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Abstract
South Africa, as one of the leaders in mining industry, due to the variety and
quantity of minerals produced, has been and is still producing a number of mine
tailings which are camminated by heavy metals. Heavy metals are very harmful
to plants and especially to human beings and animals due to their non
biodegradable nature. The problem of environmental metal pollution could be
combated by the establishment of Arbuscular Mycoali&M) vegetation on the
surface of mine tailings. Besides the toxicity of the substrate, such areas usually
lack essential nutrients (mainly N, P, and K) and organic matter. AM fungi
contribute to soil structure by forming mierand macre soil aggregate within
the net of external hyphae. Their presence may reduce stress caused by lack of
nutrients or organic matter and increase plant resistance to pathogens, drought and
heavy metals. Therefore, mycorrhizal fungi may become the key factor in
successful lant revegetation of heauyetalpolluted areas by promoting the

success of plant establishment and increasing soil fertility and quality.

The aim of this project was to identify AM fungi from a number of heavy metal
sites in South Africa using both mowdbgical and molecular techniques,
followed by the evaluation of heavy metal distribution and localisation in
mycorrhizal roots. Soil samples were collected from three different provinces,
namely: Gauteng, Mpumalanga and North West provinces. The sites wer
selected based on their historical and current heavy metal contamination.
IndigenousAM fungal isolates (which are adapted to local soil conditions) can
stimulate plant growth better than nmligenous isolates. AM fungal spores
were isolated from 1009f representative soil sample by the wet sieving and
decanting method, followed by assessment of spore numbers and infective
propagules. The spores of a subset of the pot samples were mounted on
microscope slides in polyvinyl lactic acid glycerol and ided by
morphological characteristics to the level of genus or spdadiest of the spores
counted were observed in a 45 pum sieve. These spores were tiny and had different

sizes, colours and shapes. The majority of the observed spores were small, brown



ard oval in shape. Famorphological identification, plant rootgere stained and

hyphae were found to be the most abundant in roots.

For molecular identification, two sets of nested PCR primrmensiely NS1 & NS4
coupled with AML1 & AML2, were employed itthis study dudo their ability to
amplify all subgroups of arbuscular mycorrhizal fungi (AM fungal,
Glomeromycota)while excludng sequences from other organismibrough both
morphological characteristics and molecular identification, the followingaiung
genera were identified for the first time in the studied sites in South Afriwa.
study identified a total of 14 AM fungal genera &%AM fungal specieswhich

are Glomus (15), Acaulospora (11), Scutellospora (6), Gigaspora (6),
Rhizophagus (3), Fwneliformis (3), Archaeospora (2), Claroideoglomy®),
Ambispora (2), Sclerocystis (1), Fuscutata (1), Entrophospora (1), Diversispora
(1), Paraglomus (1)Both GlomusandAcualosporahavebeen observed to be the
highest occurring genera in the analysetll samplesfollowed by Scutellospora
andGigasporaand others mentioned

PIXE technique was successful in localising elemental concentration in both plant
roots and AM fungal structureas well as in indicating the large vesicles in root
tissue. AM tingal structures in the outer cortex or outer epidermal layer of the
root crosssectionswere observableas shown by the more significantly enriched

Si in the vesicles and arbusculdistinctive elemental mapsan be used to
localise sites of colonisatioand verification of the symbiotic nature of the tissue.
This indicates that a range of metals can be sequestered in AM fungal structures
above levels in surrounding host root tissaed demonstrates the potential of
Micro-PIXE to determine metal accunatibn and elemental distribution in

mycorrhizal plant roots and intand intracellular AM fungal structures.

This research highlights the potential of AM fungi for inoculation of plants as a
prerequisite for successful restoration of heavy metal congedrsoils. It also

illustrates the importance of AMfungal diversity in selectedigh heavy metal



(HM) sites in RSA particularlyin the North West andhe Gautengyold mining
slime damsTherefore, phytoremediation of mine tailings by mycorrhizal plants
seems to be one of the most promising lines of research on tailimgs
contamination by heavy metals. The strategiagch evolvedduring this project
have great potential for phytoremediation of toxic mining sdes thus can help

mitigate the enviromental problemsespecially in the mining waste sites.
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Abbreviation and Glossary:

Background AM fungi plus additional mixture of indigenous AM fungal

spore inoculum: This is an experimental pot with slime soil samples that has
been treated with Previcur® N aqueous fungicide (AgrEvo South Africa) and with
the addition of indigenous AM fungal spore inoculum.

Background arbuscular mycorrhizal fungi only: This is an experimentaot

with slime soil samples that has been treated with the Previcur® N aqueous
fungicide (AgrEvo South Africa) with no additional spores.

Biogenic metals: Substances produced by living organisms or biological
processes.

Bushveld Igneous ComplexThe Buskeld Igneous Complex is a large layered
igneous intrusion within the Earth's crust which has been tilted and eroded and
now outcrops around what appears to be the edge of a great geological basin, the
Transvaal Basin.

Chalcophilic: SulphurLoving.

Control 17 Plants were grown in nutrient solution and Zeolite + Sand

Control 2 7 Plants were grown in nutrient solution and Zeolite + Sand and
Mycoroot.

Detrital bonds: Loose fragments or grains that have been worn away from the
rock.

Dolomite / " d 6| b ma &t / is an anhydrous <carbona
magnesium carbonate, ideally CaMg(#£ The worddolomite is also used to
describe the sedimentary carbonate rock, which is composed predominantly of the
mineraldolomite (also known as dostone).

DRDGOLD: It is a gold tailings retreatment company with a huge footprint.
DRDGOLD Limited (DRDGOLD) is a mediursized, unhedged gold producer
with investments in South Africa and Aus
company, a rising goldrige and advances in technology over the ybasnade

the extraction of smaller and smaller particles of gold viable. Until recently,
DRDGOLD operated four metallurgical plants, two of which were approaching

maturity. The flagship plant in Brakpan, pdsgithe largest in the world and with
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the required treatment capacity, was vyalbitioned to take over but was located
up to 50km from many of thelime dans and sand dumps in the west, earmarked
for future retreatment.

Environmental pollutant: It is a sistance or energy introduced into the
environment that has undesired effects, or adversely affects the usefulness of a
resource.

Exchangeable concentration of the elements the processvherebyelemental

ions buffer the medium, solution or refers to elatsethat can be used
interchangeablbetween the objects such as plants and fungi

Extractable concentration of the element:refers to elements that can be
extracted or assimilated @bsorbedby plants from the soil. It is an available
concentration oftte element to the plant.

Gabbro: (Geology) A dark, coarsgrained igneous rock, consisting of the
mineral calciurdfeldspar and crystals of the pyroxene group (olivine may be
present). It is the plutonic equivalent of basalt and dolerite.

Heavy Metals (HM): The term heavy metal in the context of this thesis is
appropriate andefers to any metallic chemical element that has a relatively high
density and is toxic or poisonous at low concentratiblasvever, we are aware of
the definitionheavy metalgiiven by Duffus (2002).

INVAM: International Culture Collection of Arbuscular and (Vesicular)
Arbuscular Mycorrhizal Fungi) website, which was created by Professor J. B.
Morton of West Virginia University, USA (INVAM). This germplasm resource
provides researchemwith sets of voucher specimens, namely photographs, slides,
vials of intact spores (Pfleger and Linderman, 1994) and this is particularly
important for researchers that do not have the facilities or the time to carry out
these analyses. As well as vouhéNVAM maintains a large number of isolates,
including those not described (INVAM).

Lithophylic: Rockloving.

Live root pictures T Are pictures of roots taken by light microscope before

treatment, either before the roots were dried or stained.
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Mafic: (Geology) pertaining to ferromagnesium minerals (rich in iron and
magnesium). It is often used to describe rocks rich in these minerals although,
sticky, melanocratic is the correct term (Whitten & Brooks 1972).

Monoxenically: Relating to or being a cultenin which one organism is grown or
contaminated with only one other organism.

Morphotypes - A group of different types of individuals of the same species in a
population.

Murographs: lllustrate organization of discrete morphological characters such as
Spae wall (sw), first inner wall (iwl), germinal layer(gl), germ tube(gt),
germination shieldgs).

Mycoroot: A commercial inoculum of mycorrhizal seeds manufactured by
Mycoroot (Pty.) Ltd. SA (http://www.mycoroot.com).

Ontogeny (also ontogenesis or morplyenesis): is the origination and
development of an organism, usually from the time of fertilization of the egg
(Embryo to the organism's mature form (adult). Yet, the term can be used to refer
to the study of the entirety of an organism's lifespan.

Previcur® N aqueous fungicide (AgrEvo South Africa): A commercial
fungicide for removing no#MF fungal contamination from the mixture.
Previcur (active ingredient PropamocaHCl): Active against soil parasites such
asPythiumbut affects AMF minimally.

Propagule: A portion of a plant or fungus, such as a seed or spore, from which a
new individual may develop. It is any material that is used for the purpose of
propagating an organism to the next stage in their life cycle, such as by dispersal.
Serpentine: (Gedogy) a group of ultramafic rocks (including Hartzburgite,
peridotite, phonolite, gabbro and norite) characterized by high magnésium
calcium ratios and often high concentration of heavy metals (nickel, chromium,
copper).

Siderophilic: Iron-loving.

Ultr amafic: - Ultramafic (also referred to as ultrabasic rocks, although the terms
are not wholly equivalent) are igneous and megteeous rocks with a very low

silica content (less than 45%), generally >18% Mg@h FeO, low potassium,
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and are composed of usually greater than 90% mafic minerals (dark coloured,
high magnesium and iracontent). The Earth's mantle is composed of ultramafic
rocks. Ultrabasic is a more inclusive term that includegags rocks with low
silica content that may not be extremely enriched in Fe and Mg, asich

carbonatites andltrapotassic igneous rocks.
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CHAPTER 1

1 INTRODUCTION

Ecosystens have been contaminated witbakly metal{HM) and toxic metals,
metalloids and radionuclides such Assenic @s), Cadmium(Cd), Chromium
(Cr), Copper Cu), Gold (Au), Lead(Pb), Nickel (Ni), Platinum Pt), Radon (Ra),
Titanium (Ti) Uranium (U), and Zinc (Zn), throughout the world largelypy
variousanthropogeni@ctivities. These metals are commonly called heavy metals,
although thigerm strictly refers to metallic elements with a specific mass higher
than 5 gcm'®; which is able to form sulphidesSgruchi and Khanna, 2011
Adriano, 1986)Heavy metalarevery harmful to plants anespeciallyto human
beings and animals due to their Amindegradable nature, long biological half
lives and their potential to accumulate in different body pantse there is no
proper mechanism for their elimination from the bd@uruchi and Khanna,
2011).

In nonHeary Metal (HM) contaminated soilghe concentrations ain, Cu, Pb,

Ni, Cd and Cr range between 0.0001 and 0.065%, whereas Mn a&th fFeach
0.002% and 10.0%respectively.With the exception of ironall heavy metals
above a concentration of 0.1% in theil become toxic to plantand therefore
change the community structure of plants in a polluted h#Bitdiheet al., 2010)

Soils that carry metallophyte@iM resistant plantskan be classified by the
content of their mairneavy metal For examplesapentine soils are rich in Ni,
seleniferous soils carry Se, calamgmls have Zn as major contaminamd soils

of the African copper belt are rich in QDg, Cr, Ni, and ZrAlford et al, 2010).
Some of these metals such as Zn, Gon (Fe), Manganes€Mn), Cobalt Co)

and Cr are essential elements for many plants, animals and man but at trace levels.
At high concentrations, they are all potentially toxic (Nyriagu, 1988; Goyer,
1996).Pb and Cd are generally regarded as toxic elements even at trate lev
(Jarup 2003 Goyer, 1996). Monitoring of these metals in the environment is
therefore critical as it gives vital information as to whether exposure
concentrations can cause adverse effects especially to humans @dajo
2005).


http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=Heavy+metals

The sources of mdtin the soil are diverse, including burning of fossil fuels,
mining and smelting of metalliferous ores, municipal wastes, fertilizers,
pesticides, sewage sludge amendments, the use of pigments and bAtlangs.
number of these metals come from maioperations, industrial manufacturing
facilities, recycling plants, and solid waste disposal sites. Military munitions are
also major worldwide sources of groundwater and soil heavy metal contaminants,
which wind or rain can sometimes disperse greatmsfrom their point of use

or disposal (Songt al.,2003).

Heavy metals cannot be chemically degraded and need to be physically removed
or be immobilized (Kroopnick, 1994). Traditional methods of removing heavy
metals from soil and water are expensara laborious, and often disrupt the
environment. Remediation of heavy metal contaminated soils involves either on
site management or excavation, and subsequent digposadhndfill site (Parker,
1994). However, this method of disposal merely shiftsctrgamination problem
elsewhere along with the hazards associated with transportation of contaminated
soil and migration of contaminants from landfill into an adjacent environment
(Williams, 1998). Therefore, sustainable -site techniques for remediaticof

heavy metal contaminated sites need to be developed. South Africa is a
developing country with intensive mining and agricultural activities and the
concomitant production of toxic wastes in the form of tailings and contaminated
ground water.Hence legislation requires the rehabilitation of mine wastes

primarily through revegetatioffrourieet al., 2008)

The mosteffectivesuggeste@dpproach to reclairthe landcontaminatedyy heavy
metal concentrationds the use of vegetation for landscaping, staation and
pollution control (Robinsonet al, 2007 Bolan et al, 2011). An emerging
technology that should be considered for remediation of contaminated sites
because of its cost effectiveness, aesthetic advantages, artdriongpplicability
is phytoranediation (Kumart al, 1995 Meier et al., 2011). Phytoremediation,

the use of plants to remediate or clegncontaminated soils can be used as a



promising method to remove and/or stabilize soils contaminated with heavy
metals (Zak and Parkinson, 1982ne et al, 200§. Phytoremediation can be
further developed by utilizing mycorrhizal fungi since they can bind metals and
reduce their translocation to the sha@shre and Paszkowski, 2006).

Arbuscular mycorrhizal (AM)fungi occur in almost all halits and form
mycorrhizas with plant roottherebycontributng positively to plant growthA
number ofresearch findings have been reportedlemonstrate the potential use

of AM fungiin improving agricultural yield and in the remediation of heavy metal
contaminated mining site§Vanget al (2011)for instance showed a promising
potential of AM fungi for enhancing vegetable production and reducing
organophosphorus pesticide residues in plant tissues and their growth media, as
well as for the phytoremedian of organophosphorus pesticidentaminated

soils. Furthermore, the fungi can accelerate the revegetation of severely degraded
lands such as coal mines or waste sites containing high levels of heavy metals
(Marx and Altman, 1979Meier et al, 2012. Their diversity and abundance is
affected byheavy metalconcentrations in soil, but they in turn influence the
availability of metals in soil either directly by uptake or indirectly through their
effect on plant growth, root exudation, and rhizosphere wdtgnfHetrick et al,

1994) Moreover, the contribution of mycorrhizal symbionts to soil productivity
and enhanced heavy metal uptake has not been seriously investigated in
developing countries and there is a vast potential to utilize mycorrhizal pbants t

rehabilitate polluted sites.

The present study f®cusedon the mechanisms of tolerance and accumulation of
toxic and heavy metals/metalloids/radionuclides in roots of plants growing on
mining waste sites. More specifically the study is looking atathility of the AM

fungi growing in the plant roots to tolerate and accumulate these metals. The
study attempts ttocaliseheavy metals such &, Ti, Ni, U, Pt, Cu, Zn and other
elements such as K, P, &)dCa in plant root sampleolonisedoy AM fungi by

microanalytical techniques, and to identify the fungi from spore samples



CHAPTER 2

2 LITERATURE REVIEW

2.1 Methods oftoxic and heavy metal remediation using plants

Remediationis a process that is taking action to reduce, isolate, or remove
contaminatbon from an environment with the goal of preventing exposure to
people, animals and plan@slulligan et al.,2001) Examples include dredging to
remove contaminated sediment, or capping to prevent contaminated sediment
from contacting benthic (Sea orLake Bottom) organisms.Most of the
conventional remedial technologissch adeaching of pollutant, lectrokinetical
treatment(Gonzini et al, 2010) excavation and offite treatment are expensive
and technically limited to relatively small areéBarcel6 ad Poschenrieder,
2003). Each of the conventionabmediation technology hasoth benefits and
limitations (EPA, 1997; MADEP, 1993Rioremediatioris one of the remediation
processes whicts difined asthe use of livingorganismssuch as micr@rganism

or plants for the recovery/ cleaning up of a comiaated medium like soll,
sediment, air and/ater. The process of bioremediation might involve introduction
of new organisms to a site, or the adjustment of environmental conditions to

enhance degradation eatof indigenouspecies

Phytoremediation is the use of vegetation ifesitu treatment of contaminated
soils, sediments, and water. It is best applied at sites with shallow contamination
of organic, nutrient, or metal pollutantsiéier et al., 2011). It is an emerging
technology that should be considered for remediation of contaminated sites
because of its cost effectiveness, aesthetic advantages, artdriongpplicability
(Kumar et al, 1995). Phytoremediation makes use of the unique, selective and
inherent capabilities of plant root systems, including the translocation,
bioaccumulation and pollutant storage/degradation abilities of the entire plant
body (Hoodeet al., 2007).

Some plants which grow on metalliferous soils have developed the ability

accumulate massive amounts of the indigenous metals in their tissues (shoots and

4



roots) without exhibiting symptoms of toxicity (Baker al., 1991; Entryet al.,

1999). Chaney (1983) was the first to suggest using these "hyperaccumulators” for
the phybremediation of metal polluted sites. However, hyperaccumulators were
later believed to have limited potential in this area because of their small size and

slow growth, which limit the speed of metal removal (Cunningkaai., 1995).

Phytoremediation isvell-suited for use at very large field sites where other
methods of remediation are not ceffiective or practicable (Das and Maiti, 2008)

at sites with low concentrations of contaminants where only "polishing treatment”
is required over long periods time; and in conjunction with other technologies
where vegetation is used as a final cap and closure of the site. There are
limitations to the technology that need to be considered carefully before it is
selected for site remediation. These include lichitegulatory acceptance, long
duration of time sometimes required for clagnto below action levels, potential
contamination of the vegetation and food chain, and difficulty establishing and
maintaining vegetation at some toxic waste sites (Kushal, 1995).However,

as phytoremediation is a slow process, improvement of efficiency and thus
increased stabilization or removal of heavy metals (HM)s from soils is an
important goal (Prasad and Freitas, 200Bhytoremediationis a type of
bioremediation thauses plants and is often proposed for bioaccumulation of
metals, although there are many other differgqes. About four types of
phytoremediatiomamely Phytoextraction, Rhifiltration, Phytostabilizatiorand

Phytotransformation amiscussed below.

