep”, or it will move through theefeof the landfill and into subsurface
formations (Cheremisinoff, Gigliello and O’Neill,984; Reinhard, Goodman and Barker,
1984). Depending on the nature of the subsurfacadtions and the absence of suitable
leachate controlling systems, leachate has beemwrtegp to be associated with the
contamination of aquifers underlying landfills (Neha et al, 1996; El-Fadekt al, 1997).
The actual impact that a given landfill has onsitsroundings depends on the practice at that
landfill and the corresponding quality of the sumding areas. Emissions originating from
the landfill itself are a direct result of the ldiidand these emissions in their broadest sense,
can be defined as any kind of matter releaseda@tba surrounding the landfill. Depending
on the route of these landfill generated emisstbrg may cause unacceptable changes to the
quality of the surrounding environment (Christens&®89). One such emission is landfill
leachate, which is by far the most significant #tréo the environment, in particular to
groundwater resources (Noveba al, 1996; El-Fadekt al, 1997). Therefore, the impact of
waste disposal on the environment is a major proliea country like South Africa, which is
facing serious water shortages in the near fut@eoundwater resources form a fundamental
part of the countries water supplies and this i®kxpected to increase significantly (Parsons,
1992; DWAF, 2004).

Factors such as the redox capacities and reaesiviti reduced and oxidised compounds,
in addition to other factors present in the leaghatd receiving aquifer, play a major role in
the development of sequential redox environmentsnwhstrongly reduced leachate enters the
subsurface (Albrechtsen and Christensen, 1994;gBjeugge, Pedersen and Christensen,
1995). Research indicates that redox environmaréachate plumes, contribute significantly
to contaminant attenuation in the subsurface (ggrgBet al, 1995; Rugge, Bjerg and
Christensen, 1995; Mikac, Cosovic, Ahel, Andreid dovcic, 1998).



Biological uptake, a mechanism by which microorgars either breakdown or adsorb
leachate (Bagchi, 1994), is dependant on the eéstatént of microbial populations in
response to the nature of the contaminant loadirgpredict the fate of the contaminants, it is
essential to study the actual pollution plumes sdoagain knowledgeable insights into the
mechanisms occurring within such a complicated &aork (Williams and Higgo, 1994).
Since the redox conditions, persisting in the pluare largely governed by a sequence of
microbially mediated reactions (Lensing, Vogt andriing, 1994), it is only fitting that
studies focusing on the distribution and diversifythe microbial populations within the
plume will provide information required to elucidaand ultimately harness, the interactions
between microorganisms and contaminants (Ludvigskmechtsen, Ringelberg, Ekelund and
Christensen, 1999; Roling, van Breukelen, Brasterand van Verseveld, 2001). Ultimately
this may lead to improved landfill design and camstion by aiding the development of tools
for predicting and monitoring natural degradatinrsiibsurface environments in the vicinity of
a landfill (Rolinget al, 2001). With this in mind, this series of invegstiions were aimed at
analysing the attenuation of chemicals and the exurential microbial fauna in soil exposed

to a landfill leachate poised at pH 5.5.

The importance of individual processes is highlyiatae for a variety of contaminants,
since most of these reactions depend on the fawmati characteristic sequences of redox
zones in the subsurface, ranging from methanoderaerobic (Mikaet al, 1998). Thus, the
presence of microbial populations in the soil belawandfill may be beneficial for the
attenuation of organic (Rugg al, 1995) and inorganic leachate constituents. Hewetis
attenuation is not permanent since microbially dixeontaminants can be released by
mineralisation as the biological population diesadBhi, 1994) or remobilised as the
groundwater levels increase (Ahel, Mikac, CosoRimhic and Soukup, 1998). It is possible
to study the decay rate and pollutant release legethmicroorganisms using bio-kinetic
principles (Bagchi, 1994). In so doing, this ma&yia ascribing a form of numeric assessment

that describes the contribution of microorganismattenuating subsurface contaminants.



1.2  The Role of Sanitary Landfilling in Solid Waste Digposal

The disposal of domestic waste into landfills hasrbin practice for more than 5000 years
with the earliest evidence first appearing in Nerth European Stone Age communities.
These communities deposited waste in kitchen misldgnemplacement strategies similar to
those employed at present. The products of stditbsfermentations were used for
agricultural (1900 B.C) and military (1530 A.D) pases in Minoan Crete and Tudor
England, respectively. However, evidence suggstsby the turn of the 20 century the
purpose of waste exploitation shifted to wastenation to generate heat and electricity
(White-Hunt, 1980; White-Hunt, 1981a; White-Hun®81b).

Presently, refuse continues to be exploited byctlirecineration for heat production
(Senior, Watson-Craik and Kasali, 1990), while savether possibilities have emerged,
including methane generation by anaerobic digeqtionman, Nutini, Walsh, Vogt, Stamm
and Rickabaugh, 1987; Boeckx, Van Cleemput andak4lvo, 1996). Although the refuse
mass can be used to produce value added chemiogpldo-energy pyrolysis or acid
hydrolysis); proteins (by Single Cell Protein orméculite technologies), and compost, low

cost disposal to landfill remains the favourabléap(Senioret al, 1990).

Over the years there has been an exponential serea the global population and
industrial development. Inevitably, this has beenompanied by an increase in the volume
and complexity of waste entering landfills (Sinclai994). Therefore, it is perhaps no co-
incidence that there has been a subsequent indreéise exploitation of landfills by current
communities. Such exploits have been broughtuitidn by the recognition of landfills to act
as anaerobic filters for the treatment of indubtiguids and sludge effluents (co-disposal)
(Senioret al, 1990) in addition to the potential of landfills &ct as anaerobic digesters for
methane production (Kinmaet al, 1987; Senioet al, 1990; Boeckxet al, 1996). Within
industrialised nations the major portion (60-70 @) solid waste is land disposed by
landfilling, composting, or land farming (Cheremisif, 1990), confirmation that modern
methods of refuse management concentrates onubiglaion and harnessing of the potential

energy within refuse (Large, 1983).
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In the past, waste managers in South Africa havesidered a landfill as a hole in the
ground into which waste was buried and forgottetonffb concept”). Nowadays an
engineered approach is employed when disposinglaf wastes (Diaz, 1994) and choosing
solid waste disposal sites (Sumathi, Natesan amkia6a2008) with specific governmental
organisations responsible for establishing critdda the selection; investigation; design;
permitting; preparation; operation; closure and nooimg of the landfills (Department of
Water Affairs and Forestry, 1998a) so as to mingn@avironmental hazards. The importance
of proper landfill management including leachatd a&iogas management have subsequently
gained tremendous recognition (Novella, Ross, L&@tkenhalgh, Stow and Fawcett, 1996)
leading to definitive investigations into the sd¢iBa design and operation of a landfill,

followed by the effective long term reclamationsgks (Senioet al, 1990).

Solid wastes are disposed into landfills by oneghoée basic methods: area, ramp, and
trench (Cheremisinoff, 1990). Each method involgsekd waste disposal in a manner that
minimises environmental hazards by spreading amdpeation into the smallest practical
volume, followed by the application and compactudrcover material (commonly soil) at the
end of each disposal day. Any landfill devoid o€ls operations cannot be termed “sanitary”
(Diaz, 1994), and appropriately such a facilityursacceptable in modern society. Expansive
populations and growing urbanisation has forcedesies to live closer to waste disposal
facilities, resulting in increasing levels of awaess to problems resulting from poor waste
management. This, in conjunction with several ofaetors, has necessitated improvements
in the quality of waste management (Cossu, 198%dtivating thorough investigations into
the scientific and engineering processes involvedanitary landfilling (Senioet al, 1990;
Sinclair, 1994).

1.3  Waste Classification, Sanitary Landfill Site Seleébn and Design

In designing a sanitary landfill it is of paramouimportance to obtain a full
characterisation of the waste to be landfilled.e Pollution potential of landfilled waste can
only be projected if the physical and chemical abtr of the waste is understood

(Cheremisinoff, 1990) and if the environmental imipdnat such an installation will have on
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the immediate site and surroundings is completedessed. This assessment is concluded by
the procedure termed Environmental Impact AssessniEbA), which evaluates the
relationship between the proposed landfill and #mvironment in which it is to be
implemented by taking into consideration technicégal, economic, social, and
environmental aspects with the sole purpose of titating a judgement (Andreottola, Cossu
and Serra, 1989).

The Department of Water Affairs and Forestry (1998Hows a classification system that
distinguishes between wastes that require maximweoaption (extreme hazard wastes) and
wastes that require lesser control (limited rislst®a) during disposal, on the assumption that
no wastes are entirely non-hazardous. An assessofigihe waste quality and quantity,
adverse biological susceptibility, and the condisi@f handling can be used to determine the
hazard rating posed by the waste and as such twaal lmlasses of waste exist: General Wastes
and Hazardous Wastes (Department of Water AffaidsForestry, 1998b). Collectively these
classes encompass the following types of wastes:

* Municipal solid waste, the composition of which mayange by virtue of separate

collection activities;

* Mass waste, an example of which is mine waste;

» Demolition waste or residues from demolition wasigycling plants;

* Soil;

* Wastewater sludges; and

* Bulky waste
(Stegman, 1989).

The selection of a site for waste disposal requites examination of multiple
considerations. These considerations include ktysipal and chemical characteristics of the
waste, the environmental and ecological impactsosading the proposed site (Pacey, 1989;
Cheremisinoff, 1990), as well as legislation gowgrthe location and design of the sanitary
landfill in conjunction with public perception aratceptance (Glysson, 1990; World Bank
Technical Paper, 1989; Nathanson, 2000).
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Globally, the protections of aquifers are esseritialater demands are to be satisfied
for the future. Therefore, from an environmentatgpective the geo-hydrology and geology
are the definitive factors influencing the suitapilof the proposed site since these settings
will represent essential barriers against pollutaigration into the surrounding environment
(Knox, 1989; Lechner, 1989, Pacey, 1989; Stief,9198orld bank Technical Paper, 1989;
Carra and Cossu, 1990; Cheremisinoff, 1990; Jewastd, 1992; Parsons, 1994; Parsons and
Jolly, 1994, Jolly, 1996; Nathanson, 2000). Theerent attenuation potential of the saturated
and unsaturated zones directly below the bottomnlahdfill and downstream of the proposed
site is vital for the preservation of acceptableugidwater quality in and around the proposed
location (Stief, 1989). The Environmental Resosrisanagement Inc. (1981) concluded that
knowledge of the soil-pH, cation exchange capa@tyC), and permeability would facilitate
educated insights into the capacity of the soiattenuate leaching chemicals. Generally
accepted hydraulic conductivities for soil at agmsed site are in the range of 1 X' 1n.s'
or lower. Sites with higher conductivities requihe implementation of a liner system with

average conductivities ranging between 1 % @éf.s* and 1 x 1% cm.s* (Pacey, 1989).

The World Bank Technical Paper (1989) presentsra gpudy sponsored by the World
Bank, The World Health Organisation (WHO), and UN&RI lists an array of engineering,
environmental, and economic criteria as esserardehdfill site selection. It is often the case
that a proposed site is rejected on political nathan technical grounds, albeit satisfactory
compliance with the listed criteria. The generablc and the politicians representing the
public tend to equate landfills with “dumps” andeareluctant to allow sites in their
communities (Nathanson, 2000). In the South Africantext, DWAF (1998a) “Minimum
Requirements” caters for public participation imdéll development. The Department of
Environmental Affairs and Tourism (DEAT) integratéss aspect of the DWAF guidelines

into the Environmental Impact Assessment Regulat{&AR) that they govern.

Landfills can be constructed in old quarries (oréging from the extraction industry)
as “below ground” sites, as “above ground” inclesof valley fill landfills, and in “below
ground” excavations built for the specific purpost landfilling (Parker, Bateman and

Williams, 1993). However, few existing sites adeal for landfill purposes, but many that are
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not can be moulded into suitable landfills by thag planning and sound engineering (World
Bank Technical Paper, 1989; Druyts and Legge, 1998aditionally, landfill sites have been
classified into three groups:

» Class 1 Landfills (containment sites) contain refasad leachate within the site by the
inclusion of a barrier (synthetic- or natural cldiper) of extremely low permeability
in the design and construction phase of a landfill;

» Class 2 Landfills (attenuation sites) permit sl@adhate migration with natural sand
and gravel layers facilitating significant attenaatof leachate constituents, and shale
barriers that provide protection for deeper agsifand

* Class 3 Landfills (rapid migration site) allow rdpieachate migration into the
surrounding environment with minimal attenuationledchate constituents by way of
fissured strata (Senior, 1991).

Increasingly, class 1 landfill sites are becomihg horm (Senior, 1990) as industrialised
nations opt for fewer but larger operational lahsifthat have stringent scientific designs

(Senior, Watson-Craik, Sinclair and Jones, 1991).

Revision of design technology with respect to eigee gained from existing
landfills, coupled with the subsequent applicatioh any practical and environmentally
acceptable options, is necessary for the seculigrde$ waste disposal sites (Jewaskiewitz,
1992). Consequently, a replacement landfill cfasgion system is in operation in South
Africa as stipulated in the “Minimum Requirementgiidelines. The system rejects class 3
sites and introduces a gradation system betweess tlaand class 2 sites (Ball and
Bredenhann, 1992). General waste landfills araisided into four classes (Communal,
Small, Medium, and Large) based on the scale ofwhste stream and the size of the
operation. These classes are further divided erbtsis of the site-water balance, where a
positive water balance indicates the potentiakfgnificant leachate generation. All sites with
a positive water balance, with the exception of @amal sites, require leachate management
systems. However, all landfills receiving hazaslovaste must have leachate management
systems in place irrespective of the site-watearm@d. Landfills receiving hazardous wastes

are designed, engineered, and operated under maxgtmingency (DWAF, 1998a).
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As a consequence of precedents of groundwater toilumodern landfills are
designed to keep adverse environmental impacts toinamum (Wall and Zeiss, 1995).
Modern landfill design must incorporate adequatet@ioment systems, by way of natural- or
synthetic- liners; leachate and biogas managenaailities (Kennedy, Hamoda and Guiot,
1988; Binder and Bramryd, 2001); and groundwatemnitoang facilities (Cheremisinoff,
1990; Blight and Bredenhann, 1992; Parsons, 198thahson, 2000).

1.4  Environmental Impacts of Sanitary Landfills

The term “environmental impact” specifically debes alterations of the environment
resulting from activities associated with the inmpéntation of a scheme. These alterations
may evoke both positive and negative impacts (Aottioéa et al, 1989) depending on the
nature of the installation, as is the case withtagnlandfills. Preceding inappropriate waste
management strategies have resulted in numeroides of environmental pollution and
public health problems (Scott, 1982). DWAF (1998d¢emed sanitary landfilling
environmentally acceptable in South Africa on cdindi that their “Minimum Requirements”
guidelines are sufficiently adhered to. Failuredtbso can result in adverse short- and long-
term impacts on the environment. This review fesusn the long term impacts of leachate
generation that is generally associated with irexrsite selection; design; preparation; and
operation (Chian and DeWalle, 1976; Venkataramahlert and Corbo, 1984; Christensen,
1989; DWAF, 1998a). Present trends dictate th@nesmall construction projects must
include an environmental impact study before pitojeonstruction can be approved
(Nathanson, 2000).



1.4.1 Landfill leachate

The greatest area of environmental concern withrasgto sanitary landfills lies in the
uncontrolled infiltration of leachate into the emnment and subsequent pollution of surface
and groundwater (Canziani and Cossu, 1989). Theolaion of rainfall and other sources of
water through emplaced waste in landfills evenyuadisult in the production of a liquid,
possessing extreme pollution potential. This ligis termed landfill leachate (Dass, Tamke
and Stoffel, 1977; Kennedy et al., 1988; Clemend dlmomas, 1995; Frigon, Bissaillon,
Paquette and Beaudet, 1997; Cecen and Aktas, 2001%.physico-chemical composition of
leachate depends on the composition of emplacedewhgdro-geologic conditions, site-
specific operational parameters (Kennedy et al881lement and Thomas, 1995), the
landfill age (Chan, Davey and Geering, 1978; Clenaem Thomas, 1995), season, climate,
and rainfall (Venkataramaret al, 1984) that results in an expansive variationgachate

guality and quantity between sites (Smith and Web@90).

Climatic conditions, including rainfall patternsreaimportant factors that affect
leachate volume and quality (Knox, 1985) and a# $he site-water balance of a landfill is an
important consideration in determining the volunfideachate likely to be produced (County
Surveyors Society, 1984) and treated so as to dkeripotential of the leachate to cause
environmental damage. Numerous equations have Bmemulated for the purpose of
describing water balance at an existing or potelatralfill site (Holmes, 1980; Harrington and
Maris, 1986; World Bank Technical Paper, 1989; Nyhdakonson and Drennon, 1990; U.K
Department of the Environment, 1994). In the Sdftican context, DWAF (1998a; 1998b)
makes use of a simple equation to calculate tmeatic water balance. This Climatic Water

Balance is defined as:

whereB is the climatic water balance in mR;is the rainfall in mm; an& is the evaporation
from a soil surface in mm of water (calculated las product of a standard factor and the
corresponding reference-pan evaporation). Thisawou is based on the assumption that

climate, specifically rainfall and evaporation, tlee major contributing factor to leachate
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production. DWAF (1998a; 1998b) states that atp@stclimatic water balanced() for more
than one year in five years of testing is indicatef significant leachate generation and

warrants a leachate management system.

The equation presented by Nyhainal. (1990) considers runoff and soil water storage
as vital interacting variables in determining thxpected quantity of leachate. Bagchi (1994)
states that the water balance method is only agdgecfor landfills composed of a highly
permeable layer of soil as final cover, since thitiation of water decreases with the
reduction in permeability of the final cover. Maesd field data for leachate generation from
landfills are few and far between, hence the rekaon indirect methods of prediction that are
prone to dramatic errors of estimation during eropirconversions (Nyhaet al, 1990).
Ehrig (1983) investigated the relationship betwéea compaction of waste and leachate
production. He concluded: (1) for wastes compadtgdrawler tractors, 25— 50 % of the
precipitation emerged as leachate; and (2) foresasbmpacted by steel-wheeled compactors,
15 — 25 % of the precipitation materialized as hesie. Leachate production is often observed
within a few months of new landfill operations. iFtoccurs when the absorptive capacity of
the emplaced waste is exceeded, resulting in smnraf the waste with water (Maris,

Harrington, Biol and Chismon, 1984) followed by tieéease of the excess liquid as leachate.

Leachate compositon varies significantly among filled(Scott, 1982; Christensen,
Kjeldsen, Albrechtsen, Heron, Nielsen, Bjerg andnk01994). However, there exists a
general consensus among researchers that a leattmilEl contain organic and inorganic
constituents; heavy metals (Chian and DeWalle, 19¢6tt, 1982; Christensest al, 1994;
Clement and Thomas, 1995); suspended solids (Btaals 1977); and microorganisms such
as bacteria and viruses (Knoll, Rump and Schnei®83; Senior, 1991).

Christenseret al. (1994) described the organic content of leachata bulk parameter
engulfing a variety of organic degradation produatsging from small volatile fatty acids that
dominate acid-phase leachate to the more refracioggnic matter, characteristic of well
stabilized methanogenic-phase leachate. Of péaticonportance in determining the adverse

impacts of leachate on the environment is the dgthe landfill generating the leachate,
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specifically detailing the change from early acetug conditions, where leachates of high
organic strength prevail, to late methanogenic @, where leachates contain lower
proportions of non-oxidized organic compounds (Robiand Gronow, 1992). This phase
change in leachate is reflected in the ratio ohubal oxygen demand (COD) to total organic
carbon (TOC), which determines any relationships@né between the organic content in a
leachate and the corresponding age of the landftdjuestion. The COD:TOC ratio tends to
decrease with an increase in the age of the lafi@@meron and McDonald, 1982; Lo, 1996),
thereby indicating the phase shift from acetogeg@©OD:TOC =+ 3.3) to methanogenic
(COD:TOC = +1.16) leachate (Venkataramanal, 1984). Harmsen (1983) concluded that
95 % of the TOC of acid-phase leachate consistelatile fatty acids and that only 1.3 % of
the TOC consisted of compounds with a molecularghtei(MW) greater than 1000.
Conversely, the methanogenic-phase leachate cendtaiTOC of which 32 % was made up of
high molecular weight compounds (MW > 1000). Jaegnand Carlson (1976) further stated
that 90 % of the TOC in acid-phase leachate catsist acetic, propionic and butyric acids.
Acid-phase leachate contained volatile amines dwhals as apposed to the methanogenic-
phase leachate that was devoid of such compoundsm@d#n, 1983). Apart from the
COD:TOC ratio, there exists other ratios of chemparameters that correlate directly with
landfill age. These include the biological oxygeamand (BOD) to TOC; total volatile solids
(VS) to total fixed solids (TS); sulphate ($&to chloride (Ct) (Chian and DeWalle, 1976);
and BOD:COD (Ehrig, 1989). In contrast to thestosa the VS:TS ratio showed direct
proportionality to landfill age (Venkataramaetial, 1984; Lo, 1996). The BOD:COD ratio of
acetogenic leachate is usually highO(4), indicating good biodegradability under caioais

of low pH and gas production. This is in starkttast to methanogenic phase leachate, which
is characterized by low BOD:COD ratios (< 0.1) elatively higher pH and gas production
rate (Ehrig, 1989).

The inorganic constituents in leachate include da¢ions: calcium, magnesium,
potassium, sodium, ammonium, iron, and manganase;tl@e anions: chloride, hydrogen
carbonate, and sulphate at concentrations thaifisagntly exceed the drinking-water quality
standards (Christenseat al, 1994). Generally, there exists an inverse promaoal

relationship between landfill age and the concéiomaof inorganic constituents (Lo, 1996).
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The ratio of SQ%CI* decreases with an increase in the landfill dfjeis is due to the inert,
non-biodegradable chloride compound maintainingadle concentration, while there is a
decrease in the sulphate concentration as a rebulte anaerobic biological reduction of
sulphate to sulphide as the landfill ages (Anderand Dornbush, 1967; Lo, 1996). The
sulphide ions can in turn react with metal catiarsd form insoluble metal sulphide
precipitates (Lo, 1996; Reinhart and Al-Yousfi, 69®Binder and Bramryd, 2000) thereby
immobilising the metal ions. Methanogenic phaseiate is characterised by neutral pH
(Christensenret al, 1994; Lo, 1996), high concentrations of ammor@aunty Surveyors
Society, 1984; Knox, 1985; Harper, Manoharan, Mavand Randall, 1996), a TOC:NH
(ammoniacal-nitrogen) ratio of 1:1 as apposed 18-46:1 ratio observed in acetogenic phase
leachate, and low concentrations of iron (Countyv8yors Society, 1984). The inorganic
components in landfill leachate play an importasé rin controlling redox environments and

attenuating heavy metals (Christenséal, 1994).

Heavy metals are usually present in the waste amdifill leachate at modest
concentrations, where impact on process manageanentoxicity within the configuration of
a landfill (Ahring and Westerman, 1983). The heawngtals in acetogenic phase landfills
possess high solubility and mobility because ofltdveer pH and elevated volatile fatty acid
concentrations (Loch, Lagas and Haring, 1981; Hann4983) and by virtue of this fact
young leachate contains high concetrationsof heastals. In contrast, the high pH and low
fatty acid content warrants the immobilisation eflly metals as metal sulphide precipitates
in stabilised landfills, resulting in depressed @amtrations in older leachates (Loeh al,
1981; Harmsen, 1983; Binder and Bramryd, 2001 )typAcal leachate analysis that illustrates
the diversity in parameter values observed betWearhates of different ages is presented in
Table 1.1. The characterisation of such leachatarpeters is of vital importance for the
selection and implementation of appropriate treatnaad disposal technologies (Smith and
Weber, 1990).
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The treatment of leachate and gas are both direeldyed by the processes governed
by a range of organisms during the decompositidaraffill waste (Robinson and Luo, 1991).
There are three major phases during waste decotigpoghat contribute to the characteristic
biology of a landfill (Robinson and Luo, 1991; Samil991) and the leachate produced.

Table 1.1 Average values for leachate analysis pareeters showing differences between acetic and
methanogenic phases (adapted from Ehrig, 1989)
Parameter Acetic Phase Methanogenic
Phase
pH 6.1 8
BODs (mgl™) 13 000 180
COD (mgl™) 22 000 3000
BODs/COD 0.58 0.06
SO, (mgl™) 500 80
Ca (mgl?) 1200 60
Mg (mgl™) 470 180
Fe (mgl™) 780 15
Mn (mgl™) 25 0.7
Zn (mgl™) 5 0.6
Sr (mgl™) 7 1

The first phase is dominated by the aerobic prese¢Robinson and Luo, 1991)
involving bacteria, including actinomycetes, fungnd other higher organisms, including
invertebrates. The aerobic metabolism producesger of chemical intermediates as well as
terminal stable products such as humic compoundsyoo dioxide, and water. The
exothermic reactions of aerobic metabolism contébusignificantly to the elevation of
temperatures (maximum = 8Q) which together with anti-microbial agents frohe trefuse
results in the inactivation of numerous pathogersantributes significantly to the site-water
balance by virtue of the water produced (Senio®1)9 The second phase is characterised by
anaerobic and facultative organisms (acetogeni¢ebay (Robinson and Luo, 1991) that

hydrolyse and ferment cellulose and other putréssito simpler compounds such as volatile
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fatty acids (Barlaz, Schaefer and Ham, 1989). iBaatid, carbon dioxide and hydrogen are
produced during the fermentation of more reducestyets by oxidation under anaerobic
conditions (Beker, 1987). The final phase of refdecomposition is characterised by strict
anaerobic metabolism of methanogenic bacteria, lwhionsume the simple organic
compounds and produce carbon dioxide and methagie(B1987; Robinson and Luo, 1991).
The assumption made is that young leachate is ciegised by organisms dominating the first
two phases of refuse decomposition, while olderchate is dominated by those

microorganisms controlling the final phase of deposition.

There is little doubt that waste disposal by lasdaimajor contributor to the global
degradation of aquifers (Schultz and Kjeldsen, 198gldsen, 1993; Parsons and Jolly,
1994). This has initiated extensive leachate mamagt practices to afford greater protection
of water resources (Thornton, Tellam and Lernef02Grom the hazardous sunstances that

may be present in landfill leachate (Smith and Web@90).

1.5 Treatment Methods for Landfill Leachate

Prior to the collection and treatment of landfathate, strategies to minimise leachate
generation must be employed or environmentallynftig leachate disposal options must be
investigated (Scott, 1982). Scott (1982) preseamtsefficient appraisal that details such
practices. Ultimately, global legislation demanti&t leachate be treated before it is
discharged into the environment (Frigeh al, 1997) since even the most stringent site
management can only reduce leachate quality andtiudut cannot eradicate it (Bull,
Evans, Weschler and Cleland, 1983). Researcheogmese that the collection and treatment
of landfill leachate is among the major problemsoagted with the operation of a sanitary
landfill (Lema, Mendez and Blazquez, 1988; Britgnter and Tracey, 1990). The strength
and composition of a landfill leachate is governey the age of the source landfill
(Venkataramangt al, 1984), with the concentration of inorganic andasic compounds (Lo,
1996), BOD and COD (Doeden and Cord-Landwehr, 138@wing some variability over
time (Scott, 1982). Therefore, the selection ofoatimum leachate treatment strategy must

consider fluctuations in the chemical charactersstif the leachate over time (Boyle and Ham,
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1974; Cameron and Koch, 1980; Chu, Cheung and Wb®@4; Lo, 1996; DWAF, 1998a)
and the tolerance of the chosen strategy agaiestetichate characteristics (Kettunen and
Rintala, 1998).

Chian and DeWalle (1976) concluded that aerobic @makrobic leachate treatment
technologies were best suited to the treatmentafHates with a high volatile fatty acid
content, typical of leachates collected from relgetgaching landfills while the physico-
chemical technologies are better suited to thetrtreat of stabilized leachates. In most
instances the chemical complexity of landfill leath will require multiple treatment
processes (Scott, 1982), most effectively involviagcombined physico-chemical and
biological treatment approach (Palit and Qasim, 7)9%efore the quality of the effluent
satisfies legislative regulations (Scott, 1982).praposed leachate management system must
be simple, economical, and energetically efficemthat maximum operational benefit can be

achieved (Cossu, Stegmann, Andreottola and Cah88s).

1.5.1 Biological treatment

Biological treatment processes are simple and eon@a when compared to the
majority of other leachate treatment options. €benomic viability of the method is further
improved by the inherent ability of an acclimatedcnobial population to utilize organic
carbon and other essential nutrients present itetEhate (Venkataramani and Ahlert, 1984).
The BOD:COD ratio provides a solid indication oktkegree of biodegradability of the
organic content present in the leachate. A rafiamproximately 0.5 (typical of young
leachate) is indicative of proficient biodegradatiof the organic content in the leachate
whereas the opposite holds true for an older ldach#h a ratio <0.5, and in the case of the
latter biological treatment of the leachate is mmommended (Cos®t al, 1989). Therefore
the nature of the leachate being treated playsnératerole in determining the mode of

biological leachate treatment i.e. aerobic or amigier(Kennedy and Lentz, 2000).
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Aerobic treatment

Aerobic bio-stabilization of sanitary landfill Ila@te has been extensively investigated.
The principle modes that have been assessed inchafizated sludge, aeration lagoons,
extended-aeration, and oxidation ditch processesK&taramanet al, 1984). Other systems
of note include: biological filters, rotating bigizal contactors (RBC) (Knox, 1985; Cossu
al., 1989), semi-continuous fed batch systems (Ceceh Aktas, 20010, continuous-flow
systems (Harpeet al, 1996; Cecen and Aktas, 2001), and sequencindp téddilm reactors
(White and Schnabel, 1998; Kennedy and Lentz, 2000)

Bull et al (1983) revealed that aerated processes were leapiatreating organic wastes
to stringent levels of quality. They concludedttbeganic and heavy metal constituents of

leachate were rapidly removed by aerobic oxidation.

The treatment of high-ammonia landfill leachate meseived considerable attention
(Knox, 1985; Carley and Mavinic, 1991; Robinson &ad, 1991; Harpeet al, 1996; Cecen
and Aktas, 2001). Harpeet al. (1996) established that a single-sludge, nitriftca
denitrification process was capable of removingquidicant concentrations of ammonia and
total nitrogen from landfill leachate under aerotidtid retention times (SRT) ranging from six
to ten days. Carley and Mavinic (1991) arrive@ @mparable conclusion and further stated
that the addition of an external carbon sourcearban deficient methanogenic leachate was
imperative for the occurrence of optimum nitrificet-denitrification of high-ammonia landfill
leachate. Martiensen and Schops (1997) also tht¢kke problem of high-ammonia landfill

leachate by using a novel aerobic/anoxic fixed fidactor and a activated sludge bioreactor.

Studies have reported biological system failuresaagonsequence of bio-available
phosphorus deficiencies (Palit and Qasim, 1977;if&oim, Barber and Maris, 1982; Scott,
1982) and heavy metal toxicities (Hargeral, 1996). Conversely, Cameron and Koch (1980)
reported impressive heavy metal removal efficienaieaerobic treatment systems.
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Activated sludge systems do not function efficignithen treating high-strength leachates
(young leachates). Aerobic treatment technologeserally have quicker treatment rates
(Bull et al, 1983) but have the added disadvantage of heauggsl production

(Venkataramanet al, 1984; Frigonet al, 1997) coupled to the necessity of sludge disposal

and greater operational costs (Betllal, 1983; Frigoret al. 1997).

Anaerobic treatment

Anaerobic treatment methods offer an impressivermttive to the aerobic options, by
virtue of the technology’'s immense potential foe tproduction of treated effluents of
comparable quality, in addition to associated athgas of low costs, energy production
through methane generation (Frigehal, 1997; Kennedy and Lentz, 2000), production of a
solids residue that can be used as a cover maitetahdfills (Kennedy and Lentz, 2000), and
the production of smaller quantities of sludge (kaaramaniet al, 1984; Frigonet al,
1997). However, the inability of the anaerobictegsto treat ammonia present in the leachate

ranks as a major disadvantage for the system (VBafk Technical Paper, 1989).

Numerous systems have been proposed and evaluateithef anaerobic treatment of
landfill leachate. These include: upflow anaeratlicdge blanket (UASB) reactors (Kennedy,
Hamoda and Guiot, 1988; Bri&t al, 1990; Kennedy and Lentz, 2000), bench-scale abaer
digesters (Cameron and Koch, 1980; Lin, 1991; Mgbamd Britz, 1992; Myburg and Britz,
1993); anaerobic filters (Chian and DeWalle, 1978)d anaerobic lagoons (Cossual,
1989). Treatment success rates vary between obsgay with the quality of the treatment
achieved often dependant on the character of Huhéte being treated (Bt al, 1983; Lin,
1991; Frigoret al, 1997; Kennedy and Lentz, 2000).