2.1.1 Phytoextraction

Phytoextraction is defined as the uptake and concentration of substances from the
environment into the plant biomas$hytoextraction is also known as
phytoaccumulation, phytoabsorption and phytosequestrékitirkhopadhyayet

al., 2010) It canbe categorizednto two types namelycontinuous and induced
phytoextractionSaltet al.,1998). Continuous phytoextractiomakesuseof plant

hyperaccumulatorswhich accumulatehigh levels of the toxic contaminants
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throughout their lifetimg while induced phytoextractioms activated by the
addition ofchelatorsor accelerantso the soilwhich in turn enhances thé&xin

accumulation at a single time po{iMukhopadhyayet al.,2010)

The objective of this approach is to use a mataumulatingplant producing
enough biomass in the field to remove metals from the (Eviingelouet al.,

2007) Most of the wild metal accumulators belong to the family Brassicaceae,
such asThlaspi caerulescensvhich are normycorrhizal plants. However, since
thes plants produce little biomass, other plants likeix have been considered
(Landberg and Greger, 1997). A good examethe use of the nickel
hyperaccumulatoBerkheya coddito decontaminate land near the Rustenburg
smelter (South Africa) in the [atE990s. The nickel uptake was3% by mass of

dried plant. Ashes of dried plants, containing about 15% by mass, were added to

the bulk metal ore and returned to the sméltandberg and Greger, 1997

2.1.2 Rhizofiltration

Rhizofiltration, also known agphytdiltration refers to the use of plant roots to
absorb, concentrate, and precipitate toxic metals from contamigededdwater
(Ignatius et al, 2014) Initially, suitable plants with stable root systems are
supplied with metal contaminated water to acelienthe plants. These plants are
then transferred to the contaminated site to collect the contaminants, and once the
roots are saturated, they are harvested €alt, 1995). Rhizofiltration allows-

situ treatment, minimizing disturbance to the enmireent(Raskinet al, 1994)
Rhizofiltration has been reported to beostcompetitive technology in the
treatment of surface water or groundwater containing lbwt significant
concentrations of heavy metals such as R, and Zn (Kumaet al, 1995b;
Ensley, 2000) therefore making it a promising alternative amongst the
conventional cleatip methodqPrasad and Freitas, 2003)



2.1.3 Phytostabilization

Phytostabilizationis a process which reduséhe mobility of substances in the
environment, for example byniiting the leaching of substances from the soil.
The principle of the phytostabilization method is to promote plant growth to
reduce or eliminate the bioavailability of metals, minimize wind and water
erosion, improve soil quality (organic matter contenparticular) and to reduce
leaching of metals.Unlike other phytoremediative techniques, the goal of
phytostabilization is not to remove metal contaminants from a site, but rather to
stabilize them and reduce the risk to human health and the enviro(iPnasad

and Freitas, 2003 reatments include appropriate fertilization, either a reduction
of metal availability using different amendments and/or using radant plant
species. Various grasses suchAggostis tenuisand Festuca rubrahave been

usal commercially (Salt et al, 1995; Van Tichelenet al, 1996).
Phytostabilization is, however, a temporary solution, since the metals are not
eliminated and there is a risk, increasing with time, of metal mobilization in the
rhizosphere and of metal traasffrom plants to animals. For these reasons,
phytostabilizing plants should also immobilize metals in the roots and have low

shoot accumulatio(Berti and Cunningham, 2000).

2.1.4 Phytotransformation

Phytotransformation is defined as a chemical modificationemfironmental
pollutants as a direct result of plant metabolism, often resulting in their
inactivation, degradation (phytodegradation) or immobilization
(phytostabilizationGao et al., 2000) In the case of organic pollutants, such as
pesticides, explages, solvents, industrial chemicals, and other xenobiotic
substances, certain plants, such as Cannas, render these substatoeis gn
their metabolism. In other cases, microorganisms living in association with plant

roots may metabolize these subs&min soil or water (Nzengureg al, 1999).



2.2 Mycorrhizal fungi

Mycorrhizal fungi are soil microorganisms that establish mutual syrebiagh

the majority of higher plants, providing a direct physical link between soil and
plant roots (Barea and Jeffrje995).They establish an intimate association with
the roots of most land plants in which the fungi supply mineral nutrients from the
soil while acquiringcarboncompounds from the photosynthetiost (Smithand
Smith, 2011). About seven kinds of mycornda are recognized in the scientific
literature. The type of mycorrhiza formed can be influenced by the identity of
both plant and fungus. For example, the same fungus can #&dootoid
(monotropoid) and@omycorrhizasor ecto and @ondomycorrhizasor ecte and
orchid mycorrhizasdepending on the identity of the plant associate, so that there
is a plexus of behaviour amongst the species of plant and the septate fungi with
regard to mycorrhizal structures that they produce (&tzd, 2005).

A mostfamiliar type of mycorrhiza ishe ectomycorrhizaECM) in which the
fungus penetrates the root but not the root célidomycorrhizasalso called
ectotrophic mycorrhizagre characteristic of mainly forest trees in the cooler parts

of the world, such aspines, spruces, firs, oaks, birches in the Northern
Hemisphere and eucalypts in Australia and in South AffReamanet al, 2005)

The fungi are commonly known to form mushrooms or truffles.
Ectendomycorrhizés one type that is closely related to ECRlwhich the fungus

enters the root cell&ctendomycorrhizagsuallypossess well-developedHartig

net with the sheath being reduced or absent, but hyphae penetrate into the cells of
the plant (Read, 1998).

Arbutoid mycorrhizasare formedin associatia with manzanita, madrone, and
some other plantsArbutoid mycorrhizagpossess a sheath, external hyphae and
usually, awell-developedHartig net In addition, there is extensive intracellular
development of hyphal coils in the plant cells. These look EKd#M and have
similar fungi, but are technically endomycorrhizas. A separate but apparently

related category is monotropoid, found on certain plants without chlorophyll.



While these traditionally have been called "saprophytic,” it turns out that they
sharea mycorrhizal fungus with a nearby tree, and they are in effect parasites of
the tree by way of the mycorrhizal fungus. ThEctomycorrhizas
Ectondomycorrhizaand Arbutoid mycorrhizadhaveseveral features in common
(Smith and Read, 1997).

Ericoid mycorhizas are found in blueberries and in related plarany
autotrophic members d@he ericaceae and related families have no sheath formed
but possess thkair-like roots enmeshed in an extensive weft of hyphae, which
penetrate the root cells. The fundentified as forming ericoid mycorrhizas are
mainly ascomycetes while some are basidiomycetes and they probably evolved
from saprotrophic fungi when organic matter began to accumulate in certain soils
200 million years ago (Cairney, 2000). Many ericacespsciescolonise as
pioneer plants substrates ranging from arid sandy soils to moist or humus, in
association with their mycorrhizal fungi. Due to the symbiosis with ericoid
mycorrhizal fungi, ericaceous plants are also able to growighly polluted
environments, where metal ions can reach toxic levels in the soil substrate
(Perottolet al, 2002)

Orchid mycorrhizasre unique in that they are required for seed germination. In

the Orchidaceae, the plants are partially or wholly achlorophyllous for guarte

of their life. The Orchidaceaés one of the largegtlant families, including almost

10% of all flowering plant speciesJénes, 2006 The orchi d f amil yo:
characteristics and much of its diversity may be attributable to its distinctive
relationship with mycorrhizal fungi (Benzing, 1981; Zettletr al, 2004). Some

kinds of orchids never photosynthesize, but instead parasitize the mycorrhizal

fungi. They form mycorrhizas with basidiomycetes of various affinities. Some of

these are highly effeste saprophytes or parasites of other plants which facilitate

the transfer of organic C and minerals to orchi@iao et al., 2008) There is

increasing evidence that some orchids are dependent on fungi that are mycorrhizal



with autotrophic plants obtainingrganic C from them, as well as mineral

nutrients derived from the sdiicCormicket al.,2004).

2.3 Arbuscular mycorrhizal (AM) fungi

Arbuscular is themost common typef mycorrhizawhich is namedafter its
internal structures called arbuscules or vdarearbuscular Arbuscular
mycorrhizaposses$oth arbuscules and another structure called vesidlbis is

also called an endomycorrhiza, because the fungus emecslts of the rootAM

fungi are found in almost all habitats and climates (Batesd, 1997) such as on
grasses, most crop plants, many trees, shrubs, flowers, and in about 80 to 95% of
the world's plant specied.anfranco and Young2012) Fossil records of AM
fungi as proposed by Redecket al. (2000) demonstrate that the AMngal
symbiosis points back to the Ordovician age, 460 million years ago. These fossils
suggest that Glomeromycelike fungi may have played a significant role in
facilitating the colonisation of land by plants. The symbiosis is generally
mutualistic and based dm-directional nutrient transfer between the symbionts.
AM fungi are obligate symbionts, thus they are not yet successfully cultured in the
absence of plant root. However, the mycorrhizal association may vary along a
symbioticgradientranging from strongnutualism to antagonism (Howelet al,

1987; Johnsoet al,, 1997).

Arbuscular mycorrhizZa fungi were previously classified in the phylum
Zygomycota undethe family Endogonacedesecause otheir resemblance with
Endogonespecies.Howeverthis was late revisedwhen it wasdiscoveed that

AM fungi produced asexual sporgstead ofsexual spores like oth&ndogone
species.The relationship between AMungi and other fungi as detected by
molecular analysis elevated the group toghglum GlomeromycotéKoide and
Mosse, 2004).The phylum Glomeromycota comprises approximately 150
described species distributed among ten genera, defined primarily by spore
development and morphology. DNA sequences have also been used recently to

circumscribe taxa, althoughée latest molecular analyses indicate that the definite
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number of AM fungal taxa may be much higher (Daniedit al, 2001,
Vandenkoornhuyset al, 2002). It has been reported that almost all members of

the AM fungi are asexual and their vegetative myceliand intraradical

structures are aseptate and multinucleate. Spores may be formed singly, in clusters

or in morphologically distinct "fruit bodies" called sporocarps. Glomeromycotan

fungi produce relatively large spores which amtboween 40 and 800

diameter depending on the species (Bécard and Pfeffer, 1993).

2.3.1 Colonisation of plant roots by AM fungi

There are three important components of the mycorrhizal root system namely, the
root itself, the intraradical mycelium (the fungithin the root) and the
extraradical mycelium (the fungi within the soil). R@aionisationby AM fungi

can arise from spores, infected root fragments and/or hyphae. The spores are
formed on the extraradical hyphae, but some species also may forra syzide

the roots. Upon rootcolonisation mycorrhizal fungi develop an external
mycelium which is a bridge connecting the root with the surrounding soil @toro

al., 1997). One of the mosibtableeffects ofcolonisationby mycorrhizal fungi on

the hostplant is the increase in phosphorus (P) uptake mainly due to the capacity
of the mycorrhizal fungi to absorb phosphate from soil and transfer it to the host
roots (Asimiet al, 1980).As reported byBirhaneet al.(2012)in their study AM

fungi can enhace photosynthesisefficiency of waterusage and growth of
frankincense seedlings under pulsed water availabitgs and Safir (19873lso
reported that the growth and branching of mycelium growing from spores are
stimulated by soluble exudates orrexts from the roots of host species, whereas
the exudates from a nonhost had no effect (Gianirgearsonet al, 1989).
Hyphal contact with the root is followed by adhesion and formation of swollen
appressoria preceding the penetration (Giovanredttid., 1993b). There is
evidence that the host plant recogeidee AM fungi already at this stage, which

is indicated by regular occurrence of slight wall thickening on the epidermal cell

adjacent to the penetrating hyphae (Garrieckl, 1989). The thickeings do not
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contain either celullose or lignin and do not prevent the penetration of fungal

hyphae through the walls (Harrison and Dixon, 1994).

2.3.2 Two types of arbuscular mycorrhiza

Arbuscularmycorrhizal(AM) fungi are the most widespread mycorrhiza ituna

and form two morphologies according to the structures of the intraradical
mycelium, theArumtype and theParis-type Oickson 2004). In the Arumtype

the fungal symbiont spread in the root cortex via intercellular hyphae. The
determining factors defing the two different morphologies are not well
understood (Ahulet al, 2004). TheArumtype is commonly described in fast
growing root systems of crop plants, while faris-type morphology has been
more often seen in plants of natural ecosystems sigclthose occurring in
herbaceous layers in temperate broadleaf forests (Brundrett and Kendrick, 1990b),
various trees (Kubot&t al, 2001), and plants of semrid systems (McGee,
1986). In theParis-type, the hyphae develop intracellular coils and sposeectly

from cell to cell within the cortex. Arbuscules grow from these coils and are
usually relatively shottived. At least, in theArumtype mycorrhiza, the hyphae

areby compaisonlong-lived (Smith and Dickson, 1991).

Co-occurrence ofArum and Paris-type morphologies oAM fungi is usually
observed in cucumber and tomato (Kubota al, 2005). AM fungal
morphological types were recognized in 14 families and were confirmed as
follows: Arumtype in Rosaceae, Oleaceae, Lauraceae, Vitaceae and Sia@po
Paristype in Aquifoliaceae, Ulmaceae, Araliaceae, Theaceae, Magnoliaceae,
RubiaceaandDioscoraceaeand both and/or intermediate typegiaprifoliaceae

and Gramineae (Kubota et al, 2005). Plant families whose AMungal
morphological status wagpreviously unknown were clarified as follows:
Polygonaceaeand Commelinaceaeshowed Arumtype morphology whereas,
Celastraceae,Menispermaceaeand Elaeagnaceaedemonstrated Paris-type
morphology. TheArumtype to Paris-type species proportion has been foua

decrease in the following order: annuals > perennials > deciduous species >
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evergreen species and pioneer group > early successional group > late
successional group. It had been reported that evergreen plants had a higher
tendency to formParistype AM fungi than annuals, perennials and deciduous
plants. The AMfungal morphology seems to be strongly influenced by the
identity of the plant, though control by the fungal genome cannot be ruled out
(Ahulu et al, 2004). Thus the most common morphologicalpé has been
generally regarded as the Arttype due to the fact that most experimental studies
use crop plants. However, as per the suggestion by Brundrett & Kendricko}1990

the Paristype might be just as common in natural communities as the #ypen

2.3.3 The use of AMfungi in phytoremediation

AM fungi provide an attractive system to advance plaged environmental
clearrup (Gohre and Paszkowski, 200BM fungi can contribute to plant growth,
particularly in disturbed or heavy metal contaminated ditggnproving mineral
nutrition or increasing resistance or tolerance to biotic and abiotic stresses
(Bhalerag 2014). They alsgrovide an increasedplant access to relatively
immobile minerals such as P (Vivasal, 2003; Yacet al, 2003), improvingsoll
texture by binding soil particles into stable aggregates that resist wind and water
erosion (Steinberg and Rillig, 2003), and by binding heavy metals into roots that
restricts their translocation into shoot tissues (Kaldodl, 1999).They can akr

plant productivity, because AMF can act as biofertilizelbspprotectants, or
biodegrader$Xavier and Boyetchko, 2002)

Plants which appear spontaneously in disturbed ecosystem are frequently devoid
of mycorrhizal symbiosis and are mostly characestiby poorly developed root

and shoot biomass when heavy metals are present (Pawletvakal996). The

lack of mycorrhiza can hamper the revegetation of the metahminated mine

spoil or other degraded sites. The introduction of an AM fungal inocuhbon

these areas could be a strategy for enhancing the establishment of mycorrhizal
herbaceous speciébleier et al., 2011). AM fungal isolates differ in their effect

on heavy metal uptake by plants (Leywdl al, 1997). Some reports indicate
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higher conentrations of heavy metals in plants due to Ablhg (Joner and
Leyval, 1997), whereas others have found a reduced plant concentration; for
example, Zn and Cu in mycorrhizal plants (Heggal, 1990). Thus, selection of
appropriate isolates could be afportance for a given phytoremediation strategy.
AM fungal species can be isolated from areas which are either naturally enriched

by heavy metals or old mine/industry waste sites in arlgotigenous

AM Fungal speciescould be able to stimulatplant gravth better than non
indigenous speciedhis is due to the fact thahdigenousAM fungal ecotypes
result from longterm adaptation tgoils with extreme propertigRkahmaniaret
al., 2013. AM fungi are of importance as they play a vital role in metarsoice
(del Val et al, 1999) and accumulation (Janetl al, 2002; Zhuet al, 2001).
Their potential role in phytoremediation of heavy metal contaminated soils and

water is also becoming evident (Jaragal, 2002).

External mycelium of AM fungi proviels a wider exploration of soil volumes by
spreading beyond the root exploration zone (Kbtaial, 2000; Malcoveet al.,

2003), thus providing access to greater volume of heavy metals present in the
rhizosphere. A greater volume of metals is also storedh& mycorrhizal
structures in the root and in spores. For example, concentrations of over 1200 mg
kg'! of Zn have been reported in fungal tissuesGidmus mosseagurrently
known asFunneliformis mossed&nd over 600 mg K§in Glomus versiforme
(Chenet al, 2001).Another important feature of this symbiosis is that AM fungi
can increase plant establishment and growth despite high levels of soil heavy
metals (Enkhtuyaet al, 2002), due to better nutrition (Fergal, 2003), water
availability (Auge,2001) and soil aggregation properties (Rillig and Steinberg,
2002) associated with this symbiosishe AM fungus isthus significant in the
ecological improvement dhe rhizosphere (Medinagt al, 2003; AzcorAguilar

et al, 2003).
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Hetrick et al (199) studied the influence of mycorrhizal fungi on revegetation of
chat piles from mine spoils, where plants had failed to establish naturally. They
showed that mycorrhizaolonisationby a mixed AM fungal inoculum improved

the growth of the obligate mycohic plantAndropogon gerardjibut Festuca
arundinacea a facultative mycotroph which grows well without mycorrhiza in
noncontaminated soil, also benefited from mycorrhiza in chat piles. The results
showed that mycorrhizain combination with fertilizes will improve plant
establishment on chat piles, and also on other severely disturbed sites such as
mine spoils or overburdens (Hetriek al, 1994). The benefit from mycorrhiza
fungi could be associated with increased tolerance to heavy metals, dwutithls
better plant nutrition, since chat piles are poor in nutrients and have a very low
waterholding capacity.

A number of biological and physical mechanisms have been proposed to explain
metal tolerance of AM fungi and AM fungal contribution to metdérance of

host plants. One of the mechanisms involves the immobilization of metals in the
fungal biomass (Zhet al, 2001). The research done bgnfrancoet al (2002)
implicates metallothionettike polypeptides in Cd and Cu detoxification in AM
fungal cells, since these polypeptides bind and sequester the toxic rAetals.
enhanced root/shoot Cd ratio AM plants show a reduced transferhich has

been suggested as a barrier in metal transport (&bradr, 200; Tullio et al,

2003). This may oag due to intracellular precipitation of metallic cations with
PO, . However, AM fungal metal tolerance consists of adsorption onto plant or
fungal cell walls present in plant tissues, or onto or into extraradical mycelium in
soil (Joneret al, 200@). It also includes the chelation by such compounds as
siderophores and metallothionens released by fungi or other rhizosphere microbes,
and sequestration by pladérived compounds like phytochelatins or phytates
(Joner and Leyval, 1997). Olssenal (1998)reported a few indirect mechanisms
which consist of the effect of AM fungi on rhizosphere characteristics such as

changes in pH, microbial communities and rertidation patterns.
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Although AM fungi are reported to contribute to plant growth, mainly itudied

or heavy metal contaminated sites, soil degradation produces changes in the
diversity and abundance of AM fungal populations (Kooraeal, 1990). Such
elimination of AM fungi populations can lead to problems with plant
establishment and survivdPflegeret al, 1994; Haselwandter and Bowen, 1996).
This causes a disturbance not only of the plant communities, but also of the fungi

living in the soil(Bever, 2002).

The number of spores and ramilonisationof plants occurring at sites are often
reduced by soil disturbance (Waaland and Allen, 1987). Thus, thespesific
differences in spore abundance reflect fapscific differences in relative rates of
AM fungal population growth (Bever, 2002). However, AM fungal isolates
adapted to local soitonditions can stimulate plant growth better than-non
indigenous isolates (Sylvia and Williams, 1992). Therefore, isolation of
indigenous stresadapted AM fungi can be a potential biotechnological tool for
inoculation of plants in disturbed ecosyster@a( and Adholeya, 2004} ike
ectomycorrhizal fungi, AM species have a potential which can be employed in
biomonitoring programmes. The decline of AM fungal occurrence (propagule
density) and infectivity in metgdolluted soils can be used as bioindicatuirsoil
contamination (Leyvaét al, 1995). Mycorrhizatolonisationof plant roots after

soil remediation can be a sign that the metal concentration or bioavailability has
decreased. Since metal tolerance evolves in some fungi from-coataminated
soils, a sensitive AM fungus could be used and tested for its abilitpltmise
roots in any metal polluted soils, providing useful information about their metal
toxicity (Meieret al.,20117).