Boyle and Ham (1974) showed a 90 % removal of BO@mthe hydraulic retention time
in an anaerobic system was greater than ten daystemperatures ranging between 23 °C
and 30 °C. Bull et al. (1983) further demonstraae8s % BOD removal and 100 % soluble
iron removal as a sulphide precipitate. Myburg @ritz (1993) went even further to

demonstrate 80 — 95 % COD removal efficiency inybrid digester operated at mesophilic
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temperatures at a hydraulic retention time of oag. dKennedy and Lentz (2000) published
COD removal rates ranging between 71 — 92 % for BASd sequencing batch reactors with
hydraulic retention times ranging between 12 —@4re. Anaerobic systems are often
sensitive to shock loads and toxic substances (&tenkmanet al, 1984). However, Myburg

and Britz (1993) demonstrated the ability of theaerobic hybrid digester to withstand shock

loads within specific limits.

Final discharge of anaerobically treated leachaquires further physico-chemical
treatment of the organic- and nitrogenous cont&ull (et al, 1983); and sulphide- and
chloride content (Kennedy and Lentz, 2000). A corab approach, incorporating biological-
and physico-chemical treatment technologies witilda the complete treatment of landfill
leachate (Venkataramani and Ahlert, 1984).

1.5.2 Physico-chemical treatment

In contrast to the ineffectiveness of biologicaktiment processes on stabilised landfill
leachate, physico-chemical approaches on such veistams often produces impressive
outcomes. Conversely, poor results have been\amhmhen physico-chemical options have
been used for the treatment of young landfill ledeh(Venkataramaret al, 1984). This
indicates that the physico-chemical approachesnare effective for the treatment of landfill
leachate that is characterised by fulvic componehesconcentration of which is very high in
biologically treated leachate and leachate radidtiom old landfills (Scott, 1982).

There have been numerous physico-chemical treatmptions evaluated. These
include: chemical precipitation and oxidation (Timon and Blanc, 1973; Ho, Boyle and Ham,
1974; Sletten, Benjamin, Horng and Ferguson, 198&gorption (Heet al, 1974; Chian and
DeWalle, 1976; Mclellan and Rock, 1988), reversmass (Chian and DeWalle, 1976; Scott,
1982; Ehrig, 1989), and vaporization (Ehrig, 1989).

There is no single treatment option that can p®wvightimum remediation for a

heterogenous waste stream such as landfill leachfa@mbined physico-chemical treatment
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preceded by a biological treatment option is theragch most recommended. This type of
approach guarantees harnessing of the advantagesreim in both technologies
(Venkataramani and Ahlert, 1984; Ehrig, 1989, BagtB94). Indeed, Chian and DeWalle
(1976) further stated that physico-chemical treatiiesuch as activated carbon and reverse
osmosis were best suited as secondary treatmecegses following the biological treatment

of young leachates, or as a primary treatment ngtotreating stabilised leachates.

1.5.3 Recirculation

Experimental evidence suggests that recirculatibnlaodfill leachate through a
municipal waste landfill increased the rate of miggollutant stabilisation (Scott, 1982; Bull
et al, 1983) and heavy metal removal (Scott, 1982)pmesinstances by facilitating the rapid
development of anaerobic bacterial populations I(Batl al, 1983) thereby promoting
methanogenesis. It has been further stated taahd¢e recirculation may provide advantages
that include: a function as a temporary storagditia¢Cureton, Groenevelt and McBride,
1991; Pohland and Al-Yousfi, 1994); enhancing tlsoaptive attenuation of organic and
reduced inorganic leachate constituents in thebéersoil environment (Tittlebaum, 1982;
Curetonet al, 1991; UK DoE, 1994); minimising dry zones withime emplaced refuse
thereby maximising refuse degradation throughoetlémdfill (Senior, 1991); and increasing
evaporative losses of leachate by spray irrigatibeyeby decreasing the total volume of
leachate (Robinson and Maris, 1985; UK DoE, 1994).

Leachate recirculation satisfies the primary cidtethat influence the dynamic,
microbially mediated process of landfill stabilissit The primary criteria governing landfill
stability are waste characteristics, available iants and moisture, and existing operational
procedures; all of which are satisfied by contlleachate management and recirculation
through the landfill (Pohland and Al-Yousfi, 1994).

Chapman and Ekama (1992) stated that experimeatal gresented by numerous
researchers, concerning recirculation were oftemradictory. They further proposed that

such contradictions were chiefly a consequencesimigueachates of different ages. Research
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conducted by Novella, Ekama and Blight (1996) sugabthe conclusions of Chapman and
Ekama (1992), thereby emphasising the need to densispects such as the age of the

emplaced waste and resultant leachate when plaanihglesigning a recirculation regimen.

However, recirculation technology is not withowt risks and disadvantages. These
include: the added risk of leachate infiltratiortoirthe subsurface posed by the additional
volume of liquid resulting from continued leachapplication, which poses the risk of
groundwater pollution (Robinson and Maris, 1985;eBens and Cord-Landwehr, 1989);
lateral discharge of leachate as a consequencempacted or layers of low permeability
within the waste (Robison and Maris, 1985; UK D&H94); concentrating of salts (UK DoE,
1994) and heavy metals (Doedens and Cord-Landwl&l&9); surface clogging leading to
leachate ponding (Robinson and Maris, 1985; UK DifI®4); and the exacerbation of odours

as a consequence of open irrigation practices (OK,[1994).

1.6 Redox Environments of a Landfill Leachate PollutionPlume

There are numerous reports detailing groundwatetaceination as a consequence of
inadequate landfill leachate management systemsasuadresult of primitive landfills devoid
of such practices (e.g., Lyngkilde and Christend&92a; Bjerget al, 1995; Mikacet al,
1998; Roling, van Breukelen, Braster, Lin and vaarséveld, 2001). Therefore, it is
inevitable that environmental pollution, with patiar reference to groundwater
contamination, has been been associated with lEn{iBriffin, Shimp, Steele, Ruch, White
and Hughes, 1976; Baun, Jensen, Bjerg, ChristeasérNyholm, 2000; Cozzarelli, Suflita,
Ulrich, Harris, Scholl, Schlottmann and Christensz000).

The high inorganic (Bjergt al, 1995) and organic concentration of landfill leaieh
provides an ideal substrate for microbial proce¢Sezzarelliet al, 2000; Rolinget al, 2001)
within the subsurface environment (Ludvigsen, Adiwsen, Ringelberg, Ekelund and
Christensen, 1999). This coupled with complex doahreactions can result in significant
changes in aquifer geochemistry and microbiologyrtkiream of a landfill, with these

changes being mirrored in the sequential developroérredox zones in time and space
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(Williams and Higgo, 1994; Bjergt al, 1995; Rolinget al, 2001). Methane production,
sulphate reduction, iron reduction, nitrate reduttimanganese reduction, and aerobic zones
(Lynkgilde and Christensen, 1992a; Lensing, Vogt &ferrling, 1994; Williams and Higgo,
1994; Bjerget al, 1995; IWACO, 1997; Lovely, 1997; Mikaat al, 1998; Ludvigseret al,
1999) have been identified as the characteristloxezones present in a landfill leachate
pollution plume, with an overall distribution downagliient from the landfill (Figure 1.1)
(Lovely, 1997). In the light of such a statemeamphasis must be placed on the fact that the
redox potentials increase away from the landfiiréby reflecting the overall distribution of
the individual redox processes stated previousjgr(Bet al, 1995; IWACO, 1997).

organic
contaminants

methanogenic

ulfate-
reducing

Fe(lll)-
reducing

Figure 1.1 Typical distribution of redox conditions prevalent in an aquifer polluted by an organic
contaminant (Lovely, 1997).

The entrance of a high organic load into the sibsarcauses a rapid depletion of oxygen,
and as a consequence of this, the kinetics of migkonetabolism becomes dependant on the
interactions between the organic carbon presetttarmigrating leachate, the availability of
soluble and insoluble electron acceptors and dofioyskgilde and Christensen, 1992a;
Cozzarelli et al, 2000), and the kinetics of the actual redox psees (Lynkgilde and

Christensen, 1992a). This results in areas expgeskminant terminal electron-accepting
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processes (TEAPS) (Lovely, 1997; Cozzaredlal, 2000) which confer dominant redox zones
within the framework of a leachate plume (Lovel99T). Lynkgilde and Christensen (1992a)
stated that the existence of such a sequence ok rvironments is a hypothesis, based on
the assumption that significant quantity of: freggen, nitrate, sulphate, iron and manganese
compounds being present in the subsurface envilmnm&hey further concluded that the
absence of an electron acceptor would render theesmonding redox environment non-
existent. Bjerget al, (1995) presented a comprehensive descriptionhef grevailing
conditions within the individual redox environmerdt a typical landfill leachate pollution
plume.

Natural attenuation is a process by which the cotnagon of landfill leachate constituents
is reduced by natural phenomenon. Based on tleinitions, Senior (1990) and Bagchi
(1994) identified the following as the possiblesatiation mechanisms in the subsurface:

i.  Adsorption

ii.  Biological uptake
lii.  Cation- and Anion-exchange reactions
iv.  Filtration, and

v. Dilution reactions

Ruggeet al (1995) stated that biological degradation canydm proposed as a
possible attenuation mechanism, when there is lardato associate the disappearance of
waste stream constituents in the plume with arth@fremaining attenuation processes. Bjerg
et al. (1995) and Mikacet al. (1998) further stated that it is of fundamentapartance to
associate pollutant attenuation/degradation tgteeailing redox environments in the plume.
Such reactions often aid in the development of ecifip redox state thereby facilitating
similar reactions in such an environment (Bjetgal, 1995). Bouwer and Edwards (1983a;
1983b) found that numerous organic compounds pextiuaried responses to biodegradation
under differing redox environments. They conclutleat the prevailing redox environments
played a key role in the biotransformation of thesganic compounds, since an essential
factor affecting the biotransformation processhis type of electron acceptor available to the

microbial systems. In a series of investigatiahstailing the distribution and migration of
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organic compounds in the subsurface, Williams amghél (1994), concluded that prevailing
redox conditions and the related microbial popalaiwill play a defining role in determining
the degradation fate of the organic compounds. z&etli et al. (2000) further stated that the
rate at which organics are degraded by the miclogyo of the iron reducing, sulphate
reducing and methanogenic zones, depends largellgeobalance between the reaction rates

prevalent in these zones and the rate at whiclinéads supplied to the subsurface.

The vast chemical reactions, typical of a leaciphtiene, are often dominated by the
heterotrophic activities of numerous bacterial goyLensinget al, 1994; Williams and
Higgo, 1994). The abundance of both anaerobicheterotrophic organisms decreases with
increasing depth in the subsurface, which is pbssilresult of a decrease in the supply of
essential nutrients and electron acceptors asasedh increase in anti-microbial contaminants
through the build-up of xenobiotics (Williams andggo, 1994). Ludvigsert al. (1999)
showed that cell numbers decreased with increadistignce from the landfill by analysing
phospholipid fatty acid (PLFA) and adenosine trighlmate (ATP) content in samples
traversing the area of a landfill leachate polluteglifer. Methanogens are restricted to the
most polluted and reduced section of the plumeesponding to the section closest to the
landfill (Ruggeet al, 1995; IWACO, 1997; Ludvigseet al, 1999), while sulphate reducers
were shown to decrease with increasing distance thee landfill IWACO, 1997). Research
has shown that in some cases methanogenesis gitthtgureduction are exclusive of each
other (Bjerget al, 1995), but other studies have provided evidehed suggests the co-
existence of methanogens and sulphate reducersnd@eand Suflita, 1987; 1990; Cozzarelli
et al, 2000). Lynkgilde and Christensen (1992) ideatifithe iron reducing zone as the
largest zone in the plume. The importance of #uee in the oxidation cycle of organic
matter was highlighted by Albrechtsen and Christar(4994) and Rolingt al. (2001). Iron-,
manganese- and nitrate reducers were identifieporkets throughout the plume in lower
concentrations than within the boundaries of trepeetive active redox zones in the plume
(IWACO, 1997).
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Researchers agree that the biologically mediatedxreenvironments of a landfill
leachate pollution plume plays a central role ire thatural attenuation of leachate
contaminants, and remains a key factor in detengithe ultimate fate of such contaminants
in the plume (Lynkgilde and Christensen, 1992a;209®jerget al, 1995; Winderl, Anneser,
Griebler, Meckenstock, Lueders, 2008).

1.7  Genotypic Profiling of Microbial Associations

The inevitable use of molecular biological techmguo characterize microorganisms
in their natural habitats were borne from the eletawy realization that traditional
microbiological methods of enrichment and isolatiad failed to detect the vast majority of
microbes, resulting in gross underestimates ottdmplexity of innate microbial communities
(Picard, Ponsonnet, Paget, Nesme and Simonet, 1¥@¢zer, De Waal and Uitterlinden,
1993; Amann, Ludwig and Schleifer, 1995; Ferris,yiger and Ward, 1996; Santegoeds, Nold
and Ward, 1996; Watanabe, Teramoto, Futamata andydlaa, 1998; Gelsomino, Keijzer-
Wolters, Cacco and van Elsas, 1999; Wise, McArnd Shimkets, 1999; Jackson, Churchill
and Roden, 2001). Culture based identificatiols i mimic the overall conditions prevalent
in natural habitats thereby imposing selection gusss that proliferate only a small
percentage of the natural populations (Muyeeal, 1993; Ferriset al, 1996; Santegoed=
al., 1996; Felske and Akkermans, 1998a; El Fantroussischuere, Verstraete and Top,
1999). Conventional microscopy has limited usecesia variety of microbes bind to natural
sediments thereby masking their existence (Muyteal, 1993). In addition, numerous
microorganisms share similar morphologies that m#iem inseparable by conventional
microscopy (Amanret al, 1995; Ferriet al, 1996). Amann and co-authors (1995) presented
a comprehensive review detailing the percentagamiofoorganisms that are culturable from
various natural environments by traditional methoflamicrobiology. Borneman, Skroch,
O’Sullivan, Palus, Rumjanek, Jansen, Niehuis anpldtt (1996) supported these conclusions
by stating that the majority of microbes (90-99 #)environmental samples are indeed

unculturable.
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Recent history has witnessed a dynamic approaddeghat overcoming the drawbacks
associated with traditional culture-dependent nashoThis approach has a molecular base
focused on the analysis of nucleic acid, extradtedh environmental samples, aimed at
studying the microbial diversity of natural commigs (Muyzeret al, 1993; Muyzer and
Ramsing, 1995; Bornemaet al, 1996; Ferriset al, 1996; Brinkhoff and Muyzer, 1997,
Kowalchuk, Stephen, De Boer, Prosser, Embley andld&vadorf, 1997; Felske and
Akkermans, 1998a; Felske and Akkermans, 1998b,d-lilpnes and Lau, 1998; Watanadte
al., 1998; Dunbar, Takala, Barns, Davis and Kuske, 9199 Fantroussiet al, 1999;
Gelsominoet al, 1999; Macnaughton, Stephen, Chang, Peacock, Rlemrheung and
White, 1999; Duineveld, Kowalchuk, Keijzer, van &sand van Veen, 2001). These nucleic
acid based protocols are often more stable, legs-¢onsuming, and offer greater detail from
which sound phylogenetic conclusions can be dresahmrieider and De Bruijn, 1996; Boivin-
Jahns, Bianchi, Ruimy, Garcin; Daumas and Chrisi€95; Louws, Rademaker and De
Briujn, 1999). However, each of these methods idess different levels of taxonomic
resolution (Louws et al., 1999) and as such musapg@ied appropriately by weighting the

guantity of information required with the assocthtksadvantages of the chosen protocol.

The application of these techniques in moleculasrofiial ecology relies principally on
the manipulation of the 16S ribosomal DNA (rDNA)gsences that are extracted from
environmental samples (Felske, Wolterink, Van Lm&l sAkkermans, 1998; Cho and Kim,
2000). The average bacterial 16S rRNA (or its ydres a length of approximately 1500
nucleotides (nt), which when fully or almost contplg sequenced (> 1000 nt), can provide
sufficient information for accurate phylogenetia@ment (Pace, Stahl, Lane and Olsen,
1986; Amannet al, 1995). The 16S rRNA and its corresponding geoefthe bacterial
genome functions as an ideal indicator of microtiaérsity in community profiling by virtue
of the following criteria:

» presence in all species of the population;

* they may be analysed as rDNA or by reverse traoison of the rRNA into copy DNA

(cDNA);

» shows variation in its sequence between species; an
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» itis universally accessible for all species ofopylation by a common method
(Woese, 1987).

The 16S rRNA consists of numerous domains, with gstveng of domains of the
primary structure being less conserved than thalyigonserved secondary structure. The
16S rRNA approach relies profoundly on the useligbaucleotide primers for the placement
of microorganisms into specific taxa. These pr&mange from universal and domain-specific
to group-specific (Amanet al, 1995). Dojka, Hugenholtz, Haack and Pace (1@@@&xtly
amplified the 16S rDNA from aquifer sediment byngsuniversally conserved &acteria-or
Archaeaspecific primers to phylogenetically characterise dominant microbial populations
existent in a series of redox zones present indadearbon- and chlorinated-solvent pollution
plume. Numerous researchers have used univeisatngrspecific to the domaBacteriaso
as to amplify 16S rDNA or the corresponding fragtentracted from diverse environments
(e.g. Felske, Rheims, Wolterink, Stackebrandt aklefmans, 1997; Fournier, Lemieux and
Couillard, 1998; Eichner, Erb, Timmis and Wagne2o, 1999; Cho and Kim, 2000). Other
researchers have used a combinatiorBatteria and group-specific primers to identify
precise factions of microbes (e.g. sulphate redudiacteria) present in an environmental
sample (Teske, Wawer, Muyzer and Ramsing, 1996)kBaff and Muyzer, 1997). Not
satisfied with this degree of specificity, otherrkers progressed further by utilising group-
specific primers corresponding to the 16S rDNA aondpared the generated profiles with
profiles spawned by the amplification of group-spe@ene sequences (e@noAgenes of
the autotrophic ammonia oxidising bacteria) with torresponding primers (Watanadieal,
1998; Ivanova, Stephen, Chang, Bruggemann, LongKiiey, Kowalchuk, White and
Macnaughton, 2000).

Generally speaking, nucleic acid based bacteriaratdterisation protocols can be
divided roughly into polymerase chain reaction (BPGRnplification-dependent and PCR
amplification-independent approaches (Louws et H99). Torsvik, Daae, Sandaa and
@vreds (1998) reviewed their pioneering work in fledd of direct genomic analysis by

reassociation kinetics, for the determination o€nmibial community structure and diversity.
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The analysis of plasmid profiles characteristienaérobial isolates was also demonstrated as a
partial but direct method of genomic analysis tFatilitated microbial diversity studies
(Schatt, 1990; Louwst al, 1999). Another direct genomic analysis methoeblives the
digestion of total DNA by specific restriction emdaleases, which generates characteristic
profiles on gels (Schneider and de Bruijn, 1996his method is called Restriction Fragment
Length Polymorphisms (RFLPs). A fourth direct #mgrinting method involves the profiling
of low molecular weight (LMW) RNA, in the form ohé 5S rRNA or transfer RNA (tRNA).
The method is based on the electrophoretic separai LMW on a polyacrylamide gel
together with the corresponding data capture ofderacteristic profiles for comparative
purposes (Hofle, 1990). The technique has beetiedpp diverse environments (Hofle,
1992; Hofle and Brettar, 1996). Generally, genoamealyses that are independent of PCR-
amplification are less specific, rapid, and sewsitthan PCR-amplification dependent
protocols (Louwset al, 1999). Both methods have the added disadvantsgexiated with
DNA extraction from natural environments (Jacksdiarper, Willoughby, Roden and
Churchill, 1997), however, since relatively largprantities of DNA are required for PCR-

independent reactions, the negative aspects areifieg@gn such instances.

PCR-amplification dependent approaches that foouthe cloning and sequencing of
the 16S rDNA of environmental samples have thusifeminated the initial ventures into the
molecular age of microbial identification (eg. Bemannet al, 1996; Godon, Zumstein,
Dabert, Habouzit and Moletta, 1997; Kuske, Barnd Busch, 1997; Felsket al, 1998;
Lloyd-Jones and Lau, 1998; Widmer, Seidler, Giltev&/atrud and Giovanni, 1998).
However, this approach is time-consuming and lalusriand as such incapable of coping with
the high sample throughput required to monitor saetjal changes in microbial community
structure (Muyzer and Smalla, 1998; Eichee¢ral, 1999; Gelsomineet al, 1999). Since
microbial ecology is the study of microbe-microbeteractions and the characteristic
interactions with their environment (Muyzer and 8&al998), protracted monitoring of the
associated systems are essential to gaining deérgbnclusions with regards to community
structure and diversity, since it is this concégtttis fundamental for analysing phenomena
such as succession, colonisation, and responsestigldhnces (as in the case of this study)

(Eichneret al, 1999). For this purpose, genetic fingerprintteghniques are ideally suited
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(Muyzer, 1999). Muyzer (1999), further states thametic fingerprinting techniques provide
unique nucleic acid profiles that enable compassoh genetic diversity over time and

between microbial communities from diverse envirents.

There are a variety of fingerprinting techniquesikable for the study of microbial
community dynamics and diversity within natural momments (Muyzer and Smalla, 1998;
Louwset al, 1999; Muyzer, 1999; Cho and Kim, 2000). Manyttu#se techniques, but not
all, rely on the direct amplification of the 16SNB or part-thereof, before further analysis by

the fingerprinting technique of choice (Cho and K#&a00).

These techniques include: single strand conformatipolymorphism (SSCP) (Orita,
Iwahana, Kanazawa, Hayashi and Sekiya, 1989; Leearl Kim, 1996; Schweiger and
Tebbe, 1998); randomly amplified polymorphic DNAARD - also referred to as DNA
amplification fingerprinting — DAF) (Manulis, Valgky, Lichter and Gabriel, 1994; Breen,
Rope, Taylor, Loper and Sferra, 1994; van Rossuamu&@mans, Gillis, Muyotcha, van
Verseveld, Stouthamer and Boogerd, 1995; PooléchRiand Hartung, 1996; Réling and van
Verseveld, 1996; Momol, Lamboy, Norelli, Beer anlfiovinckle, 1997; Clerc, Manceau and
Nesme, 1998); restriction fragment length polymespis (RFLP’s) (George, Bustamam,
Cruz, Leach and Nelson, 1997; Leeflang and Sm#71®anceau and Horvais, 1997; Cho
and Kim, 2000), otherwise known as amplified ribosb DNA restriction analysis (ARDRA)
when the amplification of RFLP’s is based only &xe tL6S rDNA portion of the genome
(Schramm and Amann, 1999; Muyzer, 1999); the vamdrRFLP’s (Schramm and Amann,
1999) that incorporates a fluorescent label on @nthe two primers used in the reaction —
terminal restriction fragment length polymorphis(tRFLP’s — Clement, Kehl, DeBord and
Kitts, 1998; Liu, Marsh, Cheng and Forney, 199t dar Maarel, Artz, Hanstra and Forney,
1998), otherwise referred to as fluorescent ragiric fragment length polymorphisms
(FIURFLP’s — Bruce, 1997); bisbenzimide-polyeth@erglycol (Bb-PEG) conjugate
electrophoretic analysis (Muyzer, 1999; Demkin, IEgen, Zimin, Edelstein and Suvoron,
2000); denaturing gradient gel electrophoresis (E(&g. Muyzeret al, 1993; Ferriet al,
1996; Kowalchuket al, 1997; Duarte, Rosado, Seldin, Keijzer-Wolters gad Elsas, 1998;

Head, Saunders and Pickup, 1998; Jackson and Ghut®99; Ralebitso, Ro6ling, Braster,
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Senior and van Verseveld, 2000; Réling, van BrearkeBraster, Goeltom, Groen and van
Verseveld, 2000; Duarte, Rosado, Seldin, de Araun@ van Elsas, 2001; Jackson, Churchill
and Roden, 2001) and the related technique cadlegberature gradient gel electrophoresis
(TGGE) (Felske, Engelen, Nubel and Backhaus, 1B8&keet.al, 1997; Felskest.al, 1998;
Muyzer and Smalla, 1998); amplified fragment lengthlymorphisms (AFLP’s) (Janssen,
Coopman, Huys, Swings, Bleeker, Vos, Zabeau andt&es; 1996; Louwst al, 1999); and
the collective protocol termed rep-PCR which isdoh®n the use of PCR with primer
sequences analogous to regions of naturally ocguinterspersed repetitive sequences. The
procedure (rep-PCR) can target all or one of tHeseilies of repetitive sequences in a
genome, viz. repetitive extragenic palindromic (RREBquences, enterobacterial repetitive
intergenic consensus (ERIC) sequence, and the Bl@Xeatwhich comprises the boxA,
boxB; and box C subunits (de Bruijn, 1992; LouwslbFight, Stephens and de Bruijn, 1994;
Schneider and de Bruijn, 1996; Meintanis, Chalk&oermas, Lymperopoulou, Katsifas,

Hatzinikolaou, and Karagouni, 2008).

Ideally, microbial community diversity studies invimg DNA fingerprinting protocols
should engage multiple approaches so as to coghtéa negative aspects of each technique
while accentuating the benefits of the “positivésihate in each protocol. Muyzer (1999)

provides a concise overview of the positive andatigg facets of such techniques.

1.7.1 Denaturing gradient gel electrophoresis (DGGE)

Fischer and Lerman (1980; 1983) pioneered the rejgrbretic separation of DNA
molecules in a specific gradient of denaturanteiiftvork detailed the behaviour of Phage
DNA in denaturing gradient gels, thereby setting blar for the separation of DNA fragments
based on nucleotide base-pair variations. Theeolae allows the separation of DNA
fragments of the same length but with sequenceatianis that produce partially melted
double-stranded DNA molecules when exposed to itteal gradient of DNA denaturants.
The melting of DNA fragments proceeds in discretdtimg domains (stretches of base-pairs

with an identical melting temperature). The mignatof the DNA molecule stops once the
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domain with the lowest melting temperaturemjTreaches its melting point in a specific
position in the denaturing gel. Molecules withfeliént sequences will stop migrating at
different positions in a gel because sequence ti@mmwithin domains infer different melting
temperatures to characteristic molecules (Myems;Hér, Lerman and Maniatis, 1985; Muyzer
and Smalla, 1998). However, to detect sequendatiar in the highest temperature melting
domain of a DNA molecule, a guanine-cytosine ridgiWDsequence (GC-clamp) (Myers et al.,
1985) must be attached to the 5’-end of one prioherprimer pair (Muyzer et al., 1993). The
GC-clamp functions as a domain with high meltinggarties (Myers, Maniatis and Lerman,
1987; Muyzer and Smalla, 1998) that prevents cormapdérand dissociation of the double-
stranded molecule (Myeet al, 1985; Muyzer and Smalla, 1998), which would gigantly
reduce the resolving power of the gel (Myetsl, 1985).

Muyzer and company (1993) were the first to apply PCR-dependent fingerprinting
technique to microbial ecology. Today the methad been applied to diverse environments
by numerous researchers. These environments gratidrobial biofilms from sea sediments
(Muyzer et al., 1993) and hot springs (Santegoedst,€1996; Ferris et al., 1996), coastal sand
dunes (Kowalchuk et al., 1997), and crop produsioits (Gelsomino et al., 1999; Marschner,
Crowley and Lieberei, 2001), to mention just a fewhe application of DGGE in such
environments ranges from comparative studies dggalDNA extraction and purification
techniques (Niemi, Heiskanen, Wallenius and Liristr2001) to investigating the microbial
composition of enrichment cultures under selectressures (Santegoeds et al., 1996).
However, as in the context of this study, DGGE Ihaen extensively used to profile
community diversity (e.g. Teske et al., 1996; Deat al., 1998; Ralebitso et al., 2000; Roling
et.al., 2000) and the monitoring of population dwies within perturbed environments (El
Fantroussi et al., 1999).

Most of the molecular methods that depend on nu@eid analysis, have one major
limitation, it being the quality and to a lessetem the quantity of nucleic acid recovered
from environmental samples (Jackson et al., 19®&d+t al., 1998; Niemi et al., 2001). The
separation of humic substances from DNA is an nalegart of achieving high quality DNA

that is suitable for successive applications suchP@R (Jackson et al., 1997; Niemi et al.,
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2001). There are numerous protocols availableefdracting DNA from environmental
samples (Head et al., 1998), but few address thapamtive efficiency of these methods.
Niemi and co-workers (2001) addressed this issueobgucting a comparative study of DNA
isolation protocols by using PCR-DGGE communitygérprinting as the basis for their
comparisons. It is essential that one realiseisgiedures succeeding DNA extraction and
purification are also prone to introducing errorsbaas (Farrelly, Rainey and Stackebrandt,
1995). PCR amplification contributes significanttyintroducing bias to all PCR-dependent
fingerprinting technologies, inevitably affectingeasures of community composition (Teske
et al.,, 1996; Head et al., 1998; Eichner et al99)9 Apart from errors resulting from
inappropriate  methodology, the genomic propertids tlee bacterial cell contributes
significantly to the introduction of bias. Fargeland company (1995) addressed such
propertiesen route to concluding that it was impossible to quantifye trepresentative
populations of a structured community without pkoiowledge of thern gene copy number

and the genome size of the individual species.

Although PCR-DGGE does have its limitations, thehtelogy has significant worth
in the field of microbial ecology (Jackson, Roderd &hurchill, 2000) and as in the case of
this study, the focus of which concentrates oncttaparative analysis of microbial diversity
in perturbed environmental conditions.

1.8  Objectives

Diverse redox environments may develop within ahase plume as a consequence of
strongly reduced leachate migrating through theatumated zone of soil before entry into an
aquifer. The development of such environmentsegeddent on the redox capacities and
reactivities of leachate compounds, as well asrdi@etors present in the leachate and the
receiving subsurface material (Bjeegyal, 1995). The capacity for microbial attenuatidn o
leachate contaminants within the leachate plume rbasived very little attention in the
literature. With this in mind, the central aim this study was to investigate the biological
mechanisms of attenuation prevalent within a ldhidfachate contaminated soil microcosm,

bearing in mind the following principle objectives:
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1. To assess the adsorptive capacity and inhererddigall influence of a Hutton soil on
selected constituents of a “young”, synthetic, agehic phase landfill leachate;

2. To assess the fate of selected constituents & aytfithetic leachate over time by using
a series of laboratory-scale soil microcosms stasimic the behaviour of landfill
leachate in soil beneath a landfill;

3. To optimize; DNA extraction from the soil microcosmand DGGE staining
techniques.

4. To generate DNA profiles using PCR-DGGE to asshas@es in bacterial community
diversity occurring within the laboratory-scalelsaicrocosms; and

5. To identify selected members of the microbial asgmns involved in leachate bio-

degradation/attenuation by cloning and sequendinigeol 6SrDNA.

Characterisation of the microbial communities restdn soil beneath a “seeping” landfill
could potentially shed light on the biological atiation potential of these communities, be it
qualitative or quantitative. The microbial pro§lef primary interest were those occurring in

the nitrate reducing, sulphate reducing, and methamnic phases of the leachate plume.
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Chapter Two
2. Materials and Methods

2.1 Soil Material

A Hutton soil (silty loam), rich in iron and alumim oxides was used throughout the
study. The soil was obtained from a field (Applat&Farm, Merrivale, Howick, Republic of
South Africa) with sparse grass cover and no rebestory of cultivation. Soil selection and
collection was partially based on the criteria aacbmmendations of Loch, Lagas and Haring
(1981); Rees and King (1981), Artiola-Fortuny andlét (1982); Kjeldsen, Kjolholt, Schultz,
Christensen and Tjell (1990); Shaw and Burns (19988); Nay, Snozzi and Zehnder (1999a
and 1999b); Wong, Cheung and Wong (2000). Thewad air-dried and passed through
2.0 mm and 0.5 mm sieves, to ensure homogeneityeotoil, in preparation for re-packing
into cylindrical glass columns (15 cm long, 4.3 amernal diameter). The physical and
chemical characteristics of the soil were deternhibgy Cedara Agricultural College, Soil
Laboratory, Department of Agriculture and EnviromtyeCeadara, KwaZulu-Natal, Republic
of South Africa (Appendix A).

2.1.1 Soil moisture content
The soil was air dried for 10 hours in direct sgimi before 100 g were spread evenly
on a glass Petri dish (15 cm internal diametefe 3oil was dried in an oven (180) for 24

hours, and re-weighed. The difference in weigliotgeand after oven drying was taken as the

moisture content of the soil. Triplicate deterntioas were performed.
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2.1.2 Total soil pore volume (Total Porosity)

The total pore volume of the soil was calculatedibiyng the following equation:

Total Porosity = 1-bulkdensity Eq21

particle density

Hence, it was necessary to determine first the Hahsity and the particle densi®d) of the

soil. Triplicate determinations were performed.

2.1.3 Bulk density

Glass columns (15 cm long, 4.3 cm internal diamédited with rubber bungs, were
weighed before and after filling with air dried Hut soil (Tan, 1996). The soil was
compacted by hand tapping the bottom of the st@upeolumns at least 20 times so as to
produce an internal soil column of approximatelyci@ The bulk density was then
calculated as follows:

Bulk Density= ovendriedmassof soll Eq22

total volumeof soil sample

2.1.4 Particle density Pd)

An average of 160 g of air dried soil was added tb000 rh graduated measuring
cylinder and 300inof distilled water were added. The slurry wasratl thoroughly with a
glass rod to displace the air in the soil. Aftemnsling for five minutes the volume of the soil
plus water was recorded. The volume increase ateduor by the soil was recorded as the
volume of the soil solids. The pre-determined swisture content (2.2) was accounted for in
determining the total volume of water used in thpegiment (Tan, 1996). Thed was then
calculated as follows:

Pd = ovendriedmassof soil
volumeof water displacedby soil
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2.2 Construction of Soil Microcosms

Glass columns, with dimensions described in 2\ e packed with 201.0 g of pre-
sieved air-dried soil to a height of approximatdl§y cm and a standard bulk density of
1.384 g.crit. Glass wool discs (2 cm thick) were placed ahbmids of the soil columns to
facilitate even distribution / exit of applied sketic leachate. Each column was closed with a
two-port rubber bung at the top (to measure metlgaserelease at different depths) and a
single port rubber bung at the base. No head-spasepresent between the upper rubber
bung and the top of the soil column. The columesansaturated from the base with one pore
volume (75.92 ml) of distilled water and left toudldrate over a period of 50 days (Shaw and
Burns, 1998). Subsurface soil in the unsaturatee znay be, at worst, completely saturated
by leachate. Therefore, it would make sense testigate attenuation mechanisms under such
condition (Bagchi, 2004). A total of 64 columnsre/g@repared and were assembled into

sequential soil microcosms (SSM) as described imp@r Four.

2.2.1 Column harvesting and soil sampling

When the respective SSM’s had reached the dest@ok states each column was
removed and sampled (Appendix B, steps 1-7). Rubbegs were removed (steps 1 - 2) and
the soil column within the glass cylinder was ggrmushed out using a circular wooden
plunger whilst ensuring that an equal distributmipressure was used (steps 3-4). The
resulting soil column was dissected into three egaats (+ 50 g wet weight) and labeled

(steps 5 - 7) and stored &@ until further analyses could be carried out.
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2.3 Eluents
2.3.1 Synthetic leachates

Two synthetic leachate concentrates (10x) werepgwesl; one with nutrient
supplements and the other without (Appendix C) (BmSenior and Dicks, 1999b). The
relevant concentration of each constituent is givemable 2.1. Leachate concentrates (10x)
were filter sterilized through 0.2Bm filter membrane (Millipore, USA) using a 2Millipore
Corporation filter tank equipped with a 142 mmefilholder and 124 mm pre-filter (Millipore,
USA) and attached to a air compressor (Hobbycrafk®/ Air Compressor, South Africa).

Concentrations of phenol, zinc and copper useck vadove those found in natural
landfill leachates, in order to create a situatidrich represented a high risk for groundwater
contamination. The concentrations of the remainmugganic components were selected to
approximate the normal ranges found in natural flinéachates (Smithet al, 1999b).
Phenol was chosen as a representative of phendigtasces found in soil humic material and
because it occurs as a common industrial contari(@lbrechtsen and Winding, 1992;
Guerin, 1999). Upon dilution both leachates wecediied with 1M hydrochloric acid
(pH5.0) (Smithet al, 1999b) and sparged with oxygen-free nitrogenafaninimum of two
hours before use. Both leachates were titrateth witfew drops of 0.01 M N&.9HO
(Saarchem, Merck) to secure a redoR)(Environment of 160 - 200 mV (Hrapovic and Rowe,
2001). These chemical alterations ensured a syothmxture that modeled a young stable

landfill leachate characteristic of landfill leatdantering soil below a “waste tip”.
2.3.2 Nutrient supplements
Micronutrient stock solutions
Two micronutrient stock solutions adapted from ttnace element supplement

described by Coutts, Senior and Balba (1987) weadenup containing the following (g

sterile-distilled water):
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A: FeCh.4H,O, 1500; MnC4.4H,0, 197; Cadl, 90; CoC}.6H,O, 238; AICE, 50; HBO,,
62; NiChL.6H,0O, 24.
B: NaMoQi.2H,0, 48.4; NaSe©5H,0, 2.55; NaWO4.Hy, 3.3.

Vitamins

The vitamin stock solution contained the followimyg ™ sterile-distilled water):
pyridoxine-HCI, 20;p-aminobenzoic acid, 19; Ca-D-pantothenate, 30; mimtacid, 50;
riboflavin, 30; thiamine-HCI, 20; biotin, 10; folacid, 10; cyanocobolamine, 20.

Each of the solutions were filter sterilised (0@ cellulose acetate, Millipore) and

stored at EC for no longer than two months.

Five millilitres of each filter sterilized nutriesupplement stock solutions were added
to 100 nh of the concentrated synthetic leachate and thenwelmade up to 1000l mwith
distilled water prior to being fed to the respeetoolumns. The lEwas verified prior to every
feed (2.4.1).

2.3.3 Hydraulic loading rates (HLR’s)

Degassed synthetic landfill leachate was fed ® rspective columns via. 20 m
plastic syringes at a rate of 40 (RiLRh) and 20 rh(HLRI) every ten days, since studies have
revealed that discontinuous application of compsumdre closley resembles field conditions
than continuous application (Shaw and Burns, 1998hese hydraulic loading rates were
based on 25 % of the mean annual precipitation (MAPa high rainfall region (viz.
Pietermaritzburg, KwaZulu-Natal) and a typicallydaregion (viz. Kimberley, Western Cape)
found in South Africa (Ehrig, 1983; Canzianni anas€u, 1989) (Appendix D).

Leachate migration within a landfill and the swmding environment are influenced

by a range of factors such as the local rainfalifaxe runoff; and water retention properties of

the surrounding medium (Crawford and Neretniek€120 The resultant hydraulic loading
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rates (HLR) were designated HhRand HLR, respectively and these designations were

retained throughout the study.

Rainfall map$and datawere supplied by The Computing Center for WateseRech
(CCWR), University of Natal, Pietermaritzburg, Repa of South Africa (Appendix C).

er Mark Horan, University of Kwazulu Natal, BEEHigRermaritzburg

2Mr Youdeshan Naidoo, University of Kwazulu NataCWR, Pietermaritzburg
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Table 2.1 Component concentrations (m4) of two synthetic leachates.

Leachate Component Concentrations
Component (mg.™) in Synthetic Landfill
Leachates
A A-mn
phenol 500 500
Zn 100 100
Cu 25 25
NO; 286 286
NHs-N 12 12
K 30 30
Na 532 532
Mg 100 100
Ca 100 100
Cl 1523 1523
SOs 135 135
supplements absent present
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2.4  Leachate Analyses

Due to economic constraints coupled with the largmber of replicated samples collected,
analyses was restricted to single determinationsdoh sample. The following analyses were

performed:

2.4.1 Redox potential

Leachate redox potential was determined with asddriPt / AgCl redox probe
attached to a Crison MicropH 2002 meter. A'Fee®* standard solution (39.21fgrrous
ammonium sulphate, 48.22 g ferric ammonium sulphat 56.2 hof 98 % (v/v) sulphuric
acid made up to I with distilled water and stored att@) was used to calibrate the
instrument. The calibration was deemed accuratenwtihe solution gave a redox value
between 460 - 470 mV. Measurements were taken diatety upon sampling (10 Ineach

microcosm using a 10Ingas-tight glass syringe (SGE International, Augtjal

2.4.2 pH

Leachate pH determinations were made with a Cnémprobe in conjunction with a
Crison MicropH 2001 meter. The instrument was brated using pH 4.0 and pH 7.02

standards (Crison).
2.4.3 Phenol

Residual phenol was quantified using gas chromapdy (Varian 3600 Gas
Chromatograph) equipped with a flame ionizatioredtetr. The gas chromatograph was fitted
with a glass column, (length, 2.4 m; i.d, 3.0 mragked with 5 % OV-101 on 80/100 mesh
Chromosorb W. The oven temperature was maintaanetD°C for 30 seconds after which
temperature was increased at a rate ol@Gnin™ to 150°C. The injection port and detector
temperatures were 200 and 20 respectively. Nitrogen was used as a carrisraga flow

rate of 30 ml.miit. Samples were filtered through a 02® cellulose acetate membrane
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before injection of dul into the GC. The phenol concentration was deteethby peak area
comparison with phenol standards (0 - 600lf)gusing Delta chromatography computer

software.

2.4.4 Heavy metals

A Varian SpectrAA-200 Series Atomic Absorption Spephotometer (AAS)
equipped with a Varian SPS-S auto-sampler was us@dmples were centrifuged in an
Eppendorf centrifuge (Model 5410), at 10000 x gXbrminutes to remove any precipitates or
colloids present and were then stored BC4 Each sample was diluted ten-fold prior to

analysis for ZA* and Cd" in solution.

Standards (1, 5 and 10 Hywere made up from ultra pure AAS reagents (S&amgh
and stored atEC for not longer than one month. Conditions usadtlie analysis of each

metal are outlined in Table 2.2.

Table 2.2 Conditions used for heavy metal analysksy Atomic Absorption Spectrophotometry.
Metal | Wavelength | Lamp Slit Width EHT Flame Instrument
(nm) Current (nm) (volts) Mode
(mA)
cut 324.8 4 0.5 250 air- | absorbance]
acetylene
zZn* 213.9 5 1.0 229 air- | absorbance
acetylene
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2.4.5 Nitrates

Residual nitrate concentrations were determineditact colorimetry at 410 nm with a

Milton Roy Spectronic 301 spectrophotometer.

Reagents

4 M Sodium hydroxide:
NaOH pellets (160 g) were dissolved in 600an distilled water and the resulting
solution diluted to 1000 hn a volumetric flask.
5% salicyclic acid:
Salicyclic acid (5 g) was dissolved in 9% afi 98 % (v/v) sulphuric acid.
1000 mg.* NOs-N stock solution:
Dry potassium nitrate (7.223 g) was dissolved istilted water and the resulting

solution diluted to 1000 hin a volumetric flask.

The three reagents were stored at room temperature.

A range of standards (0 - 200 ig.were made up from the 1000 MidNOs-N stock
solution. Salicyclic acid (1 lhwas added to 0.5Insample or standard and the mixture was
allowed to stand for 30 minutes. Ten millitres4d¥l NaOH was then added to each reaction
and the resulting solution was allowed to standafdurther hour for colour development. A
water blank was also prepared in this manner bgtgubng distilled water in place of the
sample. A second set of blanks were preparedafcn 8B/Q-N concentration by adding 0.5 m
of each N@-N standard to 1 imsulphuric acid (98 %) instead of the salicycliedasolution.
The second blank attempted to minimize the effettsigmentation in the coloured leachate
extracts. A standard curve was constructed fronthvresidual nitrate concentrations were
determined.
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2.4.6 Sulphates

Residual leachate sulphate concentrations weratifjed with the Spectroquant®
analysis system (Merck Laboratory Supplies, Gerrpairiefly, 2.5 mi of undiluted sample
was mixed with specified amounts of two reagenta strew-cap test tube and incubated in a
shaker water bath at BEQ for five minutes. Thereafter, a third reagenswadded to the mix
and thoroughly shaken before the mixture was &tle(Whatman® Ri1, England). The
filtrate was collected in a screw-cap test tube @mdbined with a fourth reagent before being
placed in a water bath at BO for seven minutes. The test tube was then placate
Spectroquant® Photometer SQ 200 (Merck Laboratouppies, Germany) set on filter

position 3 to measure the concentration of residuldhate in the sample.

2.4.7 Methane

Gas samples (1Q4) were collected with a 25 gas-tight glass syringe (Hamilton,
Switzerland) from the gas outlet (Figures 4.1) atle of the columns and injected into a
Varian 3600 gas chromatograph equipped with a flaomézation detector and universal
injector. A glass column (length 1.45 m, i.d. ) packed with Propak T (80/100 mesh)
was used. The injector, detector and column teatpexs were maintained at HO, 20EC,
and 3%EC, respectively. Methane standards (5, 15, 25a660,100 % v/v) were prepared from
pure methane gas (Fedgas, South Africa). The metlancentration of each sample was

calculated by comparison of peak areas with thedstals.
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2.5  Genotypic Profiling of Microbial Communities Associated with Soil Microcosms

2.5.1 Deoxyribonucleic acid (DNA) isolation from ail

2.5.1.1 “Bead Beat” method

A modified version of the protocol described byde et al (1998) was used to
extract DNA from soil (Appendix E). Briefly, 1.0 @vet weight) of soil,100ul 20 % SDS,
800ul 120 mM sodium phosphate buffer (pH 8.0) and plO@hosphate saturated liquid
phenol (pH 5.5) were added to a sterile bead-bealer containing 0.6 g of glass beads (0.1
mm diameter). The tube was placed in a Mini BeadtBr 1000 (Braun Cell Homogenizer,
Melsungen, Germany) for one minute at a speed 00 42@m. The resultant slurry was placed
in a water bath at &C for 10 minutes before bead-beating for a furtbee minute. The
sample was then centrifuged (Eppendorf Centrifugfe0d at 10000 x g for three minutes. The
aqueous upper phase was extracted and placedtarile eppendorf tube containing 600
phosphate saturated liquid phenol (pH 5.5). Thetume was centrifuged at 10000 x g for
three minutes, afterwhich, the aqueous upper pWwaseextracted once more and placed in a
sterile Eppendorf tube, to which 60D of phenol:chloroform:isoamylalcohol (25:24:1) was
added. This mixture was centrifuged at 10000xgtfwee minutes, followed by a repeat
extraction with phenol: chloroform: isoamylalcolaaldition and centrifugation. The resultant
aqueous upper phase was transferred to a new eppéuoe and the volume was determined
before the DNA was precipitated with 0.1 volume 39ddium acetate (pH5.5) and
0.6 volume isopropanol , followed by incubation ioa for at least 30 minutes. The sample
was then centrifuged at 10000 x g for 20 minutésrahich the supernatant was discarded.
The remaining pellet was washed once with 20@0 % ethanol and centrifuged for a few
seconds at 10000 x g before the resultant supetnais carefully removed and discarded.
The pellet was allowed to air dry for a minimum1d& minutes before resuspending in®0
TE buffer. The extracted DNA was stored atE€0 DNA extraction was carried out in
duplicate for all samples and the products of edhgblicate were pooled for further analysis
(Felske and Akkermans, 1998b).
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2.5.1.2 DNA isolation kit

The isolation of total genomic DNA from the soinsples were made with an
UltraClead™ Soil DNA Isolation Kit (Mo Bio Laboratories, Incfpllowing the recommended
protocol (Appendix F). To standardize the extmttone gram of soil sample was used.
DNA extraction was carried out in duplicate for sdimples and the products of each duplicate
were pooled for further analysis (Felske and Aklamg) 1998b).

2.5.2 Detection and quantification of DNA
Detection

A 1.2 % (m/v) agarose gel was prepared by combifii3 g of electrophoresis grade
agarose (Whitehead Scientific Ltd.) with 25 of 1* TAE buffer (Appendix G). The mixture
was heated in a microwave (Tedelex) for 20 secoaad,then gently swirled before heating
for a further 20 seconds untill the agarose hadoflied. After cooling to + 5, 1.5ul
ethidium bromide stock solution (10md:Hhwas added and the solution was poured into a gel
chamber (Hoefer Scientific Instruments). A combd8thed) was placed at the upper end of
the chamber and left to set at ambient temperatOnece solidified, the gel was placed in an
electrophoresis chamber (Hoefer Scientific Instrts)ewhich contained + 200Imof running
buffer (1*TAE).

Extracted DNA sample (1) was mixed with loading buffer (@) and loaded into the
gel wells. A molecular weight marker (1 kB markBpehringer Mannheim) and a positive
control (DNA of Escherichia coli were loaded into lanes 1 and 8, respectivelye gél was
run at 100 volts (BioRad Power Pac 300) for 40 ti@au The bands were visualized with an
UV-transilluminator (Chromo-Vue TM-36, San Gabrlgé6A) and the image captured with
Imagestore 5000 software (Ultra Violet Products).
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Quantification

The extracted DNA was quantified with a Gene QuRnat (Pharmacia Biotech). The
DNA was blanked against 63 of sterile Milli-Q water before 7l of sample was added (10
dilution). The absorbance was measured at (nm) 280, and 230 by using a 70 quartz
cuvette with one millimeter path length. Quanafion facilitated a direct comparison

between the two DNA extraction methods used.
2.5.3 16S rDNA amplification by the Polymerase ChaiReaction (PCR)
Step 1: Optimization

PCR conditions for the amplification of environmtednDNA samples and a DGGE
marker (Lin Bin marker from H.W van Verseveld, psral communication) were based on
conditions previously optimized for at Vrije Uniggteit van Amsterdam, Netherlands (H.W
van Verseveld, personal communication) (Table 28 25). The annealing temperature was
adjusted from 54°C to 55 °C to increase the anmgapecificity of the primers and DNA
template. The number of cycles was also incredsed 30 to 32 so as to increase the

quantity of amplicon.
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Table 2.3 Reagents used for the PCR amplificationf 6S rDNA.

Reagent per reaction tube Volume (ul)

Forward primer (f357gc) (0.01 M) 1.0

Reverse primer (R518) (0.01 M) 1.0

dNTPs (10 mM) 1.0
Bovine serum albumin (10 mglt) 1.0
Tagpolymerase buffer (10 x concentrate) 2.5
Taqpolymerase (G.ul™) 0.5
Sterile Milli-Q water 17.0
Target DNA 1.0
Total volume 25

Step 2: PCR Amplification

DNA was amplified for application to denaturingadrent gels under electrophoresis
(DGGE). The variable V3 region of 16S rDNA (Sai&charf, Faloona, Mullis, Horn, Erlich
and Arnheim, 1985), which corresponds to positidas and 534 irE. coli (Muyzeret al,
1993), was amplified with universal prokaryote pens1corresponding to conserved regions of
the 16S rDNA genes (Medlin, Elwood, Stickel and i803988) (Table 2.4). The guanine-
cytosine clamp (GC clamp) was incorporated intoftme/ard primer by the addition of a 40-

nucleotide GC-rich sequence (GC clamp) at its 8'(@fuyzeret al, 1993).
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Table 2.4

Characteristic properties of the primersused for PCR amplification of 16S rDNA.

*Forward Primer (f357gc)

Property Character
Sequence 5-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CG
GGG GCC TAC GGG AGG CAG CAG-3'
Length 57-mer
Tm > 75°C
GC content 91.2 %
Molecular weight| 17253 g.mol

"Reverse Primer (R518)

Sequence
Length

Tm

GC content

Molecular weight

5-ATT ACC GCG GCT GCT GG-3'
17-mer
57.6°C

64.7 %

5202 g.mdl

# = Supplied by Whitehead Scientific, Cape Town Eagjen, Vrije Universiteit, Netherlands

G

Polymerase chain reaction amplifications were miadan automated thermal cycler

containing a refrigerant system (Applied Biosyster@@neAmp PCR System 2400,

Singapore).

The programme used is shown in TalBe(H.W van Verseveld, personal

communication). Two control tubes were include@gath PCR run: a positive control, which

contained DNA from a reference cultureEfcoli; and a negative control with sterile Milli-Q
water replacing template DNA. PCR products weveest at -20C.
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Polymerase Chain Reaction Programme adagd from Vrije Universiteit, Netherlands

Table 2.5
and applied on a thermo-cycler.
File Effect on DNA Temperature Time
°c) (minutes)
Time Delay Initial denaturation 92 4
Step Cycle Denaturation 92 0.5
(32 cycles) Annealing 55 1
Extension 68 1
Time Delay Final extension 72 5
Soak Cooling 4 user defined

Step 3: Visualization of PCR Products

PCR amplicons were visualized by agarose gel elglstiresis following the method

described in 2.5.2. A 100bp molecular weight maif@oehringer Mannheim) was used to

determine amplicon size.
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2.5.4 Parallel denaturing-gradient gel electrophorsis (DGGE)

DGGE was carried out using the DCO&Jniversal Mutation Detection System (Bio-
Rad). A description of reagent preparation, as$gndasting, and running of denaturing

gradient gels is presented in Appendix H.

2.5.5 Staining of DGGE gels

2.5.5.1 Silver staining method

Denaturing gradient gels were transferred from elextrophoretic chamber on an
electrophoresis glass plate to a clean glass B@&ygrh x 30 cm). Each gel was fixed twice, for
a minimum of 10 minutes, with fresh Fixation sabuti(250 nh) (Appendix I) and gentle
agitation on a flat surface rotary shaker (Hoefed Rotor). Thereafter, the fixation solution
was removed and the gel was rinsed with MilliQ wéhillipore Corporation) before 250Im
of freshly prepared 0.1 % AgNGsolution was poured onto the gel. The gel waslgen
agitated in darkness for a further 20 minutes. edhich the AgNQ@ solution was removed
and the gel rinsed with MilliQ water. The gel wagn transferred to a second glass tray and
allowed to develop by gentle agitation in 25DDeveloping solution for 25 - 30 minutes in
darkness. Development of stained bands was meditcarefully to ensure optimum results.
The developing solution was removed and the gskednwith MilliQ water. Finally, 250 m
Stop Mix was poured onto the gel to prevent furtherelopment. The gel was gently agitated
in this solution for a minimum of 10 minutes befae drying and capturing of the image
using a VersaDoc™ Imaging System coupled with Qtyar@ne® 1-D Image Analysis
Software (Bio-Rad).

2.5.5.2 Ethidium bromide
Denaturing gradient gels were transferred from elextrophoretic chamber on an

electrophoresis glass plate and placed in a glass (60 cm x 30 cm). Running buffer

(400 M) from the electrophoretic chamber was poured dheo gel and @l of ethidium
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bromide (10 mg.") (Appendix H) was added. The gel was gently agjitdor 1-2 hours on
a flat surface rotary shaker (Hoefer Red Rotordamkness. The bands on the gel were

visualised and photographed as stated in 2.5.2.
2.5.6 Analysis of DGGE banding patterns

The captured digital images were analyzed withrityaOne® 1-D Image Analysis
Software (Bio-Rad) using uniform detection critestandardized for the detection of bands for

all gels.
2.5.6.1 Assessment of bacterial community structurey species diversity indices

The structural dynamics of the bacterial spece&siing in each sample was assessed

by applying the following species diversity indices

[ Species Richness (Syvhere the number of bands appearing on a gelrgmesents
the number of species in that sample (Muyeeral., 1993; Jacksoret al, 2001,
McCaig, Glover and Prosser, 2001).

i Shannon-Weaver Index (H)where the peak intensity?i = peak intensity of the"
band expressed as a proportion of the total petnsity of a lane) of each band
appearing on a gel lane was used to measure matibersity per sample (McCaeaj
al., 2001; Girvan, Bullimore, Pretty, Osborn and B&003; Koizumi, Kojima and
Fukui, 2003; Camargo, Okeke, Bento and Frankenbe?@@5) in order to factor both
species richness and evenness into a single meg@sillraNValsh, Harris and Moffett,

2003).. The following equation was used (Begonmpdaand Townsend, 1986):
H'==> Pilog Pi....cccoouvrrrunane. Eq24

ii Shannon-Weaver Evenness Index) (E this is an index that assigns a numerical
grading that describes the equivalent abundanadl afpecies occurring in a sample
(Haack, Fogarty, West, Alm, McGuire, Long, Hyndnard Forney, 2004). The index
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describes the evenness of the species in the samgptemparison of the observed
species abundanceH’() and the theoretical species abundartg,, assuming each
band in a sample lane has equal peak intensitie@@oet.al, 2005). The index is
calculated from the following equation (Hét.al, 2003; Ramirez-Saad, Sessitsch, and
Akkermans, 2003)

whereHmax=1n S

Simpson’s Index (D} Like the Shannon-Weaver Index, this index measube
diversity by considering the prevalent abundana sprecies richness of a community
by calculating the proportionatPij peak intensity contribution of each specigsili a
sample and applying these values in the followiggation (Edwards, Lilley, Timms-
Wilson, Thompson and Cooper, 2001; Hillal, 2003):

D=) P’ Eq26

Begon and co-workers (1986) referred to the Simgstmdex of Diversity as the

reciprocal of the above equation.

Simpson’s Equitability Index @ - the index describes the distribution of abundance
within the sample by expressing the reciprocalhaf bbserved diversity @) as a
proportion of the maximum diversit{Df,,) that would be possible in the same sample
if the abundanceR() was equally distributed among the contributingcgs §), thus
(Begonet al, 1986):

whereDpmax=S.
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2.5.7 Clone bank

The genomic DNA extracted from two columns (sandle= array A, harvested after
12 days and sample C1 = untreated soil) was usedt&blish a clone bank according to the
method described by Felske, Wolterink, van Lis &k#termans (1998). Thus, polymerase
chain reaction primers 8f (5'-CAC GGA TCC AGA CTGA T(CT) (AC) TGG CTC AG-3)
and 1512r (5-GTG AAG CTT ACG G(CT)T AGC TTG TTA @GCTT-3') were used to
amplify 16S rDNA sequences. The products were tbleaned with the Qiaquick Rep
Purification Kit (Qiagen, Hilden, Germany) and atahin pGEM-T linear plasmid vector and
Escherichia colUM109 competent cells as specified by the manufac(i’romega, Madison,
Wisconsin, USA). Randomly-selected recombinarasi&s were reamplified with the primer
set F357-GC/R518 (Isogen Bioscience BV, Maarserthétlands) and the products were
compared on a DGGE gel with the initial associapaofiles. Some of the recombinants were
then selected for sequencing.

2.5.8 Sequencing of randomly-selected clones

To obtain the partial sequences of the 16S rDNAmplification of selected 8f-1512r
clones was made with the T7/sP6 primer set (Is®jescience BV, Maarsen, Netherlands).
Sequencing PCR was performed with an ABI PRISM™ Dgeminator Cycle Sequencing
Core Kit (Perkin-Elmer) and the purified productsrer run in SEQUAGEL-6 sequence gel
(National Diagnostics, USA). Both strands of ti&ADNA gene fragments were sequenced.
Basic Logical Alignment Search Tool (BLAST) Netwo8ervice was used to compare the

sequences with available databases to determiireafsroximate phylogenetic affiliations.
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Chapter Three
3. An Assessment of the Natural Content and AdsorptiveCapacity of the Soil

Matrix for Zinc, Copper, and Phenol
3.1 Experimental
3.1.1 Phenol and heavy metal extraction from soil

For each of the extraction methods, all glasswame thoroughly washed and oven-
dried at 105°C prior to use.

3.1.1.1 Phenol extraction by Soxhlet

Positive controls were created by spiking air-dsed with a known concentration of
phenol to achieve soil phenol concentration of 18@0kg’ (Khan, 2002). An aqueous
phenol preparation was used to mimic, as closessilpe, the natural entry of the compound
into the soil. Briefly, non-sterile air-dried s@8 g) was weighed into a glass vial and I1ain
phenol solution was added to the soil. The sois wisixed thoroughly and allowed to

equilibrate at ambient temperature overnight.

The extraction method employed was modified fromABRethod 3540 (USEPA,
1986) and Khan (2002). Dichloromethane (109 (Baarchem) and a few boiling chips were
placed in a round-bottom flask seated in a therneglter. This was attached to a Soxhlet
extractor, containing a nitro-cellulose thimble lwis g of soil (spiked or unspiked), and
attached to a water-cooled condenser. The extrautas sustained for 8 hours at 10 refluxes
per hour. The extract was then passed throughug @il anhydrous MgS{(oven-dried at
400 °C prior to use).The extract was cooled arerél through Watman No. 1 (Merck) filter
paper and the total volume was reduced, with avaeptorator (Heidolph), to 10Inand 2 nh
for the spiked and non-spiked samples, respectivelResidual dichloromethane was
evaporated under a low flow of nitrogen gas. Degié extractions were carried out for each

spiked and non-spiked sample.
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3.1.1.2 Heavy metal extraction from soil

Analyses courtesy of Mr. V. Dorasamgnd Cedara Agricultural College, Cedara,
Republic of South Africa (Handbook of Standard Sé#sting Methods for Advisory
Purposes, 1990).

3.2  Adsorptive Behavior of Phenol, Copper and Zinan a Sterile and Non-sterile
Hutton Soil

*see Appendix J for reagent preparation

3.2.1 Phenol

Stock solutions of phenol were prepared by disaglvphenol (Sarchem) in full
strength synthetic leachate (Appendix A) to achiesacentrations of (mig): 50, 100, 200,
300, 400, 500 and 600 respectively. Ten gramseokd, pre-gamma radiated soil [Gamwave
Pty (Ltd)] or non-sterile soil were mixed with 50 of each of the respective phenol stock
solutions in a 100 mcentrifuge tube. Duplicate tubes were setup &mheconcentration of

phenol.

The sealed tubes were allowed to shake on an esrdemd shaker at a speed of
24 rpm for 48 hours. Following a period of equititton a sample (2 lhfrom each tube was
centrifuged (Eppendorf Centrifuge 5410) at 14008 @8 minutes). Phenol concentrations

were then determined (2.4.3).

3Mr. V. Dorasamy, University of Natal, DepartmentSil Science, Pietermaritzburg
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3.2.2 Copper and zinc

Stock solutions of copper and zinc were preparegarsgéely by dissolving
Cu(NG;)2.3H,0 and Zn(NQ)..6H,O in full strength synthetic leachate (Appendix #)
achieve concentrations of (mig): 25, 50, 75, 100, 125 and 150 respectively fahemetal.
Ten grams of sieved, pre-gamma radiated soil [Garawty (Ltd)] or non-sterile soil were
mixed with 50 ml of each of the respective stoclusons. Duplicate tubes were setup for
each concentration of metal.

The sealed tubes were allowed to shake on an esrdemd shaker at a speed of
24 rpm for 48 hours. Following a period of equititton a sample (2 hfrom each tube was
centrifuged (Eppendorf Centrifuge 5410) at 1400Q r@8 minutes). Copper and zinc
concentrations were then determined (2.4.4).

3.2.3 Adsorption of copper and zinc from mixed solions

To determine the adsorptive behaviour of zinc aopper mixtures, stock solutions
(ratio 1:1) were prepared by dissolving Zn(BH,O and Cu(NQ@),.3H,O in half strength
synthetic leachate (Appendix A) to achieve a cotre¢ion range of 25 - 150 nig.

Adsorption experiments were carried out in the stamkion as described above (3.2.2).
3.2.4 Analysis of data

The amount of sorbed metal was calculated accordirtige following equation (Kan,
Fu,and Tomson, 1994; Swalaha, Datadin and Chooaa2@0?2):

gtot = GO e Eg31
w

where dot is the quantity of metal or phenol adsorbed pérmass of soil (mg.kg); Ci is the
initial concentration of adsorbate in solution (Hy. Cresis the equilibrium concentration of
the adsorbate left in solution after contact whk soil (md:"); V is the volume of solution

used for each reactioh);(andW is the dry weight of the soil used in each reaxctiy).
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The results were presented in a graph @s@gainst ¢pt and the data was fitted to the
Langmuir (Murali and Aylmore, 1983E(3.2) and Freundlich (Campbell and Davies, 1995;
Novella, Ballard, Stow, Ross, Blight and Vorste9399) Eg3.3) equations:

i = QCresK

qtot =
L+ KCre9

qtot = KFCres' ™ ..o Eq33

whereQ is the maximum quantity of solute adsorbed pet maiss of adsorbant (mg:Kg K.

Is the Langmuir bonding energy coefficient or edpuiim distribution coefficient and is
related to the energy of adsorption (Arieisal, 2005b); K is the Freundlich equilibrium
distribution coefficient or adsorption constant aegresents a measure of metal or phenol
adsorption (Agbenin and Olojo, 2004) where thev&ue is directly proportional to the
adsorption capacity (Ghiaci, Abbaspur, Kia and 8aya-Azad, 2004) and strength of
binding (Khan and Anjaneyulu, 2005) to the soil ;dNds the Freundlich power coefficient or

intensity coefficient, where B/ = 1 corresponding to linear adsorption (Ghetcal, 2004).