2.3.4 AM fungal status of mine tailings in South Africa

Throughoutthe world, South Africa isa leader in miningindustry due to the
variety and quantity of minerals producethe country has aabundance of

mineral resources, accounting for a significant proportion of world production and
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reservessuch asAu, Mn, V, chiome and Platinum Group Metal§PGM). The

South African gold ore reserves, estimated at 40,000 tons, represent 40% of the
global reserves. Oved0 % of thew o r | ptitihem reserves are found in South
Africa (Mining Weekly,2019; AngloGold Ashanti Company004)

Despite the large economic benefits from the gold mining, there are
environmental concerns as millions of tons of waste material are produced every
year. Amongst the South African provinces, Gauteng region has major mining
activities and as a rel, the province pduces a large number of slime dams,
mine dumps and landfills in areas earmarked for-éoat housing projects:or

every ton of gold produced about 200,000 tons of wastes are generated
(AngloGold Ashanti Company, 2004). The productiohsuch largescale mining
wastes poseserious socioeconomic and environment problén@®r § oeiva , k a
2011).

These mine dumps contaanlarge number of toxielements such as U, As, Ra,

Ni, Zn, and many other radioactive materials. Human exposure to these elements
leads to various acute or chronic illnesses, such as cell mutation,r,cance
respiratory diseases and many md@kcGlasshan, 2004)Apart from health
problems, they also cause injuries and pollution, ssahestruction of buildings
during floods or heavy rains, pollution of ground and surface w&teenet al,

2005 Suruchi ad Khanna, 201)1

The problem of environment metal pollution could be coebby establishment

of AM vegetationon the surface of the mine tailings. Besides the toxicity of the
substrate, such areas usudhygk essential nutrients (mainly N, P, and &)d
organicmatter(Mendez and Maier, 20080\M fungi contribute to soil structure

by forming micre and macre soil aggregates within the net of external hyphae
(Miller and Jastrow, 2000). Their presence may reduce stress caused by lack of
nutrients or oganic matter and increase plant resistance to pathogens, drought,

and heavy metals (Cardoso and Kuyper, 2006). Therefore, mycorrhizal fungi may
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become the key factor in successful plant revegetation of industrially polluted
areas by promoting the succeggplant establishment and increasing soil fertility

and quality.

AM status has not been fully investigated in South Afnirail recently Grassing

of slime dans has been considered the most effective means of reducing wind
caused erosion and protectitige surrounding environment. In the pastme

dans of the South African gold mining
i nputé methods that involve intensive
prior to planting with a suite of pasture gragsecies. Although this process
incurred a great cost to the gold industry, these methods had proven ecologically
and economically unsustainalfi&/eiersbyeet al, 2006).

To investigate the AM status in South Africmmesurveyswere conductedn

Free Sate and North West region& survey of a chronosequencestime dans
conducted by Weiersbyet al (2006) reported less than 5 percent of ruderal
species that were introduced during grassing persisted once fertilization and
irrigation ceased, although dte was a high diversity of naturaitplonizing
perennial plant specieé parallel survey of the arbuscular mycorrhiza status of
plants onAu andU slime dams in the North West province was undertaken by
Strakeret al (2007). In this surveyroot AM-colonisation parameters (total,
hyphal, vesicular, arbuscular) and Angal spore status were assessed where
sample of five indicator host plant species weekenfrom different sampling
sites namelyRecently \égetated (RV)QId Vegaated (OV) and Never &jetated
(NV) slime dans. The samples were also takéom different zones (the top,

lower slopes, retaining wall artde paddocKsas well as the surrounding natural

n (

soils (6vel do). The study corslonedadsed t hat

and tle flatter areas of OV and N&lime dans were sources of more adimlerant
AM fungal inoculum.Because the survey undertaken Btyakeret al (2007)
represente@ single observation of plant and substratum AMgal status in late

summer and did not prade a reliable indication of the inoculum potential (i.e.
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infectivity) of the substrata, anothé&M fungal status study was conductéal

substantiate the findings.

The studyperformed infectivity assays on substrata from the same sites and along
the samegradients, and in addition, to replicate the study in two different mining
regions(Strakeret al, 2008) Infectivity assays are a more accurate measure of
the AM fungal inoculum potential of a substrate since they incorporate the
infective ability of all propagules such apores, soil mycelium, root fragments,
auxiliary cells and sporocarps (Read al, 1976). Substratum conductivity
differed between zones in both regions, with minor inteyadietween region and
zonewas negatively correlated with piAM fungal infectivity and total spore
numbers.The findings demonstratethat the ameliorant effects of limingnd
irrigation on substratum pH and conductivity are shioed, but despite the
physicachemical constraints, a significant measurable Alhgal inoculum
potentialwas foundexising on all substrata. Amelioration of tailings with organic
matter anduse of acid and salblerant AM fungal would be expected to
contribute to more persisteAM fungal communities and vegetation on gold and
uranium slime dans (Strakeret al, 2008) In addition to enhancing nutrient
acquisition,AM fung may facilitate host growth in polluted soil substrata by
contributing to pollutant immobilizatiordue to the presence tife vesicles and
arbuscules ofAM fung in Cynodondactlyon from South AfricanAu and U
tailingswhich havea higher affinity for radionuclides and heavy transition metals
than the surrounding root tissues (Weiersélyal, 1999).0r g o wtsalk (2011)
investigatedthe efficiencyof mycorrhizal colonization in stimulation of plant
growth and nutrient uptake itNon-sterilized seeds oB. coddii collected from
Agnes Mine (Barbertoareg, Mpumalanga Province, South Afrida their study,
they foundthe highest shooand root weight in plants inolaied with fungi
originating from B. coddii rhizosphere, whilst the lowest weight wasted for
plants inoculated with fungi originating from rhizospheo¢ another Ni

v

hyperaccumulatolS. coronatugOr g o wtsalk 2011)
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Thus successful rehabilitation of degraded and polluted substrata is dependent on
an understanding of plant establishment and succession, factors which are strongly
influenced by dynamic soil components such as organic mattemardbial
communities. M fungi are an essential component of the soil/plant community
and many rehabilitation programaim to accelerate the predominance of
mycotrophic plant populations in order to create more stable commuStiath(

and Read, 1997Mycorrhizal inoculation of disturbed/degraded sites is important

in promoting the dominance of mycotrophic species, which would lead to a more
rapid rate of successiofdmith and Read, 2008The inoculation of the plants

with arbuscular mycorrhizal (AM) fugi enablesthe re-establisiment of plant
community indisturbed and pblted lands that are deficient in plant nutrients
(Saito and Marumoto2002. Grass spees are often introducedorf rapid
revegetationn devastated landdue to their abilityto quickly stabilize the fragile

soil structure with their fibrous roaystemshenceErograstic curvulawas used

in this study.lt was been reported thablonisation of E. curvulaplantsby AM

fungi increases plant growtandit may alsoincrease the density of AM fungal
propagules in the soil{Saito et al, 2011) This in turn, facilitates the

development of subsequent vegetation (GreipssoitbNtyas 2000).

2.4 Traditional versus DNA-based techniques for classification of AM fungi

The identification of AM fungi is a very challenging process; however, it is a vital
exercise since AM fungi form symbiotic relationships with a number of terrestrial
plants. A great clllenge with identification of AM fungi results from their
hidden, biotrophic behaviour in the soil, few morphological characters, and the
potential formation of dimorphic spores. This resulted in a large number of AM
fungal species, phylogenetically betpng to different orders, being placed in one
genus Glomug and, conversely, individual species forming different spore
morphologies being described as members of different orders (Kaigat,
2009).
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The phylum Glomeromycota comprises about 200 destrmorphospecies that
traditionally have been distinguished by features of the spores, which are formed
around or within root systems, and particularly the spore wall (&pét., 2010;
Schufller and Walker, 2010). The manner in which the spore is foomede
hyphae has been important to circumscribe genera and families, and the layered
structure of the spore walls is used to distinguish species (Morton, 1988). Walker
(1983) established the concept of Oomur
layered gructure of the spore walls more easily. Morton (1995) as well as Stirmer
and Morton (1997, 1999a) land Stirmel2012 included considerations of the
spore development to group these wall components hierarchically into complexes
linked by ontogenyRede&er and Raab, 2006).

However, assessing AM fungi diversity from morphological spore identification
has some limitations as spore production may be highly dependent on
physiological parameters of the AM fungi and on environmental conditions.
Under certainconditions or during certain seasons of the year, some AM fungi
may produce numerous spores and therefore appear to be dominant root
colonises, whereas under different conditions, they may not sporulate at all. This
phenomenon has been appropriately destrated by Stutzt al (2000) who
showed that the perceived low AM fuadgliversity of arid ecosystems was due to
low levels of sporulation in the field and the true AM fahdiversity of the
systems could be assessed from successive trap culturesinchichd all species
present to sporulate. Bouanetial (2006) reported that all the AM fungal species
isolated from palm grove soil, with the exception of t&cutellosporaspecies,

were detected at the first trapping cycBxutellosporaspecies only gorulated
during the second trapping cycle probably due to spore dormancy, and late root

colonisatiorfollowed by a delay in sporulation.

Dalpé et al. (2005) also observed similar sporulation behaviour with
Scutellosporaspecies under patulture and uner rootorgan culture conditions.

Moreover, the dynamics of spore production versus colmnisationmay differ
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among species (Beveat al, 1996 Spruytet al, 2014. Another limitation of
morphological identification is the fact that fietdllected spres are often
parasitized or degraded and therefore unidentifiaRledéckeret al, 2003) In
nature, there can also be great variation in spore morphology even within an AM
fungal species (Walker and Vestberg, 1998), and many AM fungi may reproduce
only vegetatively without producing spores (Helgasen al, 2002). Norn
sporulating species may not be detected at all whereas prolific-gahecers
dominate the views of AM furad ecology, as has been seen in the case of

GigasporaandArchaeosporgYoung,2012)

Molecular analysis provides a way around these limitations as it has the potential
to identify actively growing fungi in field root samples and in spores isolated from
soil samples independently of morphological criteria. The rRNA genes have been
used in the majority of AM molecular ecology studies (Rosendahl and
Stukenbrock, 2004), and these have generally agreed with classification based on
spore morphology (Morton and Redecker, 2001; Schwaetat, 2001; Walker

et al, 2004). Molecular marks have been successfully used to characterize the
diversity of AM fungi in the field and have revealed an unexpectedly high

diversity of phylotypes in some settings.

Studies by Husbandt al. (2002a) and Vandenkoornhuyse al. (2002) signify

that the mmber of 200 described morphospecies might be a strong
underestimation of the true diversity of the Glomeromycota. Characterization of
the large subunit region (LSU) of ribosomal RNA genes, in combination with
nested PCR, has proven suitable for analyzpiylogenetic relationships
(Vandenkoornhuyset al.,2003) and developing molecular probes to detect AM
fungal species colonizing plant roots and AM fungal spores in microcosm
experiments (Kjgller and Rosendahl, 2008g et al.,2008, in the field (Golldte

et al., 2004) or even in aquatic plants (Nielsehal.,2004). The use ofnested
AML primer pair targeting a portion of the SSU rRNA region (eéal, 2008)
provides areliable identification of AM fungi to the genusvel while screening
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out norAM fungal organisms (Kriigeet al, 2012. The recent revisions and
consolidations in th@hylotaxonomy of AMfungi havebroaderd the scope of
AM fungal taxonomy and allow the basisin¥estigation into the diversity of AM
fungi from environmental sampleRedeckeret al.,2013; SchulRler and Walker,
2010).

Molecular analysis has been critical in showing that the taxonomy of AM fungi
was insufficient and needed a radical change which leads to assigning new names
to the existing AM fungi (Young, 2012Jhere have been a number of discussions
and studies revolving around the grouping of AM furgghiRleret al. 001)

were the first to propose Glomeromycota as a monophyletic group raised to the
taxoromic rank of a phylum based &8U gene sequences. Theyadsiggested

that the Glomeromycota is a sister group of the Dikarya (Basidiomycota and
Ascomycota) aslid thesix-gene phylogeny of James al (2006). However, the
analysis of Livet al (2009), based on nucleescoded amino acid sequences, and
that of Lee and Young (2009) on the mitochondrial genome Gddmus
intraradices isolate 494 suggest a common ancestry of Glomeromycota with
Mortierellales (Krugeet al, 2012). Hence Young (2012) recommended for more
data from phylogenetically basalM fungal to resolve immediate sister
relationships to Glomeromycota, which are nonetheless clearly monophyletic and

phylogenetically basal terrestrial fungi.

The work done by Krugeet al. (2012) shows that there are a number of clades
within the Glomeromycota thdorm the basis for orders and familigsg. 2.1)

This led to most species previously known Glemusto be placed into new
genera. For exampl&lomus intraradicefias now been changedRhizophagus
irregularis (Young, 2012).The most recent classifigah of Glomeromycota is
based on a consensus of regions spanning ribosomal RNA genes: 18S (SSU),
ITS1-5.8SITS2 (ITS), and/or 28S (LSUXK¢uger et al,. 2012) but Redeckeet

al. (2013) have proposed an evidetased consensus for the classification of
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Glomeromycota and redefined the phylogenetic framework which should be used

to resolve contradictions in the literatiffeég. 2.1)
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sequences, showing the relationships ambagtders and genera. Families are indicated

Phylogeny of the Glomeromycota based on smaltisubribosomal RNA

by distinct colours. Maximum Likelihood tree rooted with ascomycete outgroups,

modified from a tree provided by AchiBledrawn with Fig Tree (Young 2012).
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2.4.1 Molecular methods used in this study

Several invesgators have reported that individual spores of AM fungi, which are
multinucleate containing thousands of nuclei per spore for certain species, may
contain substantial heterogeneity ameitggsomal ribonucleic acidRNA) gene
copies (Sanders, 2002) angbss a high level of genetic diversity in the internal
transcribed spacer (ITS) region of the nuclear rRNA genes. Ribosiased
deoxyribose nucleic acifiDNA) sequence analysis has revealed genetic variation
both within and between AM fungal specisirthermore, the genes of this region

are available in high copy number and possess highly conserved as well as
variable sectors, which facilitate differentiation of taxa at different levels
(Sharmahet al, 2010) The nuclear SSU rDNA sequences (df&8) evdve
relatively slowly and are useful for studying distantly related organisms, whereas
the mitochondrial DNA genes evolve more rapidly and can be useful at the
ordinal or family level. ITS are sequences located in eukaryotic rRNA genes
between the 18S ar8S rRNA coding regions (ITS1) and between the 5.8S and
28S rRNA coding regions (ITS2Fig. 2.2). Studies on restriction site variation in

the ribosomal DNA (rDNA) in populations have shown that while coding regions
are conserved, spacer regions ardabde. These spacer sequences have high
evolution rate and are present in all known nuclear rRNA genes of eukaryotes
(Renkeret al.,2006).
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Fig. 2.2 Multicopy ribosomal genes carefully organised in the genome. Each

ribosomal gene encodes for three sululi8S [SSU], 5.8S and 28S [LSU]) separated
from each other by an ITS. The genes themselves are separated from each other by an
Inter Genic Spacer (IGS) (Dodd al.,2001).

A number of molecular taxonomy studies have been using ITS sequences
(Redecker, 2000), although they are highly variable with AM fungal species and
within the spores (LloydMacgilp et al., 1996). This poses a great challenge in
finding feaures that are commonly shared among AM fungi but absent in other
organismgLeeet al.2008).This study used the small subunit rRNA (SSU rRNA)
gene due to itowervariability when compared to ITS gene, and at the same time
allows enough resolution dovia the species level. A set of specific PCR primers
(AML1 and AML2) for all AM fungi designed byLee et al. (2008) was
employed.This set of PCR primers which has an ability to amplify all subgroups
of arbuscular mycorrhizal fungi (Glomeromycota), butlede sequences from
other organisms, was designed to facilitate rapid detection and identification
directly from fieldgrown plant rootsBecause the 3' region of a primer is critical

for specific amplification, the distinctiveness of this region is usadidcriminate
against norAM fungi sequences. In addition, the most variable region of the AM
fungal SSU rRNA gene was selected in order to achieve high sequence resolution
within the AM fungi(Lee et al., 2008). The primers (AML1 and AML?2) target

the sm# subunit rRNA gene because phylogenetic relationships among the

Glomeromycota are well understood for this gene. Due to the sequence
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comparisons done, these primers were reported to amplify all published AM
fungal sequences except those frémchaeosporarappel It was also reported

that the AML1 and AML2 primers have much better specificity and coverage of
all known AM fungal groups as compared to the established NS31 and AM1

primer combinationl{eeet al.,2008).

2.4.1.1. Nestedpolymerase chain reactioRCR

Nested PCR using taxespecific primers for AM fungal species (morphotypes) is

a highly sensitive method which allows detection of fungal hyphae present in
roots as well as from soil (van Tuinenal, 1998; Jacquatt al, 2000).The aim

of the nestedPCR reaction is to increase the specificity of the amplification
reaction by performing two PCR amplifications one after the other. The first PCR
reaction is performed as described below, but for the second reaction the
amplification products obtained irhe first amplification cycles are used as
template using internal primers. In this way the specificity of the amplification is
increasegdsince thetarget DNA to be amplifiethas acquiredour primer binding

sites. The efficiency of the amplification iscneased as the number of cycles can

be increased, without loss of specificity.

Two pairs of PCR primers are used for a single lo¢ug. .3). The first pair
amplifies the locus as seen in any PCR experiment. The second pair of primers
(nested primefsbind within the first PCR product and produce a second PCR
product that is shorter than the first one. The logic behind this strategy is that if
the wrong locus is amplified by mistake, the probability is very low that it would

also be amplified a secondni by a second pair of primers.
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5 ..GCAT...TTGG....//....GCGC...ATAT.. &

3 ..CGTA...AACC..../[/....CGCG...TATA.. &
The DNA sequences above and below denotesdakted PCR strategin which
the £gment of DNA with dots represenhondescript DNA sequence
unspecified length. The double lines represent a large distance betwe
portions of DNA illustrated in this figure. The portions of DNA shown with f
bases in a row represent€R primer binding sites, though real primers would

longer.
5 GCAT...TTGG..... ....GCGC...ATAT 3
« cgcg
ttgg-
3" CGTA...AACC.... ....CGCG...TATA 5

Second pair of reted primers (with arrows) binds to the first PCR product.
binding sites for the second pair of primers are a few bases "internal” to th
primer binding sites.

5 TTIGG....//....GCGC 3

3 AACC....//....CGCGH
Final PCR product after second round of PCR. The length of the prod

defined by the location of the internal primer binding sites.

Fig. 2.3 Nested PCR using two pairs of taxgpecific primers for AM fungal species
(morphotypes) (Whitet al., 1990).

2.5 The application of both bulk (ICP-MS) and micro-PIXE analytical
methods in analysing the mechanisms of tolerance to metals and

metalloids in arbuscular mycorrhizal fungi

There are a number of different analytical methods developed to study trace
elements in environmental and biomedical samples. These techniques are divided
into bulk and micreanalytical methods. The techniques for miar@lysis using
X-ray emission spectrometry are of growing importance, as is the knowledge of
the precision and aaracy of different techniques in order to make comparable
measurements (Gométorilla et al., 2006). However, using highly sensitive
techniques for bulk elemental analysis is usually the first, and, ¢ifteronly step

28



in elemental analysis related to pissciences. Some of these techniques such as
Atomic Absorption Spectrometry (AAS), Atomic Emission Spectrometry (AES),
Atomic Fluorescence Spectrometry (AFS), Inductively Coupled Plasma Atomic
Emission Spectrometry (ICRES) and Inductively Coupled Plasmislass
Spectrometry (ICAMS) have been successfully employed in various studies
(Kaixuanet al., 2013).