Fitting of the adsorption isotherms to Eq. 3.2 &8, and the calculation of the
governing parameters was established by simpladinegression (Gentstat Release 8.1) for
the investigations involving single compounds inlased systems (3.2.1 and 3.2.2). General
linear regression, by way of stepwise regressiotwaf explanatory variables on a single
response variable, was used to describe invegimgatnvolving the mixed solutions of copper
and zinc (3.2.3). The goodness of fit to each egunavas evaluated in terms of the linear

correlation coefficient, r.
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3.3 Results and Discussion

3.3.1 Phenol and heavy metal extraction from soil

3.3.1.1 Phenol extraction by Soxhlet

Phenol extraction from Hutton soil was performedtést the hypothesis that the
incidence of phenol would be symptomatic of the spree of phenol metabolising
microorganisms within the soil. The degradation mfmerous hazardous compounds,
including phenol, by indigenous soil borne micrébmommunities has been widely
documented (Scott, Wolf and Lavy, 1982; Willems,wis Dyson and Lewis, 1996;
Romantschuk, Sarand, Petanen, Peltola, JonssomhghaKoivula, Yrjala and Haahtela,
2000; Schie and Young, 2000; Khan and Anjaneyud®52. An average Soxhlet extraction
efficiency of 67.85 % was obtained from soil samsp#piked with phenol. These results
confirmed the success of the extraction protocdlr@covery rates documented by Kledral
(2002). The quantity of phenol extracted from thespiked soil was 2.33 mg.kg This
intrinsic presence of phenol was thought to bemaportant factor for the establishment and
subsequent proliferation of indigenous microbiapyations capable of degrading phenol
(within limits) present in the synthetic leachaf€he presence of phenol could be a result of
the solubilization of phenolic compounds, contairiadterrestrial vegetation, during the
natural degradation (Dobbins, Thornton-Manning, e¥orand Federle, 1987) and animal
digestion of plant material (van Schie and Youn@0®. Hrapovic and Rowe (2002)
hypothesised that under difficult conditions fortural degradation of volatile fatty acids a
favourable environment for metabolism of compouaas be achieved given adequate time.
Guerin (1999) found evidence to support the vievattin soils containing organic
contaminants, such as phenols and polycyclic aiorhgtirocarbons (PAH), there are innate
microbial communities that possess metabolic céipacthat enable them to survive, and
when given ample stimulation, thrive.
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3.3.1.2 Heavy metal extraction from soil

The Hutton soil contained 6.6 mg:kand 2.0 mg.kg of Cu and Zn respectively. For
a suitable assessment of retention and/or remdv&uoand Zn from the leachate it was
necessary to qualify the pre-existence of Cu anthZhe Hutton soil, since this history would
impact to an extent on the physico-chemical capaxithe soil. In addition, pre-exposure of
the indigenous microbial community to the metalsuldoenhance their survival and growth
capacity in the face of increasing heavy metal eatrations which would facilitate greater
bioaccumulation of Cu and Zn (Gadd, 1992; Costleg &Vvallis, 2001). Copper and zinc
exhibit divergent behaviours in soil. Copper ha®wa mobility, whereas zinc tends to be
more mobile in soil. Furthermore, the type of ggdys a significant role in influencing the
behaviour of these metals and other componentheofandfill leachate percolating through
the soil. Although physical and chemical interact between the heavy metals, the soil
matrix (Loch et al, 1981), and various other fractions of the lahdilachate (Calace,
Liberatori, Petronio and Pietroletti, 2001) accofantthe retention of a large proportion of the
heavy metals from leachate, biogeochemical prosesgmificantly enhances this retentive

capacity (Cozzarelket al, 2000; Mori, Hatsu, Kimura and Takamizawa, 2000).

3.3.2 Adsorptive behavior of phenol, copper and zmin a sterile and non-sterile Hutton

soil

These experiments were aimed at assessing theibeb&a synthetic landfill leachate
containing copper, zinc and phenol on soil conterindigenous microbial communities and
comparing this to a gamma-radiated soil devoidialble microorganisms. These preliminary
investigations potentially provide a measure ofidgaal attenuation of the compounds in
guestion against a back-drop of physical and ch&naittenuation within the soil. Findings
could provide valuable information on the retentalslities of the biological component of
the soil, if indeed any exists. Furthermore, ti@dgical component of attenuation can later
be characterized and possibly be used as a gaudpofogical attenuation potential in other
natural environments. The adsorptive behaviohefdompounds could also provide insight in

to the migratory potential of these compounds grmundwater and surrounding resources.
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3.3.2.1 Phenol

Adsorption of phenol onto untreated soil followedpattern typical of an S-type
isotherm (Figure 3.1) which suggests that phensbgation is influenced and assisted by the
phenol molecules previously adsorbed on the sdibids (Isaacson and Frink, 1984; Khan
and Anjaneyulu, 2005). This shape was not as proced for the sterilized soil as indicated
by the poorer fit to the Langmuir model (Table 3(lBaacson and Frink, 1984). Alloway,
1995 (cited by Agbenin and Olojo, 2004) recommentieduse of the distribution quotient
(Kq) to compare sorptive capacities of soils for neetaider controlled conditions. The,K
calculated by dividing the concentration of adsdrbeompound by the equilibrium
concentration of the compound in solution (Agbeamd Olojo, 2004; Arias, Pérez-Novo,
Lopez and Soto, 2005a) indicated that the totaluarhof phenol adsorbed by the gamma-
radiated soil (l§ = 1.43l.kg") was 1.5 times less than that adsorbed by thecatei soil
(Kgqu = 2.171.kg"). This means that for every milligram of phendbarbed per kilogram of
gamma-radiated soil, 1.5 mg of phenol is adsorbeatié same amount of untreated soil. This
suggested that the biological component of theaifs a role in the phenol uptake, be it by
metabolic degradation or adsorption. Scett al. (1982 and 1983) conducted similar
experiments to determine the adsorption and detiomdaf phenol in autoclaved and non-
sterile soil. They were able to demonstrate thatahial biomass played a significant role in
the adsorption / degradation of phenol, and tha$erences in adsorption / degradation rates

were more apparent at low concentrations of phenol.
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Figure 3.1 Adsorption isotherms of phenol derivedrbm gamma-radiated and untreated Hutton soil.

Open symbols represent untreated and closed symbakspresent gamma-radiated soil.

The Langmuir model provided a satisfactory fit bmth soil treatments, with r-values
of 0.92 (untreated soil) and 0.85 (gamma-radiatell €rable 3.1). Langmuir constants (K
and Q) indicated greater adsorption of phenol in the g@amadiated soil with the lowe€,
corresponding to a high€) value. However, this finding contradicts the poerg one which
indicated that phenol adsorption (as expressed dy #alues) was greater in the untreated
soil. This discrepancy could be ascribed to tHiei@inces in the linear relationship expressed
in the Langmuir equation for each treatment. ka thse of the untreated soil 83.8% of the
variance of total phenol adsorbed could be expthibg the equilibrium concentration of
phenol whereas only 71.8% of this variance wasamet in the model given for the gamma-
radiated soil. The opposite is true for the Fréighdnodel, where data corresponding to the
gamma-radiated soil demonstrated a better fitqr35) than the untreated soil (r = 0.80), with
the correspondingi-values confirming the greater linear relationsbfghe gamma-radiated
soil data. In both cases the valueNoivas not less than 1.0, indicating favourable guigmr
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of phenol to both soil treatments. The greaterwamof phenol adsorbed by the untreated soil

was confirmed by the high& for the untreated soil (Ghiaet al, 2004).

Table 3.1 Langmuir and Freundlich adsorption model parameters estimated from the linear
regression of data accumulated from phenol adsorpin investigations involving gamma-
radiated and untreated soil.

Soil
Langmuir Equation Freundlich Equation
Treatment
r K Q r Kt N
Gamma-
) 0.85 0.003 782.47 0.95 7.70 1.49

radiated

Untreated 0.92 0.006 673.9D 0.80 37.34 2.38

Enhanced adsorption and degradation of phenoligpoonds in soils rich in organic
carbon and clay content (i.e. similar to the Huttemil used in this study) has been
demonstrated by Khan and Anjanyulu (2005). Lo, Me# Lee (1997) demonstrated the need
for modified clay liners as secondary defense tadfil leachate migration when
geomembranes below landfills were breached. Bhandavak, Burgos and Berry (1997)
further demonstrated that mixtures of phenols ctx@cttenuated within a surface soil rich in
organic matter. They further showed that seleptezholic compounds from the initial group
were biodegraded in the soil following inorganideauation, providing sufficient bio-
stimulation was made available. If this is indéleel case with this study, then the subsequent
investigations (Chapter 4) should highlight the ldgical attenuation of phenol from the
synthetic landfill leachate, and its influence dme tcommunity structure of indigenous

microorganisms.
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3.3.2.2 Copper and zinc

The Hutton soil adsorbed, on average, more coggar rinc per unit weight of soll
over the concentration range investigated (Figu2g 3 Copper and zinc adsorption by
gamma-radiated and untreated soil were found toviothe shape of Type Ill and Type
isotherm patterns, respectively, which was indieif adsorbents containing a large pore
size distribution (Swalahat al, 2002). This indicated that the heterogeneitythef soil
mineralogy had a major bearing on the behaviothefadsorbates copper and zinc (Aumiil
Forster, Del Confetto, Rodier, Fudym, Venezia, Detlanand Escude, 2004). However, the
zinc adsorption isotherm profile for both soil treants, exhibited a definite saturation limit.
This saturation limit was attained much sooner oil that has been exposed to gamma-
radiation (Figure 3.2).

Copper adsorption data for both soil treatmentdccoot be fitted to the Langmuir
equation. In contrast, the zinc adsorption dattedi both the Langmuir and Freundlich
equations equally (r=0.96) for the gamma-radiaged and there was a pronounced
improvement in fit to the Langmuir equation (r 99) when the soil was left untreated
(Table 3.2). Within the literature, varying trendave been reported. Arias al, (2005a)
found that adsorption data of copper and zinc wittange of soils was better fitted to the
Freundlich equation as apposed to the Langmuir mo&ebsequently, in a related study
Arias, Pérez-Novo, Osorio, Lépez and Soto (2006bhé that adsorption data for zinc could
not be fitted to the Freundlich equation. MeanehiMesquita and Vieira e Silva (2002)
found that their adsorption data for copper andt zmad a superior fit to the Langmuir
equation. These differences in isotherm equatimeds were attributed to numerous factors
which include, nature of adsorption medium (vanléhusch, Peerbolte, Zandvoort and Lens,
2005; Swalaheet.al, 2002), pH of the adsorption medium (Arias al, 2005) and metal
solutions, concentration and composition of backgtb (viz. electrolytes, organic matter)
(Khan and Anjaneyulu, 2005), and possible modiiocet to the soils physical, chemical, and
biological character brought about by gamma-ragia{iShaw, Beaton, Glover, Killham and
Meharg, 1999).
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Table 3.2 Langmuir and Freundlich parameters extraplated from the linear regression of data
from copper and zinc adsorption investigations ongmma-radiated and untreated soil.

Soil
Metal Langmuir Equation Freundlich Equation
Treatment
r KL Q r K¢ N

Gamma- Cu na na na 0.90 80.24 0.774
radiated Zn 0.96 0.588 716.85 0.96 236.74 1.637
Cu na na na 0.95 51.06 0.72D

Untreated
Zn 0.99 1.506 581.95 0.89 236.51 2.469

Contrary to expectations, the Hutton soil adsorbexte zinc than copper over the
concentration range (25 nig— 150 md:%) for both soil treatments. The average distritmuti
quotients (k), indicated that the total amount of metal adsorbg the gamma-radiated soil
(Kgg = 382.36.kg") was double that adsorbed by the untreated sail ¥K73.34.kg")
(Agbenin and Olojo, 2004). The adsorption isotrerRigure 3.2) showed that zinc and
copper require lower equilibrium concentrationsradtal for greater adsorption from solution
when the soil is treated by gamma-radiation. Therage distribution quotients for zinc
(Kdgzn= 264.68.kg") was 3.6 times greater than that observed for adsorbed on the
untreated soil and 2.2 times greater than the amoficopper adsorbed by the gamma-
radiated soil (Kgcu = 117.68.kg"). The gamma-radiated soil adsorbed 1.2 times mopper
than the untreated soil. Interestingly, the uné&eéasoil adsorbed 1.4 times more copper
(Kgueu= 100.14 kg™ than zinc (Ku,= 73.201.kg"). The higher Kvalues for zinc than
copper, highlights the greater retention and stteraj binding of zinc to the soil, be it
gamma-radiated or untreated. The valuedNadre greater for zinc than for copper which
indicates a greater linear relationship betweerm zind its equilibrium concentration. The
preference of the gamma-radiated soil for zincrsde (Kyzn > Kgey) is in disagreement with
observations made by Agbenin and Olojo (2004) ands&t al. (2005a). Their findings were
however, in agreement with the adsorption findingigsserved on the untreated soil
(Kdcu> Kdzn)-
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The findings presented in this study clearly derratsd that gamma-radiation
significantly altered the adsorptive behaviour e topper and zinc, by inverting the natural
retentive behaviour of the cations albeit to a munn extent. Gamma-radiation is
recommended as a method for soil sterilization beeaof the nominal disturbance it is
perceived to cause natural soils (Trevors, 1998;MoNamara, Black, Beresford and Parekh,
2003). The implication of these findings is thag bverall impact of biological organisms on
metal retention in the Hutton soil could not becresd unambiguously. However, these
findings are noteworthy since gamma-radiation isucmnly used as a tool in investigations

that assess the impact of biology in soils.

700 ~

600 - oo
500 - O A

400 +
300 - A
200

100 +

Quantity of metal adsorbed (mg/kg)
| 2
|

o T T T T T 1
0 2 4 6 8 10 12

Equilibrium concentration of metal (mg/l)

Figure 3.2 Adsorption isotherms of copper k) and zinc (A) from mono-component systems. Open
and closed symbols represent untreated and gammadiated soils respectively.
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3.3.2.3 Adsorption of copper and zinc from mixed dotions

In general, the adsorption isotherms determinedb@ith heavy metals was similar to
that observed in each of the mono-component inya&sbns (Figure 3.3). The H-type
isotherm evident for copper and the linear isothésmzinc, for both soil treatments, imply
that the Hutton soil has a stronger affinity fopper than for zinc (Agbenin and Olojo, 2004).
This was clearly noticeable in the untreated soilThe amount of zinc adsorbed
(Kdgzn= 42.76l.kg") by the gamma-radiated soil remained greater tihan observed for
copper (Kigeu= 38.22.kg"). However, this difference was 50% less than dimerved for
the corresponding mono-component systems of the mwabals. Again, more copper
(Kgueu= 59.771.kg") was adsorbed than zinc {K,= 31.32.kg") by the untreated soil, and
this was a 50% increase in the difference obseimethe two metals in the mono-component
systems. The total amount of metal adsorbed bydmema-radiated soil (5= 80.98l.kg™)
was less than that adsorbed by the untreatedigil(91.091.kg™), this was in stark contrast
to the mono-component systems. These findingsnaliee with other studies that highlight
the competitive relationship of copper and zinclmding sites on natural soils (Mesquita and
Vieria e Silva, 2002; Agbenin and Olojo, 2004; Are al, 2005b).

Fitting the adsorption data to the Freundlich eigmatonferred suitable r-values (0.99)
for both metals and soil treatments. The equiitriconcentrations of copper (p < 0.05) and,
to a greater extent, zinc (p < 0.001) played sigaift roles in determining the magnitude of
copper and zinc adsorption in the untreated sbile equilibrium concentration of zinc in the
gamma-radiated soil was the only statistically Sigant factor (p < 0.001) in determining the
zinc and copper adsorptive response. The adsorgata did not fit the Langmuir model as

well as the Freundlich model.
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Figure 3.3 Adsorption isotherms of copper«) and zinc (A) from mixed metal solutions maintained

at a 1:1 ratio over a defined range of concentratizs. Open symbols and closed symbols
represent untreated and gamma-radiation treated sté respectively.

The dual presence of copper and zinc in a lantddichate reflects a competitive
relationship for adsorption sites in the soil sitkke nett concentrations of copper and zinc
adsorbed to the soil (both treatments) in the mmoraponent systems are far greater than that
observed in the dual-metal adsorption systemss iBhin agreement with Ariast.al. (2005b)
and Markiewicz-Patkowska, Hurthouse and Przybyla-¢005).The preference for copper
adsorption over zinc in the untreated Hutton soihicontrast to that observed in the sterilized
soil. Such behaviour could be attributed to th@dgical component present in the untreated
soil. However, one must be cautious when makingh sa statement since, according to
Langmuir (1996) (cited by Markiewicz-Patkowsl,al., 2005); the adsorptive behaviour of
metals in soil is dependent on numerous factors.this instance all of these factors were
controlled within specific limits. Knowledge ofdhadsorptive behaviour of single and multi-
metal leachates in soil devoid of microbial comntiesi could provide useful information
geared towards assessing the effect biological coemts have on attenuation / migration of

these compounds into groundwater as well as otteral resources.
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3.4 Conclusion

The primary objectives in this study were to asdbss existing concentrations of
phenol, copper, and zinc present in Hutton soil tanelvaluate the adsorptive capacity of this
soil for the same compounds. With this in mind éxperimental evidence suggests that the

following conclusions can be drawn:

* The presence of phenol, copper, and zinc in thestumded Hutton soil was indicative
of the fact that the resident autochthonous migaisms would have had prior
exposure to such compounds. Although, the compourme present in relatively low
concentrations in comparison to those encountergmbiluted soils, previous authors
have emphasised the importance of the pre-expasfureicroorganisms to organic
compounds (Guerin, 1999), and heavy metals (Ga@@R;1Costly and Wallis, 2001)

prior to the successful attenuation of these torimpounds.

» The average distribution quotients g{Kindicated that the total amount of phenol
adsorbed by the gamma-radiated soih(K 1.431.kg") was 1.5 times less than that
adsorbed by the untreated soil 4k 2.171.kg") suggesting that the biological
component of the soil plays an important role iemdl attenuation.

* In single metal adsorption systems, the gamma-ediisoil displayed a preference for
the adsorption of zinc over copper. However, tbgoaiation was reversed when the
soil was left untreated, meaning that the adsomptiocopper was favoured over zinc.
Here again, the role of the biological componenitshe soil in determining the

behaviour of the heavy metals in soil is highlighte

* In dual-metal adsorption systems, the metal-sdéractions were the same as that
observed for the single-metal systems. However,dinal-metal system highlighted
the competitive adsorption of copper over zinchia tintreated soil, and to an extent in
the gamma-radiated soil treatment. The gammatetisoil still showed a preference

for zinc adsorption in the dual-metal system, & tifference between copper and
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zinc adsorption was 50 % less than that observetiansingle-metal systems. This
suggests that the biological component of soil playsignificant role in determining
the competitive adsorptive behaviour of copper amt in the Hutton soil. The
favoured attenuation of copper over zinc in theeated soil suggests that there would
be a greater potential for zinc pollution of recegvgroundwater over copper in cases

of zinc and copper co-contamination of the subsexfa
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Chapter Four
4. Investigating the Fate of a Synthetic Landfill Leabate Perfused Through

Sequential Soil Microcosms at Two Hydraulic LoadingRates (HLRS)

4.1 Experimental

4.1.1 Construction and operation of sequential sorhicrocosms

Four glass columns were arranged in series withog#iets linked to a common gas
trap containing 0.1 % (m/v) zinc acetate (Figurg).4.Hydrogen sulphide production was
detected as an insoluble zinc sulphide precipitdteotal of sixteen arrays were assembled in
two categories, each consisting of eight replicatays. The average effective pore volume
for each array was 303.64 mper net soil column length of 40 cm. Over a 3Zkvperiod
arrays were perfused with synthetic leachate Atheea high hydraulic loading rate (HbR
arrays A, Bh; Ch; Dh) of 20 m or a low hydraulic loading rate (HLLR arrays A; Bl; Cl; DI)
of 10 m every five days. Selected arrays were destrugtisempled, in duplicate for each
HLR, at week 12 (A and A) and at week 32 ({Band B). From weeks 36 — 80 the remaining
arrays were perfused with leachate A-mn. Destractamplings of arrayshCand @ took
place at week 52 followed by the final samplingvaek 80 (Ih and O). The total Bacterial
populations of all the soil samples of the respectiestructively sampled arrays were profiled
by DNA isolation in association with PCR-DGGE. Eheesults appear in Chapter Six.

A temperature range of 17 °C to 22 °C was mainthitteoughout the experiment
(VanGulck and Rowe, 2004). The microcosms wereflpshed with oxygen-free nitrogen
(OFN) (Fedgas, South Africa) before sealing wittustrial strength marine silicone sealant
(Bostik®, Bostik Ltd, England) so as to minimizenaispheric interference with the internal
environment of the microcosms. Prior to samplimigh a 10 nh gas-tight glass syringe (SGE
International, Australia), all the collection velsseere over-gassed with oxygen-free nitrogen
(OFN) (Fedgas, South Africa). Initially, leacha@@mples were taken fortnightly for the first

month (weeks 2 and 4), thereafter sampling was ngkiEn on a monthly basis. Redox
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measurements were made immediately after sampfiogtp leachate samples being stored at

4EC for further analysis.

4.1.2 Statistical analysis

Regression analyses were carried out using GeR&tiaase 8.1 statistical software.
Polynomial and Gompertz regression functions weseduto model the fate of leachate
constituents; phenol, copper, zinc, nitrate, angrate along with the chemical parameters;
redox and pH, over time at the two different hydiadoading rates. In addition, the

regression functions facilitated the statisticéfledentiation of the two hydraulic loading rates.
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Figure 4.1 Schematic diagram representing arrays oboil microcosms perfused with a synthetic
landfill leachate at a High (HLRh) or Low (HLR ) hydraulic loading rate to investigate
the fate of chemical constituents of the leachate.
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4.2 Results and Discussion

Laboratory-scale soil microcosms were used to ewaluthe fate of selected
constituents and chemical parameters of a younghsiic, acetogenic phase landfill leachate
perfused at two HLRs so as to mimic the associgadhate / soil interactions occurring
beneath a landfill. The results from duplicateagsr for each HLR, are presented as mean
values of duplicate arrays in all Figures. Fumheme, only data from duplicate arrays di D
and O are presented since leaching in these arraysnt@atiover the full 80 weeks. The data
from arrays A, B and C were used to decide whedefgructively sample an array over the
course of the investigation period. These arraggewised to measure and assess the timeline
of microbial succession with respect to microbiavedsity, numerical dominance, and
evenness of distribution (Chapter Six). The restdt leachate constituents’ phenol, copper,
zinc, nitrates, and sulphates are expressed dweet@ncentration ratio{c,), wherec andc,

are the residual (outflow) and initial (inflow) ccentrations (mdj*), respectively.
421 pH
The pH of the effluent leachate for both HLRs shaveegradual increase from the

initial pH 5.0 throughout the investigation (Figut2). The pH never dropped below 5.9 and

by the end of the investigation had increased4and 6.9 for arraysband D), respectively.
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Figure 4.2 Transformation of the pH of landfill leachate after leaching through soil microcosms at
two different hydraulic loading rates (HLRs) over time. (A) High HLR at 20 ml every 5
days, and @) Low HLR at 10 ml every 5 days.

At the destructive sampling times 12, 32, and 52ksethe pH of effluent leachate
from array D was consistently higher but similar to that ofagrbDh. From week 60 pH of
effluent leachate from arrayibincreased above that recorded for arrdywbDere a marked
increase in pH, from 6.7 to 7.3 during week 60 @) Was recorded Over the same period
array D reflected a minimal pH increase from 6.7 to 6-Bhe greater hydraulic loading of
array Ch may have contributed to a more rapid onset of raée conditions within the
microcosm and effectively facilitate an increasethe pH. The elevated pH could be a
consequence of the degradation of phenol to orgaaricon by microorganisms leading to an
increase in environmental pH (Cozzarddti al, 2000; Vanbroekhoven, Van Roy, Gielen,
Maesen, Ryngaert, Diels, Seuntjens, 2007). Mornedkie presence of sulphate coupled with
reduced redox conditions and increasing pH can tiedlde formation of sulphides (evident in
the zinc acetate gas traps as a white precipivet@h would result in the scavenging of H

and heavy metals such as zinc and copper.

Differences in the rate of change in pH betweenttiee treatments are more evident

towards the latter stages of the investigation ks&s® — 80). This was attributed to the higher
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concentrations of phenol (within non-toxic concatitm limits) available for microbial
metabolism in array Bthat could have promoted increased oxygen consampiThis could
have lead to an earlier onset of anaerobiosis &edsubsequent increase in pH as a
consequence of the removal of flom solution during the reduction reactions ie #ibsence

of free oxygen (Smithat. al, 1999b) coupled with the release of ®Hiuring phenol
degradation. Consequently, when one considerseithex (4.2.2) relationship over time for
both treatments it is clear that the redox statarcdy Dh stabilized at 60 weeks whereas the
redox potential in array IDincreased. Furthermore, the redox state of abtayshowed a
constant decline over time as apposed to the fiticiy pattern evident in arrayl. DSmith and
her colleagues (1999b) concluded that the limitggpl/ of organics required for microbial
metabolism can contribute to changes in the retlibe ind a consequent delay in pH increase

of a micro-environment.

Although there were relatively small differencedvwsen the pH recorded for both
treatments, the regression analysis of pH agaimst teflected two significantly different
equations for both treatments (Table 4.2). The defiected an adequate fit to the Gompertz
response function for both treatments after grayfiRf = 95.7 %). The equations revealed a
superior rate of change in pH (0.06685) for arrdnyf@ the duration of the investigation. The
equations further revealed that the major changeHroccurred towards the latter stages of
the experiment i.e. week 56 (56.6) and 60 (61.89)afrays D and [h, respectively. The
timing of these pH changes coincided with the ldwesdox states recorded for both
treatments.  Although Hoeks and Borst (1982) caiedu that the optimum pH for
methanogenesis was between 6.5 and 7.0 in soilvbkelndfills, methane production was

never detected.

Table 4.1 Regression response functions of ph) (on time (x) after grouping of treatments

Yoh = 7.3894 — 1.389 exp[-exp(0.06685(61.39))]

ypi = 7.1130 — 1.327 exp[-exp(0.027%06(56.6))]

76



4.2.2 Redox potential (k)

The redox potential of effluent leachate for batatments over the course of the
experiment is shown in Figure 4.4. At the firsipding interval (week 2) an average &
672 mV was recorded for arrayh@vhereas for array IDan E, of 23 mV was recorded. The
Eh of effluent leachate from arrayhDdecreased over the course of the study, reaching
negative E conditions at week 26, stabilizing at approximatg), -240mV from week 52
onward. In contrast, the,f the effluent leachate from array icreased for the first 24
weeks, reaching a maximum, Bf +220 mV before dropping down to negativg \Ealues.
From weeks 44 to 68 the redox states of both tremtsnwere comparable. Thereafter,
divergent paths were observed for arraysabd Ch with the former becoming less anaerobic
while the latter stabilized between -210 mV and0-B#V, this occurs largely as a consequence
of microbial metabolism which influences the redmscade. This cascade generally begins
with microorganisms utilizing aerobic respiratioolléwed by those microorganisms that
employ denitrification (nitrate reduction) as paftheir metabolic pathways; this in turn leads
to microbes using manganese and iron as termiaatreh acceptors respectively. Depletion
of these heavy metals facilitates the use of stdpha the next terminal electron acceptor in
the redox cascade. In other words, all microbgsali® of using sulphate as a terminal
electron acceptor during metabolism would thrivel aut-compete non-sulphate reducing
microorganisms (Lensingt al, 1994). The decrease in, Bcecurs as a consequence of the
availability of the different electron acceptorseoime and space. Depletion of oxygen
necessitates a switch to the next available tedmatectron acceptor (nitrates), and this
sequence of reactions continues until methanogemessists. Different electron acceptors
yield different amounts of energy during microbmaétabolism. The energy yield generally
decreases as metabolically able microbes’ prodress oxygen through to sulphate as the
terminal electron acceptor. The continuous accegtaf electrons by these terminal electron
acceptors along the redox cascade ensures a counsimiecrease in electrical charge along the
redox cascade i.e. from positivg, Bssociated with oxygen as the terminal electcmegtor,
to negative E associated with sulphate acting as the termineg@tor. Sulphate reduction
activity was confirmed in each array by the depositof metal sulphide in the gas traps

connected to the soil arrays. The values nevardsed below this and perhaps this explains
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the failure to mimic complete methanogenic condsiagndicated by the recorded redox states
of the emerging effluent and the lack of metharagpction. Among other factors such as pH
and temperature, sulphate is a significant fadiat influences redox states in subsurface
environments (Beeman and Sulfita, 1990). Sulpleatels recorded for the soil arrays of both
treatments remained elevated for the majority efitivestigation (4.2.6), and only begin to
recede after weeks 40 (arrayn)Dand 48 (array D, coinciding with the establishment of
sulphate reducing potentials, particularly in aridy(Figure 4.4). The composition of landfill
leachate frequently includes sulphates (Christee$ext, 1994), and to this end Lovely and
Klug (1983) concluded that this constituent conttds significantly to halting progression to
methanogenesis. Ehlers (1999) achieved sulphdtecireg conditions during his assessment
of dual co-disposal of activated sewage sludge phenol with refuse but failed to mimic
methanogenesis. He concluded that the continuedepce of sulphate as an available
electron acceptor, in the presence of a hypotigticammon substrate, prevented effective
competition from methanogens by virtue of metabddicergy yield-available substrate
dynamics. Christensest al (2001) concluded that the limited time associatét laboratory
experiments of this nature made it difficult foetdevelopment of an undisturebed and stable

redox environment.
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Figure 4.3 Transformation of the redox potential ofeffluent synthetic landfill leachate after leachirgy

through soil microcosms at two different hydraulicloading rates (HLRS) over time. @)
High HLR at 20 ml every 5 days, and) Low HLR at 10 ml every 5 days.
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Table 4.2 Regression response functions of RedoxtEutial (y) on time (x) after grouping of
treatments

Yon = 595.1 — 808.9 exp[-exp(-0.11906¢ 17.713))]

yoir = 192.0 — 348.6 exp[-exp(-0.1982( 34.40))]

Regression analysis accounted for 95.2 % of thiatan when the redox data for both
treatments were grouped and regressed against tifisdle 4.3 contains two significantly
different regression equations generated by theg&om model. The rate of change inf&r
array O (0.1982) was higher than that observed for array(@1190). However one has to
consider that there was a steady drophme€orded for array Bthroughout the investigation
until stabilization from week 52 while the, Etate of array Dwas punctuated by periods of
fluctuations (Figure 4.4). The Gompertz model Hartillustrates that the chief sequence of
reduction was triggered at week 17 (17.713) andkw&e (34.40) for arrays D and D,
respectively (Table 4.3). This indicated a lagl@fweeks before reduction was effectively

triggered in array D

The actual redox conditions prevalent in each sodrocosm will play a significant
role in determining the microbial populations praséWilliams and Higgo, 1994). The
survival and proliferation of these populationslwilturn depend on their ability to utilize the
organic and inorganic constituents introduced #rthcroenvironment. The governing redox
processes play a pivotal role in determining thesllef toxicity posed by the organic and
heavy metal constituents of the landfill leachatetlee microbial populations (Lensirgg al,
1994). Hence, this “one-dimensional” approachnapts to define the prevalent Bacterial
populations at various redox states achieved irstilemicrocosms perfused with leachate at
the two HLR investigated.
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4.2.3 Phenol

The results for the attenuation of the phenol comept of the landfill leachate are
presented in Figure 4.4. Over the first twelve kgeef the investigation all the arrays of the
two treatments, HLRand HLRh, reflected a 95 — 99 % and 67 — 82 % reductiophanol,
respectively. At 32 weeks the arrays perfusedla®IHtontinued to reflect a higher capacity
for phenol attenuation with 67 — 79 % as appose®2e- 65 % by the arrays perfused at
HLRh. However, the subsequent supplementation of witaamd trace minerals to the
synthetic leachate at week 36 coincided with theeeng a similar capacity for phenol
attenuation at week 44 for each of the HLRs undeestigation. From week 68 the rate of
phenol attenuation leveled off for both treatmddts— 48 %). The lag in phenol attenuation
demonstrated between the two treatments afteritste4D weeks could be a consequence of
the different redox potentials (4.2.2) evidenthe tespective soil arrays which were in turn a
consequence of the difference in hydraulic loadiAgrays perfused at HLIRoften resulted in
water-logging, rendering them anoxic or anaerobaner than arrays perfused at HLR his
would facilitate a more rapid degradation of phanaerobic conditions as apposed to anoxic
or anaerobic conditions. Various reports in therditure indicate that naturally occurring soil
microbes are capable of degrading phenol over acaaxentration range. However, the rate
of phenol degradation depends on the redox stagesgbtem, with estimated half-life phenol
degradation ranging over a few days under aerobmditions to several weeks under
anaerobic conditions (Lerner, Thornton, Spence waat) Botrell, Higgo, Mallinson, Pickup
and Williams, 2000; Shibata, Inoue, and Katayan@®62. Phenol degradation can proceed
without bio-augmentation, however, suitable stirtiala of metabolic conditions have been

shown to increase degradation rates (Guerin, 1999).

In the phenol sorption investigation previouslgc#ed (3.3.2.1), results showed that
the phenol attenuation by the Hutton soil was |a& + 17 % (m/m)]. Non-sterile soil was
found to have a greater phenol attenuation capddi6/95 % (m/m)] than sterile soil
[12.39 % (m/m)] which supports the assertion trettirally occurring microorganisms play a
role in phenol attenuation/degradation. The resfitim this investigation reflect a greater

capacity for phenol attenuation under both HLR ité relative phenol concentrations never
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reaching unity. Failure to achieve breakthroughtte two HLR investigated is not
uncommon. Kjeldsoet al.(1990) found that a range of chlorophenols anapitenols were
firmly retarded by two subsurface soils and showedreakthrough during the investigation
period. Research into a landfill leachate plumeVieien, Denmark found that phenol
disappearance from the leaching waters was duedotogiral degradation (Baun, Reitzel,
Ledin, Christensen, Bjerg, 2003). This assumpitsofurther supported by Smith and Novak
(1987) who concluded that the attenuation of ph@nslubsurface soils was attributed entirely

to biodegradation.
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Figure 4.4 Relative concentration ratios of pheno(c/c,) in landfill leachate after leaching through

soil microcosms at two different hydraulic loadingrates (HLRs) over time. (A) High
HLR at 20 ml every 5 days, ands) Low HLR at 10 ml every 5 days. Where¢ and ¢, are
the outflow and inflow concentrations (md.") in the leachate, respectively.