ICP-MS determines concentration levels in parts per billion and below, while
ICP-AES can only determine levels in parts per million and higher. Inrothe
words, ICPMS works best in samples that require the lowest detection limits and
the greatest level of productivity when it comes to sensitivity, accuracy and
precision Richaudet al, 2000)and it is considered one of the most sensitive
techniques fomeasuring a wideange of elements and isotopes in a variety of

sample matrice@Boss and Fredeen, 19%altet al, 2008.

The technique is relatively free from interferences and the interferences that do
exist can often be reduced or removed through tise of a universal cell
operating in either the collision mode or the reaction mode. In additiorMIEP
technique measures most of the elements in the periodic table. INM$Ckhe
plasma is a means of generating individual atoms and ions whichearéethinto

the mass spectrometer and separated on the basis of their atomic wéimjhts.
resolution ICPMS is able to detect ultdew concentrations of multiple metals
rapidly, often achieving detection limits in the high pictogram per kilogram (pg
kg?) range, so it is the technique of choice for initial screening.

The utility of the ICPMS technique in the determination of both trace and major
elemental concentrations has been observed in many studies ranging from tissues
in neurodegenerative disorde(Yonghwang Haet al.,2011) to plant (Sakt al,

2008 and soil componentRam et al. (1997 have reportedCPi MS as the
method of choice among the presday technologies for determining Boron

concentration and a convenient method for Boron isotbgtermination in plant
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and soil samples. IGRIS was successfully used in the study conducted by Larsen
et al. (2006), in garlic to show a tenfold increase of selen{&e)concentration

due to the addition of mycorrhizas to the natural soil.

Methods fo bulk elemental analysis are usually complemented by the use of
micro analytical techniques such as Midtmtoninduced Xray Emission
(Micro-PIXE) (MesjaszPrzybylowicz and Przybylowicz, 2002)Therefore,
appropriate analytical methods for addressingiq@dar questions of interest need

to be carefully selected from among the broad array of analytical methods that are
available. MicrePIXE is one of the most modern, sensitive and reliable methods
for the localisation and quantification of different elnts in biological samples

at the tissue and cellular levels (Vod¢i k et gl.,2010).

2.5.1 Particle-Induced (Proton Induced) X-Ray Emission (PIXE)

PIXE is a technique used in determining tlementalcomposition of a material

or sample. When a material is exposed teoarbeam, atomic interactions occur
that give offEM radiationof wavelengthsn the X-ray part of the edctromagnetic
spectrum specific to an element. The spectrum of characterigtigys<emitted

from the target, yields both qualitative and quantitative information concerning
the concentration of the element in the sample (Mando and Przybylowic3, 2009
PIXE is a powerful yet nodestructive elemental analysis technignew used
routinely by geologists, archaeologists, art conservators as well as biologists and

others to help answer questions of provenience, and authenticity.

The basic physical processeasvolved in this technique are at present well
understood and can be mdeel using readily available software codes that
provide reliable results for a wide range of elements and the present refinement of
data processing, using packages such as GecePRI¥gens up new frontiers in

this type of applicationRr z y b y étalw 20053 Extension of PIXE using
tightly focused beams (down t o forl e m)

microscopic analysis. This technique, calledcro PIXE can be used to
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determine the distribution of trace elements in a wide rafigeamples. Micre

PIXE has been used in plant science applications since its early days of its
discovery (Bosclet al.,1980; Leggest al.,1979).

Although micrePIXE is not an easy technique to operate due to many related
technical problems, includinghe difficulty in preparation of plant specimen
resulting from heterogeneity of plant tissues, it is an important tool for
guantitative investigations of trace elements and their interactions with other
elements (MesjasRrzybylowicz and Przybylowicz, 2002Pr z y by gt@wi c z
(2005) used the technique to observe the heavy metal distribution in mycorrhizal
and noamycorrhizal roots oPlantago lanceolatd.. (Plantaginaceae), a common
weed of cultivated land. Using Mic#®IXE, Orlowskaet al (2013) successfly
demonstrated the significant influence of mycorrhizas on the concentration and

distribution of elements in roots Berkheya coddii.

They discovered a significantly higher concentration of P, Ca, Zn, and Cu in
mycorrhizal roots compared to the nmycorrhizal roots. Palloret al (2007)
have found in their studies that the nuclear microprobe (NMP) using PIXE for
elemental analysis and Scanning Transmission lon Microscopy (STIM) was
successful in investigating possible interactions between minerats an
ectomycorrhizal (EM) mycelia that form symbiotic associations with forest
trees. These studies confirm the usefulness of AHMEXE in studies on

microscale activity of mycorrhizal fungi.

Witkowski and Weiersbye (1998) and Strakeal.(2007)reportel a depletion of

plant nutrients such as N and P in gold and uranium mine tailings of the
Witwatersrand reef in South Africa. These tailings contain high concentrations of
some metals and radionuclides such Fe, Ni, Cr, As, Y, Au, Pb, Th, Ra,,amd U
which mostly, if not only, mycorrhizal plants species tbaloniseor survive in

the tailings. Thus localisation and quantification of these toxic elements in plants
and in mycorrhizal structures could assist in understanding the possible pathways

of transpor and mechanisms of detoxification and thereby suggest methods of

31



plant adaptations in adverse conditions. Weiergtya. (1999) used micr®IXE
to localiseelements in mycorrhizal roots @ynodon dactylomgrowing on mine

tailings and the present studyintended to build on this preliminary work.

2.6 Study am

The aim of thisstudywasto identify AM fungi from a number of heavy
metal sites in South Africaising both morphological and molecular
techniqus, followed by their evaluatiorof heavy metallocalisationin

mycorrhizalroots.

2.7 Specificobjectives

1. To compare AMfungal diversity in selectetheavy metalHM) sites in
theRepublic ofSouth Africa(RSA).

2. To use a molecular technique such as nested PG&emtify the AM
fungal species associatedtwvthese sites.

3. To localise HM elementsin plant roos and fungal structures using
Particleinduced Xray Emission (PIXE)

4. To conduct atatistical comparison between elemental concentrations in

roots andAM fungal colonisation levels of roots
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CHAPTER 3
3 MATERIALS AND METHODS
3.1 Sitedescriptions

Samples were collected from three different provinces namely Gauteng,
Mpumalanga and North West provinces. The sites were selected based on their
historical and current heavy metal contaminatidrable 3.). The owrall
topography of all three provinces is relatively flat with moderate undulating
landscape. A diverse rainfall gradient is observed across the three provinces
(Mucina and Rutherford, 2006). The estimated Mean Annual PrecipitatiaR)
rainfall for Norh West (Vaal River, Lonmin) and Gauteng (West Wits, East
Rand), ranges from 497 to 651 mm (South African Weather Service, 2006).
Mpumalanga (Agnes Mine) is located tine high rainfall area of South Africa
mainly occurring as thunderstorms and heavy sheweth an overall MAP of

1194 mm (Mucina and Rutherford, 2006).

The three provinces are classified according to three dominant bioanesly
grassland,savannahand azonal vegetation (Mucina and Rutherford, 2006).
Vacant land is currently utilised for vaus uses including cattle ranching, game
farming, agricultural crop farming such as maize and sunflower, but does not
include commercial forestry plantations. Commercial forestry is unsuited to these
areas, given the low annual rainfall and cold wingenperatures. However, some
small stands, rows and isolated trees do exist along some water courses, farm
boundaries and in areas adjacentTalings Storage Facilitie§TSPs through
planting and natural establishment. Most of the Lonmine area is unddain by

the mafic intrusive rocks of the Rustenburg layered suite of Bushveld Igneous
Complex with rocks including gabbro, norite, pyroxenite and anorthosite.
Predominant geological formations in Vaal River, East Rand, and West Wits
study areas include tmite and sand, cherich dolomite and shale, (AngloGold
Ashanti, 2004) while Agnes serpentine mining site has itdrapicted byheavy

metalcontamination from a gold galvanising plédAnhaeusser, 202).
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3.2 Sites
3.2.1 Site 1: Lonmin Mining site, Marikana Th ornveld, North West
3.2.1.1. Location

Lonmin Platinum Mine is the third largest producer in South Africes located

near Rustenburg, in the North West provingkhough the general terrain of the
area is rather flat, the Marikana Base Metal Refinery (BMR)amin Platinum

is situated on the top of a gentle ulbpe at the base of the Jakkalskop kopjie.
The BMR is situated directly within the historic roff area from the kopjie and
upslope of the seasonal wetland area and stream. As a result the BMR site
expected to be leaky, with stoiwater entering the site, overflowing pollution
controlmeasures (e.g. culverts and ponds), and relatively large volumesaif run
exiting the BMR site Kourie et al., 2008. Its scope includes four major
operations nantg; KareeMine, Western PlatinunMine, Eastern PlatinunMine

in Marikana and Baobaghaft in Limpopo. The mine comprises fifteen tailings
disposal facilities, approximately twenty rock dumps, twenty one open cast pits
(some rehabilitated), four landfill tels, four large slag pile areas and several
operational stockpile facilities. These mine wastes facilities cover more than 2500
ha. Fourieet al.,2008. The surface water ruoff from the BMR site hs been
reportedto be contaminated with sulphates amgavy metals. Present in the
surface water ruoff are: Sulphate (430 ppm), Ni (15 ppm), Cu (10 ppm), Co (1.3
ppm), Mn (1.9 ppm), Al (72 ppb), Zn (224 ppb), and Pb (22 ppb). Cr was present
at 3 ppb (i.e. < the target water qualitf)Veiersbye and Cukrowsk&007),

clastic sediments and minor carbonates

A more accurate measure of elements immediately available to plants (i.e. not
sorbed or bound) is the soil pore solution waigEmentsreported to b@resent at
elevated concentrations in the soil poratev are: sulphate (ranging from 500
5000 ppm on crusted areas), Mo (0.03 ppm), Al (0.6 ppm), Co (0.2 ppm), Cr (0.05
ppm), Cu (1 ppm), Mg (290 ppm), Mn (2 ppm), Na (115 ppm), Se (0.2 ppm), V
(0.1 ppm), and & (0.4 ppm). These amountsutd be taken uy plants but,
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apart from Na, are well below plant toxicity levels. The soil pore water
replenishes with ions on a seasonal basis, and under the influence of plant and
micro-organism influenceg~ourieet al, 2009. However, the results reported in

this study, showed that some of these elements such as Cr, Cu, MntdJndine

but a feware above the acceptable limits for both plants and living organisms.

3.2.1.2. GeologyandSoils

The mine idocatedon the basic rocks of the Merensky Reef and Chromitite layer
of the Bushveld Igneous Complekhe @il is impacted by spillage from the base
metal refinery (receives ore from the Merensky Reef and the UG2 Raefkoils

at theBMR site comprise Mispah formation around the BMR fence, with patches
of deeper, sandiered soils aroundhe granite outcrops. Most of the area is
underlain by the mafic intrusive rocks of the Rustenburg layered suite of Bushveld
Igneous Complex. Rocks include gabbro, norite, pyroxenite and anorthosite. Land
types are mainly Ea, Ba and ABue to the type of soils below the BMR (black

turf soils), significant amounts of the contaminants are sequestered in the topsoils.
The resultant sink area is highly contaminated, although the high clay and organic
content of the black turfs does limit le@wofp to groundwater. Unfortunately the
seasonal swelling (wet season) and shrinking plus cracking (dry season) that
occurs naturally in this sethulching type of clay soil is steadily working the
contaminants deeper into the soil pleaind through the aly lens(Weiersbye and
Cukrowska, 2007).

It has its basic rocks ashromitite, ultramafic at study site, pockets of sheet
granite outcropsvith heavy metal contaminants Ak Mg, Na, S, Co, Cr, Cu, Fe,

Mn, Ni, Se, Bi, V, As, Zn, Cd, La, Pt, Ir, Rh, G@h, Te, Pb The metals are
included in the study because their concentration is above the acceptable levels in
the plant.
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3.2.2 Site 2: Mpumalanga, AgnesSerpentineMining (AGM) Site
3.2.2.1. Location

AgnesMine is locatedaroundthe Barbertortown, in the eastern pion of the
Mpumalanga Province, South Africa. It hilmgmented patches on the exposed
ultramafic substrates in a triangular region extending from Malelane in the east, to
Badplaas, Barberton and East Swaziland in the South to West of Nelspruit in the
north (Antunes, 2010). Its generallysituatedat highaltitudesin the Barberton
region, ranging from 760 m in tidorthto 1640 m in the Southwest. Agnes gold
mining centres, together with some other centres such as-Shebew, New
Consort form sepaate complexes of epigenic mesothermal ore shoots that are
part of the Barberton Greenstone Belt (BGBig(3.1below).

Thesamples were taken froam open field oBerkheya coddjion serpentine soil,
at the op of the hill above AgneMine. They werenot takenon AgnesMine
itself, and not in receipt of any pollution from Agrdme. As a serpentine site, it
IS expected to beontaminatedvith Ni, Zn to name but a fewBerkheyacoddiiis
Ni-hyperaccumulator and an endemic plant growing only on thecgnthining

high concentration of Ni.

The BGB is the largest Achaean greenstone belt and is one of the oldest goldfields

i n South Africa. It i s |l ocat ed in the
Mpumalanga province, and is world renowned for its gold estn{Antunes,

2010). It comprises an area of 770ha on the farm Portion 3 and R/E of Rhineland

330 JU Mucina and Rutherford, 2008intunes, 201)
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Fig. 3.1 The Barberton Greenstone Belt showing goldfields that include Agnes Mine,
ShebaFairview, New Conart, Bonanza and sevemathers(Anhaeusser, 20)2

3.2.2.2. GeologyandSoil

The Agnes Miningsiteis positionedin a moderately flat to gently sloping terrain

on lower slopes of the Barberton Mountaiiiisis a serpentine mine site wibil
impacted byheavy netal contamination from gold galvanising plantKatspruit
andDolomitic. Despite numerougy/pes of nickel such as nickeliferous magnetite
(trevorite) (Trevor, 1920) several new and rare nickel minerals in the dépesit
Waal, 1986)showings in ultramadi rocks foundthroughout the Barberton
greenstone belt, no nickel mine has yet been established (Ward, 1999;
Anhaeusser, 2012).

Barberton Supergroup comprises of schists (metarmorphic rock which consists of
layers ofdifferent minerals), gneisdelspatht quartzites and various lavas of the
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Figtree, Moodies and Onverwacht FormatigMucina and Rutherford, 2006)
New discoveries are still being made and old deposits are beingestigated as
techniques of mining and extraction improve. These develognaer the recent
discovery of a nickesulphide deposit associated with an old talc ngnggest
that mining activities in the Barberton greenstone belt are set to continue well into

the foreseeable futuf@nhaeusser, 2012).

Barberton Goldfields miningarea is characterised by steep to very steep
topography with slopes that vary from 5° to 35°. The upper reaches of the
mountainous terrain are characterised by steep and narrow drainage lines, while
the lower reaches are characterised by open and widg femting streams. The

flood plains are generally wide, and subject to occasional flooding (seasonal) with
moderate to large catchment areBlise BGB is a nortteast trending, isoclinally
folded, metamorphosed volcasedimentary succession entirely sumded by
intrusive granitoid rocks(Antunes, 2010). It consists predominantly of an
assortment of ultramafic and mafic submarine volcanic rocks, including a number
of sill-like, layered ultramafic complexe3his group is overlain by turbiditic
greywacke andstones and associated mudstones and banded ferruginous shales of

thefig tree group(Antunes, 2010).

Host rocks to the gold mineralisation vary from greenstones to greywackes,
shales, banded ferruginous shales, quartzites, and a variety of cheftsodkal
alteration associated with the mineralised fractures includes silicification,
carbonatisation, sericitisation and sulphidation. The gold ores of this area are
either free milling, moderately refractory or highly refractory depending on the
extent towhich the precious metal is occluded within the associated sulphides,
commonly pyrite and arsenopyrite, or contained within arsenopyrite as
submicroscopic gold. The lodes comprise mineralised @oltlnes, 2010).
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3.2.3 Site 3: Gauteng, EastRand (ER1) ERGO Brakpan slime dam

footprint.
3.2.3.1. Location

Brakpan is guated on the East Rand of Gauteng, approximately 25km away from
Oliver Tambo International AirparThe Brakpan tailings deposition site is part of
DRDGold's Ergo gold recovery project called Ergo (Ergogolkhe quartzite

rock is ground to fine sand and powder, deadly sodium cyanide is used to extract
the gold, and the toxic waste sand is pumped to these great piles. The "lake" in the

middle could pose a hazardous threat to both the environment and living

oogani sms even for years after mining ha:
plant, some 50km east of Johannesburg in Brakpan, and the Knights plant in
Germi ston together comprise what i's ar gt

tailings retreatment tality. Together with the milling and pump station at Crown
Mines and City Deep (both former plants), the new consolidated Ergo operation
processes 2.0 2.1 million tonnes of gokbearing material a mont(GDACE,
2008).

Crown and Ergo layout plan

ErgoCold
Central and Eastern Witwatersrand Area
(\, Knights plant

@

p S —
Y HEIDELBERG
35 kitometres 27 kilomeatras
Legend
W Cold plants © Tailings deposition sites
stimes dams partialy removad — Roads
Slime — mpelines
: ]yw:v'.‘.ﬂz - ErpOG
sand === Proposed pipeline linking Crown plants to ergoCold talings deposition site

Fig.32a2 Er goo6s

f | argiclhplapt, togetherawiti the milling and pump

station at Crown Mines and City De@pDACE, 2008)
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Fig. 3.2b Ergods f | ags hi pfootpret tagetheu with ithe miling p | an't

and pump station at Crown Mines adily Deep(Integratedreport, 2013)

3.2.3.2. GeologyandSaoil

Gold in the Witwatersrand Supergroup and Black Reef Formation occurs in
pyritic quartz pebble conglomerates, together with-etdnomic to economic
quartities of uranium as uraninitélhe soil is impacted byAcid rock drainage
(ARD) and slimes (i.e. footprint of the old Withaltime damnext to Brakpan

slime dan), Katspruitand Dolomitic (chert poor)A number of other potentially
hazardous metals occuogether with the economic mineralisation (GDACE,
2008). Dolomitic bedrock is a high potential aquifer due to its chemical
characteristics that result in formation of solution cavit{®geiersbye and
Witkowski, 2003. Collapse of neasurface cavities formsinkholes that can
conduct contaminated surface water into the groundwater agliiferarea has a

high rate of wind and water erosiothat distribute mining residues intthe
surrounding soil . Removal of mine residu
where sand and tailings are mixed with soil. Leachates and other contaminated
waters interact with natural soils, leaving hazardous precipitates, adsorbed metals
and other contaminan(&DACE, 2008).
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Fig. 3.3 Brakpan, Ergo mining site situated Ekurhuleni Metropolitan Municipality
containing parts of both Central and East Rand gold fields (Swéd2 MSc Thesis,
page 56).

3.2.4 Site 4: North West (Vaal Reefs VRS) (S)
3.2.4.1. Location

The Vaal River Operations are located at the boundary between the\Wedth

and Free State provinces. The mine is shared between the two provinces. The
northern portion of the mine lease is situated within the City of Matlosana Local
Municipality and under jurisdiction of Southern District Municipality (DC40) in

the North West mvince, and the southern part within the Moghaka Local
Municipality, and under the Jurisdiction of District Municipality of Fezile Dabi

(DC20) in the Free State Province. The total mining lease area of the Vaal River
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operations is approximately 23 876 taes (ha). The Local Map for Vaal River
Operations within the Reference to AGA is shown in. Big below (AngloGold
Ashanti, 200%.

The Vaal River Operations is surrounded by a number of following towns
including Orkney which is surrounded by the VaaldR Operations; Klerksdorp

that is located 18 km to the Noftest; Potchefstroom which is located 50 km to
the East; Bothaville which is located 45 km to the South; and Leeudoringstad that
is located 56 km to the SotiWest (AngloGold Ashanti, 2009).

d B Buit up Areas
| I RsA tic

v |— Mainroad

( Rebway

— Rivers

{ via 1)
iy (N0

Map: Locultty

T

Fig. 3.4 The Local Map for Vaal River and West Wits mining Operations within the
Reference to AGA (AngloGold Ashanti, 2009).

The Vaal River Operations comprises mainly of four (4) deep gold mines (Tau
LekoaMine, Moab Khotsong Mine, Great Noligwa Mine aKdpanang Mine)

and supporting infrastructure such ragtallurgical plantgwhere gold uranium

and sulphuric acidareproduced), &hemical laboratory, tailing storage facilities,
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waste rock dumps and supporting services (lem@hagement, mine services,

commercial services and sustainable developn{@mgloGold Ashanti, 2009).

3.2.4.2. Geologyand Soil

The Vaal Reef is usually 50 cm or less thick and well mineralized, with nodular
and crystalline pyrite, gold, uraninite and carbonaceaous mater concentrated along
the base of the oglomerate layer. The soil is impacted by acid rock drainage and
slimes spillage (i.e. toepaddock soils nexslime dam. More than 50% of the

main soil types are relatively shallow (8160 mm) and rocky, with dominant soil
forms of Genrosa & Mispah Dolomitic (cherich) (Mucina and Rutherford,
2006)

In general the conglomerate (reef) matrix consists micaceous minerals such as
sericite, pyrophyllite, muscovite, chlorite and chloritoid -@@xb); pyrite (34%);
other sulhides, e.g. yprhotite, chalcopyrite, pentlandite, galena, cobaltite,
sphalerite, gersdorffite, linnacite and arsenopyrite€2%d); grains of primary
minerals such as chromite, rutil@arnef zircon, xenotime, ilmenite and
tourmaline, alteration products such as gdetlaind leaucoxene and secondary
minerals such as anatase and skutterudite2%)l. Gold and uranium
(predominantly as uraninite (YY) are mainly found irthe matrix Suruchi and
Khanna, 2011Liebenberg, 1957 A naturally rocky ridge (Black Reef rocks)
constitutes the northern boundary of the mine lease area. Othemadm
structures such as headgediSF and waste rock dumps altering the topography
of the landscape, also occur (AngloGold Ashanti, 2009).

The main geological landscape in the Klerksdomidgfield includes the
Witwatersrand, Transvaal, and Ventersdorp Supergroups as well as the Swazian
Basement granites. Tailings from gold recovery still contain low concentrations of
gold and may contain economically recoverable sulphur in the form degyri
Historically, low-grade (i.e. uneconomic) ore was sometimes disposed of on waste
rock dumps (AngloGold Ashanti, 2009).
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3.2.5 Site 5: West Wtwatersrand Gauteng, (West Witsi WW) TSF.
3.2.5.1. Location

The West Wits Operations are situated approximately 75 kiens¢km) west of
Johannesburg within the Gauteng Province. The site is approximately 7 km South
of Carletonville, which is in North West Province. It is also surrounded by other
neighbouring towns, namely Fochville and Potchefstroom, which are situated 12
km and 50 km respectively to the South and West of the mine. West Wits has
occupied approximately 4176 hectares of land which straddle the boundary
between Gauteng and North West Provinces (Real, 2009).Fig. 3.5 below
shows a regional map arkg. 3.6 shows an operation area occupied by West
Wits. Witwatersrand also denotes tgeeater Johannesburgnetropolitan area,

which spans the length of the gdiéaring reef. The metropolitan area is oblong

in shape and runs from the area of Randfontein anciGaxlille in the west to
Springs in the east. It includes the vast urban areas of the East and West Rand, and
Soweto.
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Fig. 3.5 Overview of the Witwatersrand Geological Formation (Source: West Wits
Mining, 2008)
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WW Map: Mucina and Rutherford Vegetation Type

ER7200%

Fig. 3.6  An operation area occupied byaat Wits(AngloGold Ashanti, 2009).

3.2.5.2. Geologyand Soil

The Witwatersrand basin constitutes one of the great metalogenic provinces of the
world when it comes to gold and uranium deposits. The Witwatersrand
sedimentary basin has been deposited over an déstinieme period of 360
million years (Ma) in the Proterosoic time period betwedv8 and 2714 Ma
(Robb and Robb, 1998) on a granite greenstone basement knowrKaspivaal
Craton (McCarthy and Rubidge, 2005pil is impacted by acid rock drainage and
slimes spillage (i.e. toepaddock soils are nexlime damg Clovelly, Avalon.
Timeball Hill shales.Gold tailing dams from th&VitwatersrandBasin usually
contain elevated amounts of heavy metals and radionudiidasium, in the form

of uraninite (D,) and brannerite (UFDg) is normally associated with geld
bearing ores in the basin.
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As a result of acid mining drainage (AMD), uranium is released into groundwater
and fluvial systems. lIts transport and immobilisation depend strongly on the
uranium pecies and prevailing geochemical conditiovging of South Africa

gold, platinum and base metal resources has given rise, in the Gauteng Province
alone, to approximately 150 tailings dams, covering an approximate 12,000 ha of
land. Uranium is generallgssociated with the gold ores of the Witwatersrand, at
times at concentrations which may be economically viable for extraction as a by
product to the gold. Uranium and its radiogenic progeny are therefore found in
many of the residues and waste producedh@ mining and processing of
Witwatersrand ores. Uranium has been an importaiprogiuct of gold mining.

It occurs with gold and a host of other minerals in the Witwatersrand Basin and
can be at the elevated concentrations of between 100 and 300 plem1(@38;
Fourieet al.,2008. West WitsMines exploits the Carbon Leader Reef (CRF) and
the Ventersdorp Contact ReefVCR) gold bearing reefs, present in the
Johannesburg and Turffontein subgroups, respectively. The Conglomerate (reef)
Matrix generally onsist of micaceous minerals such as sericite, pyrophyllite,
muscovite, chlorite and chloritoid (43D percent): pyrite (3 percent): other
sulphides (e.g. pyrrhotite, chalcopyrite, pentlandite, galena, cobaltite, sphalerite,
gersdorffite, linnacite andrgenopyrite) (12 percent); grains of primary minerals
such as chromite, rutile, garnet, zircon, xenotime, ilmenite and tourmaline,
alteration products such as goethite and leucoxene and secondary minerals such as
anatase and skutterudite-Z1percent). Glol and uranium (predominantly as
uraninite (UO2) are mainly found in thmatrix (Suruchiand Khanna 2011%
Liebenberg, 1957

3.2.6 Site 6: Gauteng East Rand (ER2A) ERGO Metallurgical Plant (MP),
(A2+A5).

3.2.6.1. Location

Soil impacted by emissions from the stack apill. Hutton, Glenrosa. Dolomitic.

Gautenghas analternatingclimate between warm, moist summers and cool dry
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winters. As mentioned site 3above themeandaily temperatures vary between
21.2°C in the summer and 9.8°C in the winter (Schulze, 1997).

Fig. 3.7 The Gauteng grassland bion{&hulze, 1997)

3.2.6.2. Geologyand Soil

The host rock containing precious or industrial minerals is a critical aspect of any
mining related developmenthe soil is contaminated with elements such as gold,
and uranum. Apart from controlling the distribution and grade of mineral
deposits,the rock structure, texture and mineralogy can impact the terrain
morphology, drainageevelopment and type of channels, groundwater flow and
chemistry and the nature of solftlid or gaseous emanatiotisat can affect the
environment GDACE, 20@).

3.2.7 Site 7: Gauteng, East Rand (ER2D) ERGO Metallurgical Plant (MP),
(D1).

3.2.7.1. Locdion

Soil impacted by emissions from the stack and dfiltton, Glenrosa. Dolomitic.

Gautenghas analternatingclimate between warm, moist summers and cool dry
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winters. As mentioned above Mean daily temperatures vary between 21.2°C in the
summer and 9.8°C in the winter (Schulze, 199¢égsite 3 and 6 above.

3.2.7.2. Geology and Soil

It resembles similar geological feats assite 3 andsite 6 above. Its @il is
impacted by emissions from the stack and spill. Hutton, GlenBosamitic. For

more details see site 3 asitk 6 above.

3.2.8 Site 8: North West- Vaal Reefs (M) (VRM).
3.2.8.1. Location

The Vaal River Operationare locagd at the boundary between the Neflest

and Free State provinces. The mine is shared between the two proVimeéstal
mining lease area dhe Vaal River operations is approximately 23 876 hectares
(ha) (AngloGold Ashanti, 2009)The Vaal Riveropemtion is surrounded by a
number of towns including Orkng¥Klerksdorp PotchefstroomBothaville and
Leeudorngstad (AngloGold Ashanti, 2009For more detailsseesite 3 and 6
above.

3.2.8.2. Geology and Saoil

Vaal River Operations is largely situated on dolamisubstrata which are

subjected to the formation of sinkholes. Dolomite is a calawnsgnesium
carbonate rock with atextdre. Jhisi kimat df roekes fiel e pl
susceptible to dissolution from the percolation of rainwater and the flow ef sub

surface water, which results in the formation of underground cavities and caves.

The process of weathering also results in the formation of a complex residual soil
mantl e known as fAwado, overl aying the dc
weak material hat is easily eroded and highly compressible, thus unsuitable for
foundations.The host rock containing precious or industrial minerals is a critical

aspect of any miningelated development. Apart from controlling the distribution

and grade of mineral depits, the rock structure, texture and mineralogy can
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impact the terrain morphology, drainagievelopment and type of channels,
groundwater flow and chemistry and the nature of sdidid or gaseous
emanationsghat can affect the environme@DACE, 20®). The il is impacted
by acid rock drainage and slimes spillage (i.e. toepaddock soils nekime
damg. Glenrosa & Mispah. Dolomitic (cherich). Seesite 4 above.
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Table 3.1 Localities and the substraturharacteristics of the sample sites

Sites | Mining Sites Substratum Characteristics | Soil Class Surface Geology | GPS Co | Contaminants of
ordinates | concern:
Site 1| North West Rustenburg | Soil impacted by spillage Mispah, & Basic rocks Not Al, Mg, Na, S,
Lonmin (L) Platinum Baseg from the base metal refinery| black turfs chromitite, Recorded.| Co, Cr, Cu, Fe,
Metal Refinery spill. (receives ore from the (vertisols), and| ultramaficat Mn, Ni, Se, Bi,
Merensky Reef and the UGZ Arcadia study site, pocket V, As, Zn, Cd,
Reef). (deeper, red | of sheet granite La, Pt, Ir, Rh, Gd
soils). outcrops. Th, Te, Pb,
Site 2 | AgnesSerpentinéVline Soil impacted by HCl and | Katspruit. Dolomitic. Not Al, Mg, Na, Cl,
(AGM), Mpumalanga. metal contamination from a Recorded.| As, Se, Ni, Mn,
Zn galvanising plansite is Fe, V, Zn, Pb,
an open field oBerkheya Co, Cu, Cr, Cd,
coddii, on serpentine soil, at B, Mo.
the top ofthe hill above
AgnesMine
Site 3| Gauteng, East Ran&R1) | Soil impacted by ARD and | Katspruit. Dolomitic (chert | S- Al, Mg, Na, S,
ERGO Brakpan slime dar slimes (i.e. footprint oftte poor). 26.2209 | Ni, Mn, Fe, V,
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footprint. old Withok slime damnext to E 28.1846| Zn, As, Se, Co,
Brakpanslime dan). Cu, Cr, Cd, Au,
Bi, Pb, Hg, U.

Site 4 | North West (Vaal Reefs | Soil impacted by acid rock | Glenrosa & Dolomitic (chert | S- Al, Mg, Na, S,

VRS) drainage and slimes spillagg Mispah. rich). 26.94672 | Ni, Mn, Fe, V,
(i.e. toepaddock soils next td E 26.6727| Zn, Co, Cu, Cr,
slime dan). Cd, Au, Bi, Pb,

Hg, U.

Site 5| Gauteng, (West Wits Soil impacted by acid rock | Clovelly, Timeball Hill S- Al, Mg, Na, S,

WW) TSF. drainage and slimes spillagg Avalon. shales. 26.26566 | Ni, Mn, Fe, V,
(i.e. toepaddock soils next ta E Zn, Co, Cu, Cr,
slime dan). 27.20901 | Cd, Au, Bi, Pb,

Hg, U.

Site 6 | Gauteng, East Rand Soil impacted by emissions | Hutton, Dolomitic. Not Al, S, Ni, Mn, Fe,
(ER2A) ERGO from the stack and spill. Glenrosa. Recorded.| V, Zn, As, Co,
Metallurgical Plant (MP), Cu, Cr, Cd, Pb,
(A2+A5). Hg, U
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Site 7 | Gauteng, East Rand Soil impacted by emissions | Hutton, Dolomitic. Not Al S, Ni, Mn, Fe,
(ER2D) ERGO from the stack and spill. Glenrosa. Recorded.| V, Zn, As, Co,
Metallurgical PlantMP), Cu, Cr, Cd, Pb,
(D). Hg, U

Site 8| North West Vaal Reefs | Soil impacted by acid rock | Glenrosa & Dolomitic (chert | S- Al, Mg, Na, S,
(VRM). drainage and slimes slgige | Mispah. rich) 26.55443 | Ni, Mn, Fe, V,

(i.e. toepaddock soils next ta E Zn, Co, Cu, Cr,
slime dan). 26.46901 | Cd, Au, Bi, Pb,
Hg, U

Contr | Grown Nu + Zeolite Plants were grown in nutrier] N/A N/A N/A N/A

ol1 solution awl zeolite + Sand

Contr | Control Nu + Zeo + Plants were grown in nutrier] N/A N/A N/A N/A

ol 2 | Mycoroot. solution andzeolite + Sand

and Mycoroot (a commercia

mycorrhizalinoculum)
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3.3 Propagation of AM fungi
3.3.1 Soil samplingand spore extrad¢ion

Soil and mine tailing samples were collected frdnzosphere®f variousplants
including Erograstic Curvula Phragmites Australisees Eragrostis
LanchnanthaBerkheya Radula; Tamarix; Asporag@nd Exotic Acacia caffra
growing in heavy metal ¢h sites in South Africa (Gauteng, and North West
provinces) $ection 3.1)A minimum of 5samples were taken with a soil drill that
waspushed down to 30 cm in the spibfiles. All soil samples weranalysedor

their AM fungal spore count, by modificaion of the methods for wet sieving
(Gerdemann and Nicolson, 1963) and centrifugaf\dalker et al., 1982. The
endemycorrhizal spores/sporocarps used were collected from both the field mine
tailing soilsandpot cultured soils.

Air-dry soil 100 g) was placed in a Erlenmeyer flak (2000 ml volume) and
1000 ml of tap waterwas added. The mixturevas shaken vigorously using a
stirring bar or spatula for 510 min.The flask wa removed from thehaker and

the soil suspension waallowed to sediment oettles for few minutes. The slurry
wasdecanted or poured through a stack
em (middle), foll oszved ( byt tld®2rB) epn aacnedd
shaker and wasldl under continuous running water until wateas clea. The
content ofthe 1000 mm sievewasdiscarded since it contains mainly the organic
debris. With a jet of water, the material collected on each si@geinsed so as to
catch smaller particles on the sieve below. After the contents of the remaining
sieves ha been washed, thayeretransferred into three separate centrifuge tubes
andcentrifuged at 3000 rpm for-35 min. The supernatamtasdiscarded since it
contains substantial amounts of organic debris. After the supernathiteba
discarded 50% sucrosewvasadded to each test tube and mixed thoroughly with a
spatula (NB: the sucrosgasused to balance the tubks further centrifugation)
beforebeingcentrifuged at 3000 rpm for-35 minutes. Sucroseasutilized here
because it separates spdiresn denser soil components.
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Immediately after the sucrose centrifugation, the supernatastollected from

each tube and transferred or poured back into each sieve according to its
respective sieve width size. The supernataat then rinsed anthoroughly
wasled with a jet of water to remove sucrose. Lingsre drawn on the filter
paper to create grids (parallel linegre apprximately 1cm apart to separate
microscope fields for spore counting). Spovesre transferred into prevetted
graded filter pper in a Buchner funnel before the suction filtrates performed.

Filter paperswere dried and stored at 4/26 in Petri dishes for further

microscopic observatiofGerdemann and Nicolson, 1963)

3.3.2 Trap pots

To obtain sufficientAM fungi for the greenhoge experiment the AM fungal
populatios from selected samples wemalltiplied usingEragrostis curvula(E.
curvuld) as a trap plant under greenhouse conditis. A total of 8 sites were
sampled. In each sit8 replicate pots were used for both experimeptds and
controls. About 8 plants in each sample site were dsednalysis including
morphological and mick®IXE analysisCores of field soil or soil samplegere
placed or sandwiched in between the 2 h autoclaved sand/silt mixture. Each pot
represeted a particularsite Eragrostis curvulaseeds wer washed/cleaned by
water bubbled in compressed air for about three days to remove the fungicide until
they geminated. Germinating seeds wertransferred and spread over an
autoclaved damped paper towela plastic tray. The seedlingem watered by
autoclaved distilled water until thgyroduceda cotyledonwhich takes about five

days depending on the terspature of the room. Theeedlings with cotyledon
werethen planted in pots containing field sadnsples sandwiched in autoclaved
sand for about 3 to thonths The planted pot plants weiirrigated three times a
week. At maturity after 4 monthsthe plants were harvested and new seedsrev
sown.The cultures were confirmed for rooblonisation and popagule numbers

at regular intervals.
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3.4 Visualisation of root colonisation
3.4.1 Root staining

For AM fungal colonisationobservation the roots \ere prepared by the method
of Koske and GemméL989. Roots were preserved in 50% ethanol for several
days thencut after they héh been thoroughly rinsed in tap water and in 50%
ethanol. The rinsed roots were heated in 2.5% KOH for 10 tmith5and rinsed
three times in tap water. They were soaked ¥b@Wol of 1% HCI for 24 h and
then stained in acidic glycerdilypanBlue for 15 min at 90C. The roots were
destained and stored in acid glycerol (50% v/v glycerol and 1% HJ).

bleaching step was germed as the roots were not highly pigmented.

3.4.2 Magnified intersections method for colonisation assessment

The metlod of McGonigle et al (1990) was used for assessment of root
colonisation. This technique involvehe estimaton of vesicular arbuscular
mycorrhizal colonisation on an objective scale of measurement, involving
inspection of intersections between the w$cope eyepiece crosshandaroots at
magnification x 200. This iseferred to agthe magnified intersections method.
Whether the vertical eyepiece crosshair crosses one or more arbuscules is noted at
each intersection. The estimate aaflonisationis the proportion of root length
containing arbusculescalled the arbuscularcolonisation(AC). The magnified
intersections method also determines the proportion of root length containing
vesicles, the vesiculacolonisation (VC), and the proportion of root lgth
containing hyphae, the hyphablonisation (HC). However, VC and HGare
interpreted with cautiomas vesicles and hyphae, unlike arbuscules, can be

produced in roots by nemycorrhizal fungi.

3.5 Methods for morphological identification

Morphological idetification wasdone, where sporesere mounted in polyvinyl

lactic acid glycerol(PVLG) (Appendix § for observation under compound

microscope. AM fungal speciewere identified by spore colour, size, wall
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structure, and other morphological characteristis;ig the manual by Schenck

and Perez (1990All the permanent slidewere stored as digital images using a
digital camera and subjectéd image analysis, as follow3he phase contrast
images of broken or whole mounts of a spoeretaken with a poirandshoot

digital camera (Nikon CoolPix 990) on a microscope with the eyepiece left in
place. The lens of the camera was put in direct contact with the eyepiece, both the
camera and the computer were maneuvered until a good image was obtained and
the picure was shot. Since the light paths in the camera and the microscope were
aligned, there was enough light coming through the lens such that the shutter
speed was less than 1/66f a second. The zoom feature on the computer was

alsousedtogetamoredet | ed vi ew of the speci mends

3.6 Methodsfor molecular analysis
3.6.1 Sample preparation

A known number of spores were stored frozen in small aliquots of sterile distilled
water. Clean and shiny AM fungal spores -@) of the same morphotype
according to spore size, shape and colour were collected with forceps from the
Whatman filter paper in Petri dishes under a binocular microscope and transferred
into 1.5 ml sterile microcentrifuge tubes containingm @terile deionised water.