Regression analysis of relative phenol concentnaigainst time reflected an adequate
fit of the data to cubic response functions forhbtreatments after grouping {R 95.8 %).
The two response functions (Table 4.1) were sigaifily different at the linear, quadratic and

cubic level but there was no significant differeestdent between the intercepts.
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Table 4.3 Regression response functions of relatiygenol /) concentration on time &)
after grouping of treatments

yon = -0.0746 + 0.030%— 0.000529% + 0.000003162

ypi = 0.0099 - 0.00298+ 0.0004993¢ - 0.00000480%°

The regressions response functions reflect a diffex in the behavior of the phenol
component of leachate when the soil microcosms leaehed at the two HLR under
investigation. The initial rate of phenol attenoatin array I was lower than that in arrayl D
over the first 40 weeks, thereafter arraly €nsistently attenuated more phenol up until 68
weeks. The initial difference in attenuation cobkla consequence of the adaptive response
of resident microbial populations to different HLBRsd hence phenol concentrations in the
respective arrays. The different HLRs, and theeefdifferent phenol concentrations,
influence the time for acclimation of the micro4aido the leachate components in addition to
altering the internal chemistry of the arrays thgranfluencing the rates of phenol
attenuation/degradation. The results indicate thathigher HLR delivers a greater phenol
shock load to the arrays and this in turn triggeggeater time lag before phenol metabolism
can resemble those removal efficiencies produceattays receiving a lower concentration of
phenol (HLR). When populations of heterogeneous microorgasiisoclimated to phenol in
a system of anaerobic-anoxic-aerobic reactors, veamosed to phenol shock loads they
initially lost their phenol removal capacities befoestablishing new phenol removal
efficiencies (Chakraborty and Veeramani, 2005)teAdll, the development of different redox
conditions in leachate plumes depends largely enddggradation of organic compounds, in
this case phenol, entering that plume (van Breuke?803); similarly, the prevalent redox
zonation will determine the rate of pollutant attetion by the soil (Lenborg, Engesgaard,
Bjerg and Rosbjerg, 2006). Furthermore, the rafesrganic compound degradation in the
leachate plume is not only dependant on the presaosence of specific electron
acceptors/donors but is also dependant on the giiyeof microorganisms present (van
Breukelan, 2003). Shibatt al. (2006) found that aerobic microbial degradatiorpbé&nols
and associated derivatives was much faster thamésrobic counterparts. Therefore it is not

surprising that the rate of phenol degradation Bmth treatments decreases as the

82



microenvironment of the soil arrays becomes moeerybic (4.2.2). This is mirrored by the
decrease in the concentrations of preferred ele@oceptors, starting with oxygen through to

nitrates, and followed by sulphates.

4.2.4 Copper and zinc

The cation exchange capacity of the Hutton soitlusghe arrays was high enough to
account for the attenuation of all the copper and leached through the soil for both HLRs.
The total charge of exchange sites available ftiowaexchange amounted to 19.616 mynol
per soil array. When one considers that the fotat charge of the copper and zinc in the
synthetic leachate was 0.239 mgpker pore volume and 0.9288 mmpkr pore volume,
respectively; the assumption made was that the GHEBe soil was sufficient to attenuate all
of the copper and zinc contained in the leachakeirthermore, if copper was the only
constituent of the leachate and the CEC was thkigixe mechanism of copper attenuation,
then each soil array would become saturated withpeo after 82 pore volumes (or 889
weeks) for array B and 164 pore volumes (or 1778 weeks) for arrdy CBimilarly,
breakthrough for zinc would occur only after 21 &7 weeks) and 42 (or 454 weeks) pore
volumes for arrays Band 0O, respectively. When one considers the dual-nsststem, used
in the synthetic leachate, saturation was calcdledgeoccur after 16 (or 172 weeks) and 32 (or
346 weeks) pore volumes for arrayls &d O, respectively. It must be emphasized that these
calculations and the assumptions drawn from theenbased entirely on single-metal and
multi-metal solutions, whereas the synthetic letehaas a multi-constituent system. The
results presented here are consistent with theldrdocumented in the metal adsorption study

discussed in Chapter 3 (3.2.2) which shows the etithge nature of metal adsorption.

Analysis of the leaching of copper as a functioniwie (Figure 4.5a) showed that the
relative concentration of copper present in thiefft for both treatments was extremely low.
The assumption is that the majority of the coppet was introduced via the leachate was
attenuated by the chemical and biological characfethe soil. The inability to achieve
breakthrough over 80 weeks at the investigated HERds a degree of credence to the earlier

calculations regarding the CEC of the soil relatigethe total ionic charge of the metal.
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However, there is a difference in the behavioragper over the two HLRs that is evident in
Figure 4.5a. After 54 weeks there was a spik@enrelative concentration of copper for array
Dh followed by a decrease. There was little changeeat in array D. At 56 weeks the pH

of the effluent recorded for arrayhDwas 6.481 and continued to increase to 7.375
(Figure 4.3). The initial increase could be atitédl to the adsorptive behavior of the soil
since the relative concentration of copper woutitease as more copper was introduced to the
system until saturation of all the adsorptive sdaghe soil occurredd/Co= 1), which in this

case was not achieved.
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(a)

Copper ( C/Co)

(b)

Zinc (C/Co)

Figure 4.5
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The relative concentrations €/Cg of (a) copper and (b) zinc in the synthetic ledate
after leaching through soil microcosms at two diffeent hydraulic loading rates (HLRS)
over time. (A) High HLR at 20 ml every 5 days, and %) Low HLR at 10 ml every 5

days. Where,c and ¢, are the outflow and inflow concentrations (md:*) in the leachate,
respectively.

The pH of the leachate plays a significant rolel@ermining the mobility of copper.
Markiewicz-Patkowska, Hursthouse and Przybyla-R)®5) discovered that at near neutral

pH the solubility of most heavy metals was severestricted by numerous physico-chemical

interactions. The subsequent decreas€/{o of copper could be a result of precipitation
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which in turn could lead to an overestimation o€ thdsorptive capacity of the soil.

Conditions in both soil microcosms become progretgianaerobic as indicated by the drop
in redox potential of the leachate (Figure 4.3)stn itself can contribute to increased
retardation of the heavy metals in the leachatevly of sorption and precipitation (Williams

and Higgo, 1994) which is a common occurrence dutire biological reduction of sulphate
to sulphide and the subsequent reaction of metal o form metal sulphide precipitates (Hoa,
Liamleam and Annachhatre, 2007).

The first 12 weeks demonstrated maximum absorptioninc by the soil over both
HLRs (Figure 4.5b). Thereafter (weeks 20 to 6Bgré was a noticeable decrease in zinc
adsorption observed for arraynelative to array D Premature release of zinc from the soil
binding sites could be attributed to the sharp ese in the redox state observed for array D
(Figure 4.3). Under partially anaerobic conditiansc tends to form oxides more readily with
Fe and Mn and can subsequently become electrorptacsethat have increased mobility.
Copper forms stable complexes with organic matterenireely than reduced copper oxides
under similar conditions (Ramos, Hernandez and &leaz 1994). However, between weeks
52 and 72 the adsorption of zinc in arraly §howed a marked increase (42 % overall) such
that 98 % of the zinc from the leachate was adsbrbEhis increase in adsorption coincided
with an effluent pH of 7.0. The assumption madeh& the increase in effluent pH resulted in
the immobilization of the zinc by precipitation (8met al, 1999b; Ming-Kiu, Zhen-Li,
Calvert, and Stoffella, 2005). In contrast, arBlyreflected a 59 % decrease in adsorption
from weeks 68-80. The pH of array Bever exceeded 7.0, the threshold pH requirethfor
precipitation of zinc from the effluent (Smiét al, 1999b). This, in conjunction with phenol
concentrations that were higher in the effluentaofy O relative to array B, could have
effected the formation of zinc-phenol complexeséahyg increasing the mobility of the metal
(Smith, Sacks and Senior, 1999a).

The difference between the two HLR treatments wahér emphasized by regressing
the C/Co of each metal against time. The data displayeddmguate fit to two significantly
different cubic and quadratic response functions topper (R=90.9%) and zinc

(R*=83.5 %), respectively (Table 4.4). The regmssi response functions reflect a
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difference in the behavior of each metal when thiersicrocosms are leached at the two HLR
under investigation. This was expected since tsomption of metals by soil is governed,
amongst numerous other factors, by the amount ¢tdlnapplied to the soil in relation to the
CEC of that soil. As the amount of metal appliedhe soil increases, the total amount of
metal adsorbed increases but the percentage of amgarbed over time decreases as the
adsorption sites on the soil becomes saturatedki®taicz-Patkowskat al, 2005).

The soil microcosms reflected a higher capacitythierattenuation of copper than zinc
at the investigated concentrations and HLRs. Timplies that should landfill leachate
containing zinc and copper penetrate the bottorma déndfill, there would be a greater
potential for attenuating copper than zinc. Thailtewas consistent with earlier investigations
(Chapter 3) detailing the attenuation of metals‘stgrile” and “non-sterile” soils as well as
research carried out by Agbenin and Olojo (200@)er the course of the investigation the
accumulation of heavy metals in the soil can haveosic effect on the resident
microorganisms in the soil thereby affecting thevedsity and evenness of microbial
distribution in the soil.

Table 4.4 Distinct regression response functions oélative metal concentration §) on time
(x) after grouping of treatments according to hydrauic loading
Metal Regression Equation
g yon = 0.1121 - 0.00626+ 0.0002214¢ - 0.00000143¢’
&
O

yp = 0.0628 + 0.00026+ 0.000022¢ — 0.000000158

yon = -0.1032 + 0.0282¢— 0.0003090¢

Zinc

ypi = -0.0074 + 0.00458+ 0.000019%
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4.2.5 Nitrate

Over the first 52 weeks the relative concentratiatio of nitrate for each treatment
reflected significantly divergent patterns (Figdt6). Thec/c, of nitrate in array B was
close to zero for the duration of the investigatwinereas, array IDexhibited elevated/c,
nitrate, reaching a peak at week 20. This suggdbatsnitrate removal in arrayl between
weeks 4 and 28 was at its lowest and this coincidédthe elevated redox states recorded for
array O over the same time scale (Figure 4.4). The gladiearease in the nitrate
concentration in the effluent is indicative of domed nitrate reduction in arrayl @&nd is
comparable with the gradual decrease in the rethbe slocumented for the array over this
period i.e. a gradual shift from nitrate reducttorother redox states downstream in the redox
cascade. In contrast nitrate levels for arrdyrBgistered close to zero after 20 weeks. The
redox state of the array constantly decreased, théhredox state dropping below the nitrate
reducing potentials (below 200 mV) after 20 weeakd below zero after 24 weeks. The lower
rate of nitrate depletion coupled with the higheterof phenol degradation recorded for array
DI point towards there being a greater period of l@erand nitrate reducing activity over the
first 40 weeks, when compared to arraly. DWhen Pedersen, Bjerg and Christensen (1991)
correlated nitrate profiles with groundwater andigent characteristics in a sandy aquifer,
they observed significant removal of nitrates ia tmsaturated zones above the aquifer water
table as a consequence of dentrification in anaemixroenvironments. Nitrate is a mobile
ion in solution and its fate in the soil arrays gaimarily be attributed to conversion to other
nitrogenous forms, such as microbial biomass, tanatation by the soil (Ding, Zhang and
Cheng, 2001).

The low levels of nitrates available for electroansfer during microbial processes
coupled with the decreasing redox potential oféheironment point towards the shift in the
redox state of the array from a nitrate > iron/naarese > sulphate reducing conditions. The
inference made by the previous statement is onsegliential redox activity generating
genuinely bordered redox zones within a plume, hawnesuch reactions occur simultaneously
and the different redox zones often overlap eabbras the plume expands such that areas of

denitrification often incorporate iron and sulphateduction (Scholl, Cozzarelli, and

88



Christenson, 2006). These redox zones incorpdmaggse groups of bacteria in the same area
some of which are active while others remain dotmantil conditions become suitable for

active metabolism (Christenson et al., 2001).
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Figure 4.6 Relative concentration of nitrate €/c,) in landfill leachate after leaching through soil

microcosms at two different hydraulic loading rates(HLRs) over time. (A) High HLR at
20 ml every 5 days, and ) Low HLR at 10 ml every 5 days. Wherec and ¢, are the
outflow and inflow concentrations (mgl™) in the leachate, respectively.

Regression of/c, inorganic nitrate on time produced an adequateffihe data to the
Gompertz model (R=97.4 %). The two significantly different equats generated by the
model after grouping of the two treatments are gresdd in Table 4.5. The superior rate of
change parameter derived from equatignfor array D (0.1270) points to the accentuated
change of inorganic nitrate over time brought orahyinitial reserve of nitrate followed by a
rapid reduction over a shorter time. The rate lohnge in nitrate observed in arrayh D
(0.1232) is a product of instant nitrate depletitvaracterized by minimal changes from zero

over the duration of the investigation, irrespeetdf further nitrate addition to the system.
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Table 4.5 Regression response functions of realagiinorganic nitrate concentration /) on
time (x) after grouping of treatments

yon = 0.1258 — 0.1040 exp[-exp(-0.1282( 12.94))]

Yo = 0.4514 — 0.4150 exp[-exp(-0.12%6(35.612))]

4.2.6 Sulphate

The fate of sulphate within the sequential soil nmgosms is shown in Figure 4.7.
Over the first 36 weeks both treatments displayiedlar trends of attenuation / release of
sulphate from the synthetic leachate (Figure 4ldjerestingly both treatments reached unity
at 24 (array D and 28 weeks (arrayH), with the concentration of sulphate being reldase
from array [h doubling after 40 weeks. Pedersenal(1991) reported leaching sulphate
concentrations that were in excess of estimatednpiat sulphate concentrations entering a
shallow sandy aquifer via the unsaturated sedinzeme above the water table. They
concluded that oxidation of reduced sulfur compauodn take place in microenvironments
conducive to oxidation resulting in the releaseadfled sulphate into the aquifer. However,
there was a steady decrease/my sulphate recorded for arrayn@rom 40 to 80 weeks. This
could be a consequence of the stable reduced r&tdt of the array over the same period
(Figure 4.4), and brought about in part by the eféeph of the nitrates as electron acceptors,
resulting in the consumption of the next availaddkxtron acceptor i.e SOlInterestingly, zinc
adsorption (Figure 4.5b) over the same period asmd for array B, possibly reflecting the
precipitation of zinc as a sulfide from the efflud@achate during the predominant sulphate
reducing environment. Erses and Onay (2003) redostgnificant decreases in the heavy
metal content of a synthetically prepared leachdten heavy metal sulphides formed in their
landfill simulating reactors as a result of sulfeéduction. Research into the effects of redox
potential on the biogeochemistry of another divekeansition metal ion (arsenic) revealed
that the metals solubility was considerably reduoeder sulphate reducing potentials of -
250 mV (Signes-Pastor, Burld, Mitra, and CarboBatrachina, 2006). Conversely, tbi,
sulphate arising from arrayl Develed off at an averagegc, of 1.3 for the remainder of the

investigation after peaking at 1.6 at 24 weeksis Tbuld be a consequence of the oscillating
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redox state of array IDover time (Figure 4.4) brought about in part by tbelayed
consumption of the nitrates as electron acceptesjlting in the accumulation of sulphate
prior to gradual consumption.

The occurrence of sulphate in the effluent, couplgti the reduced fand depleted
nitrate concentrations recorded for both treatmeatsthe termination point of the
investigation, indicates that sulphate reductiors wWee predominant process occurring at the
time in array . The higher Eandc/c, of sulphate recorded for arrayl points to the

possible predominance of iron reducing conditiorthiw the array.
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Figure 4.7 Relative concentration of sulphate(c,) in landfill leachate after leaching through soil
microcosms over time. &) High HLR at 20 ml every 5 days, and) Low HLR at 10 ml
every 5 days. Wherec and c, are the outflow and inflow concentrations (md?) in the
leachate, respectively.

Regression analysis of th#c, of sulphate on time presented a cautious fit ® th
quadratic model. Only 77.4 % of the variance alibatsulphate data could be explained by
the passage of time after grouping the treatmemtscémparative purposes. The model
predicted significant differences between the twoations (Table 4.6) at the quadratic level
but non-significant differences between the respedhtercepts. The analysis confirms the

assumption that the sulphate attenuation in theatwsms varies with changing HLRs. The
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higher HLR produces an environment that is moreiced resulting in conditions conducive

to the partial or complete reduction of sulphate.

Table 4.6 Regression response functions of relatigeilphate ) concentration on time &)
after grouping of treatments

yon = -0.293 + 0.07596— 0.0008944¢

yoi = -0.137 + 0.05598- 0.0004974¢

4.3 Conclusion

The principle objective of this Chapter was to asdbe fate of selected constituents of
a young, synthetic, acetogenic phase landfill lagelver time by using a series of laboratory-
scale soil microcosms so as to mimic the behaviotaodfill leachate and associated
interactions in soil beneath a landfill. With thismind the experimental evidence suggests

that the following conclusions can be drawn:

* The hydraulic rate at which landfill leachate seép® the soil below a landfill
contributes significantly to the fate of the ditfet chemical constituents of the landfill

leachate.

* In conjunction with the results of phenol adsorptan sterile and non-sterile soil in
Chapter Three, the data provided by this study esiggthat there was clear evidence
of biological attenuation of phenol in the subscefa As the internal environment of
the sequential soil microcosms became more andecrelative concentration of
phenol leaving the microcosms increased, confirnslogver phenol attenuation rates

with increased anoxic conditions.
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* The persistence of sulfate in the landfill leachatevents the development of
methanogenic conditions and therefore the develapwiea complete redox pollution
plume in the soil microcosms.

* The attenuation of copper over zinc by the soilrodosms was superior, implying a
greater capacity for the pollution of the receivirgundwater by zinc in the presence

of copper.

* The synthetic landfill leachate showed clear evigeof temporal changes with respect
to chemical characteristics (pH and redox potenéatl composition (phenol, nitrate,
sulphate, copper and zinc) after perfusion throtlgh sequential soil microcosms.
These changes could possibly be related to thersdivphysiological activity of

different microbial groups.
e The successful achievement of a model system wiveh able to mimic microbial

successional events which are relevant to subswir@aments likely to be found /

occur beneath a landfill.
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Chapter Five
5. Optimization of DNA Extraction and DGGE Staining Techniques

5.1 Experimental

5.1.1 Evaluation of DNA isolation methods for PCR-IBGE analysis of bacterial

communities present in a soill

This experiment involved a comparison of two phgstbemical DNA isolation
methods detailed in Chapter Two (2.9.1). They wbe Mo-Bio™ Ultra-Clean Soil DNA
Isolation Kit (hereafter refered to as the Kit nwth and a modified version of the DNA
isolation protocol documented by Duadeal(1998) (hereafter refered to as the Bead Beat
method) which included the use of Wizard™ Cleanddfumns as a final step during DNA
purification. Random samples (sixteen) of a sgpased to conditions detailed in Chapter 4
were subjected to both methods and evaluated dogbyd Purity and yield of the extracted
soil microbial DNA was the chief criteria used twakiate the efficacy of each isolating
technique. The purity was determined spectrophetooally (GeneQuant Pro, Applied
Biosystems) by computing the absorbance ratio$@280 nm (A260/A280) and 260:230 nm
(A260/A230) so as to assess the extent of proteihhamic acid contamination, respectively.
The yield was calculated by spectrophotometer amabt A260. Agarose gel [(1.2 % (m/v)]
electrophoresis integrating a 1 kb and 100 bp mgfReomega) was used to identify the size
of the extracted DNA fragments and the evaluatidnthee associated PCR reactions,

respectively.

The economic viability (time and cost per samplé)each technique was also
considered. Furthermore, DGGE was used as a toa@ssess the contribution of each
extraction method on the diversity of the extradd®dA. The isolation techniques detailed in

Chapter Two (2.9.2; 2.9.3; and 2.9.4) was usedfagradation for the comparisons.
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5.1.2 Evaluation of denaturing gradient gel stainig methods

Three random samples of DNA (isolated from a sobjscted to the investigation
detailed in Chapter Four) and a soil borBeacillus isolate (Mr. C.H. Hunter from The
University of KwaZulu-Natal, personal communicabdiomere treated by PCR-DGGE (2.9.3
and 2.9.4). Sample one comprised a mixture of DdbAated by the Kit from three control
columns that were leached with water. The secaontdthird DNA samples originated from
soil sample 9 from array lAthat was destructively sampled at week 12 (Chdgtar) using
the Kit and the Bead Beat method, respectivelychEsample was subjected to duplicate PCR
reactions that were visually qualified on an agargsl (2.9.2) and loaded onto a denaturing
gradient gel. The resultant gel was divided imto separate gels, with each gel containing all
the amplified samples. One gel was silver stai{2e8.5.3) whilst the other was stained with
ethidium bromide (2.9.5.4). The basis for the carigon of the staining methods was the

clarity of the banding profile, and the number ahts present.

5.1.3 Statistical analysis

A general linear model (GLM) was used to run awwie t-test to compare the purity,
yield, and humic content of the DNA isolated by tBead Beat and Kit methods (MoBio
Laboratory, USA). In addition, the Bead Beat issta DNA was further purified using a
Wizard™ Clean-up Kit (Promega) and the resultant?ADMas also subject to the pairwise t-
test comparison. If the t-test was significant<(BP.05), the means were separated using the
Student Neuman Keuls test using SAS (version 6.1I)e pairwise t-test was also used to
compare the overall means for Species Richng@ssshannon-Weaver Indei(), Simpson’s
Index ©), Shannon-Weaver Evenness IndEx)( and the Simpson’s Equitability Indek)

achieved for the two DNA isolation techniques.
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5.2 Results and Discussion

5.2.1 Evaluation of DNA isolation methods for PCR-IBGE analysis of bacterial

communities present in a soill

5.2.1.1 Detection by agarose gel electrophoresis

The DNA fragments isolated by the commercial kiérev visibly larger, and more
distinct than that yielded by the Bead Beat meffRidtes 5.1a and b). The Bead Beat isolated
DNA revealed DNA fragments of variable sizes acratsamples as evidenced by the DNA
smear effect on the agrose gel (Plate 5.1b) (BetirRoly, Van, Lombard, Nalin, Vogel and
Simonet, 2005). The DNA concentration was notnestied from the agarose gel because of
the absence of a quantitative marker. The Kit woethncorporates chemical and
homogenisation with specialised beads of an uraed nature while the Bead Beat method
makes use of glass beads. Furthermore the vigagitation associated with the Bead Beat
method was replaced by shaking on a vortex in thenkthod thereby decreasing the shearing
forces of the treatment. This factor in additiorothers; such as bead beating time and speed,
buffer volume and temperature, and the amount gpd of beads used in the extractions
contribute significantly to the quality and quayttf DNA extracted (Burgmann, Pesaro,
Widmar and Zeyer, 2001). Krsek and Wellington @9%loyd-Jones and Hunter (2001), and
Niemi et al. (2001) has all reported similar findings wherebg tuality and quantity of DNA
is dependent on the time and speed of bead beafligere exists an inverse relationship
between the speed and frequency of bead beatimglation to the fragmentation of DNA
extracted while the opposite holds true for DNAIgi¢Burgmannet al, 2001). It is
interesting to note that DNA of a larger molecuhaight was trapped in the wells of the
agarose gel containing DNA isolated by the kit whahly five wells containing the bead beat
isolated DNA revealed such an occurrence. Theigapbns of this is unknown, however,
this could affect the diversity of the isolated DNAoth methods recommended the use of
one gram of soil per reaction; this was ideal fa purpose of comparison in addition to the
finding of Felske and Akkermans (1998b), who demratsd that one gram of soil, contained

a bacterial representation prevalent over severadited square meters of soil.
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Plate 5.1 Agarose gel electrophoresis of DNA (3)jisolated from soil samples taken from soil array
Ah that was perfused with synthetic leachate. (a) bBio Ultra Clean™ isolated DNA,
lanes: 1 kb DNA ladder (Promega) (1 and 9); samples to 12 (samples from soil array
Ah) (2 — 8 and 10 — 14); untreated dry soil (Cd) (15)(b) Bead Beat isolated DNA, lanes :
1 kb DNA ladder (Promega) (1 and 14); samples 1 2 (samples from array A) (2 — 13);
untreated soil perfused with water (15 — 17); untrated dry soil (Cd) (18).
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5.2.1.2 Quantification by spectrophotometry and PCR

Pair-wise t-tests showed that there were sigmifichfferences in DNA purity, yield
and humic content between the two DNA isolationhmds and the consequent Wizard™
Clean-Up (Promega) treatment of the Bead BeattmshIBNA (Table 5.1). The DNA yield
attained attained using the Kit was significantpwér (P < 0.001) (average yield =
36.23 ng.Ji!) than that achieved with the Bead Beat protocei@ge yield = 349.70 nd:p.
Conversely, the purity achieved with the Kit is@at (average A260/A280 = 1.63) was
significantly superior (P = 0.0026) to the Bead Bptocol (average A260/A280 = 1.23).
A260/280 ratios close to 1.8 indicates DNA of highmurity whereas lower ratios are
indicative of protein contamination. A260/A230 meeements indicated that humic
contamination was greater for the Bead Beat prot@r@9) than the Kit (0.63) (Figure 5.1),
with the pair-wise t-test confirming a significamlifference (P = 0.0007) in humic
contamination between both treatments. Low A26BMA\atios are indicative of humic acid
contamination (Yeates, Gillings, Davison, Altavilland Veal, 1998). Cullen and Hirsch
(1998) reported that a heat treatment step (70 % 4n the case of this study) used in
conjunction with bead beat protocols resulted inirmrease in brown humic residue and
lowered DNA vyield. Similar findings were true fdris study, with the exception that there

was no increase in yield for the protocol devoidheat treatment (Kit).

In this investigation, Bead Beat DNA extracts mehgrom dark brown to beige in
colour suggesting the presence of humic and fudeicls, in addition to an organic soluble
PCR inhibitor which is known to adversely affect BNolymerase during PCR (Spanova,
Rittich, Styriak, Styriakova and Horak, 2006). Tpresence of large amounts of humic acid
in the isolated DNA can also give rise to errorsiryithe calculation of DNA yield (Steffan,
Goksgyr, Bej, and Atlas, 1988). DNA vyield estimas by A260 measurement can account
for as much as a 10 fold overestimation in the gures of elevated humic acid contamination
(Cullen and Hirch, 1998; Lloyd-Jones and HuntelQP0 Bearing this in mind, treatment of
the bead-beat isolated DNA with the Wizard™ Clegnddlumns was found to significantly
increase (P = 0.0048) the purity of the isolatedADBlLch that there was no longer a
significant difference (P = 0.1736) in DNA puritg aompared to the DNA isolated by the Kit.
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However, there was a significant decrease (P 9801), as much as 25 times, in DNA yield
after treatment with the Wizard™ columns (Figurg)5.

Table 5.1

Pair-wise t-test comparison of purity (AB0/A280), yield, and humic content (A260/A230)
of DNA isolated using two different isolation methds and a DNA clean-up step.

Factors Compared

DNA Purity

P-value Significance Rating
Bead Beat vs Kit 0.0026 *kk
Bead Beat vs Wizard 0.0048 ok
Kit vs Wizard 0.1736 ns
DNA Yield
Bead Beat vs Kit <0.0001 kk
Bead Beat vs Wizard <0.0001 Hxk
Kit vs Wizard 0.0496 *
Humic Content
Bead Beat vs Kit 0.0007 *xk
Bead Beat vs Wizard 0.0018 ok
Kit vs Wizard 0.0251 *

***gignificant at P = 0.01; ns not significant (ks on duplicate extractions)

Bead Beat = modified method of Duarte et al. (3998
Kit = MoBio Ultra Clean™ DNA Isolation Kit

Wizard = modified method of Duarte et al. (199R)spthe use of Wizard™ Clean-up columns
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Figure 5.1 Purity (A260/A280 and A260/A230) and yld (A260) measurements of DNA isolated from
soil arrays using two DNA isolation methods [MoBidUltra Clean™, Modified Bead Beat
version of Duarteet al (1998)], and Wizard™ Clean-up columns as a cleanp step.

The difference in yield was also less significéat= 0.0496) between the Wizard™
treated DNA and the Kit isolated DNA. Robeal. (2003) also noted that DNA vyields from
soil isolations were significantly reduced afterrification and they found that this had a

negative impact on the amplification of DNA sequethat were present in low numbers.

The purity and yield of the isolated DNA are fundantal to achieving success with
subsequent downstream molecular manipulationd)isndase PCR and DGGE (Picatal,
1992; Cullen and Hirsch, 1998; Krsek and Wellingtd®99). DNA purity has a major
bearing on the successful amplification of the Dtéfplate during PCR (Cullen and Hirsch,
1998; Krsek and Wellington, 1999). Attempts to dfyghe DNA isolated by the bead beat
protocol proved unsatisfactory even after succesgilutions (1:10 to 1:1000) of the isolated
DNA (result not shown). Negligible product was iaeled for only a few samples at these
dilutions and these were found to be unsuitablegémerate DGGE profiles. Similar

amplification constraints have been reported bydfrnth Wagnerddbler (1993).

High levels of humic material present in isola@NA extracts have been shown to

contribute significantly to the failure of subsequ®CR amplifications (Cullen and Hirsch,
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1998; Lloyd-Jones and Hunter, 2001; He, Xu and ggR005). Moreover, the presence of
phenolic compounds and heavy metals (which are camugonstituents of landfill leachate) in

soil contribute to the inhibition and/or decreasethe sensitivity of subsequent PCR
reactions (Robe, Nalin, Capellano, Vogel and Sirho2@03; de Lipthay, Ezinger, Johnsen,
Aamand and Sgrensen, 2004). Protein impuritieoihkDNA extracts also have a negative
impact on PCR amplification (Krsek and Wellingtd899).

Purification of the Bead Beat DNA extract with \&id™ Clean-up columns was
considered an essential pre-treatment to render [PNAty suitable for satisfactory PCR
amplification. This approach is well documentelth@augh the exact commercial clean-up
columns may differ (Duartet al, 1998; Niemiet.al, 2001). Wizard™ column pretreated

DNA was successfully amplified indicating that earh-up step was essential.

A PCR product of approximately 200 bp (theoreticdBO bp) was clearly visible for
reactions incorporating DNA from both isolation mmads as template (Plate 5.2). The kit
isolated DNA produced clearly defined products with evidence of unused primer
(Plate 5.2a). After PCR amplification using BeaghBDNA as template for the reaction, the
resulting product contained a larger amplified fate (approximately 300 bp) in addition to
the target segment (Plate 5.2b). However the mtogenerated by the target sequence was
visibly more substantial than this artefact. Ferthore there was a larger amount of unused

primer.
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Plate 5.2 Amplification of 16S rDNA fragments fromsoil samples of array A demonstrating the effect of DNA method on the quily of PCR

product. (a) Mo-Bio Ultra Clean DNA isolation kit, lanes: 100 bp DNA ladder (Promega) (1 and 14); sgles 1 to 12 (samples of array
Ah) (2 — 13); wet controls (C1; C2; C3) (15 - 17); grcontrol (Cd) (18); DGGE marker (19); positive cotrol (Bacillus isolate) (20); and
negative control (21) . (b) Bead beat isolatiotanes correspond to those described in (a).
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5.2.1.3 Influence of DNA extraction method on bact&al community structure and

relatedness determined by DGGE

PCR products derived from the two extraction mdshavere run in two separate
denaturing gradient gels to assess the commurofylgs generated for identical soil samples.
Differences in band number and band distributiolPPBR-DGGE are shown in Table 5.2 and
Plate 5.3, respectively. The occurrence of sudterdnces in the diversity profiles is not
unique to this study. Krsek and Wellington (1988)nd that for each manipulation of a DNA
isolation technique different microbial diversityofiles were achieved. Lipthast al. (2004)
have also demonstrated similar findings; DNA isadafrom three soils by employing three
separate DNA isolation techniques (viz. sonicatitmeeze-thawing-grinding, and bead-

beating) where each produced distinct communitermdity profiles for each soil type.

The average number of DNA bands visible was 171&nper gel for DNA isolation by
the Kit and Bead Beat method respectively. TheBerences were found to be significant
(P =0.018). On average fewer bands were visibtetlie control soils (samples 13-16,
Table 5.2). This was unexpected since a lo@evhich indicates a lower bacterial diversity,
is often associated with pollution perturbation if@agoet al, 2005). This is a view shared
by Rasmusen and Sgrensen (2001), who found thatunyecontamination of an agricultural
soil, reduced the genetic diversity of the soiltbaal community. It is speculated that the
synthetic leachate treatment contributed additiaceabon sources and electron acceptors
thereby promoting increased levels of soil bactecammunity diversity. The overall
reduction inS for both treatments over time, as a consequentieeohccumulation effects of

the leachate, will be discussed in Chapter Six.

103



Table 5.2 Influence of DNA isolation method on thewumbr of bands visualized by Denaturing Gradient Geé Electrophoresis generated from
identical soil samples.

DNA Number of DNA Bands per Sample on Denaturing Gradgels
Extraction
Method | M 1 2 3 4 5 6 7 8 9 10 11 12 18 14 15 16 +
Mo-Bio
Ki 12 21 22 17 18 17 16 19 21 22 18 19 19 20 16 15 1M
it
Bead Beat
11 12 14 11 20 19 16 14 16 17 18 23 16 21 13 12 100
Method

*Samples 1-12 originated from soil arrah fhat was destructively sampled after 12 weekeathing with the synthetic leachate
*Samples 13-15 originated from soil perfused witlitev only

*Sample 16 was untreated soil

*M was the DGGE marker (Vrije Universiteit van Arestam, H.W. van Verseveld)

*+ Bacillussoil isolate
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The DGGE marker andacillus soil isolate (positive control) produced similar
patterns in both gels but were more difficult tsualise on the gel containing the PCR
products originating from Bead Beat isolated DNAedww dark background stain of the
gradient gel. This contributed significantly teetimability to capture some of the bands in
lanes with relatively lighter background staining a consequence of contrast limitations on
the gel documentation system. Conversely, thecgetaining the PCR products originating
from Kit isolated DNA developed with a uniform backund stain making the capture of the
image relatively uncomplicated (Plate 5.3). Theras evidence of smearing for all the
samples depicted on Plate 5.3 (b) and in someniossathis made it difficult to distinguish
between individual bands. On investigating thetispaomogeneity of bacteria in grassland
soils, Felske and Akkermans (1998a) generated camtynprofiles consisting of a mixture of
high; medium; and low intensity bands. They ndatidbat the bands of lower intensity
sometimes resulted in smears in the profiles géegrand this impacted on the inability to
separate individual bands of this intensity. Thengnent bands for all of the samples are
more evident in Plate 5.3 (a) than on Plate 5.3 (fhe darker bands appear to be more
distinct on both gels, whereas the lighter banéseither absent or more difficult to visualise
on Plate 5.3 (b). PCR amplified products for bg#ts were prepared, electrophoresed, and
stained simultaneously so one can cautiously asshatevariations in the quality of the gel
images may be attributed to the quality and quamtitthe PCR products which were the
result of DNA isolated by two different methods.el&minoet al. (1999) noticed a similar
trend when they compared direct and indirect DN#Aaison methods on a Flevo silt loam soil

from Waginingen in the Netherlands.
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Plate 5.3

Silver stained Denaturing Gradient Geldlustrating the community profiles generated for
common soil samples (Lanes 2 — 16) exposed to; (slp-Bio Ultra Clean Soil DNA

Isolation Kit and (b) Modified version of Duarte et al(1998) Bead Beat DNA Isolation
method. Lanes M and + correspond to the DGGE Markeand a Bacillus isolate from

soil. The arrow (<) represents distinct bands visible on both gels.
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Cluster analysis performed on the DGGE profile;wgighe unweighted pairwise
grouping method with mathematical averages (UPGNMge co-efficient of similarity)
showed dissimilar cluster relationships between ptasnfor each DNA isolation method
(Figure 5.2). For example, PCR-DGGE of sampletaised using the Kit method showed
clustering for samples 3 and 4 at 50% similarityhvaample 2 joining the cluster directly at
40%. PCR-DGGE of the bead-beat isolated DNA shotlvatisamples 3 and 4 also clustered
at 50% but sample 2 only clustered indirectly a¥ol8imilarity. Samples 5/6/7 formed a
discrete cluster at 60% for the Kit isolated DNAgucts, with samples 5 and 6 clustering at
60% for the Bead Beat method and only indirectlyiripg with sample 7 at 10%
correspondence. Samples 8 and 9 for the Kit isdlptoducts clustered at 60% while samples
10/11/12/13 paired as a discrete cluster at 65%th Bf these distinct clusters paired at 40%.
The Bead Beat method paired samples 8 and 9 at &%,10/11/13 pairing at 40% as a
discrete cluster. However sample 12 joined botfstelrs indirectly at only 15% similarity.
The controls leached with water both formed digcrefusters at 35% and 30% for the
products of Kit and Bead Beat isolation respecgivaHowever, the phylogenetic tree for the
Kit isolated DNA products was rooted by the oridisail sample (17) which paired indirectly
with cluster 14/15/16 at 15% whereas pairing fer Bead Beat method occurred at double the
similarity to samples 15 and 16 only. For this Inoet sample 17 served as a link between
samples 15/16 and with sample 14 thereby linkinigter 15/16/17 and rooting this tree as the
out-group for all the samples. This original ssaimple was linked to all the samples of the
investigation at 15% for the Kit isolated PCR praduwhile pairing for the Bead Beat method

occurred below 10% similarity.

The divergent phylogenetic relationships betwdensamples for each method relates
to the presence/absence of DNA bands on the gdis. results suggest that some degree of
similarity exists between the DNA isolation methobdyg virtue of similar clustering
relationships between samples. However there ad®oubtedly major differences in the
number of bands depicted by PCR-DGGE as well apribminence of specific bands isolated
by each method. In this case the two DNA isolatiechniques produced different
phylogenetic relationships for identical soil saegpl Other researchers have reported similar
conclusions (Niemet al,, 2001; Lipthayet al, 2004). Lipthayet al. (2004) further concluded
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that the choice of DNA isolation protocol must ailsgpact on the functional diversity of the

profiled community.
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Figure 5.2

Cluster analysis of soil samples by theinweighted pairwise grouping method of
mathematical averages (UPGMA, Dice co-efficient dfimilarity). (a) PCR-DGGE of DNA
isolated by the Mo-Bio Ultra Clean Soil DNA Isolaton Kit and (b) ) PCR-DGGE of DNA
isolated by the Modified version of Duarteet al(1998) (Bead Beat method). Sample
numbers: Soil samples (2-13) originate from the ladfill leaching experiment detailed in
Chapter 4; with soil samples (14-16) the control saples that were leached with water
only; soil sample (17) the original untreated soil;and samples (1 and 18) the DGGE
marker and Bacillus soil isolate respectively.
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5.2.1.4 Assessment of bacterial community diversity

In describing the structure of any given commuitityould be reckless to assume that
Salone gives a complete summation of rare and conivacterial species. Hence, we turn to
diversity indices that attempt to describe the riigtion of species within ecological
communities by incorporating measuresSand evenness into a single value (Townsend,
Begon and Harper, 2003). The various measuresioérgl ecological diversity that were
traditionally reserved for higher organisms haveergly been adapted to describe species
diversity in microbial communities (Atlas and Bathl1998). Initially these indices were
applied to microbial communities only after the Isgas of morphological and physiological
traits, these procedures often requiring the cuiguof the microbial communities. It was
thought that the application of these mathematoadrsity measures required identification to
a definite species or genus level by cultivatioorfizmaret al, 1996). However, the advent
of numerous genetic/molecular approaches has rddulbe dependence of microbial
community profiling on culture dependant methoddhis has paved the way for the
application of diversity equations without the néedcomplete identification and culturing of
microbial communities (Jacksoet al, 2001; McCaiget al, 2001; Koizumiet al, 20083;
Haack et al, 2004). The basis of the application lies in ttefining of an operational
taxonomic unit (OTU), which is a single nucleictiand in the case of DGGE (Jackstn
al., 2001; Kocherginskaya, Aminov and White, 2001; ¢kaet al, 2004).

This investigation included the use of the Sharvaver Index K’), Simpson’s
Index ©), Shannon-Weaver Evenness IndEx)( and the Simpson’s Equitability Indekq)
to confirm that the observed differencesSmesulting from the isolation of DNA using two
different methods translates into variations in themerical distribution of the bacterial
species isolated. We compared diversity measuves a range of sampling depths for
identical samples subjected to the two isolationtho@s and found that the community
profiles generated not only differed in terms ofe@ps richness§ and phylogenetic
relatedness, but also in terms of the relative dance of the composite species of each
sample (diversity indices). The averddfecalculated for the PCR-DGGE amplicons of DNA
isolated by the Kit was significantly different €>0.001) from that recorded for the Bead
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Beat method. Overall, sample for sample, the P@HGE amplicons of DNA isolated by the
Kit showed greater diversity than that generatethieyBead Beat method (Figure 5.3a). This
superior diversity was confirmed by low@& indices recorded for the kit isolated DNA
amplicons (Figure 5.3b) which effectively revedisittthere is a lower probability that two
species (bands) identified in a community (sampi#)be the same species, thereby reflecting
a higher diversity (Krebs, 1985; Edwarelsal, 2001). The difference identified between the
means ofH’ for both treatments were confirmed by significardifferent meanD values

(P =<0.001). This study made use of two diversityasures (Shannon-Weaver Diversity
Index and Simpson’s Index) and their related eguitpg equations so as to increase the
validity of the conclusion drawn from this studydg¢herginskayat al, 2001).

Each diversity index distributes a different weigh in each equation to composite
species. The Shannon-Weaver Index gives more w&ghands with relatively low signal
intensities while the Simpson’s Index tends to gulditional weight to dominant bands with
relatively high signal intensities (Hidt al, 2003). Essentially, Simpson’s index measures the
diversity of the most numerically predominant aroptis which are the direct products of the
selected DNA isolation methods (Kocherginskayaal, 2001). Thus, by calculating these
indices both possible extremes, which may be erteoeth in any sample, can be taken into

account.

The lower evenness indices measured for the PCBB&mplicons of DNA isolated
by the Bead Beat method indicate the presencegoéater number of numerically dominant
species (bands) isolated by this method (Figurs Band b). This method favoured the
extraction of bacterial DNA from certain specie®iowothers. This was supported by average
En andEp values of 0.92 and 0.69 respectively. Convergbly Kit method showed evenness
indices closer to one (averagg=0.95and Ep=0.78), indicative of the isolation of a more
equitable or even distribution of all extracted teaal DNA per soil sample. Consequently,
significant differences were recorded between tleamiy (P = 0.002andEp (P = 0.002) of
both treatments. ThHe,y andEp ranged from 0.97 to 0.93 and 0.85 to 0.67 resypagtior the
DNA isolated by the Kit method and 0.96 to 0.87 &®D to 0.49 respectively for the Bead

Beat method. The broader range recorded for beghreess indices in relation to the Bead
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Beat method implies a greater variability experezhn reproducing the isolation of similar
proportions of DNA across the samples. An eveniredsx of one indicates a proportionate

distribution of microorganisms (Camargbal, 2005).
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Figure 5.3 Diversity analyses of data generated bPCR-DGGE of DNA isolated using a Mo-Bio
Ultra Clean Soil DNA Isolation Kit (Kit method) ( A) and DNA isolated using a Modified
version of Duarte et al(1998) (Bead Beat method)). Soil samples were taken from soil
array Ah perfused with synthetic landfill leachate over 12veeks (Chapter Four). The
generated DGGE data was applied to (a) Shannon-Weaw Diversity Index and (b)
Simpson’s Diversity Index.
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Diversity analyses of data generated b CR-DGGE of DNA isolated using a Mo-Bio
Ultra Clean Soil DNA Isolation Kit (Kit method) ( A) and DNA isolated using a Modified
version of Duarteet al(1998) (Bead Beat method)). Soil samples were taken from soil
array Ah perfused with synthetic landfill leachate over 12veeks (Chapter Four). The
generated DGGE data was applied to (a) Shannon-Wear Evenness Index and (b)
Simpson’s Evenness Index.
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Commercial DNA isolation kits, exclusively designér the isolation of microbial
DNA from soil and sediments, offer a convenient moelt that is quick, simple, routinely
reproducible, and appropriate for successive DNatson reactions. However, caution must
be exercised when relying exclusively on singléason methods since there are bound to be
recalcitrant bacteria present from which DNA is reddily isolated. Any given protocol will
favour the isolation of DNA from bacteria most sgystiible to the physico-chemical methods
employed thereby contributing significantly to tb@mposition and diversity of the prevalent
microbial community (Roose-Almsaleg, Garnier-Sillaeand Harry 2001). The choice of
DNA isolation method revolves around numerous fagtthese include the efficiency of
isolation and purification, the quality of the iatdd DNA for downstream reactions, and the
representative constitution of the isolated DNAamy given sample. Roose-Almsalegal.
(2001) stated that the choice of a DNA isolationtpcol centres on a compromise between
quality, representative composition, and destinpglieations of the isolated DNA while
taking into account that each isolation techniquiéess some form of bias or limitation. It is
imperative that each isolation technique is adafdedhe type of sample in question (Zhou,
Bruns and Tiedje, 1996). Since it is not only t{merent sample that will influence the
extraction efficiency of the technique but also thidsequent treatments that the sample is
exposed to will have a significant bearing on tHeciency of the DNA isolation technique.
Dubey, Tripathy, and Upadhyay (2005) stated thaidaal DNA isolation technique would;
process all samples uniformly, isolate DNA from #lle members of a soil microbial
community, process multiple samples over a satisfgcime scale, and produce DNA of
satisfactory yield and purity. Additionally, theiantity of DNA isolated will determine, in
some measure, the numerical diversity and numedmalinance of autochthonous bacteria in
the soil sample but not necessarily the functiat@hinance in the community (Krsek and
Wellington, 1999).
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5.3 Evaluation of Denaturing Gradient Gel StainingMethods

There have been numerous studies evaluating theeimde of DNA extraction methods on the
quantity and quality of DNA yields (Mumy and Fing/&2004; Lloyd-Jones and Hunter, 2001;
Jackson, Harper, Willoughby, Roden, and Churchi®97), as well as on the PCR-DGGE
profiles generated (de Lipthagt al, 2004; Niemiet al, 2001; Gelsomincet al, 1999).
However, there seems to be little or no documenmtabn the effects of DNA staining
procedures on the diversity profiles generated GRIGGE. With this in mind we assessed
the influence of a silver stain and ethidium broeid visualizing DGGE bands derived from
identical samples that were subjected to electngsi® on the same gel (Table 5.3 and
Plate 5.4). The silver stain resolved significantiore bands per sample than the ethidium
bromide stained gel (P = 0.003). Sample for saptheecommunity diversity reflected by the
silver stained gel was significantly greater thiaat tobserved for the ethidium bromide stained
gel (Ry = 0.002 and = 0.013) (Figure 5.5). However, there were nmisicant differences
recorded for the evenness distribution of the dafured from both staining methods.

The H' index is dependent on tf&andE of any sample in question and as such for
any given numerical composition and distribution theé bacteria among the composite
species, there will be an increaseHinwith an increase i (Townsendet al, 2003). TheH’
index is more sensitive to changes that occur & ribmber of individuals found in less
common species (Hi#t.al, 2003) therefore the increased sensitivity ofgiheer stain enables
the detection of species (bands) and quantitiegdfiehat would not be possible when using
an ethidium bromide stain. A similar argument t@noffered for theD index of diversity
which gives greater weighting to numerically aburtdgpecies (bands) (Krebs, 1985; Edwards
et al, 2001).
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Table 5.3 The number of DNA bands per sample that are visible on two Denaturing Gradient Gels

after silver and ethidium bromide staining.

Staining Number of DNA Bands per duplicated Sample on DeamaguGradient Gels
Method 1 > 3 2 5
Silver Stain
24 10 20 25 24

Ethidium

) 13 6 11 13 16
Bromide

(a) (b)

Plate 5.4 Denaturing Gradient Gels illustrating thedifferences in banding profiles achieved with

two DNA gel staining techniques. (a) Silver stairtk gel; and (b) Ethidium bromide
stained gel. Lanes: combined control soils (1 ar); Bacillus soil isolate (2); soil sample 9
with DNA isolation by Modified version of Duarte et al(1998) (3); and soil sample 9 with
DNA isolation by Mo-Bio Ultra Clean Soil DNA Isolaton Kit (4).
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Figure 5.5 Diversity analyses of data generated bfCR-DGGE of DNA isolated from soil and the
subsequent staining of identical gels bym) Silver stain and @) Ethidium bromide stain.
Soil samples: (1 and 5) combined control soils oiiigating from three control columns that
were leached with water only; (2)Bacillus sp.soil isolate; (3) soil sample 9 with DNA
isolation by Modified version of Duarte et al(1998); (4) and soil sample 9 with DNA
isolation by Mo-Bio Ultra Clean Soil DNA Isolation Kit. Soil sample 9 originated from
the landfill leaching experiment detailed in Chapte4. The data generated follows
application to (a) Shannon-Weaver Index and (b) Sipson’s Index.
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The information derived from analysing the captudata into diversity measures
illustrates clear differences in community divershietween replicate samples when the
DGGE gels in question were stained by either silwerethidium bromide stains. These
differences were demonstrated by the capture ¢dréifitS and peak signal intensities which
in turn have a profound effect on the calculatechrmwinity diversity indices and dominance
relationships of the species (bands) present iiln sample. These differences are further
exemplified when the data was depicted as rank-ddmoe graphs (Figure 5.6) which plot the
relative proportion of the composite species iram@e against the corresponding rank of a
species in that sample i.e. a band that contribthieshighest proportion of peak signal
intensity (highest quantity) to a given sample wiolé assigned a corresponding rank of one
(Townsendet.al, 2003). The steeper the gradient of the rank-dénice plot the greater the
dominance of the more commonly occurring speciasdb with high peak signals) over the
other species in that sample with lower peak sgy@bwnsencet al, 2003). All the rank-
abundance plots (Figure 5.6a-e) confirmed the fiigsli of the diversity measures. The
ethidium bromide stained samples were dominated fBwer number of species punctuated
by relatively large changes in abundance from dagter of species (bands) to the next while
the silver stained samples revealed a less domiesistence of composite species. An
increase in slope is indicative of a reduced nucaérequitability between species of the
population i.e. an uneven numerical distributiontioé species comprising the population
(Jacksonet al, 2001). The ideal would be a situation wherek+alpundance diagrams are
plotted for all samples of a given investigationcg these diagrams take into account the full
array of peak signal intensities in a given sanapie displays them as an individual data point
as apposed to assimilation into various equatidimsv(sendet al, 2003). However, the
quantity of data generated in this investigatioruldanake such an approach unfeasible. The
divergent dominance relationships between identeahples exposed to either of the two
staining protocols was a consequence of the inedeaensitivity of silver staining which
enabled the capture of bands that were not detectéde ethidium bromide stained gel. The
diagrams further illustrate differencesSietween identical samples in addition to diffeesnc

in the relative numerical distribution of the corsfie species of a sample.
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Ultimately, the choice of DGGE staining protocolliiave a profound effect on the
type and amount of data captured by image capwitevare. As a result the information
accumulated from manipulating the captured images a¢ontain differences in relation$p
diversity of bacterial communities, numerical disiition of composite species (evenness of
distribution), and dominance relationships betweemposite species of a sample. It is
therefore crucial to standardize methods and baisognt of the limitations associated with
each method starting with isolating DNA, througlPGR-DGGE, gel staining, image capture

and data analysis, and finally application of th&ado relevant expanatory equations.
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Figure 5.6

Comparison of rank-abundance plots of kier (A) and ethidium bromide (o) stained

DGGE gels. Plots per soil sample: (a and e) comlad control soils originate from three

control columns that were leached with water only{b) Bacillus soil isolate; (c) soil sample
9 with DNA isolation by Modified version of Duarte et al(1998); (d) and soil sample 9
with DNA isolation by Mo-Bio Ultra Clean Soil DNA Isolation Kit. Soil sample 9
originated from the landfill leaching experiment ddailed in Chapter Four.
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54 Conclusion

The objectives of this Chapter were three fold. e Tinst objective was to optimize the
isolation of DNA from soil samples originating frothe microcosms detailed in
Chapter Four. The second was to optimize conditfon DGGE and evaluate efficacy of
the associated silver and ethidium bromide gelnstgi techniques. Lastly, the data
generated from the captured DGGE images were debjeo a range of ecological
diversity indices analyses to determine their &ulitg in measuring the Bacterial diversity
of the soil samples. With this in mind, the expemntal evidence suggests that the

following conclusions can be drawn:

* The Kit method produced DNA of a lower yield butsofperior quality with respect
to purity and humic acid content when comparech&éo@NA isolated by the Bead
Beat method. The DNA extracted by the Bead Beathoak required further
purification by Wizard™ Clean-Up columns which sigrantly reduced the yield.
This increased the purity such that there was mgdo a significant difference
between the DNA purity of the two extraction methodin comparison to the
amplicons produced from PCR of the Bead Beat DN, amplicons achieved by
using DNA extracted by the Kit method was of supeuality. Furthermore,
these amplicons produced DGGE images of betterityclan addition to
significantly different banding patterns. Basedthis evidence, the Kit method

was selected as the preferred method for useumefuivestigations (Chapter Six).

* DNA staining procedures were shown to have a st influence on the
banding profiles generated by PCR-DGGE. Identeahples that were subjected
to electrophoresis on the same gel, prior to stginvith either silver or ethidium
bromide stains, generated DGGE images that differidial respect tdS and band
signal intensities. The silver stained gels getleeramages that had greatand
stronger band signal intensities This resultedifierdnces in downstream analysis
that were dependent on such data extrapolated finencaptured primary image
e.g. diversity indices. With this in mind the sgiftvstain was maintained for future

investigations so as to maximize output data.
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The use ofH’ andD to assess Bacterial community diversity in theted soil
supported the findings and conclusions drawn byipus researchers. When the
peak densities of more abundant bands were altdreadtonsequence was a greater
shift in D as apposed to that observed ior (data not shown). Alternatelyy’
represents an index that is less affected by clsaimghe composition of rare and
dominant bands, thereby accommodating a broadeyhiveg of these components
(Hill, 1973) and representing an intermediate rabgaveenS andD (Hill et al,
2003). Furthermore, values Hf allows for the application of t-tests for statisli
comparisons by virtue of their normal distributi@ill et al., 2003). With this in
mind H was subsequently applied as the defining divergsigex used in

subsequent experiments.
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Chapter Six
0. PCR-DGGE Characterization of Bacterial Associationdrom Soil Microcosms

Arrays perfused with a Synthetic Landfill Leachateat two Hydraulic Loading
Rates (HLRs)

6.1 Experimental

The experimental set-up of the soil microcosm a&rand their operating
parameters have been previously described (ChBeptay).

6.1.1 Microcosm harvesting and soil sampling

When the respective arrays of microcosms had relaeheedox state deemed to
represent the redox potentials expected of nitra@ucing, sulphate reducing, and
methanogenic environments, each column constituting array was removed and
destructively sampled (weeks 12, 32, 52, 80) (AppeB). Firstly, silicone seals were
broken and the rubber bungs removed from both ehdach column. The soil within the
glass column was gently pushed out using a ciroutasden plunger to ensure an equal
distribution of pressure. Each soil column wasselised into three equal sections of
+ 50 grams (wet weight). A total of twelve samplhesre taken from four columns making
up a single soil microcosm array at the followirgpths (cm): 1.5, 4.5, 7.5, 10.5, 13.5,
16.5, 19.5, 22.5, 25.5, 28.5, 31.5, and 34.5. Tindichte soil samples were pooled and
thoroughly mixed before storage at 2-4 °C priopé&sforming DNA extraction (2.5.1.2)
and PCR-DGGE (2.5.3 and 2.5.4).

6.1.2 Data analysis of DGGE images

Captured DGGE images were analyzed with Quantit®0h+ Analysis Software
(Bio-Rad) to determine band numbers and averagelsigtensities of each band across
the gels. Cluster analysis and dendrogram corigiruovas performed using the
unweighted pair-group method using arithmetic agesato illustrate lane similarities

within gels.
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Canonical correspondence analysis (CCA) (CANOCO 4.Fer Braak and
Smilauer, 1997) was used to establish the influeiatepth on the Bacterial composition
of each microcosm. Microbial community profilesr@@nalyzed at various depths in each
microcosm based on band position and the relatitensity of each band for all samples.
The statistical significance of the depth-commuitynposition relationship was assessed

by the Monte Carlo permutation test using 499 ramgermutations for each gel.

The Shannon-WeaverH{) Index was used to assess the microbial diversity
prevalent in the treated soil microcosms. Thetedlé&Shannon-Weaver Evenness Index
(En) was used to measure the distribution of the gged@ands) comprising a community
(sample) (2.5.6.1).

General Analysis of Variance (GenStat Release ®W&a9 used to compare mean
Species Richnes$) Shannon-Weaver IndeX(), and Shannon-Weaver Evenness Index

(En) over the four sampling times for both hydrautiading rates (HLR).

The two sample pair-wise t-test (GenStat Releasgwas used to determine the
significance of differences between the mean SpeBliehness §), Shannon-Weaver
Index H’), and the Shannon-Weaver Evenness Ind@&g) fecorded for the two different
hydraulic loading rates (HLR) at each sampling time

6.1.3 Comparative analysis of redox, pH, and phendlandfill leachate data with

bacterial diversity data

Redox, pH, and phenol leachate data generatedtfrermespective soil microcosm
arrays (Chapter Four) were subjected to area uheéecurve (AUC) calculations (GenStat
Release 8.1). In total, four values correspontiintipe four sampling times were generated
for each HLR treatment. Mean Bacterial diversiggadS H’, andEy) was generated by
calculating the mean of each diversity measurerdecbfor each soil array by PCR-DGGE
at the four sampling times. This mean diversityadaogether with the AUC data
generated for redox, pH, and phenol was subjecteshalysis on PlotIT 3.2 to generate 3-
D graphs to illustrate the relationship betweeroregH, and phenol characteristics of the
effluent landfill leachate on the Bacterial divéysof the leached soil arrays. Further to

this, Spearman Rank Correlation coefficienis(GenStat Release 8.1) were calculated to
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determine the relationship between effluent leachatdox potential, pH, and phenol

concentration.

6.2 Results and Discussion

6.2.1 Analysis of bacterial community profiles fromsoil microcosm arrays at two
hydraulic loading rates (HLRs) over time by DGGE

6.2.1.1 Analysis of temporal and spatial changes lacterial community structure
The DGGE community profiles generated from soil nmeosm arrays for each
HLR over the experimental period are shown in Bl&té and 6.2. The reproducibility of

PCR and DGGE profiles for the DGGE marker (M) &atillus (+) soil isolate was found
to be qualitatively satisfactory.
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Plate 6.1 Denaturing gradient gels showing PCR-amifiled 16S rDNA amplicons from four soil microcosm arays perfused with synthetic landfill leachate

at an elevated hydraulic loading rate (HLRh). Microcosms were destructively sampled at week21(a), 32 (b), 52 (c), and 80 (d) and was sectioned
into twelve portions ranging from 1.5 cm to 34.5 cifLanes 1 — 12). Lane: (M) DGGE Marker consisting ©13 clones (H.W van Verseveld, Vrije

Universiteit van Amsterdam, Netherlands); (13-15) entrol microcosm perfused with de-ionized water andsampled at depths of 1.5, 4.5, and
7.5 cm; (16) sample of original, untreated soil; ash(+) Bacillus isolate from soil.
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Plate 6.2 Denaturing gradient gels showing PCR-amifiled 16S rDNA amplicons from four soil microcosm arays perfused with synthetic landfill leachate
at a lower hydraulic loading rate (HLRI). Microcosms were destructively sampled at week21(a), 32 (b), 52 (c), and 80 (d) and was sectioniado
twelve portions ranging from 1.5 cm to 34.5 cm(Lare 1 — 12). Lane: (M) DGGE Marker consisting of 13lones (H.W van Verseveld, Vrije
Universiteit van Amsterdam, Netherlands); (13-15) entrol microcosm perfused with de-ionized water andsampled at depths of 1.5, 4.5, and
7.5 cm; (16) sample of original, untreated soil; ash(+) Bacillus isolate from soil.
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Figure 6.1 Dendrogram analysis (UPGMA) of DGGE badtrial community profiles of the four soil microcosmarrays perfused with synthetic landfill leachate
at an elevated hydraulic loading rate (HLRh). Microcosms were destructively sampled at weeki (a), 32 (b) 52 (c), and 80 (d) and then sectiahe
into twelve portions (# 2 — #13) each representinidpe following depths in the soil profile: 1.5, 4.57.5, 10.5, 13.5, 16.5, 19.5, 22.5, 25.5, 28.5531.
and 34.5 (cm). Control microcosm perfused with d@nized water (#14-16) was sampled at depths 1.554and 7.5 cm. The original, untreated soil
was represented by #17.
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Figure 6.2 Dendrogram analysis (UPGMA) of DGGE badtrial community profiles of the four soil microcosmarrays perfused with synthetic landfill leachate
at a lower hydraulic loading rate (HLRI). Microcosms were destructively sampled at weeki® (a), 32 (b) 52 (c), and 80 (d) and then secti@hmto
twelve portions (# 2 — #13) each representing thelfowing depths in the soil profile: 1.5, 4.5, 7.510.5, 13.5, 16.5, 19.5, 22.5, 25.5, 28.5, 31.% an

34.5 (cm). Control microcosm perfused with de-iozied water (#14-16) was sampled at depths 1.5, 4a8d 7.5 cm. The original, untreated soil was
represented by #17.
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Cluster analysis dendrograms of these DGGE profiese shown in
Figure 6.1 and 6.2. The samples of both treatmgenerally clustered with depth at each
sampling interval, indicating the localized sucemsal changes occurring within each
array over time. The influence of depth on baatesuccession was also demonstrated on
a diesel contaminated site, where an increase iindepth produced a decrease in

hydrocarbon degrading bacteria (Maila, Randimari@ge, Dregnen and Thomas, 2005).

However, the effect of depth was less evident imays A and B sampled at
weeks 12 (Figure 6.2a) and 32 (Figure 6.2b), rdsmdg. The relatedness observed for
these two arrays was relatively erratic comparethéoclustering observed for arrays C
(Figure 6.2c) and D(Figure 6.2d). It was assumed that the effects tdwer HLR of
landfill leachate on the soil bacterial compositwould become evident at a slower rate as
a consequence of the slower supply of organic moyanic compounds to the developing
succession of bacterial communities. For exampéatment HLR and HLR showed
initial rooting of the dendrograms at 18 % and 38éspectively (Figures 6.1a and 6.2a).
The overall relatedness increased to 42 % (KLRFigure 6.1b) and 46 % (HUR
(Figure 6.2b) followed by a decrease to 31 % (Fediud.c) and 39 % (Figure 6.2c) after 52
weeks. Figures 6.1d and 6.2d show a further deerem16 % (HLR) and 27 % (HLR
in overall sample relatedness for both treatmenthea final week of sampling. These
results suggest that the bacterial community strestinitially become less distinct over
time, before diverging in their overall relatednes4oreover, the commuities in the arrays
perfused at HLRshow less of a change in cluster rooting than tteserved for arrays
perfused at HLR. Indeed, Wiinsche, Bruggemann, and Babel (199%yesth that changes
in the concentration of available carbon resultmodifications to substrate utilization
patterns by prevalent microorganisms and this whitewh to existing selection pressures,
associated with increasing depth, plays a maj@r irobetermining the surviving microbial

complement (Mailat al, 2005).

Overall cluster analysis revealed that the numbertgpe of bacteria occurring at
the selected depths of the soil subsurface vaiég duration of and rate at which landfill
leachate is perfused through the soil microcosnpea@d to have an effect on the rate at
which bacterial compositions stabilize. The défeces observed for the two HLRs were
attributed to differences in nutrient and termieldctron acceptor availability at various

depths in the soil profile. As a result, distiptiysico-chemical microenvironments could
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have established leading to differences in miclatmenposition at different times. Indeed,
researchers investigating the microbial diversitgal under varied conditions concluded
that the prevaling conditions as well as the resmsavailable in a soil environment has a
major influence on the functional and numerical edsity of the existing microbial
populations (Zhou, Xia, Treves, Wu, Marsh, O’N@iglumbo, and Tiedje, 2002).

Unlike UPGMA cluster analysis, which only relatesmples with similar banding
patterns on DGGE profiles, multivariate analyseshsas canonical correspondence
analyses (CCA) takes into consideration individoahd intensities while correlating the
resultant banding patterns with the environmengaidables affecting the banding profiles
(Salles, van Veen, and van Elsas, 2004). CCA e GE profiles across all sampling
times and both treatments revealed a significaldtiomship between soil depth and
Bacterial composition (Figure 6.3 and 6.4). Enwim@ntal variables such as redox
potential, pH, concentration of anions and avadatdrbon where not taken into account
because of limitations in the experimental desigrhe relationship between depth and
Bacterial composition of the treated arrays wasranotdom and this was reflected in the
correlations and levels of statistical significamohieved with the CCA (Table 6.1). CCA
confirmed the cluster relationship recognized byGMA analysis. The samples tended to
cluster relative to depth for both treatments aispldyed a progressively linear change in
Bacterial composition from one sample to the neith \wcreasing depth (data displaying

the change in composition with depth measured ao@¢A-axis is not displayed).
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Table 6.1 Correlation coefficients and levels of ghnificance achieved after subjecting DGGE
band density data to CCA and the Monte Carlo Permudtion Test. The test assessed
the significance of depth on the Bacterial composdn in the respective soil arrays
over time and at two HLRs.

Treatment Sampling Time Correlation p-value
(weeks)
12 0.955 0.006
£ 32 0.955 0.006
T 52 0.910 0.0740
80 0.927 0.010
12 0.964 0.002
T 32 0.945 0.004
I 52 0.948 0.010
80 0.948 0.004
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Figure 6.3

First two axes of a canonical correspomhce analysis (CCA) revealing the effects of
soil depth (—) on Bacterial composition of soil samples () tréad at loading rate
HLRh. D1.5-D34.5 represents the depth of samples in amray. C1, C2, and C3
represent the control microcosms perfused with denized water. CD was the
original, untreated soil. Plots represent destruéve sampling of arrays at different
times (weeks): (a) 12; (b) 32; (c) 52; and (d) 80.
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Figure 6.4

First two axes of a canonical correspomhce analysis (CCA) revealing the effects of
soil depth () on Bacterial composition of soil samples (¢) teded at loading rate

HLRI. D1.5-D34.5 represents the depth of samples in amray. C1, C2, and C3

represent the control microcosms perfused with denized water. CD was the

original, untreated soil. Plots represent destructie sampling of arrays at different

times (weeks): (a) 12; (b) 32; (c) 52; and (d) 80.