Prior todeoxribose nucleic acidDNA) extraction the spores were washed twice

in sterile deionised water by vortexing and then centrifugation at 11 000 g for 1
min (Manianet al.,2001).

3.6.2 Preparation of nucleic acids (DNA)

NucleicAcids (DNA) were prepared in two w8 namely, manual extraction and
direct PCR amplification from crushed spores.
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3.6.3 Manual DNA extraction

The spores were frozen in liquid nitrogen in 0.5 ml tubes and liquid nitrogen was
allowed to evaporate. This step was repeated three times beforeothe sere
crushed thoroughly using a sterile disposable micropestle or a glass Pasteur
pipette in 50m 2 % CTAB extraction buffer. The extraction buffer was then
added to the test tube up to volume of BQ0An amount of 151 of Proteinase K

(20 mg/ml)which was stored at20 C was also added to the sample tube which
was incubated at 68 for an hour to allow for cell protein digestidvi€llio et al,

1996). To ensure mechanical disruption, about 5 sterile glass beads (1 mm in
diameter) were placed intthe micro centrifuge tubes and vortexed for 1 min

before being centrifuged at D80 rpm for 2 min.

The supernatant was transferred to a new sterile micro centrifuge tube. Because
the DNA is in the supernatant, care was taken so as to avoid gettinglany d

from the pellet into the separated supernatant. The debris was also frozen and kept
as a backup of the sample. Proteins were denatured and removed from the sample
by adding 5001 cold phenol: chloroform: isoamyl alcohol (25:24:1 v/viv). The
sampleswere vortexed and centrifuged at Q@0 rpm for 2 min. The upper
aqueous layer containing nucleic acids was removed and placed in a new sterile
micro centrifuge tube. About 508 cold chloroform: isoamyl alcohol in a ratio of

24:1 was added to the micrentdrifuge tube containing the nucleic acids to purify

the DNA. The micro centrifuge was vortexed and centrifuged @003 pm for 2

min. The upper aqueous layer containing DNA was removed and placed in new
sterile micro centrifuge tubes. An amount of Q3 M, pH 5.2) sodium acetate

was added into the test tube and filled with 96% ethanol to precipitate out DNA.
The precipitated DNA was incubated @0 C overnight. On the ™ day, the
sample tubes were removed and mixed gently before pelleting oltNAeby
centrifugation at 1800 rpm for 25 min at 4°C. The supernatant was gently
removed and poured off. The pellets were air dried to remove all alcohol by

placing the tubes upside down on Kleenex or left opened in rack. The pellet was
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resuspended by patting up and down in the tube for few minutes imb8terile
milli-Q water and stored a20 C until required for PCR reactiorfManian et
al., 2001).

3.6.4 DNA amplification from crushed spores

DNA from single AM fungl spores was also amplified by chirsg about 5 to 10
spores directly in a PCR tube using a needle. Spores were transferred into 1.5 ml
sterile microcentrifuge tubes containing D sterile deionised water. Prior to
amplification the spores were washed twice in sterile deionised watertexiwng

and then centrifugation at 11 000 g for 1 min (Mareaml.,2001). The crushed

spores were used directly as template for P@VRite et al., 1990)

3.6.5 PCR amplifi cation

PCR amplification waperformedusing twoseparatesets of primers firstly the
known universal primers, nameli;S1 & ITS4o0r NS31& AM1; and secondly,
the nested primerNS1 & NS4 coupled with AML1 & AML2in a MyCyclef"
Thermal Cycler (BieRad, U.S.A).

3.6.5.1. The use of known universal primers

The first PCR amplification attempt walone using universal primers, ITS1 &
ITS4 or NS31 & AML1. In both these sets of universal primers the same PCR
parameters/conditions were used as folloRslymerase Chain Reaction was
carried out using 0.1ImMINTPs, 10 pmol of each primer, 5 U ©hg DNA
polymerase and the supplied reaction buffer in total volume aifi 28 follows:
initial denaturation at 95°C for Bin, followed by 45 cycles at 95°C for 38¢

50°C for 30 sec, 72°C for 2 min, followed by a final extension period at 72°C for
10 min. In some instancesheé first PCR producfrom the ITS1 & ITS4
amplificationwas diluted 1/100 with 1 x THEDTA (TE) buffer.
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The dilutions were used as template DNA in a second PCR reaction performed
using universal primers, NS31 and AM1 (Helgasbral., 1998 Alguacil et al,

2009) as follows: 3 min initial denaturation at 95 °C, followed by 10 cycles of 30
sec denaturation at 95 °C, 45 sec primer annealing at 48 °C and 2 min extension at
72°C, followed by 35 cycles of 30 sec denaturation at 95 °C, 80psmer
annealing at 50 °C and 2 min extension at 72°C followed by a final extension
period of 10 min at 72 °C and storage temperature of 4°C before the PCR
products were removedMany of these amplifications were unsuccessful,
whereafterthe nested primes, NS1 and NS4 coupled with AML1 and AML2
designed by Leet al. (2008 were used.

3.6.5.2. The use of AML1 and AML 2 nested primers

Polymerase Chain Reaction was carried out usingr®vVLdNTPs, 10 pmol of
each primefAML1 andAML 2), 5 U of TaqgDNA polymerase iad the supplied
reaction buffer in total volume of 28 as follows: initial denaturation at 94°C for
3min, followed by 30 cycles at 94°C for 30s, 40°C for 1min, 72°C for 1min,
followed by a final extension period at 72°C for 10 min. The first PCR product
was diluted 1/100 with 1 x THEDTA (TE) buffer. The dilutions were used as
template DNA in a second PCR reaction performed using primers designed by
Leeet al. (2008, AML1 (5-ATC AAC TTT CGA TGG TAG GAT AGA3’) and
AML2 (5"-GAA CCC AAA CAC TTT GGT TTCC-3') as follows: 3 min initial
denaturation at 94 °C, followed by 30 cycles of 1 min denaturation at 94 °C, 1 min
primer annealing at 50 °C and 1 min extension at 72°C, followed by a final
extension period of 10 min at 72 °C. PCR products fAdvh fungal spores were

not purifiedbutinstead were directly sent for sequencing, some to Ingaba Biotech,
Pretoria South Africa(SA) and some tdhe University of StellenboschCentral
Analytical Facility, South Africa. ThéngabaBiotech used ABI 3130 XIGenetic
Analyzer while Stellenbosch used 3730XL DNA Analyzer, Applied Biosystems.
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3.6.6 DNA cloning

PCR, DNA cloning and sequencing of the results, reporte#ign 5.2 were
performed atngaba Biotech, Pretori&outh Africa PCR was performed directly
from spores exaéicted from 2 sample@VWos) site 5 and ER;3) site 3 using
different set of primerglTS1 & ITS4 or NS31 & AM1). Adout 1 m of WWys
spore sampleontainingl10 crushedspores was used for PCR out of fi0spore
dilution which contained about 1@fushedspores.Similarly about 1m of ER; 3
spore sample which contained about 10 spores was also used for PCR ont of 10

spore dilution which contained about 165 spores.

In cloning procedures, a specific DNA fragment is integrated into a rapidly
replicating @netic element (plasmid or bacteriophage) so that it can be amplified
in bacteria or yeast cells. A clone JETE

Fermentas life sciencgvww.fermentas.com/reviewewas usd. Out of the two

types of DNA cloning procedures, namely, BHiEMd cloning and Stick{end
cloning, Bluntend reaction was used and the blunting reaction was set up as

follows:

Tennm of 2x reaction buffer followed by &1 PCR product, 51 Nucleasd free

water and 1m of DNA blunting enzyme were transferred intds ml sterile
microcentrifuge tubesThe mixture was briefly vortexed and centrifuged fef 3
secbeforebeingincubated at 70C for 5 min. The mixture was briefly chilled on

ice and the legeon reaction was set up before the following blunting reaction
mixture, 1m pJetl.2/blunt cloning vector (50ng/MBi) and 1m T4 DNA ligase
(5u/m) were added to make up a total volume ohRQt was again briefly vortex

and centrifuged for 3 to 5 mibeforebeingincubated at room temperature {22

for 5 min. It should be noted that incubation time can be extended up to 30 min if
the maximal number of transformants is required. The legation mixture was used

directly for bacterial transformation asdicated imAppendix 7
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3.6.6.1. Transformatiorsteps (PCRSmart™ Cloning Kit)

A 1.5 ml tube was placed on ice for few minutes. Al2f the 20m samples
ligation reaction mixture was added into the 1.5ml tube that was placed on ice.
About 20 of the chemiclly competent cells were also added into 1.5 ml tube.
The tube was placed on ice for 30 min after which it was removed and placed at
42°C for 45s and returned back to ice for 2 min. A total volume of 4B0O
recovering medium was added to the test tubes $biution was incubated in the
shaking incubator for an hour at a speed of 250 rpm. The contents wee pia
LB”MP in the following plates; 50r was plaed inplate 1 while the rest of the
solution was added to plate 2. The 2 plates were incubatedigiveat 37°C in a

nonshaking incubator.

PCR was performed using P Jet 1, 2 reverse and forward prif@rs products
were sequered, at Inqaba Biotech, Pretoria South Afriesing ABI 3130 XL

Genetic Analyzer.

3.6.7 Visualisation of fungal genomicextracts

Nucleic acids were visualized using agarose gel electrophoresis. A 1% agarose gel
was prepared consisting of 1g molecular grade agarose (Hispanagar, H0901031)
in 100ml 0.5 X TAE buffer diluted from 50 X TAE buffer stock (BioRad, 161
0773). The mixturevas boiled until the agarose was completely dissolved and
allowed to cool to approximately 40°C. On cooling, 3 to 5f 500mg/ml
Ethidium Bromidewas added to the agarose. The agarose was poured into a gel
mould and a comb placed into the gel before i wlowed to set. Once set, the

gel was placed in a gel tank filled with 0.5TXis-borateEDTA (TBE) buffer.

When loading the gel, 1 of extracted genomic DNA was mixed with 1@

DNA loading buffer (dye) before loaded into a well in the gel. Simudiasky, 10

m of | Pstlmolecularmarkerwas loaded into the gel to determine the molecular

weights of the bands obtained on the gel. The gel tank was connected to a BioRad
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Power Pac 300 and electrophoresed for 30 to 4&utesirat 100 volts (V). Gels

were vsualized using a UVP BioDelt Transilluminator System.

3.6.8 Phylogeneticanalysis

The phylogenetictree is made up diungd sequences used in this experiment.
The branch lengths are proportional to genetic distance, which is indicated by the
bar. The sequere electropherograms were analysed using Chromas Lite and
BioEdit; and manual adjustments were made where necessatefopnsensus
sequences. Following this, a BLAST was used on the sequence data using the
megablast algorithniZhanget al., 2000 and both the NCBI BLAST databases
(http://blast.ncbi.nim.nih.gov/Blast.qgi and MaarjAM database

(http://maarjam.botany.ut.pgOpik et al, 2010) The mycorrhizal sequences
representing different gene regs of fungal isolates obtained from different
mining sites were subjected to a multiple sequence alignment using MAFFT
version 6andphylogenetic analysis was performed using MEGA 5 to generate a
bootstrapped neighboymining tree of the multiple sequemalignment which

was visualised using TreeExplo(&pruytet al.,2014)

3.7 Methods for ICP-MS and PIXE
3.7.1 Pot study design for synthesis of AMungal roots

The design of the study included two treatments for each substratunisege
Chapter 3, Section 3.for descriptions of sites and Table 3.Mackground
arbusculamrmycorrhizalfungi only; background AMungi plus additional mixture

of indigenous AMfungal spore inoculum) and two controls (zeolite as growing
medium with addition of commercial ANungal inoculum; zeolite as growing
medium without any AMungi). The commercial inoculum was manufactured by
Mycoroot (Pty.) Ltd.SA (http://www.mycoroot.comand the zeolite was in the
form of 1-3 mm granules (Pratley (Pty) Ltd., SA)reatment pots (10 cm) were
filled with slime/soil samples mixed with zeolite at a ratio of 3:1 (3 slime: 1

zeolite). Zeolite was used to increase the porosity of the soil. All treatment pots
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were thentreated with Previcur® N aqueous fungicide (AgrEvo South Africa)
accordingtomarfuact urer 6s i nstructions and all ow
nonAM fungal contamination from the mixture. Previcur (active ingredient
Propamocar#Cl) is active against soil parasites suchPghiumbut affectsAM

fungal minimally

(http://www.pestmanagement.rutgers.edu/njinpas/postings/Previcurlapel.pdf

After a week, treatment pots were planted with commercial uncé&asetostis
curvulacv Ermelo seeds (AGRICOSeed Company, Pretoria, South Africa) and

° 500 AM fungal spores extracted from the respective slime soil samples were
added to the one set of treatments to increase the likelihood of rootsatitomi

The pots were placed in the greenhouse conditiotvgele®@ a temperature range

of 20°C to 25°C and were allowed to grow for sixteen weeks, watered at a rate of
50% volumetric field capacity every third day and the contieislised once a
week with 10ml to 20 ml of a commercial multinutrient solutioAppendix 4)

(Multifeed Classic, Plaaskem).
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3.7.2 SoilanalysespH, P, extractable cations & organic C)

It is important to determine the (a) total and (b) exchangeable, and (c) extractable
concentrations (by various extractants with biological relevance to plash

as the BCR sequential extraction methods), as well as (d) the natural levels of
these elements ipolluted metalliferoussoils. This informatiorassiss in setting
realistic and technically achievable epaints for site decontaminatiorhe
original slime soil samples were analysed by Bemlappéndix 6). Thus il
samples for chemical analyses were taken ftloenG30 cm layer with an auger

The soil was air dried, sieved through a 2 mm sieve for determination of stone
fraction (weight/weight bas) and analysed for pH (1.0 M KCI), P (Bray Il) and
total extractable cations, namely K, Ca, Mg and Na (extracted at pH = 7 with 0.2
M ammonium acetate) and organic matter by means of the Wdkéek method

(The Nonaffiliated Soil Analyses Work Committe 1990). MicreelementsZn,

Mn, Cu & Fe) were extracted with 2immonium EDTA (0.02 M) and boron (B)
using a 1:2 hot water ratio (The Naffiliated Soil Analyses Work Committee,
1990). The extracted solutionserme analysed with a Varian IGBES optical
emission spectrometer. Salinity was determined by measuring the resistance of
saturated paste in an electrode cup according to the method described by The
Non-affiliated Soil Analyses Work Committee (1990). Extractable acidity was
extracted with 1M KCI andetermined through titration with 0.05 M NaOH (The
Non-affiliated Soil Analyses Work Committee, 1990).

3.7.2.1. Exchangeable acidity

Exchangeable acidity of the soil was expressed as the tofah@Hs neutralised
by AI** and H that occurs on the exchangeesitBoth Af* and H wereextracted

with 1IN KCI and titrated to the ergbint with NaOH (0.01M). The acidity is
expressed as an equivalent of H cmol(+)/dn? soil (Soil Analyses Work

Committee, 1990).
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3.7.2.2. TotalPhosphorusR) in soll

Total P in soil was detmined by a method adapted from that described by
Sommers & Nelson (1972). The P was extracted from soil through acid digestion
using a 1:1 mixture of 1 N nitric acid and hydrochloric acid at 800C for 30
minutes. The P concentration in the extract was thetermined with a Varian
ICP-OES optical emission spectrometer.

3.7.2.3. TotalCarbon C) andNitrogen(N) in soil

Both total C and N content of soil were determined through total combustion
using a Leco Truspec® CN N analyser.

3.7.2.4. Total NH," and NQ concentrathn in soil

Ammonia and nitratareextracted fronthe soil with 1N KCI. Its concentration in
the extract is then determined colorimetrically on a SEAL AutoAnalyzer 3.

3.7.2.5. Cation exchange capaci(EC) of soll

The soil 0s CEC was d e t eumnucatate d(pH=irsas n g
extractant of exchangeable cations) method as describddhdoyWNonaffiliated

Soil Analyses Work Committee (199@yhere after the soil is leached with 0.2 M
K,SQu.. The total NH' is then extracted with 1IN KCI and determined
colorimetrically as indication of CEC on a SEAL AutoAnalyzer 3 with a 15 mm

flow cell and 520 nm filter.

3.7.2.6. Soil texture (% clay, silt & sand) andhte holding capacity

Chemical dispersionvas done using sodium hexametaphosphate (calgdrile
three sand fractionwere determined through sieving as describedhmNon-
affiliated Soil Analyses Work Committee (1990%ilt and clay were then
determined using sedimentation rates atC2dn a ASTM E100 (152HTP)

hydrometer. The soil water holding capacity is determinathematically from
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the soil texture using a&alculation model adapted from that of Saxtet al
(2006.

3.7.2.7. Soil moisture

The gravimetric soil water contentas determined on a mass/mass basis by
drying the soil over night at 16a.

3.7.2.8. Bulk density

Bulk densty of sieved soilwas determined by weighing 60 ¢nsoil at 26C and
expressing it as kg/in

3.7.2.9. Totalchloride in soil

Using the method described by Chapman & Pratt (1961), chloride concentration
in soil was determined volumetrically through titration ofa@l extract (0.1M
KNO3) with 0.043 M AgNQ using potassium dichromate {BrO,) as indicator.
Titration is done up to the point when the extract changes colour from orange to

brownred.

3.7.3 ICP-MS analysis of roots

ICP-MS analysis was first performed on sdegpof the roots for the elements Cr,

Fe, Ni, P, K, Pt, Ti, Mn, Cu, Zn, and U as baseline data for setting parameters
during PIXE analysigAppendix 9. The roots were processed as follows:

Five plants from each sample site were washed under runnirvgatap until all

the soil was removedhserted into brown paper bag and oven dried at 70°C for 24
h. The dried plants were ground into powder using a pestle and nfogample

mass of 0.1 g was dissolved in 10 ml of a digestion solution (8 mlz+N® 2ml

H,0,) before it was run into a Liners Teflon for 30 min at 600 Watts. The liquid
was transferred into a 10 ml volumetric flask. Where the sampléokil to 2 mi

through evaporation, the volumetric flask was filled up with deionized water. The
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ICP-MS was then run using a multiwave 3000 (Anton Paar GmbH) solvent also

known as microwave digestion. The results are recordagpendix 9

3.7.4 Preparation of plants for Micro-PIXE analysis.

Plants were washed under running tap water until all the soil raof doé¢ roots.

The root length was measured and root samples from 2 to 3 plants were observed
under phase contrast light microscopy to ascertain and document the extent of root
colonisation so as to select the appropriate parts of the roots for cryopreparat
(Fig. 4.1).

3.7.5 Ciryofixation

Cryofixation is a low temperature method used to preserve the distribution and
structure of all components in a biological system and aims at therapich
freezing ofthe specimen during which the intracellular movemerts arrested in
milliseconds (Hayat, 1989). A suitable cryogen is liquid propane, which has a
much higher cooling rate than liquid nitrogen. Eight plants from each sample site
were used for cryopreparation. Roots were thoroughly washed in deionized water
and sections showing mycorrhizeblonisationwere excised and transferred into
gelatin capsules. The cryofixation process was performed in a clean environment
using the Leica EM CPC cryworkstation. The roots were quenched in liquid

propane {185°C) whichwas cooled by liquid nitrogen1(96°C).