143



n
T 1l i
o c m \
B i : s}
“o 7 ! a P9
M_ : i m &
i P
E m | i
3 i ,
S ] ”
] | 'S m
m ﬁ L
L]
; 5 i
- = ]
.
i o
n =
i = -
..................................... L T
m : ;
: __..cm h
H o O | [ g e e (R S SR R S e e eente
: B n . |
n : o L e W .
58 | o5 *
| .- o| B |
- = - L] L
8| " m m LR
m e L. &
| )
a 2 2 2 2 : O ? 2 : : : : 2
—_— P
i) oS
N N
: &
Le i m
b :
: 5
q 1 HJ : i m
L : L
[ 2L . ;
i m =
: g
8 m .z
Cq i .
: , B
£
“e
s 5 9
Y]
o 8 R 0m -m
....................................................... i TTTTTTTTTTT .0..:.:: TTmTTeT - a
" % :
g | T o @ T
-y de EL H
. a -1 i
o : .
| ? B g I
. m a - . e
- 1 » o\ L
] | - D= L
AP 8 T " z
” ¢ . : .
| ¢ i 8
: : : : : g a1 g a ! ! 2 2 2
< <
N N

15

10

ns

s

BT

E1]

15

i1

o5

144



6.2.1.2 Bacterial community diversity

There are several ecological diversity equatiorslable for comparing bacterial diversity
within and between communities. Hdt al. (2003) presents a detailed review on a range
of ecological indices previously used to descrilaetérial community diversity. For
reasons stipulated in Chapter Five (5.2.1.4, Pddge faragraph 2), this section of the
study focuses on the Shannon-Weaver Ind€) &nd its derivation; the Shannon-Weaver

Evenness Indexd;).

6.2.1.2.1 Species richnesS)(

All four of the soil microcosms belonging to theatleachate treatments (HbR
and HLR) showed similar trends i% throughout the investigation (Figure 6.5). The
generalS-Depth (Figure 6.5) profiles generated for eachragosm (A; B; C; and D) at the
designated sampling times showed an overall inereaband number from week 12 (T1)
to week 32 (T2) followed by a decrease measureeeak 52 (T3) and a further decline in
overall S with depth calculated at week 80 (T4). This trevaks evident in both leachate
treatments. The initial increase $extended from the surface of all arrays of treatme
HLRh, culminating in the pea® measured at a depth of 4.5 cm (Figure 6.5a). ahees
pattern was evident for arrayd And D, sampled at T1 and T4, respectively. P&d&r
the arrays B and @ were recorded at a depth (cm) of 13.5 and 7.5pectwely
(Figure 6.5b). S for both treatments reflected an initial increagth depth, thereafte®
decreased with depth at sampling times T2 and dl&wed by a further decrease $
recorded at T4, however overd@lnever decreased below the initialrecorded at T1.
Williams and Higgo (1994) found that anaerobic dmderotrophic organisms decreased
with depth in an aquifer contaminated by industefluents, and concluded that the high
concentrations of pollutants had become increagibgtteriocidal, and this coupled to the
reduction in electron acceptors and vital nutriemith depth had caused the depletion of
bacterial populations with depth. Ludvigsenal. (1999) discovered that there was a
greater proportion of active microbial biomass ekigo the landfill, thriving in response
to the entering pollutants, for the purpose of 8tigdy the top end of the soil arrays were
seen as the area closest to the landfill and as s®@nS was highest at this end of the

arrays.
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The meanS recorded for treatment HltRat T1 was significantly different from
that recorded at T2 and T3 (F=<0.001) but not §icamtly different from that recorded at
T4 (Table 6.2).
different (F=<0.001) at all sampling times (Tabl2)6 MeanS was highest in array B,

In contrast, meé&h recorded for treatment HLRwas significantly

followed by arrays C, D, and A for both treatments.

Bacterial growth and incidence of organic contamamashare a close correlation
(Arora, Linde, Revil, and Castermant, 2007). Tleeqaic supply of leachate to each set
of arrays ensured a supply of substrates requaeddcterial growth. This then appeared
to lead to an increase in the ovel@lior both treatments (T1-T3). However it is fedsib
that eventually, the supply of phenol containingcleate became toxic leading to a
decrease 15 as observed in treatment HhR The non significant change $observed at
T1 and T4 supports this explanation. The diffeeeimcS observed for treatment HILRt
T1 and T4 remained significant by virtue of a largéference inS lending further support

to the theory of toxicity under higher leachatediog rates.
Table 6.2 General Analysis of Variance comparing th mean Species Richnes$)( Shannon-
Weaver Index ('), and the Shannon-Weaver Evenness Indek) over time, and for
two different hydraulic loading rates (HLR).

Treatment Sampling Mean Measures of Diversity
Times S H E
Time 1 18.19 2.750 0.9502
< Time 2 38.06 3.407 0.9402"
T Time 3 27.94 3.108 0.9417°
Time 4 19.28 2.683 0.9157
F-value <0.001 <0.001 0.067
l.s.d 3.750 0.1669 0.02649
s.e.d 1.875 0.0835 0.01325
Time 1 19.56' 2.779 0.9409
= Time 2 44.5¢ 3.54( 0.934F
T Time 3 35.50 3.344 0.9416
Time 4 24.8% 2.968 0.9308
F-value <0.001 <0.001 0.856
l.s.d 3.930 0.1688 0.02887
s.e.d 1.964 0.0844 0.01444
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The meart recorded along the vertical profile of the sorags were compared for
both leachate treatments at the four sampling vater(Figure 6.6). Treatment HILR
showed consistently higher me& over the four sampling times. Both treatments
followed the same trend regardiBgan initial increase in med) peaking at T2, followed
by a steady decrease at T4. The difference in rBeacorded for both treatments at T1
was not significant (P=0.283), however significdifterences between the treatments were
found at T2 (P=0.002), T3 (P=0.002), and T4 (P=0)(by virtue of the pairwise-t-test.
This adds to the body of evidence supporting theclesion that pollutants supplied at a
higher HLR become increasingly toxic to the existBacterial communities, thereby
affecting the number of surviving/thriving speci&. A band (species) initially detected
using PCR-DGGE may not be adequately amplified dnegate an intensity significant
enough to warrant detection in a sample later dherinvestigation, even though that band
may still be present (Jacksen al, 2001). In this investigation the number of sasspl
made it impractical for comparison of replicatednpées over time since samples were

analyzed on different DGGE gels over the courgh@investigation.

6.2.1.2.2 Shannon-Weaver index of diversity (H)

The influence of soil depth oK’ for both leachate loading rates is shown in
Figure 6.7. All soil arrays of both treatmentsldal similar trends with depth, with the
major difference being the changeHh at each depth over the four sampling times. The
highestH’ values at each depth were produced by array BK@2E of both treatments,
subsequently followed by arrays C (week 52), A (w&2), and D (week 80) for treatment
HLRh and arrays C, D, and A for treatment HLR

Redox conditions within each soil array were foundbe dynamic, constantly
changing over time. This was attributed to changghemical and microbial compliments.
This constant state of flux could therefore be elgxb to affect the metabolic response of
the resident microorganisms. Indeed, Langhbetrgl. (2006) concluded that the rate of
xenobiotic compound degradation varied dependingpogvailing redox conditions.
Therefore, it stands to reason that the redox adsngcorded for the soil arrays over time
could have triggered a change in the metabolic whpas and composition of
predominant microorganisms leading to changes éHh over time and depth. The

general decrease ' with depth over the period of investigation wasrenpronounced in
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arrays B and C; presumably the result of nutriewt @ectron acceptor supply and demand
through the vertical profiles of the arrays. Thignation of leachate pollutants through the
soil profile can further contribute to lowed’ values indicative of reduced bacterial

diversity. Maila,et al. (2005) came to a similar conclusion when studytme microbial

diversity of different soil layers at a site po#dtby hydrocarbons.

The mearH’ recorded for treatment HltRat T1 was significantly different from
that recorded at T2 and T3 (F=<0.001) but not icamtly different from that recorded at
T4 (Table 6.2). In contrast meaf’ recorded for treatment HLRwas significantly
different (F=<0.001) at all sampling times (Tabl2)6 As with mear§, the mearH’ was
highest in array B, followed by arrays C, D, andfdk both treatments. This is not
surprising, sinc&andH’ are positively correlated (Hiét al, 2003).

A comparison of the mean’ recorded for each soil array of both treatmenthat
comparative sampling times revealed similar trebhds$ different levels of diversity
(Figure 6.7). At each of the four sampling intdsvireatment HLRshowed higher mean
H'. The trend was similar to that plotted by mé&over time, i.e. an initial increase in
meanH’, peaking at T2, followed by a steady decrease4o F H’ is expressed as’
(Hill et al, 2003), essentially, this implies that at T1; T3; and T4 the samples reflected
a meanH’ corresponding to 15; 30; 22; and 14 equally abohtands, respectively for
treatment HLR. By comparison, the meaH’ reflected for treatment HURat the
respective times was indicative éf-values representing 16; 35; 28; and 19 equally
abundant bandsS(. Clearly, there are differences between thefeegaand those recorded
for S(Table 6.2). The difference between these caledlaalues and observed values was
due to unevenness in the Bacterial populations csing the samples and can be

attributed to the difference in HLR observed betwtd® two treatments.

The difference in meahl’ recorded for both treatments at T1 was not sicguifi
(P=0.629), however, significant differences betwelea treatments were found at T2
(P=0.002), T3 (P=0.013), and T4 (P=<0.001) usireggghirwise-t-test. A consequence of
these findings is that a doubling of landfill leatd supply to the soil beneath a landfill
could result in a significant decreaseHhover time. This would mean that the soil profile
would become more characteristic of a pollutantysbed system, made up of fewer, yet

more pronounced, bacterial communities.
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Figure 6.7 Changes in the Bacterial species divetgireflected by the Shannon-Weaver Index
(H") over depth and time. Symbols correspond to sadlrrays A (¢), B (m), C (A), and

D (e) that were destructively sampled at times (weeks}2 (T1); 32 (T2); 52 (T3); and
80 (T4), respectively. (a) Treatment HLR and (b) Treatment HLRI.
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Figure 6.8 Changes in the mean Shannon-Weaver Indemeasured at weeks 12 (T1), 32 (T2), 52
(T3), and 80 (T4) in soil arrays A, B, C, and D, @spectively. Symbols correspond to
treatments HLRh (A) and HLRI (m).
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6.2.1.2.3 Shannon-Weaver Evenness index of diveys(En)

The relationship between depth akd over time for both HLR treatments are
shown in Figure 6.9. The assumption with respecEd is that the most numerically
equitable community must contain equal numbers bf species comprising the
community, resulting in &4 equal to one (Camargat al, 2005). In the context of this
investigation this means that the most numericatiyitable sample must contain DNA
bands (species), each with equal signal intensifiégse changes iBy with depth revealed
a stable trend for array A (T1) for both treatmen#ss time progresses the trend became
more erratic along the soil profile depth for bétbatments, indicative of changes in the
microenvironment from one depth to another thatrdmmes significantly to the changes
in community evenness at each depth over timeT1Athere was a general increasdin
with depth for both treatments, however, at theai@ng sampling intervalgy reflected a
general decrease with depth for both treatments this pattern being most prominent at
T4. The general decreaselip from T1 to T4 for both treatments, suggests thatd was
an overall decrease in Bacterial diversity and thatconditions became favorable for the

dominance of specific species.

The meanEy recorded for both treatments over all samplingesnshowed no
overall significant differences (Table 6.2). Howevone could state that the overall level
of significance excluding the effect of time on coonity evenness as being random was
much smaller for treatment HILRF=0.067) in comparison to treatment HL{R=0.856).
Evidence of this was observed in the differencavbehE at T1 and T4 for treatment
HLRh (Table 6.2).Therefore, one could speculate that, given sufficieane, the effect of
time on community evenness could become signifiaamder the two leachate HLR

treatments investigated.

A comparison of the medg, recorded for each soil array of both treatmenthat
comparative sampling times revealed similar trebds different levels of community
evenness (Figure 6.10). Treatment HiLEhowed greater community evenness over T1
and T2. At T3 the meaBy recorded was the same for both treatments, foliole a
more pronounced decrease in mé&gnfor treatment HLR in comparison to HLR This
represented a deviation from the trajectories @tbtfor the previous measures of

community diversity (mea® andH’) where treatment HLRreflected constantly higher
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meanS andH’ over all sampling timesEy can be expressed d3/S (Hill et al, 2003),
from this ratios of 0.86; 0.79; 0.80; and 0.76 wdegived for T1, T2, T3 and T4 of the
HLRh treatment. This means that of tBeecorded for T1; T2; T3; and T4 (Table 6.2) of
treatment HLR, the unevenness of the mean species abundanak dbasity) gave each
sampling time a mean value of 86 %; 79 %; 80 %; & &b of the expected meén if all

the species (bands) had an equal abundance aegpective sampling times. One can
arrive at a similar conclusion for treatment HL®here unevenness accounted for 18 %;
23 %; 20 %; and 22 % of the mean species abunddntE; T2; T3; and T4, respectively.
There are numerous factors that contribute to tlevenness exhibited in each of the soil
arrays. An investigation examining bacterial dsigr by amplified ribosomal DNA
restriction analysis (ARDRA) in zinc contaminatedriaultural soils found decreasing
bacterial diversity and associated evenness wittieasing zinc pollution (Moffett,
Nicholson, Uwakwe, Chambers, Harris, and Hill, 2003

The difference in meaky recorded for both treatments at all sampling tinvas
not significant by virtue of the pairwise-t-testMean Ey (Table 6.2) recorded at all
sampling times and for both treatments was closeuriity, indicating an even yet

numerically dynamic distribution of members of B&cterial community over time.
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Table 6.3 The significance of P-values of the twaamiple pair-wise t-test for comparing the
Species Richness §), Shannon-Weaver Index K'), and the Shannon-Weaver
Evenness Index ) for two different hydraulic loading rates (HLR) over time

Factors P-value
Compared Time 1 Time 2 Time 3 Time 4
S vsS. 0.283 0.002 0.002 <0.001
HyvsH' L 0.629 0.002 0.013 <0.001
En VSEL 0.055 0.356 0.926 0.116

6.2.1.3 The effects of the redox, pH, and phenol meentration of landfill leachate on

the bacterial community diversity

6.2.1.3.1 Redox and pH

The influence of redox and pH changes 8§nH, and E; are represented in
Figure 6.11. The three-dimensional plots relathgnging redox and pH conditions with
the averagé& over time reflect similar trajectories for treatmeHLRh (Figure 6.11a) and
HLRI (Figure 6.11b). However, the trends along thgttaries are more prominent in the
latter treatment as apposed to the former. logsible that the more rapid change in redox
over a given time contributed to a faster decréa&by virtue of greater leachate toxicity
and waterlogging of arrays as a consequence ajfeehHLR. This toxicity further selects
only those Bacterial species capable of survivindem such redox environments, which
are not only brought on by prevailing physico-cheahiconditions but also by the
metabolic capabilities of the microorganisms thdwese Likewise, the lower HLR
reflected smaller changes in the redox-time refastigp permitting greater adaptability
over the same course of time, therefore a highera@esS is evident over a more gradual
redox-time gradient. A decreaseSwith decreasing redox conditions over time is more
evident for treatment HLRthan treatment HLR In other words, as the average redox
state over a given time becames more anoxic, tmebau of bands (Bacterial species)
decreased. Whether the decreas@isredox related remains to be seen, since Ludwigs
et al. (1999) found no significant correlation betweeramfitative redox processes and

redox-specific bacteria.
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The selection pressure posed by changing pH ower éippears to have less of an
impact onS over time when compared to the contributions efrédox environment over

both treatments.
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Figure 6.11 Three Dimensional (3-D) surface represgations of “area under the curve” (AUC) data for Redox*Time (x-axis) and pH*Time (y-axis) plotted
against Bacterial measures of diversity (z-axis) a®llows: (a) and (b) Species Richness$, (c) and (d) Shannon-Weaver IndexH), (e) and (f)
Shannon-Weaver Evenness IndeX&). Treatment HLRh is represented by (a); (c); and (e) while treatmearHLR | is represented by (b); (d); and (f),
for the respective measures of diversity.
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A similar relationship is evident for both leachateeatments when AUC
redox*time and AUC pH*time are plotted against agaH’ over time (Figures 6.11c and
d). However, the pH appears to have more of acetin averagel’ than on averag§, as
the redox conditions become more anoxic for treatri.Rh (Figure 6.11c). There is a
decrease i’ with increasing pH*time. There is the emergenica stronger influence of
redox*time onH’, as apposed t&, for treatment HLR specifically since conditions
become increasingly anoxic. Therefore, the effefténcreasing pH in reduced redox
environments manifests by changing the numericalpmsition (intensity of bands over
time) of different Bacterial species (bands) overet Indeed, Singh (2001) showed that
methanogenesis was successfully initiated in canditof increasing soil pH with the
corresponding decreasing Eh. This was evidenbddih treatments in this investigation,
since redox and the corresponding pH were showsh&oe a strong negative correlation
(pHLrh = —0.919; p < 0.001 angly g = —0.744; p < 0.001), implying that any changemne
characteristic would instigate a significant butvawse change in the remaining

characteristic.

With respect to treatment HIERthere is an initial increase and stabilizatioftias
the AUC redox*time changes from 8000 to 3000 (Fegbille). Thereafter, there is a
noticeable, decline ik from 0.95 to 0.91 (Table 6.2) as conditions beconoge anoxic.
Comparatively, the change ifor treatment HLRis less perceptible, only showing non-
significant changes (6.2.1.2.3) at the third detinpéace, from 0.940 to 0.930
(Figure 6.11f). The relatively steady state Ebffor treatment HLR over time can be
explained by the lower rate of landfill leachingakmg it possible for a greater proportion
of the Bacterial species to adapt and surviveCHapter Four (4.2.2) we discussed the lag
of 17 weeks between both leaching treatments béfi@enajor sequence of reduction was
triggered first with treatment HUR this time lag would provide sufficient time tocacint
for differences inE between the two treatments, thereby influencing titumerical
composition (intensity of bands) and distributigmesence/absence of bands) of different
Bacterial species over time. As wiandH’, AUC pH*time has an inverse relationship

with E for both treatments.
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6.2.1.3.2 Redox and phenol

The interpolated effects of changing redox andtiregohenol consumption of
H, andE are represented in Figure 6.12. The positiveiogiship between redox*time and
S H’, andE was reiterated i.e. a general decrease in thexrstide in the soil arrays
resulted in an initial increase followed by a deseein the investigated diversity measures
for both treatments. In comparison to the AUC rétime effects, phenol*time effects are
less noticeable at the identical points of comparien the graphs. The effects yield a
similar plot pattern to the effects discussed ®1X63.1 in this Chapter. During the initial
stages of leaching when conditions appear to beerogidized than reduced, there is a
definite elevation inS when the relative phenol concentration is low/|oiwkd by a
decrease ir§ as the uptake is reduced (Figure 6.12a). Thiteqais evident only for
treatment HLR. The lower rate of leaching saw no chang8 d@uring the initial stages of
redox monitoring, however there was an increass (85 — 45 bands) as the redox*time
state shifted from an AUC of 2500 to 2000, procedal a steep decline to 20 species at a
AUC redox*time state of 1500 (Figure 6.12b). Bstlstems showed stability at different
AUC redox*times, with treatment HLiRstabilizing earlier from 2000 and treatment HLR
from 900. The bioavailability of phenol and theyalent redox environments play a key
role in determininds since it is these two factors that will ultimatelgtermine the rate of
phenol degradation (Guerin, 1999).

The effects of redox and phenol Bih are represented in Figure 6.12c and d. They
reflect a similar trend as that projected for thefilects onS. However, from an AUC
redox*time of 200(H’ continues to decrease for treatment HLERd at the final sampling
time the projectedd’ is 2.7 whereas for treatment HLEhe projectedH’ is 3.0 having
stabilized at an AUC redox*time of 900. One casuase that the major contributor to the
differences in diversity is the different rates lebching with the synthetic leachate.
Treatment HLR supplies more carbon, nutrients and water to ge@enore rapid changes
in the redox state of the soil arrays, therebyilegatb changes in the type and number of
Bacterial species. The effects of greater phevadihg are evident in Figure 6.12c, where
at the termination of the experiment, there apptal®e a more noticeable reductiorHn
as phenol accumulates in the soil arrays. Thisdtrs less noticeable in soil arrays
perfused at HLR(Figure 6.12d).
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The effects of redox*time and phenol*time Brfollow a similar trajectory to that
projected for the effects of redox*time and pH*timeE (Figure 6.12e and f). There is a
general decrease iB with an increase in phenol concentration over timé&his is
highlighted by a comparison of the two treatmewiff) a greater change B documented
for treatment HLR (0.95 — 0.91) as apposed to that recorded for IHO®40 — 0.930)

over the investigation.

Here again, redox potential and phenol degradatitare a relationship that is
negatively correlated for both treatmenpsi gn = -0.811; p < 0.001 anphr = -0.857;
p <0.001) (4.2.2 and 4.2.3). The correlation leetvorganic carbon and redox potential
in soil environments was shown to be non-lineanature (Singh, 2001). However, the
rates of phenol degradation decrease under aeanlia@naerobic conditions, and can be
distinguished further under nitrate-and sulphatguceng and methanogenic conditions
(van Schie and Young, 2000). It is true that osowledge of aerobic phenol degrading
bacteria is more advanced than phenol degradingvags involving anerobic bacteria.
The aerobic phenol degrading bacteria employ métalpathways that make use of
oxygen dependent enzymes that enable quicker detgsadof phenolics. The range of
anaerobic bacteria, including methanogenic, suighiabn and nitrate reducing bacteria,
make use of multiple anaerobic degradation pathvedigsn containing oxygen sensitive

carboxylase enzymes (van Schie and Young, 2000).
However with respect to the two cases discussesl fru(6.2.1.3.1 and 6.2.1.3.2),

the change in redox state appears to be the dangnfaictor in determining the response
of Bacterial diversity for both treatments.

159



(b)

Figure 6.12 Three Dimensional (3-D) surface represgations of “area under the curve” (AUC) data for Redox*Time (x-axis) and Phenol*Time (y-axis) plotted
against Bacterial measures of diversity (z-axis) a®llows: (a) and (b) Species Richness), (c) and (d) Shannon-Weaver IndexH), (e) and (f)
Shannon-Weaver Evenness Indexd). Treatment HLRh is represented by (a); (c); and (e) while treatmdrHLR | is represented by (b); (d); and (f),
for the respective measures of diversity.
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6.2.1.3.3 pH and phenol

The projected effects of phenol and pH on Bactatiagrsity are more visible on
the three-dimensional plots that obviate the effexftredox potential on the soil arrays
described in Chapter Four (Figure 6.13). With eesfioS andH’, a general increase in
pH over time results in an increase in diversitytoa threshold, after which any further
increase in AUC pH*time forces a decreas&iandH’ for both treatments. The start-to-
threshold range 0% projected for treatment HURand HLR under the effects of AUC
pH*time were 18-37 and 19-44 species, respectieigures 6.13a and b). The start-to-
threshold range foH' was 2.75-3.40 and 2.77-3.54, respectively (Figér&8c and d).
Regarding the effects of phenol*time, the starthieeshold ranges projected f8andH’,
when pH effects were optimal for the acquisitionnedximum diversity, were 34-37 and
39-44 species for treatments HlRnd HLR, respectively . In terms ¢f’, these values
were 3.25-3.40 (HLR) (Figures 6.13a and b) and 3.35-3.54 (HL{Figures 6.13c and d).
In Chapter Four, regression analysis of phenol.34.2nd pH (4.2.1) revealed significantly
different responses between the two leaching trestisnwhich in turn have contributed,
accordingly, to significantly different overell (6.2.1.2.1)andH’ (6.2.1.2.2) between both

treatments.

An altogether different trajectory was projected tloe effect of pH*time ork for
both leaching treatments (Figures 6.13e and fle tf&jectory for treatment HURImplies
a constant decrease in Bacterial community evenassthe pH increased over time,
punctuated by a temporary plateau measuring betv@erand 120 AUC pH*time
(Figure 6.13e). Much the same pattern is evidenttfeatment HLR but with two
apparent differences; the first being the promineotease irE evident between 90 and
120 AUC pH*time and the second being the relativelgn-significant (F=0.856,
Table 6.2) change i& (change projected only over the third decimal @)d€igure 6.13f).
By comparison, the change khover time for treatment HURwas deemed non-significant
(F=0.067, Table 6.2) so one can conclude that tlrezage change i over time for
treatment HLR was relatively non-random when compared to thengban averagé&

detected for treatment HULR

Phenol concentration and the corresponding pH wgle@vn to share a strong
positive correlation gy rn = 0.852; p < 0.001 anglyr = 0.880; p < 0.001), implying that
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any change in one characteristic would instigaggaificant change, in the same direction,

in the remaining characteristic.
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Three Dimensional (3-D) surface represgations of “area under the curve” (AUC) data for Phenol*Time (x-axis) and pH*Time (y-axis) plotted
against Bacterial measures of diversity (z-axis) a®llows: (a) and (b) Species Richness), (c) and (d) Shannon-Weaver IndexH), (e) and (f)
Shannon-Weaver Evenness Indexd). Treatment HLRh is represented by (a); (c); and (e) while treatmdrHLR | is represented by (b); (d); and (f),

for the respective measures of diversity.

Figure 6.13
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6.3

Conclusion

The principal objective of this study was to ass#ss diversity of the Bacterial

associations that develop from naturally occurrmognmunities in soil, under changing

physico-chemical conditions, by PCR-DGGE when erdoso a synthetic landfill

leachate. Molecular profiling of the Bacterial aoomities revealed the following

information:

This investigation revealed a significant shifBacterial community diversity with
respect t&sandH’ for both HLRs over time. However, a significahtfsin E was
only observed for microcosms leached at HLRThese results suggest that the
quantity of rainfall received by a landfill indirg plays a significant role in
determining the rate at which Bacterial communityedsity changes in the
subsurface below a landfill. This in turn direcéiffects the rate of subsurface bio-
attenuation of leachate components and the subseqaée of groundwater
pollution. The correlation between quantitativdae processes and redox-specific
Bacteria requires further investigation. A combinesdox-position-specific field
and laboratory approach utilizing PCR-DGGE (usi®® YDNA primers specific
for different redox-specific Bacteria), cloning aseéquencing can address this

issue.

The effects of a single environmental factor onBlaeteria composition of the soil
microcosms were difficult to assess since manyofif all, the factors confound
each other. However, determining the three dinweradi association of redox,
phenol, and pH on Bacteria diversity sheds sonm& logn the relative impact of
each of these factors on Bacteria diversity. Degwd redox potentials coupled
with exposure to increasing concentrations of phemal elevated pH generally
lead to a decrease in Bacteria diversi® K’, and E). Bacterial community
changes tended to manifest earlier when exposed#iltBh treatment. The
changing redox potentials, pH, and phenol concgotra appeared to have a more
pronounced effect oB followed byH’ andS. This was anticipated siné€ andE

are dependant on the density (numbers) of the\sngvBacterial species (bands).
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» UPGMA cluster analysis and CCA revealed Bacterimmainities that clustered
with depth at each of the four sampling intervalgloreover, CCA described a
progressively linear change in Bacteria composifiam one sample to the next
that corresponded with an increasing depth at athging intervals. The
establishment of different Bacteria associationsdiffierent depths within the
microcosms suggests a dynamic relationship betweerattenuation of specific
leachate components and the depth at which tleswtion transpires by virtue of
the changing metabolic abilities inherent amongke tdiverse microbial
associations and the changing physico-chemicalr@mvient. To take this study
further, the different associations could be cloaed sequenced in an attempt to
match the resultant Bacteria identities with specihetabolic capabilities that
enable the attenuation of specific leachate compisneThese associations can be

useful in leachate treatment facilities.

* The assessment of community diversity revealedifgignt differences between
meanS and H' for both treatments over all four sampling timeklowever, a
comparison of the mea® and H' between treatments revealed significant
differences at sampling times T2, T3, and T4 butatolr'l. In fact the statistical
differences, foiS andH’, between the two treatments increased with tineeety
highlighting the greater mea&andH’ recorded for treatment HILR comparison
to treatment HLRR. Conversely, there were no significant differenestablished
for the mearky at all sampling times for both treatments, altHhooge could argue
that the overall level of significance determinetlew comparing meahky over
time for treatment HLR was close to significant (P = 0.067) and as a apumesgce
one could argue that the effect of the higher lateHoading on the Bacteria
community Ey was not random when compared to treatment IHLRhe rate of
hydraulic loading of soil below landfills can affeébe Bacteria diversity of the soll
and indirectly affect the bio-attenuation of latidfeachate by virtue of the

numbers, types, and distribution of the survivirag®ria species.
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Chapter Seven

7. General Conclusion and Future Prospects

Over the years, microbiologists have strived toratizrize and identify individual
microorganisms. The understanding that microahmunities, as apposed to the actions
of individual populations, posess far greater intpam natural processes brought with it
new possibilities with respect to microbial chaeaiation, identification, and
manipulation. Increasingly, molecular approachesnicrobial ecology have surpassed
that which was provided by conventional culture-ategent methods of microbial isolation
and characterization, providing fast and reliabl@lence for manipulation in a variety of
disciplines, including wastewater treatment stri@ggenvironmental impact assessments,
and contaminant transport and degradation withiarge of natural and synthetic waste

streams.

The effective treatment of waste streams, includiamglfill leachate, still presents a
worldwide concern. The ever increasing demandb@fworld’s population on industrial
output, inevitably leads to the generation of higlegels of domestic and industrial waste
which legislation demands be treated to constituemels deemed fit for release into
natural surroundings. However, there seems todamiversal agreement detailing the
techniqgues and strategies employed during the ntezdtt of landfill leachate due, in
particular, to the dynamic and varied nature of thiastewater. Conventional leachate
treatment strategies are often expensive to emptoyosess limitations with respect to
performance over time. Alternatively, passive nratu attenuation, of which
microorganisms play a major role, is a resourceé ¢aa be employed to, at the very least;
slow down pollutant migration (Swett and Rapapd®98). Therefore, it is of fundamental
importance that each landfill leachate be treatedtsoown merits taking into account its
unique composition in relation to the treatmenatsigies on offer, bearing in mind the
potential of the indigenous microbial potential fa@tural attenuation of pollutants (Primo,
Rivero and Ortiz, 2007).

Carbon, inorganic components, heavy metals, andbietic compounds that enter

the soil below a landfill are subjected to a variet bio-geochemical processes. These
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processes have a significant effect on the suriognenvironment with respect to redox
zonation, groundwater pollution, microbiological nmmunity structure and diversity,

pollutant migration and attenuation rates (Chris¢éenet al, 2001). Attenuation of

leachate constituents in soil beneath a landfi@ d@ependent on the formation of
characteristic redox zones that range from stronglguced environments that are
dominated by methanogenic activity through a segeieaf cascading reactions that
culminate in aerobic conditions. The microbial eoumity structure and composition is in
constant flux in each of these redox zones varyingesponse to the composition of the
flowing leachate and the changing redox conditemshe leachate plume expands. Within
each of these redox zones, there are specific iilct@mmunities present that associate
with each other and the prevaling chemical enviremim Within the soil microcosms

decreasing redox potentials coupled with increagihigand phenol concentration was
associated with an overall decrease in Bacteria nmomity diversity over time.

Essentially, this relationship translates into temap and spatial changes in the rate of

natural attenuation of contaminants in the subserfa

There are reports detailing microbial profilingsafbsurface environments that have
been polluted by various waste streams (Rolgtgal, 2000; Rolinget al, 2001).
However, these deal with specific landfill sitesittiproduce leachate with corresponding
pollution plumes and microbial community structawed composition that are indigenous
to those landfills. Other laboratory investigasanvolved the use of leachate collected
from existing landfills before perfusion of soil enbcosms or inoculation of soil
microcosms with specific microbial association®opto leaching with a synthetic leachate
(Kjeldson et al, 1990; Smitet al, 1999b). In this study we attempted to createxed
conditions similar to those expected to be encoadten a subsurface. This was achieved
by controlled perfusion of sequential soil micrav@swith a synthetic leachate so that we
could explore the temporal and spatial change iorabial community structure and
diversity under changing redox environments withdhé introduction of external
inoculum. Moreover, we attempted to identify thaamic temporal relationship, if any,
between the soil bacterial community and the ploysleemical environment in the soil
microcosms. The resident bacterial community seviand adapted to exposure to the

syntethic leachate, first increasing before deangais overall diversity at both HLRs that
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were investigated. This highlighted the emergesfogreater diversity between the initial
surviving indigenous communities before specifiggpbo-chemical conditions within the
soil microcosms brought about the adaptation arwlifpration of specific types of
Bacteria capable of surviving in the prevailing ditions. The pattern of succession was
tenuously linked to changes in the redox state, gt concentration of phenol of the
effluent leachate which in turn influences the tenap and spatial distribution of bacterial
communities and physico-chemical environments witkihe soil microcosms. The
development of successive redox zones in the (fatiredeachate flow would enable the
successive degradation of pollutants by differemtrobial associations present in the
leachate plume (Williams and Higgo, 1994), unti tmajority of the leachate plume is
dominated by sulphate and methanogenic conditioheehwvwould limit the range of
contaminant degradation by these microrganisms (Begukelan, 2003). In a study
tracing the degradation of xenobiotic compounda leachate plume in Denmark, benzene
and the herbicide Mecoprop were not degraded inatheerobic section of the plume,
whereas phenols were degraded throughout the pliBaan et al, 2003). Nielsen,
Albrechtsen, Heron and Christensen (1995) found riiarobial degradation of specific
phenolic compounds was position specific withindlegeloping anaerobic leachate plume.
Apart from the redox chemistry of the soil microess other confounding factors such as
pH and contaminant toxicity play an important roledetermining microbial metabolism

and therefore contaminant migration in the subserfderneret al, 2000).