3.7.6 Freeze drying

The frozen root samples were frealtéed in a Leica EM SFD Cryosorption
Freeze Dryer following a 48 h programmed cycle starting8@fC, and ending at
ambient temperature. The chamber was coble@ thermal junction connected

with a Dewar filled with liquid nitrogen. After the termination of the fredrgng
process, the chamber was slowly heated up to room temperature to prevent water
condensation on the samples. Both the root eses8on andthe long root

sections of the fredried root samples were obtained by haedtioning under a
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stereemicroscope using a stainless steel razor blade, and mounted between two
layers of 1% (w/v) Formvar film with Araldite glue (Figgd8and3.9). To prevenh

charge builedup during measurements, the Formvar membrane facing the proton

beam was coated with a thin layer of carbon. Light micrographs of each specimen
were taken before and after proton irradiation. In order to evaluate elemental

distribution in vaious root tissues, only intact root cressctions and long root

sections were used in the midedXE analysis.

Fig. 3.8 Specimen holders with root cressctions photographed under a SMZ 1500

Nikon light microscope.
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Fig. 3.9 Specimen holders with long roots photographed under a SMZ W8@h

light microscope.

3.7.7 Instrumentation and analytical method

Microanalyses were performed using a nucleacroprobe (Fig. 3.1Q at the

Materials Research Department, iThemba LABS, SdAitfica as previously
describedProzeskyet al.,1 9 9 5 ; Przegdd M ®O®Wi, c Pr zegddhy Jowi c z
2005) A proton beam of 3 MeV energy, provided by the 6 MV siregided Van

de Graaff accel er at o’spotamdaaster scarmed®owerdthet o a
areas of interest (dwell time 10 ms),ngksquare or rectangular scan patterns with

a variable number of pixels (up to 128 x 128). Vacuum inside the chamber was of

the order of 5.5x1® mbar during analysis and currents below 120 pA were used,

to minimize beam damage tfie specimens.Particleinducedx-ray emission

(PIXE) andproton backscatterin(BS) were used simultaneously. PIXE spectra

were registered with a Si(Li) detector manufactured by PGT (30 awtive area
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and 8.5nm Be window) with an additional 12bm Be layer as an external

absorler.

The effective energy resolution of the PIXE system (for the MHike) was 160

eV, measured for individual spectra. The detector was positioned at-aftake

angle of 138and a working distance of 25 mm. Thera§ energy range was set

between 1 an®6 keV. BS spectra were recorded with an ann8lacon (Si)
surface barrier detector (100 em thick)
Data were acquired in the evdmt-event mode. The normalization of results was

done using the integrated beam charge, collected simultaneously from a Faraday

cup located behid the specimen and from the insulated specimen holder. The

total accumulated charge per scan varied from 221 nC to 3546 nC.

Fig. 3.10  Nuclear Microprobe (NMP)
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Quantitative results were obtained bystandardless method using GeoPIXE I
software packge (Ryanet al.,1990a; Ryaret al.,1990b; Ryan, 2000). The error
estimates were extracted from the error matrix generated in the fit, and the
minimum detection limits (MDL) were calculated using the Currie equation
(Currie, 1968) The detailed calibratio of detector efficiency, the thickness of the
selectable Xay attenuating filters and studies on the accuracy and precision of
the PIXE analyses using the nucleaicroprobe(Fig. 3.1Q at iThemba LABS

have been reported by van Achterbeeglal. (1995.

The procedures reported were used for each new detector or added filter. Before
each series of measurements, the calibration of the system was tested by a few
measurements on pure elements, and synthetic glasses with known quantities of
selected minor lements (internal standards), theray peaks of which cover
practically the whole measurable energy range. Such quality control helps in
identifying potential problems related mostly to charge measurements and,
occasionally, change of the specimeetecto distance Pr z y by gtoalyi c z
2005). Quantitative elemental mapping was performed using Dynamic
Analysismethod(RyanandJamieson, 1993; Ryaeat al.,1995; Ryan, 2000)This
method generates elemental images which are (i) overtgved, (ii) with
subtractedbackground and (i) quantitative, i.e. accumulated in mg Kgy

weight units. Maps were complemented by data extracted from arbitrarily selected

microareas of roots.

These microareas were: (1) areas covering whamé sections and (2) areas
selectd on the basis of root morphology, showing possitidonisation by
mycorrhizal fungal structures (vesicles, hyphae and arbuscules), thus
complementing the results from images. PIXE and BS spectra were employed to
obtain average concentrations from thesiroareas using a full nonlinear
deconvolution procedure to fit PIXE specii@yan et al., 1990a; Ryaret al.,
1990b) with matrix corrections based on thickness and matrix composition
obtained from the corresponding BS spectra, fitted with a RUMP simwilati

package (Doolittle 1986) with neRutherford crossections for Carbon (C),
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Oxygen (O), Nitrogen (N). Matrix corrections done on the basis of BS
spectrometry results were essential due to the highly variable thickness of
analyzed specimens (the areasignrange was between 0.21 mgfand about 5
mg/cnf). Above 5mg/ch, t he speci men was classified
the purpose of PIXE analysis. Elemental concentrations from these areas are also
reported in mg kg dry weight.

3.8 Statistical Analysis

To determine the significance of concentration differences between the different
sample sites and the controls, a Principal Component Analysis (R@&\peen

used. PCA is a useful statistical technique that has found application in fields such
as fae recognition and image compression, and is a common technique for
finding patterns in data of high dimensiolt covers standard deviation,
covariance, eigenvectors and eigenvalues. PCA is a mathematical procedure that
uses a set of orthogonal transforimas to convert a set of observations of
possible correlated variables into a set of values of linearly uncorrelated variables

called principal components.

Prior to running the analysis with Statistical Package for the Social Sciences
(SPSS), the data wascreened by examining descriptive statistics on each item,
correlation matrix and possible univariate and multivariate assumption violation.
SPSS is a computer program used for statistical analysis to create classification

and decision trees for identifig groups and predicting behaviour

3.8.1 Working with factor analysis

In factor analysis, the aim is to discover which variables in a data set form
coherent subgroups that are relatively independent of one andtmermore
factors one permits, the betteetfit and the greater the percent of variance in the
data explained by the factor solution. The selection of the number of factors is

probably critical. Eigenvalues represent variance; therefore any factor with an
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eigenvalue less than 1 is not as importdhe number of factors with eigenvalues

greater than 1 is an estimate of the maximum number of factors.

3.8.1.1. Tessfor factor analysis

KaiserMeyerOl ki n ( KMO) and Bartlettds test of
measure of the sampling adequacy of how the latdiwas are for factor analysis.

Kaiser (1970 and 1974) indicated that a value of 0.70 or above is considered
adequate while Bartlettds test provides
HO: the variables are not correlategrsus

H1: the variables areotrelated

Reject HO if p-value < 0.05 level of significance to proceed with the factor

analysis.

The Scree plot provides the information to determine the number of factors or

components.
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CHAPTER 4

4 RESULTS AND DISCUSSION Morphological Identification of AM

fungal spores.

This chapter is divided into results and discussion of omdbnisation, spore
counts anddentification of AM fungi from spore morphologyThe results will
only focus on the description of thiadingswhile the discussiorwill focus onthe

explanatiorof the results.

4.1 Results

The datain this chapter represents observations and measurefrantshe pot

studiesreported in Chaptes.

4.1.1 Observation and assessment of roablonisation

Some characteristic morphological features of glomeomtayn funginamely,
hyphae, arbuscules, vesicles and sparee observed in rootsf E. curvulaplant
under the phase contrast and light microsadpg. 4.1) Root colonisation from
a) to d) are live roots with no staiwhich have extensive hyphae, \as and
young sporesind e) to j) weratained with Trypan BlueThey showproliferation
of intracellular arbuscules (e & fan extensive intraradical vesicles prolification
(g) while ) shows an intraradical storage vesicle and attached hgshaellas

i) & j) showinglight micrograph of hyphal colonisation.
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Fig. 4.1 Light micrograph of colonisation structurea) and b) Extraradical hyphal
networks and intercellular vesicles from live roots (site 3); ¢) and d): Intraradical
hyphae from live roots (site 5). e) and f) Intracell@ddsusciles (site 1, and).
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Fig. 419) and h) Intercellular vesicles (site ))and j) Intracellular hyphal coils (Site 8).

Stained roots from the pot plants samples were mounted in the microscope slides
and observedunder a binocular mioscope Arbuscules, vesicles and hyphae
were observed in roots. Hyphae were found to be the most abundant in roots and
werefollowed by vesicles then arbuscules (Fig.(&R)). In all the mining sites
shown in Fig. 4.¢ab), the Eastern Reedite 6 showe higher total mycorrhizal

root colonisation, followed by West Wits site 5, then site 7, 1, 3, 4, 2, 8 then
control 2 and Iespectively (Fig. 4@&b)). Fig. 4.2b showsccumulative AM

fungal colonisation result&ith the P-value of0.8013,which is consdered not

significant as it is greater than 0.05.
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Fig.4.2a  Mycorrhizal colonisation levels inEragrostis curvula (cv. Ermelo)
inoculated with indigenous arbuscular mycorrhizal fungi and grown in substrata from
variousheavy metakites (site I 8, see Table 3.1). Values are mearg&andard Error of
the Mean $EM) from three replicate pots. VC is vesicutaronisation AC is arbuscular

colonisationand HCis hyphalcolonisation
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Fig.4.2b  Total mycorrhizal colonisabn levels in Eragrostis curvula(cv. Ermelo)
inoculated with indigenous arbuscular mycorrhizal fungi and grown in substrata from
varioushigh heavy metasites (site I’ 8, see tabl&.1). Fig 4.2b showsAccumulative

AM fungalcolonisation results.
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4.1.2 Total spore counts

The graphin Fig. 4.3 is made up of the total number of spores isolated or
extracted using threeifferert sieve sizes namely, 23#m, 125um and 45um.
Most of the sporesountedwere observed in 45 um sieve, these spores were tiny
and haddifferent sizes colous and shapesn almost all the sample4.25 um
sieve had more spore count as compared to 212 um sldee wasno
significantdifferenceon the overall spore count resultssh®wnby aP valueof
0.9356 which is greater than0.06. However Anova showed a significant
differencebetween sites 4nd most of the sitaacludingsites 1, 3, 5, 6, 7, an@
except site 2. Ahigher number of spores were extracted from mining site 4
followed by site 5 & 8, then site 3, followed by site 2; 1 and lastly site 6
respectively (Fig. 4.3).

2000 - m Total count

1800 -
1600 -

b
a
1400 - ab a a
1200 - a
1000 -
800 - a
600 -
a

400 -
200 ] .

0 |

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8
Sample sites

Spore count

Fig. 4.3 Total spore counts from potgth substrataf variousheavy metasites Gite
17 8 as described in Tablgl). Values are the means = SEM of three replicate pots.
There wasa significart differencein some sites and is shown by letters which are used

for comparison between sites.
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4.1.3 Morphological identification and AM fungal diversity

For spore identification, wholand crushed spaseextracted from soil samples
have been mounted ofides and identified according tbeir shape, colour, size

and wall structureThe study identified a total of 1AM fungal genera and5

AM fungal species and thesee Glomus(15), Acaulospora(11), Scutellospora

(6), Gigaspora (6), Rhizophagus (3)Funneliformis (3), Archaeospora (2),
Claroideoglomus (2), Ambispora (2), Sclerocystis (1), Fuscutata (1),
Entrophosporg1), Diversispora (1) Paraglomus (1) Table 41to 44). These are
arranged according to the highest nundifespecies obtained during ick#fication

or microscope observatip@lomusbeing the highestentified genugollowed by
Acaulospora Scutellospora Gigaspora High Shannon Weaver (H) Index was
reportedwith avalueof morethanl which indicates théigh number oflifferent
speciedn the studied sitesTa@ble 41 to 44). AM fungal diversity is very crucial

to the maintenance andistainability of the ecosystentable 4.1 to 44 below
summarizes mycorrhizal community pattern expressed as percentage of
occurrence with calculated ShamWeaverIndex (H) and evenness (e) of 8
mining sites from three provinces namely, Gauteng, Mpumalanga and North
West, South Africa
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Table 4.1 Summarizedmycorrhizalcommunity pattern expressed as percentage of occurrence with calculated ShNaarenindex (H) and
evenness (e) from Lonmin Mir{site 1) North West and Eastern Rédsite 3) Johannesburg, Gauteng South Africa

Mycorrhizal species North West Lonmin Mine Eastern Reef Gold Slime Dam
Number of isolatesSjite 1) % Number of isolatesSite 3 %
1. Acaulospora colombiana 2 14.29 0 0.00
2. Acaulospora delicat 0 0.00 7 14.00
3. Acaulosporailatata 0 0.00 1 2.00
4. Acaulospora lacunosa 0 0.00 1 2.00
5. Acaulosporarellea 1 7.14 0 0.00
6. Archaeospora trappei 2 14.29 4 8.00
7. Claroideoglomus etunicatum 0 0.00 2 4.00
8. Entrophosporanfrequens 1 7.14 1 2.00
9. Funneliformis mosseae 1 7.14 0 0.00
10. Gigaspora decipiens 0 0.00 1 2.00
11.Gigaspora rosea 0 0.00 2 4.00
12.Glomusalbidum 1 7.14 12 24.00
13.Glomus taroides 1 7.14 0 0.00
14.Glomus fistulosum 0 0.00 1 2.00
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15. Glomus globiferum 0 0.00 1 2.00
16. Glomusheterosporum 0 0.00 1 2.00
17.Glomushoi 0 0.00 5 10.00
18. Glomusmicrocarpum 0 0.00 1 2.00
19.Glomus radiatum 2 14.29 0 0.00
20. Glomustenebrosum 0 0.00 1 2.00
21. Glomuswarcupii 0 0.00 1 2.00
22.Paraglomus occultum 0 0.00 1 2.00
23. Sclerocystis rubdrmis 2 14.29 3 2.86
24. Scutellospora dipurpurescens 1 7.14 1 2.00
25. Scutellospora pellucida 0 0.00 3 6.00
Total number of isolates (N or S) 14 100.00 50 100.00
Total number of species 10 71.43 20 40.00
Average (Nj/N) 0.56 2.00

ShannoAWeaver Index (H) 1.40 1.40

Evenness (e) 1.22 0.82
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Table 4.2 Summarizedmycorrhizal community pattern expressed as percentage of mowme with calculated Shanndveaverindex (H) and
evenness (e) from Agnes Serpentine Mine (AGaite 2) Mpumalanga and Vaal Redfste 4) North West, South Africa

Mycorrhizal species Agnes Mine Mpumalanga Vaal Reefs Slime Dam

Number of isolatesSjte 2 % Number of isolatesSjte 4 %
1. Acaulosporacolombiana 3 6.52 0 0.00
2. Acaulospora delicat 0 0.00 3 9.09
3. Acaulosporarellea 0 0.00 1 3.03
4. Acaulospordgaiwania 1 2.17 0 0.00
5. Acaulosporaundulata 1 2.17 0 0.00
6. Ambispora jimgerdemannii 1 2.17 0 0.00
7. Ambispora leptoticha 0 0.00 5 15.15
8. Archaeospora trappei 1 2.17 1 3.03
9. Claroideoglomus etunicatum 0 0.00 1 3.03
10. Funneliformis fradistratum 1 2.17 0 0.00
11.Fuscutata heterogama 1 2.17 0 0.00
12.Gigaspora albida 0 0.00 2 6.06
13.Gigaspora decipiens 0 0.00 1 3.03
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14.Gigaspora margarita

15. Gigaspora margaspora
16.Gigaspora rosea
17.Glomusalbidum

18. Glomusdimorphicum

19. Glomus globiferum

20. Glomusheterosporum
21.Glomushoi
22.Glomusmagnicaule

23. Glomusmicrocarpum
24.Glomus pansihalos
25.Glomustenebrosum
26.Rhizophagusregularis
27.Rhizophagus manihotis
28. Scleocystis rubiformis
29. Scutellospora armeniaca
30. Scutellospora dipurpurescens
31. Scutellospora nigra

32. Scutellosporapp.

S N PP O O ODNDN W E P WODN PP PP P

2.17
2.17
217
4.35
6.52
2.17
2.17
6.52
4.35
4.35
0.00
2.17
0.00
2.17
17.39
2.17
2.17
4.35
13.04

84

o O O B O O N O+, O O

R O O O U ~ N

0.00
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3.03
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6.06
0.00
0.00
3.03
0.00
0.00
18.18
0.00
6.06
3.03
15.15
0.00
0.00
0.00
3.03



Total number of isolates
Total number of species
Average (Nj/N)
ShannorWeaver Index (H) _

Evenness (e)

46

24
1.44
151
0.91

100.00 33 100.00
52.17 15 45.45
1.03
1.51
0.99
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Table 4.3 Summarizedmycorrhizalcommunity pattern expressed as percentage of occurrence with calculated ShNaarenindex (H) and
evenness (dyom West Witg(site 5, and East Rangbite §, Johannesburgsauteng South Africa

Mycorrhizal species WestWits East Rand Slime Dam
Number ofisolates §ite 5 % Number of isolatesSjte 6 %

1. Acaulosporacolombiana 5 16.13 3 15.00
2. Acaulospora dialtata 0 0.00 1 5.00
3. Acaulospora gdanskensis 0 0.00 1 5.00
4. Acaulosporarellea 4 12.90 0 0.00
5. Acaulosporamorrowiae 0 0.00 2 10.00
6. Acaulospora scrobiculata. 0 0.00 1 5.00
7. Archaeospora trappei 1 3.23 1 5.00
8. Archaeosporachenckii 1 3.23 0 0.00
9. Claroideoglomus claroideum 1 3.23 0 0.00
10. Entrophospora infrequens 1 3.23 1 5.00
11.Funneliformis caledonium 0 0.00 1 5.00
12.Fuscutata heterogama 0 0.00 2 10.00
13.Gigaspora rosea 1 3.23 0 0.00
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14.Gigasporaspp. 2 6.45 0 0.00
15. Glomusalbidum 1 3.23 0 0.00
16. Glomusclaroides 1 3.23 0 0.00
17.Glomusdimorphicum 1 3.23 0 0.00
18.Glomus intraradix. 0 0.00 1 5.00
19. Glomus flavisporum 0 0.00 1 5.00
20. Glomustenebrosum 1 3.23 0 0.00
21.Sclerocystis rubiformis 1 3.23 1 5.00
22.Scutellospora dipurpurescens 1 3.23 4 20.00
23. Scutellosporapp. 9 29.03 0 0.00
Total number of isolates 31 100.00 20 100.00
Total number of species 15 48.39 13 65.00
Average (Nj/N) 1.35 0.87

ShannoAWeaver Index (H) _ 1.36 1.35

Evenness (e) 0.91 1.05
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Table4.4 Summarizednmycorrhizal community pattern expressed as percentage of occurrence with calculated ShNaarenindex (H) and
evenness (e) from East RarER D2)(site 7, Gauteng and Vaal Reefs (VRNbite §, NorthWest, South Africa

Mycorrhizal species East Rand Slime Dam Vaal Reefs Slime Dam

Number of isolatesSite 7) % Number of isolatesSite § %
24. Acaulospoa colombiana 2 10.53 5 7.94
25. Acaulospora gdanskensis 2 10.53 0 0.00
26.Acaulosporarellea 0 0.00 2 3.17
27.Acaulospora rugosa 1 5.26 0 0.00
28. Archaeospora trappei 0 0.00 2 3.17
29.Diversispora spura 1 5.26 0 0.00
30. Entrophosporanfrequens 0 0.00 2 3.17
31.Funneliformis caledonium 0 0.00 1 1.59
32.Funneliformis mosseae 0 0.00 1 1.59
33. Fuscutata heterogama 4 21.05 0 0.00
34.Gigaspora decipiens 0 0.00 1 1.59
35.Glonusalbidum 0 0.00 2 3.17
36.Glomusclaroides 0 0.00 2 3.17
37.Glomushoi 0 0.00 3 4.76
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38. Glomusmicrocarpum 0 0.00 2 3.17
39. Glomus pansihalos 0 0.00 2 3.17
40.Glomus radiatum 0 0.00 2 3.17
41. Glomustenebrosum 1 5.26 2 3.17
42.Rhizophagus fasciculatus 1 5.26 2 3.17
43. Sclerocystis rubiformis 6 31.58 23 36.51
44. Scutellospora calospora 0 0.00 1 1.59
45. Scutellospora dipurpurescens 0 0.00 2 3.17
46. Scutellospora pellucida 0 0.00 1 1.59
47.Scutellospora scutata 0 0.00 2 3.17
48. Scutellospora spinosissima 1 5.26 1 1.59
49. Scutellosporapp. 0 0.00 2 3.17
Total number of isolates 19 100.00 63 100.00
Total number of species 10 52.63 22 34.92
Average (Nj/N) 0.70 2.33

ShannorWeaver Index (H) _ 1.43 1.43

Evenness (e) 1.12 0.80
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4.1.4 Representative light micrographs showing a morphological
identifications of AM fungi from whole and crushed spore mounts
extracted from pots with E. curvula growing in substrata from
different HM sites

A Acaulospora dilatata Spores are formed singly the soil, borne laterally on
hyphae, each ending in a globose to subglobose hyphal terminus with14@5
¢ mspore diameter. It habreelayers (L1, L2, and L3), the outeontinuoudayer
with the wall of the neck of the parent sporiferous saccule and the latter being
synthesized with development of the spdtehas athin, hyaline outer layer of
spore wall(swL1); with laminated innetayers of spore wallswL2 and swL3)It
also consists ofwo flexible hyalinegerminalinner walls (gwl and gw2yhich
are readily separadefrom each other and from the spore wéilst bilayered
hyaline germinal inner wallgwl), outer layer of inner wall onggw1L1);, inner
layer of inner wall onégw1L2); second hyaline inner walgw2), outer layer of
second inner wallgw2L1) with beads; inner layer of second inner wgiv2L2)
staining redpurple in Melzets reagentand measurable in PVLG(Fig. 44A,
INVAM ; Schenck and Péres, 1990)

B Glomus magnicaud: Spores form singlyand brown in soil with varying
amounts of adhering debris, globose to subglobosé¢,11Z55 e m di amet er .
wall consists of two layers, outerdwn and finely laminated layer of spore wall
(swL1l), laminated inner layers of spore wgHwL?2), with colourless to light
brown. Subtending hyphaéh) often slightly pinched in at the point of
attachment, Plug (p) of the wdike materialgradually buit up on inner wall of
subtending hypha till pore occluded completely at matunih germination
shield(gs) in thecentreof the spore (Fig..4B; Schenck and Péres990.