Traditional culture-dependent methods rely on trwrigion of suitable substrates
and nutrients necessary for the growth of microoigyas of interest. However, this
approach suffers several limitations some of whaiehdiscussed in Chapter One (1.7). On
the other hand, microbial molecular ecology is sigantly dependent on the quality of the
isolated DNA. PCR or cloning techniques requiragtate nucleic acid that has minimum
fragmentation and high purity (Birgmai al, 2001). Subsequent downstream reactions
employing the amplified products of the isolatealric acid, such as gel electrophoresis,
gel staining and data capture, are also indiret#lyendent on the purity, yield and quality
of the isolated nucleic acid (Chapter Five). Tk&hogenous soil matrix presents a unique
environment from which nucleic acids are isolatBdrgimanet al, 2001). A common

problem during the isolation of nucleic acids frawil is the simultaneous extraction of
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humic acids and protein complexing organic sol@BR inhibitors (Spanowét al, 2006).
Different DNA isolation protocols possess signifidg different potentials for the removal
of these PCR inhibitors, thereby influencing thiecegncy of PCR-DGGE and the bacterial
community fingerprints generated for replicate saimples (Chapter Five). This in turn
affects the captured gel data and subsequent matizaimextrapolation of the data when
using ecological indices. In essence, the choid@MA isolation technique has a major
bearing on the type, quantity, and quality of degaieved for bacterial fingerprinting.
Therefore, it is recomended that a multiple DNAlason approach is taken to maximize
information retrieval. Future work must focus darglardizing and maximizing nucleic
acid isolation from soil so that maximum informatican be obtained for the harnessing of
global microbial fingerprinting databaseseé later Subsurface Specimen Banking

Concept).

This study showed that the choice of DGGE gel stgitechnique had a major
bearing on the information extrapolated from cagdugel images (Chapter Five). The
differences in sensitivity of the stains made anificant contribution to the quantity and
quality of fingerprint data retrieved which in tumanslated to differences in the ecological
diversity indices that were used to describe thetdsml community fingerprints.
Although silver staining is physically and econoatig demanding, the information
retrived from the gels was superior to that supbly ethidium bromide stained gels
(Chapter Five).

In the past, little or no attention was given te ghotential contribution of the
microbiological aspects involved in waste treatmemd minimisation strategies.
However, there is ever increasing evidence advogéatie invaluable contributions that
microbiology can make to the growing concern of twatisposal. Microbially mediated
natural attenuation of contaminants in the subsarfaas been demonstrated elsewhere
under existing landfills (Bauat al, 2003; Van Breukelan, 2003). This study proves th
microbial attenuation can occur in a soil perfuseth a representative synthetic landfill
leachate, without prior prolonged exposure to #&clhate or inoculation with specific
microbial associations. This adds to the growirgglyb of evidence increasing the

confidence of all parties involved in waste managetn The identification of microbial

169



associations specific to redox potential, contamire@ncentration and other confounding
factors by the ever expanding techniques of moégoetology can lead to the generation
of a microbial contaminant attenuation databaséd{&tdace Specimen Banking - SSB)
from which newly discovered microbial associatiomslved in natural attenuation can be
uploaded together with data describing their plossicemical environment, biochemistry,
and genetics (Rdling and van Verseveld, 2002).thla study alone, just two samples
indicated the presence of three uncultured anchatentified Bacteria from a total of eight
clones that were sequenced and compared on the Bagical Alignment Search Tool
(BLAST) Network Service (data not shown) (2.5.7 @h8.8). Of the remaining four
clones, two were identified #maeromyxobacter dehalogena@ascession nr. AF382400);
one asAzospirillum brasilens€accession .nr. AB16srrn2); and the other as aultured
ProteobacteriunSva0812b (accession nr. UPR241045).

Knowledge of this nature could aid in the futureegction of contaminant
migration and degradation rates below landfills ttrehare common aspects of
microbiology and physico-chemical environmentsr iRgtance, the microbial attenuation
of a specific group of contaminants can be detezthibby investigating the genetic
constitution of a given microbial community by moléar techniques, including isotope
probing, nucleoside labelling, and fingerprintingptocols. The information gained can
then be cross-referenced with information presemttitee SSB to assess the potential
contaminant attenuation capacity of the latest obiel associations (Roling and van
Verseveld, 2002). For instance, the presendnakromyxobacter dehalogengmsints to
the presence of a facultative anaerobic bacteriuthirwa community that is capable of
using nitrate, iron and chlorinated phenolic compmiaias terminal electron acceptors
(Sanford, Cole and Tiedje, 2002; Truede, Rosenzrabniesack and Schnell, 2003).
Dissimilatory iron reducing bacteria, likknaeromyxobacterare common in soils and
aquifers and couple the oxidation of organic matigh a suitable electron acceptor like
iron.  Furthermore,Anaeromyxobacteris an ideal candidate for bioremediation of
contaminated sites because of its tolerance tor@mwientally relevant changes in redox
and pH conditions in addition to its tolerance teepolic compounds (He and Sanford,
2003).
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It is in the opinion of this author that any natwsail has the potential to naturally
attenuate a range of organic and inorganic contamsn Given sufficient time, suitable
redox environments can develop as a consequendgnaimic microbial metabolism and
physico-chemical interactions which in turn canvile remediation strategies with an

advantage when dealing with contaminated subsudgagieonments.
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Appendix A

A. Characteristics of Soil Material

Table A.1 Summary of the physical and chemical chacteristics of a Hutton soil.
Particle Size Distribution Percentage (w/w)
Coarse Sand 2 - 0.5 mm 1.34
Medium Sand 0.5 - 0.25 mm 1.57
Fine Sand 0.25 - 0.1 mm 6.38
Silt 22.97
Clay <0.002 mm 67.57

Mineralogy of Clay Fraction (%) (w/w)

Kaolinite 40 - 60

Vermiculite 40 - 60

Exchangeable Cations (cmelkg™)

Ca 10.0
Mg 3.42
Na 0.74
K 0.6
Fe 0.75

General Characteristics

Organic Carbon (%) (w/w) 3.31
P (mgl™) 5.0

pH (H0) 6.36

pH (KCI) 5.05

CEC (cmal kg 2.44
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Appendix B

B. Column Harvesting and Soil Sampling

\ 4
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I I I "7 Label and store

Key:
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ppl 213
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Appendix C

C. Eluents

Cl

C.2

C.3

CA4

10 x’s Concentrated Leachate

The leachate contained the followingl fcdistilled water):

Cu(NGs),2.3H,0, 0.951; Zn(N@Q)..6H.0, 4.549; NHCI, 0.451; KNQ, 0.791; NaCl,
11.897; MgC4.6H,0, 8.365; CaGl2H,0, 3.668; NaSOy, 2.0; GHgO, 5.0.

Leachate A

10 x’s concentrated leachate (100 mas diluted with distilled water tol1

Leachate A-mn

10 x’s concentrated leachate (100, m each of the trace element, trace mineral

and vitamin solutions (2.4.2) were combined andtdd to 1l with distilled water.
Sodium Sulphide Solution (0.01 M)

Sodium sulphide (N&.9H0) (0.12 g) (Saarchem) was dissolved and dilutdd wi
distilled water to 50 n
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Appendix D

. Rainfall data used to determine Hydraulic Loading Rates (HLR'’S)

Mean Annual
Precipitation (mm)

< 100
| 100 - 200
[ | 200- 400

400 - 600
600 - 800
| 800-1000
I 1000 - 1200
Bl > 1200

Figure D.1 Mean Annual Precipitation of South Africa after Schulze, Lynch and Dent (1989).
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Kimberley Pietermaritzburg

i -

|

P

Figure D.2 Rainfall records of Pietermaritzburg and Kimberley at specific stations (positions specifttin the data to follow) over a maximum period of 8
years within the Republic of South Africa (CCWR). Each grid represents the recorded mean annual pregitation over a given year (Kimberley
has missing data).
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Table D.1 Actual Mean Annual Precipitation (MAP) Daa recorded for Pietermaritzburg over 25 years atspecific geographical positions around the city,
represented by the mapped grid detailed in Figure 2.

lat long MAP | sum 25yr ~—MAP  25%MAP (mm) Diameter of glass column = 4.3 cm
29.56 30.28 1047, 27015  1080.6, 270.15
29.56 30.30 1445 Surface Area of glas: column (SA) = © "2
29.56 30.31 1272
29.56 30.33 1128 Therefore SA = @P1%(4.3/2)"2
29.56 30.35 1072 = . 14.52201 cm”2
29.58 30.28 1205
29.58 30.30 1237 Mean Monthly PPt = 270.15/12 = 22.5125 mm
29.58 30.31 1210
29.58 30.33 1247 Mean Daily PPt = 22.5125/30 = 0.7504 mm
29.58 30.35 1001
29.60 30.28 1187 Mean PPt per hour = 0.7504/24 = 0.0313 mm

29.60 30.30 1220
29.60 30.31 1090
29.60 30.33 1014
29.60 30.35 1013
29.61 30.28 1177
29.61 30.30 1051
29.61 30.31 1096
29.61 30.33 949

29.61 30.35 917 Thus total amount of rain needed to give a HLR of 2 5 % MAP adjusted for column area is :
29.63 30.28 940

29.63 30.30 860 HLRh = Mean Daily PPt * SA

29.63 30.31 924 HLRh = (0.7504/10)*14.52201 =1.090 ml per day

29.63 30.33 879 For Series of four columns HLR = 1.090*4 = 4.360 ml per day

29.63 30.35 834 Over ten days the:

HLRh = 10.90 ml for a single column @0 ml
HLRh = 43.60 ml for each sequential array of columns<a@0 ml

Note :1. Arrays were loaded every 10 days at increments of 20 ni every five days.

2. h - Denotes high Hydrraulic Loading Rate.
Key:

Lat - latitude of rainfall station

Long - longitude of rainfall station

MAP - mean annual precipitation

sum 25yr - sum of 25 years of rainfall over the area of interest

CMAP - average mean annual precipitation over the area spanning 25 years

25%MAP (mm) - 25 % of the MAP that would theoretically contribute to HLR of a landfill in that area
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Table D.2 Actual Mean Annual Precipitation (MAP) Daa recorded for Kimberley over 25 years at specificgeographical positions around the city,
represented by the mapped grid detailed in Figure 2.

lat long MAP sum 12yr —MAP  25%MAP (mm) Diameter of glass column = 4.3 cm
28.700 24667 362.0 4399 366.583, 91.646
28.700 24683 372.0 Surface Area of glass column (SA) = © "2
28.700 24700 378.0
28.717 24.667  364.0 Therefore SA = @PI*(4.3/2)"2
28.717 24683  370.0 = . 14.52201 cm”2
28.717 24,700 372.0
28.733 24,667 357.0 Mean Monthly PPt = 91.646/12 = 7.637 mm
28.733 24683 361.0
28.733 24700 367.0 Mean Daily PPt = 7.637/30 = 0.2546 mm
28.750 24667 352.0
28.750 24683  356.0 Mean PPt per hour = 0.2546/24 = 0.0106 mm

28.750 24700 388.0

Thus total amount of rain needed to give a HLR of 25 % MAP adjusted for column area is :

HLRI = Mean Daily PPt * SA

HLRI = (0.2546/10)*14.52201 = 0.3697 ml per day

For Series of four columns HLRI = 0.3697*4 = 1.4788 ml| per day
Over ten days the:

HLRI = 3.70 ml for a single column @ ml

HLRI = 14.79 ml for each sequential array of columns <20 ml

Note :1. Arrays were loaded every 10 days at increments of 10 m | every five days.
2. |- Denotes Low Hydraulic Loading Rate.
3. The HLR | was approximated to 20 m| for experimental expediency.
Key: 4. 12 years of recorded rainfall was used due to missing data.
Lat - latitude of rainfall station
Long - longitude of rainfall station
MAP - mean annual precipitation
sum 12yr - sum of 12 years of rainfall over the area of interest

CMAP - average mean annual precipitation over the area spanning 25 years
25%MAP (mm) - 25 % of the MAP that would theoretically contribute to HLR of a landfill in that area
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Appendix E

E. DNA Extraction by “Bead Beat” method

All samples and reagents were handled with latexvioyl gloves. Gloves were
changed frequently and all tubes were closed winéimruse. All glassware was cleaned with
detergent and thoroughly rinsed before sterilislmg autoclaving at 124C for 15 minutes.
The glassware was then oven-baked atA3@or at least 6 hours prior to use. The distilled
water used in the preparation of all solutions vesrilised by autoclaving at 12C for 15
minutes. None of the solutions were sterilisedrgiteparation. All solutions were stored at

4F£C unless stated otherwise.

E.1 120 mM Primary Sodium Phosphate Solution:
NaH,PO, (MW = 141.96, Saarchem) (1.44 g) was dissolvedistilled water and the

final volume was made up to 100.m

E.2 120 mM Secondary Sodium Phosphate Solution:
NaHPO,.2H,0 (MW = 119.98, Saarchem) (2.14 g) was dissolvedigtilled water

and the final volume was made up to 100 m

E.3 120 mM Sodium Phosphate Buffer (pH 8.0):
Secondary sodium phosphate solution (120 mM, B5was mixed with primary
sodium phosphate solution (120 mM, Hnto give a sodium phosphate buffer
(120 mM, pH 8.0) with a ratio of 19:1 (secondargison phosphate to primary sodium
phosphate).

E.4 CGlass Beads:
Glass beads (0.1 - 0.11 mm, 0.6 g) (B. Braun, cgted # 854 140/0) were placed in
screw cap eppendorf tubes (2 n{(Whitehead Scientific, Pty) and sterilised by

autoclaving for 15 minutes at 12C.
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E.5

E.6

E.7

E.8

E.9

20 % (m/v) Sodium Dodecyl Sulphate (SDS):

SDS (Saarchem) (20 g) was dissolved in 80distilled water. The mixture was
placed in a water bath maintained aEG8to aid in the solubilisation of the SDS. The
final volume was made up to 100 wmith distilled water and the solution was storéd a

room temperature.

Phosphate Saturated Liquid Phenol (pH 5.5):

Sodium phosphate buffer (120 mM) (pH 8.0) was deszhrover liquid phenol (JT
Baker, Sigma) and allowed to stand overnight piaouse. The solution was stored in
a dark bottle.

Phenol:Chloroform:Isoamyl alcohol (25:24:1):

Liquid phenol (JT Baker, Sigma) (29)nchloroform (Saarchem) (24l)jmand isoamyl
alcohol (Saarchem) (1.0l)nwere combined in a dark bottle and sodium phagpha
buffer (pH8.0) (120 mM) was decanted over the mixtuThe solution was allowed to

stand overnight prior to use.

3 M Sodium Acetate (pH 5.5):

Sodium acetate (Saarchem) (12.3 g) was added tuol 4fistilled water and the pH
adjusted with glacial acetic acid (aids solubilityJhe final volume was made up to
50 nl with distilled water.

1 mM EDTA:

Ethylenediaminetetracetic acid di-sodium salt (8aam, NaEDTA.2H,0) (0.0186 g)
was dissolved in 40 hdistilled water, the pH was adjusted to 8.0 witN NaOH and
the volume was made up to 50 with distilled water. The solution was autoclasd

121EC for 15 minutes and stored at room temperature.

220



E.10

E.11

E.12

E.13

0.01 M Tris-HCI:

Tris (hydroxymethyl) aminomethane (Sigma) (0.606was dissolved in 40im
distilled water, the pH was adjusted to 8.0 witN HCI and the volume was made up
to 50 m with distilled water. The solution was autoclawed12 EC for 15 minutes

and stored at room temperature.

TE Buffer:
EDTA (1 mM) was mixed with Tris-HCI (0.01 M) (1:Bnd the solution was stored at

room temperature.
70 % (v/v) Ethanol:

Ethanol (96 %) (v/v) (Saarchem) (72.92)was added to a 100l naolumetric flask

and the volume was made up with distilled watene $olution was stored at £0.

Isopropanol:
Commercial grade isopropanol (Saarchem) was used.
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Appendix F

F. Mo-Bio UltraClean™ Soil DNA Isolation Kit

Kit Contents

Description Amount

2 ml Bead Solution tubes (contains 58&olution) 50

Solution S1 3 mi

IRS solution 10 ml

Solution S2 12.5 mi

Solution S3 45 mi

Solution S4 15 ml

Solution S5 2.5 ml

Spin filter units in 1.9 ml tubes 50

Collection tubes (1.9 ml) 150

Protocol

1. To the 2 nhBead Solution tubes provided, add 0.25 — 1.0 gibsample.
2. Gently vortex to mix.

3. NB Check Solution S1.If precipitated, heat to dissolve.

4. Add 60 ul of Solution S1 and invert once to mix.

5. Add 200 ul of Solution IRS (Inhibitor Removal Sobrt). Only required if the DNA is

to be used for PCR.
6. Secure bead tubes horizontally on a flat bed vquekwith “sticky tape” and vortex at
maximum speed for 10 minutes. (See alternativie lyethod for less DNA shearing).
7. Make sure that the 2Ilmtubes rotate freely in the centrifuge without ruigpo
Centrifuge tubes at 10 000gor 30 secondsCaution: Be sure not to exceed 10 000

X g or the tubes may break.
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10.
11.

12.
13.

14.
15.
16.
17.

18.
19.
20.

Transfer the supernatant to a clean microcentrifube (provided).Note: With 0.25 g

of soil and depending upon soil type, expect 40050l of supernatant. Supernatant
may still contain some patrticles.

Add 250ul of Solution S2, Vortex 5 seconds. Incubate°& fbr 5 minutes.

Centrifuge the tubes for 1 minute at 10 000 x g.

Avoiding the pellet, transfer 45@ of supernatant to a clean microcentrifuge tube
(provided).

Add 900ul of Solution S3 to the supernatant and vortexcosds.

Load about 70@l into a spin filter and centrifuge at 10 000 xog L minute. Discard
the flow through and add remaining supernatanh¢ospin filter and centrifuge at 10
000 x g for 1 minute. Note: A total of two loads for each sample processed are
required.

Add 300ul of Solution S4 and centrifuge for 30 seconds0Q0 x g.

Discard the flow through.

Centrifuge again for 1 minute.

Carefully place spin filter in a new clean tubeofpded). Avoid splashing any
Solution S4 onto the spin filter.

Add 50l of Solution S5 to the center of the white fillaembrane.

Centrifuge 30 seconds.

Discard spin filter. DNA in the tube is now applion ready. No further steps are

required.

We recommend storing DNA frozen () Solution S5 contains no EDTA.
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Appendix G

G. Detection of isolated DNA by Agarose Gel Electrophresis

All solutions were stored at 8C unless stated otherwise.

G.1

G.2

G.3

G.4

G.5

0.1 M EDTA:

Ethylenediaminetetracetic acid di-sodium salt /ANATA.2H,0) (186.1g) was
dissolved in 700 indistilled water, the pH was adjusted to 8.0 withM. NaOH and
the volume was made up td With distilled water. The solution was autoclaved

121EC for 15 minutes and stored at room temperature.

50x TAE Buffer:

Tris (hydroxymethyl) aminoethane (242.0 g) (TrisdHCAIdrich) and 37.2g
NaEDTA.2H,O (Saarchem) / 200In0.5 M EDTA were dissolved in 57.1lmglacial
acetic acid and 400Indistilled water. The pH (8.0) was checked andwubleme was
made up to 1 with distilled water. The solution was autoclavatd121EC for 15

minutes and stored at room temperature.

1x TAE (Running Buffer):
TAE buffer (50x) (20 i) was diluted with 980 idistilled

Ethidium Bromide Stock Solution:
Ethidium bromide (0.01 g) (Merck) was dissolvedlim distilled water to give a
working solution of 10 mg.f.

Sample Loading Buffer:
Bromophenol blue (0.05 g), sucrose (40 g) and sodiodecyl sulphate (SDS) (0.5 g)
were dissolved in 20 imof 0.5 M EDTA and 30 inof distilled water. The final

volume was made up to 100 mith distilled water.
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Appendix H

H. Parallel denaturing-gradient gel electrophoresis (GGE)

All solutions were stored at 8C unless stated otherwise.

H.1 40 % (m/v) Acrylamide/Bis (37.5:1):
Pre-ordered solution (Sigma).

H.2 0 % Denaturing Solution for 8 % Gel:
Acrylamide/bis (20 hof a 40 % (m/v) solution) and 2lnof 50*TAE buffer were
added to 78 insterile Milli-Q water to give a final volume of Q0.

H.3 100 % Denaturing Solution for 8 % Gel:
Urea crystals (42 g) (Associated Chemical Enteegrisc.) were dissolved in 20 of
40 % (m/v) acrylamide/bis solution, 2 rof 50*TAE buffer and 40 mof formamide
(Sigma) and the volume was carefully made up tortilO@ith sterile Milli-Q water,

following gentle heating in a water bath (temperatwot exceeding 3ZC).

Both the 0 % and 100 % denaturant solutions, fo8 % polyacrylamide gel, were
either degassed under a vacuum for 15 minuteslowet to stand overnight at&C prior to
use. The 100 % denaturant solution was placed water bath (temperature not exceeding
37 EC) so as to dissolve any urea crystals that mayehfarmed during storage. Both
solutions were stored at ZC away from light. A 100 % denaturant solutionesldhan two

weeks was never used to produce.gels
H.4 10 % (m/v) Ammonium Persulphate (APS):

Ammonium persulphate (1 g) (Sigma, ultra-pure gyasdas dissolved and diluted to
10 m sterile distilled water and stored in 0.5 aliquots at -2EC.
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H.5

H.6

H.7

H.8

H.9

H.10

H.11

10 M Sodium hydroxide (NaOH):
NaOH (40 g) (Saarchem) was dissolved and diluted@ m with sterile distilled

water.

0.5 M EDTA:

Ethylenediaminetetracetic acid di-sodium salt NATA.2H,0) (186.1g) was
dissolved in 700 indistilled water, the pH was adjusted to 8.0 withM. NaOH and
the volume was made up td With distilled water. The solution was autoclaved

121EC for 15 minutes and stored at room temperature.

1x TAE (Running Buffer):
TAE buffer (50x) (20 ) was diluted with 980 hdistilled water.

Stacking Gel Dye:
Bromophenol blue (hexadecyl trimethylammonium bmeni Sigma) (0.05 g) was
dissolved and diluted to 10lwith 1*TAE buffer.

6*Loading Buffer:
Bromophenol blue (0.05 g), sucrose (40 g) and sodiodecyl sulphate (SDS) (0.5 g)
were dissolved in 50 hof distilled water and 20 hof 0.5 M EDTA and the final

volume was made up to 100 with distilled water.
Ethidium Bromide Stock Solution:
Ethidium bromide (0.01 g) (Merck) was dissolvedliml distilled water to give a

working solution of 10 mg.f.

Running Buffer for Electrophoresis Tank (1*TAE):
TAE buffer (20 nh of 50*) was diluted with 6860 hof distilled water

The following four steps were applied to the as$gndasting, and running of all the

denaturing-gradient gels unless stated otherwise.
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Step 1: Initial Set-up

The electrophoresis tank was filled with @f fresh running buffer . The temperature
control module was placed on top of the tank amdpghmp and heater were switched on at
least 1.5 hours before the gel was loaded to atlmvset temperature to be reached. The

temperature controller was set to%with a ramp rate of 20T .h™.
Step 2: Gel sandwich assembly

Initially the glass plates were cleaned with s@eqa water, rinsed with 100/70 %
ethanol, then finally with acetone. Subsequerdrdlgg of the plates were done with soap and
water only. “Dust-free” tissue paper was used tpewthe plates dry. The large plate was
placed down first, and then the 1.0 mm spacers plaaed on top of the large plate followed
by the smaller plate on top. The two sandwich plamvere placed on the appropriate sides of
the plate-spacer assembly (arrows facing up anartisvthe glass plates). The sandwich
assembly was placed in the alignment slot (sloheut cams) of the casting stand and an
alignment card was inserted into the sandwich &pkihe spacers parallel to each other and
in-line with both glass plates at the bottom. Baadwich clamps were then tightened con-
currently until they were finger-tight. The sandWwiwas placed on a sponge in the casting
stand and the cams were turned down to lock thévgah in place (Plate 2.1).
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ss plate

l Smoall _1

Plate H.1 Component parts of the gel sandwich asséiy.
Step 3: Casting the DGGE gel

The peristaltic pump (Watson Marlow) that was @wiad to the gradient mixer (H.W
van Verseveld, Vrije Universiteit) and the magnedicrer beneath the gradient mixer (Plate

2.2) were turned on 15 minutes before gel castimbchecked for satisfactory functioning.

To prepare a variety of gradients 0 % and 100d8¢ékstienaturant solutions for a 8 %
(m/v) polyacrylamide gel were prepared and stored °C for no longer than a week. A
bottom gel [1 h 100 % denaturant solution,uf ammonium persulphate (APS) , andlIN,
N, N’, N'-tetramethylethylenediamine (TEMED - Signelectrophoresis grade)] was pipetted
rapidly between the gel plates so as to avoid teal@ny leakage.

To prepare denaturant solutions of 40 and 65 #d#sired volumes of 0 and 100 %
denaturant solutions (6.6 and 4.4 mespectively to prepare a 40 % gradient, andathd
6.6 n, respectively to prepare a 65 % gradient) weretfeg into beakers. A stacking gel of
5 m of 0 % denaturant solution and 20of gel dye was also prepared. The gradient mixer
(Plate 2.3) was emptied of its distilled water éimel peristaltic pump was stopped. The valve

(Plate 2.3) between the two chambers of the gradiexer was closed, thereby closing the
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channel that connected the two chambers after wihiemeedle connected by a tube to the
gradient mixer was placed in the middle of the sadd assembly (Plate 2.2). APS (g
and TEMED (1Qul) were added to the 40 and 65 % denaturant sokitgo the solutions
mixed thoroughly. The solutions were rapidly ddedninto the respective chambers
(containing stirrer bars) (Plate 2.4) of the gratlimixer, with the 65 % denaturant solution
occupying the chamber closest to the outlet, carededirectly to the tubing going to the
pump. The pump (pumping at 6.2.min") was turned on and the valve between the
chambers was opened. When the pumping of thei@maduheared completion, 3% APS and
5ul TEMED were added to the stacking gel solution gnedcontents was mixed thoroughly.
The valve on the gradient mixer was closed andstaeking gel solution was poured into the
chamber connected directly to the tube leadingheogump. After pouring the needle was
removed from the gel sandwich and the comb wasrtese The gel was allowed to

polymerize for 1.5 - 2 hours.

gl _ sandwich assembly
Gradient mizer

Peristaltic pump

ETTTTI Iy LR P P R T TV EV IV LRV EPE IRV P PR R P ECEVIVINEND) =

Plate H.2 The Denaturing Gradient Gel pouring syste.
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Chamber L Chamber H

Chatlet

Plate H.3 The gradient mixing apparatus for DGGE sbwing the twin mixing chambers.

Plate H.4 The gradient mixer showing the stirrer bas and the valve separating the two chambers.
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Step 4: Running DGGE Gels

After polymerization the comb was removed by pugjlitt straight up slowly and
gently. Each gel was released from the castingdstend the wells were cleared from non-
polymerized acrylamide by rinsing (with a 50 syringe) them with pre-heated running buffer
from the electrophoresis tank. Each sandwich aslsemwith the short plate facing the core,
was inserted into the core apparatus. The comm@dlule was turned off and removed.
Running buffer (1) was removed from the tank and the core, togetligr the attached gel
assemblies, was placed in the electrophoresis tahle. upper chamber of the core was filled
with 300 ni of the running buffer that was removed and thetrebmodule was then placed
on the top of the tank and the unit was switched ®he system was allowed to reach the
desired temperature of 6Q before the gel was pre-electrophoresed for 5 tanat 70 volts.
Gelsaver tips (Whitehead Scientific Ltd) were usedoad 4ul loading buffer mixed with
18 ul of sample into the wells of the 8 % (m/v) polydargide gel. All except the outer two
wells of the gel were used. The system was ruriéoh at 70 volts (H.W van Verseveld,
personal communication). After electrophoresis poaver was turned off and the core
apparatus was removed from the tank. The gel saehdwas removed from the core with the
subsequent removal of the clamps and the shoréms gdlate from the gel sandwich. The
resultant gels were then stained using the silt@nisag method or the ethidium bromide
method.
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Appendix |

Silver staining of Denaturing Gradient Gels

Apart from DNA the protocol also stains other angacompounds, including lipids

and proteins, therefore clean gloves were usedldinaes during the procedure. The DGGE

gels were extremely fragile and susceptible to kaga during the numerous stages of the

protocol. The solutions were stored at ambientperature for a maximum of two weeks,

unless stated otherwise.

1.1

Fixation Solution:
Ethanol (Saarchem) [100Inof a 100 %(m/v) solution] and acetic acid (Saanche
(5 m) were added to distilled water to give a finalwoe of 1000 rh

1.5 % (m/v) Sodium Hydroxide (NaOH):
NaOH (15 g) (Saarchem) was dissolved and diluaeklDO0 nh with distilled water.

0.1 % (m/v) Silver Nitrate (AgNOs):
AgNOs; (0.25 g) (Saarchem) was dissolved and dilutedSrd with distilled water.

The solution was freshly prepared a few minutesrgad use.

Developing Solution:
Sodium Borohydride (NaB}j (0.025 g) (Saarchem) and formaldehyde (1 (®igma)
were added to 250In1.5 %NaOH (m/v). The solution was freshly prepagefew

minutes prior to use.
Stop Mix:

Sodium Bicarbonate (N&O;) (7.5 g) (Saarchem) was dissolved and diluted to
1000 nt with distilled water.
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Appendix J
Adsorption Studies

J 1. Adsorption studies of mixed metals at a 1:1 t&o of copper to zinc

! Stock solutions of zinc and copper were prepasedissolving Zn(NQ),.6H,O (MW
= 297.39) and Cu(N§,.3H,O (MW = 241.60) (Saarchem) in half strength synthet
landfill leachate A (Appendix C) (without copperdazinc) to achieve the desired

volumes (Table J 1).

Table J.1 Stock solutions of copper and zinc prepad by dissolving nitrate salts of copper and zinc.
Premix Postmix Mass of Cu| Mass of | Final Volume
Concentration Concentration (9) Zn (9) (ml)
(mg.™) (mg.™)
300 150 0.228 0.273 200
150 75 0.114 0.137 200
100 50 0.076 0.091 200
75 375 0.057 0.068 200
60 30 0.046 0.054 200
50 25 0.039 0.045 200

! Equal volumes of the respective premix copper amt stock solutions were

combined to achieve the desired 1:1 postmix metatentrations of copper:zinc. The

final volume of the combined solutions for eacha@mntration was 50 m
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J 2. Individual copper and zinc adsorption studies

! Stock solutions of zinc and copper were prepasedissolving Zn(NQ),.6H,O (MW
= 297.39) and Cu(Ng».3H,O (MW = 241.60) (Saarchem) in full strength synihet
landfill leachate A (Appendix C) (without copperdazinc) to achieve the desired

volumes (Table J 2).

Table J.2 Stock solutions of copper and zinc prepad by dissolving nitrate salts of copper and zinc.
Metal Mass of Cu | Mass of Zn Final Volume
Concentration (9) (9) (ml)
(mg. ™)
150 0.114 0.137 200
125 0.095 0.114 200
100 0.076 0.091 200
75 0.057 0.068 200
50 0.039 0.045 200
25 0.020 0.023 200

! Each concentration of metal was mixed (30 im separate tubes with either sterile or

non-sterile Hutton soil for the investigation.
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J 3. Phenol adsorption studies

! Stock solution of phenol was prepared by dissglvi@gHsOH (Saarchem,
MW = 94.11) in full strength synthetic landfill lelaate A (Appendix C) (without phenol) to
achieve the desired volumes (Table J 3).

Table J.3 Stock solution of phenol prepared by disdving crystals of phenol in sterile distilled
water.
Desired Phenol Mass of Phenol (g) Final Volume
Concentration (ml)
(mg.™)

600 0.12 200

500 0.10 200

400 0.08 200

300 0.06 200

200 0.04 200

100 0.02 200

50 0.01 200

! Each concentration of phenol was mixed (3pwith either sterile or non-sterile

Hutton soil for the investigation.
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