C Scutellospora pellucidaSpores formed singlin the soil or in roots; borne
terminally on a bulbous subtending hypha; glistering with oil droplets, hyaline to
palegrey, globose, ellipsoid, or irregular; 883(250) x 58241(410) umdiam.
Permanentsmooth, hyaline outer layer of spore w@lvL1), laminated, hyaline
inner layes of spore wal(swL2). Subtending hyphagh) often slightly pinched in
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at the point of attachmerftirst bilayered hyaline germinal inner wéfjw1); outer
layer of flexible, hyaline inner wall on@w1L1); inner layer of flexible, hyaline
inner wall ong(gwl1L2);, second hyaline inner walgw2); outer layer offlexible,

coriaceous, hyalinesecond inner wall with beadgw2L1); inner layer ofsecond

plastic, hyalinejnner wall(gw2L2) staining beetrogp ur pl e i n Mel zer 6s

and measurable in PVL@rig. 44C; INVAM; Schenck and Péres, 1990)

D Paraglomus occultum Chlamydospores borrgngly or in loose clusters in the

soil, or in compact clusters in the cortex of roots, often broader than long, avoid to
abovod to irregular, frequently globose subglobose, with 15 100 x 20120

um diam,hyalineto white incolour (INVAM) . The spore consists of three layers

(L1, L2, and L3).Outerlayer of spore wal{swL1)is generally a sloughing layer,

often separating and degrading to form a granular |&gores then appear to
have a thin coating of organic debris
reaction i n Mearanentririher layers afgsporetwgivL2 and

swL3) continuing into the wall of the subtending hypha (bjpduces a light

yellow (0-0-10-0 ) reacti on i (Fig.MdD; 3ohendk and iPé&es,g e n t
1990;Redeckeet al, 2013)

E Scutellospora dipurpurescensSpores formed singly in the soil; borne
terminally on a bulboususpensalike cell; usually globose to subgloboseith
(152)197(250) pum diam, but occasionally ellipsoid 144 216 x 176224 um
diam, shiny smooth, yellow to greeniskellow, turning yellowbrown after
storage for more than 2 months in formalin or lactophdhdlastwo layers (L1
and L2) that aredherent hat in juvenile spores are of equal thickness, with the
laminate layer thickening as the spore wall is differentig8ahenck and Péres,
1990) Outer permanent rigid layefswL1), smooth, pale yellow and so tightly
adherent to L2and (swL2)A laminate layer consisting of very fine adherent
sublayers (= laminations). The innermost sublayers separate slightly and produce
undulations that can be mistaken for an inner flexible wiii germinationshield
(gs) lwl, one hyaline layer, often adherewnt £2 (laminae) of the spore wall, It
stains a light pink (20-20-0 ) i n Mel zie2 tiva hyaline dagees rfLtL .
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and L2) that almost always are adherent. Iw2L1 often produces a weak pink
reaction (010-200) i n Mel zer 6s r e a thenitbreakslawmay i s de
from the spore wall. Iw2L2 is hyaline and exhibits enough plasticity in acidic
mountants to have been describedaamrphougINVAM) . Thickness varies in

PVLG-based mountants, depending on the degree of pressure applied to it while
breaking the spor@~ig. 44E; Redeckeet al, 2013)

F Archaeospora(Acaulosporg trappet Spores formed singly in the sair
occasionallywithin the roots, sedle, borne laterally oshiny smoothunbranched
hyphal cell that terminates nearby in a subglobose to ellipsoid obovoid
vesicle 501 82 x 42-72 um diam,colourlesscontainingrounded to polyhedral oil
globules (Fig. 44F; Schenck and Péres, 1990@)consiss of three hyaline layers
(L1, L2 and L3), all of which exhibit some flexibility when broken with applied
pressure in alide mountantThin, hyaline outer layer of spore wgwL1); thin,
hyaline inner layer layers of spore w@ivL2); andathicker hyaline layefswL3)
than either L1 or L2, ranging from 18 um thick near attachmefFig. 44F,
Morton and Redecker, 20P1

G and H Glomus heterosporum Sporacarps light to dark browglobose to

subglobose, 24226 x 242-641 um diam., condlig of a singleprderedayer of
chlamydospores originating from central core of thick interwoven hyghdeas

three walls of sporocarp hyaline spofél, L2 and L3).Chlamydospore with

multiple hyphal(h) attachmentSmooth, thin, hyaline outer layef spore wall

(swL1);, laminated brown membranous inner layers of spore {gal2 and

(swL3). The inner content of the thiidner wall stainingrep ur pl e i n Mel ze
reagentand measurable in PVLG with inner flexiblgermination shield(gs)

Colour: light to dark brown, globose to subglobogeig. 44G, H; Schenck and

Péres, 1990)

I Glomus globiferum Spores formed singjyor in pairs or triplets adhering to

each other by common peridial hyphae; orange brown to rickbraatn, to

(rarely) fuscous blackglobose to subglobose 150260 x150-270 um diam,
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colourless,containingrounded to polyhedral oil globul&porewith vesiculate
swellings (V) of peridial hyphadt has thredo four walls of hyaline sporgL1,

L2 and L3).Hyaline to pale yellowbrown outer layer(swL1) of spore wall;
laminatedorangebrownto redbrown secondayer(swL?2) of spore wallHyaline,

membranous innellayer (swL3) of spore wall, with approximately im thick
attached to eaabther bya thin, amorphous cemeliite layer, (Fig. 4.41; Schenck
and Péres, 1990)

J Glomus microcarpum Chlamydospores borrfese in soil inlooseaggregations
in small compact cluster unenclosed in a peridium or in sporocavgth a
peridium. Spores are globose or subglobose-43) x (3G40) um dam. Spore
wall is smooth and composed of a single layes,dn thick, hyaline, light yellow
or yellow-brown, that may have numerous laminatio8sibtending hyphdh)
with a width of 48.5 um thick at the point of thattachmento the spore (p). The

pore of the subtending hypha either remains open, or is partially or completely

< 2D (A ST

B Glomusmagnicaule

:".:#
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C Scutellospora pellucida D Paraglomus occultum

30 um
G Glomusheterosporum

| Glomus globiferum J Glomus microcarpum

Fig. 4.4 Spores of mycorrhizal species isolated from Eastern Reef slime dams (Site
3). (A-J) subtending hyphéh); spore wall(sw); outer layer(swL1) one of spore wall;
inner layer two(swL2)of spore wall;inner layer threg(swL3) of spore wall;spore with
vesiculate swellings (V) of peridial hyphdest germinal inner wal(gw1); outer layer of
inner wall onggw1L1); inner layer of inner wall onggw1L2), second hyaline imer wall
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(gw2); outer layer of second inner wgtiw2L1) with beads; inner layer of second inner

wall (gw2L2) usuallystainingreep ur pl e i n Mand measuiakle im B/BG) e n t
Onehyaline layer(iwl), Two hyaline layergiw?2) (L1 and L2) that almosalways are
adherent.Thickness varies in PVL®ased mountants, depending on the degree of
pressure applied to it while breaking the spore

A Glomus tenebrosumThe spores are globose or subglobose, (2200) x (205
-270) um diam. Spore wall(sw) composd of a single layer13-26 pum thick,
yellow to a very darkbrown The outer surface of the spore (swL1) is smooth or
may beflattened tubercules. Opgroredsubtendinghypha(h) with ahyalineand
inner wall withgermination shieldgs) Theoutersurfaceof the spore is smooth
or may bear flattened tubercul@sg. 4.5A;Berch and Fortin, 198%chenck and
Péres, 1990schuRler and Walker, 2010)

B Scutellospora armeniacaSpores formedaingly in the soil or in roots; borne
terminally or laterally on a ulbous sporogenous cell; apricot yellow (5B6) to
yellowish brown (5E8); globose to subglobose; 14096 (-240) pm diam;
sometimes ovoid; 14000 x 220250 um. Spore waltomposed of three layers
(swL1-3). Sporewall Layer 1(swL1)is permanent, greyisbrange (5B5)usually
tightly adherent to layer Zporewall Layer 2(swL2), laminate, apricot yellow to
yell owi sh brown, usually st aSporeway gar net
Layer 3 (swL3) flexible, hyaline, easily separating from layerA22germiral wall
(gwl) contains two layers (gwlL1l and Zflexible hyaline germinal wall 1
(gwlL1); flexible, hyaline,germinal wall2 (gwlL2) staining pinkish white in
Me |l z er 0, measwablgie PVLE-ig. 4.5B,INVAM; Blaszkowskj1992).



A Glomustenebrosum B Scutellospora armeniaca

Fig. 4.5 Spores of mycorrhizal speciésolated from Agnes Mine (AGM) Serpentine

slime dams gite 2). (A-B), Spores wall (sw)The outer surface of the spore (swL1)

Openpored Subtendingypha (h) with a hyaline outer spore wall Layemone (swL1).

Inner spore wall Layertwo (swL2); spore wall Layerthree (swL3). Germinal wall 1

contains two layers (gwllL1 and Zjlexible hyaline germinal wall 1(gwl1L1) while

flexible, hyaline,germinal wal 2 (gwlL2)st ai ni ng pi nki sh white i n N

A-B Acaulospora delicataSpores borne singly in the soil laterally on the neck of
a sporifererous saccule; dime to pale yellowiskcream, sparkling from the
nature of the spore contents; globésesubglobose (rarely oid to obvoid), 80
125¢150) x 86110(-140) um. Occasionally spores occurring in t@tical cells

of senescent root#\.delicatahas wo spore wall layers (L1 and L2), the outer
spore wall layer (swl): Hyaline, degrading to forma granular coating or
sloughing completely(swL2): A layer consisting of very fine and adherent
sublayers (or laminae) that often are difficult to discern; very pale yelle@1(®

0) in colaur, at maturity, the spore detachesnfirthesporiferous saccal(sac) and

is sessileThe germinal wall haswvo hyaline flexible inner walldayers(gwllL1

and gwLL2) which are formed sequentially in spores after the spore wall has
completed differentiation and the spore has ceased expamsishbilayered
hyaline grminal inner wall(gw1l), outer layer of inner wall onggw1L1); inner
layer of inner wall ondgwl1L2). The inner layer of the inner wall staining +ed
purpl e i n Mdig.z.6A R Walkeretalg®86tSchénck and Péres,
1990)
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C Rhizophagus (Glomus) irregularis: Chlamydospore formed singly or in
clusters in the root, rarely formed outside the root. Sporepragominately
globose and sometimes subglobose, irregularh witany spores elliptical
(especially thosextractedwithin mycorrhzal roots). It hashree layers (L1, L2

and L3), with only the first layer present in juvenile spores and subtending hyphal
wall (so they are colaless);subtending hyphh); spore wall(sw);, outermost

layer one of spore walwL1), hyaline, mucilaghous, staining pinkish red to pale
purple in Melzerds reagent when intact
almost always degrades and decomposes naturally and from the action of
microorganisms, after which it appears granular and may accumulatedetms

layer two of spore wall(swL2), hyaline. With age, this layer degrades
concomitant with L1 and also acquires a granular appearance or sloughs in
patches. Mature spores often lackibbl and L2 or they are present together as
rough patcheslLayer three of spore wal{swL3); consists of pale yellovrown
sublayers (or laminae) that eitheemainsadherent or separate with applied
pressure. This layer forms simultaneously in the wiathe subtending hyphgn)

(Fig. 4.6C,INVAM).

D Claroideoglomus(Glomus) etunicatum Chlamydospore formed singly in soil

and dead roots, globose to subglobosel#8 (162) um diametersmooth or
roughened from decomposition of outer wall and adheremtsd&pore wall (sw)
consists of two layers, L1 and L2 (F§6D). Outer spore wall Layeone (SwL1)

is the outer mucilaginous layer (showing some plasticity and an uneven outer
surface); 2.5 em thick which may degrade
appearanceSwL2 consists of thin adherent sildyers (laminae), light orange
brown to redbrown in colour but thickening in the region of the subtending
hypha. An occlusioetween the innermost sldyer of the laminate layer of the
spore wall is present which resembles a septum(s) (Fig. 4.6D; Sttadkier2010;
Schenck and Péres, 1990)
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C Rhizophagusgregularis D Claroideoglomus etunicatum:

Fig. 4.6  Spores of mycorrhizal specielated from Vaal Reefs slime dansig 4).
(A-D), Spores wall (sw); The outer surface of the spavall (swL1); Operpored
subtending hyphd#h) with a hyaline; outer spore wall Layer ofssvL1). Innerspore wall
Layer two(swL2); inner spore wall Layer thrggwL3), sporiferous saccule (sad)ypha
(h); septum (s). Outerlayer of germinal inner wall on@wL1); inner layer of germinal

inner wall two(gwL2);

A Acaulospora colombiangpreviously called Kuklospora and Entrophospora
colombiang: Azyspores produced singly in soil and occasionally in roots. Spores
developing within a slightly tapering hypha. Azyspores at first are subhyaline to
white becoming pale yellow to light golden brown at maturity and globose to
subglobose with 75 135 um in diameter.lt has hree layers (L1, L2, and L3).
thin, hyaline oute layer of spore wal(swL1) of the saccule ne¢ckaminated

secondinner layer of spore wallswL2); anda third singleinner layer of spore
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wall (swL3), with 0.50.6 um thick, probably concolorous (diffi¢ub determine

due tothinness) The threegermiral innerwalls, gwl, gw2 and gw3 tend to

separate much more PVLGwi t h Mel z er 6 PVLGHimstFlexible t han i
hyaline germinal inner wall(gw1); second and third flexibl@yaline inner wall

(gw2 and gw3which most of the time appears as one \@a# to their thinness to
resolveadherence (Figt.7A; INVAM; Schenck and Péres, 1990).

B Archaeosporaschenckii previously calledEntrophospora schenckii
Archaeospora schenckdiffers from Acaulosporaspeciesdue to their unique
spore subcellular sicture. It has noflexible inner walls; hence germination
occuss through the spore wall. Interestingly, this same subcellular structure is the
phenotype ofAr. trappeisporegSchif3ler and Walker (2010)he whole spore is
mostly globose, subglobose, big@ellipsoid to ovoidn shape, with size ranging
from 50-80 pm, mean = 64The spore wall aosiss of three hyaline layers (L1,
L2 and L3), all of which exhibit some flexibility in broken section. As a result, the
spore wall contains numerous folds framy or all of the layersSwL1 has ahin
hyaline layer ofL um thick, which is continuous with the wall of the neck of the
sporiferous sacculéswi 2 also consists of ¢in hyaline layerwith 1 um thick,
which usually is adherent to the innermost lagal3). While swL3 hasathicker
hyaline layer than eitheswL1 or swL2, ranging from 1.3} um thick, which
together withswiL.2 form an endospore which encloses the spore con{Eiys
4.7B; INVAM; Schif3ler and Walke2010.

Ci D Acaulospora melleaSporedormed singly in soil; borne laterally on haphae
appearing sparkling from the nature of the spore contents; globose to subglobose
(rarely owid to obvoid), 80125 (-150) x 806110 (-140) pm. Spore wall (sw)
consists of three layers, swL1, swL2 and swB&L1 is thin and hyaline and
sloughs on many spores; swL2 consists of laminae with a smooth surface if outer
layer has sloughed; swL3 is yelldwwown and also consists of laminae which can
separate from each other but generally merge to be part of thevegbré&here

are two flexible hyaline germinal inner walls that that separate &acn other

and the spore wallGerminal inner wall 1 (gwl) is a bilayered hyaline wall which
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separates clearly from the spore wall but the two layers do not often separate fr

each other.Outer layer of germinal inner wall onégwlL1); inner layer of

germinal inner wall onégw1L2); Germinal inner wall 2 (gw2) consists of two
adherent hyaline | ayers with gw2L1 showi
and gw2L2 staining regurple in Melzer's reagent (Fig. 4.7D). A cicatrix (scar

showing region of contact between spore andwdaaweck during spore synthesis

is circular to ovakhaped, (Fig. 4.7(D; Strakeret al, 201Q Schenck and Péres,

1990)

(E-F) Acaulospora tuberculate Spores formed singly in soilsessile,borne
laterally ona light yellow thickwalled, with globose to subglobos25b5 327x
255 340em. Sporewall consists of three layers (L1, L2, L3) (FB7E,F). L1 is
hyaline,1. 2 em thick that remains ¢gickersr tuber
by formation ofyellow-brown sublayers (laminae)Fig. 4.7E, D) and forms
polygonal spines or tubges. L3 is yellow-brown to redbrown in colour and
mostly appears tbe an inner sulayer of L2 (Fig.4.7E, B. Two flexible, hyaline
inner walls (iwl and iw2) are present. Two layers of near edbalkness
comprise iwl (L1 and L2) (Fig. 4.7F). Similgr iw2 comprises two adherent
hyaline layers (L1 and L2) and L2 stains pinkish red telmedvn in Melzer's
reagent (Fig. 4.7H; Strakeret al.,2010).
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Sl ST W

Archaeospora  (Entrophospori

A Acaulosporacolombiana

schenckii

C Acaulosporarellea D Acaulosporarellea

E Acaulosporauberculata F Acaulosporauberculaa

Fig. 4.7  Spore of mycorrhizal speciesolated from WesWits, slime damsgte 5),

(A-F) (sw) spore wall; hyaline outer layer of spore walvL1); middle layer of spore
wall (swL2) with tubercles (t); inner sublayéswL3) of swL2; outer layer of first hyaline
inner wall(iwlL1); inner layer of inner wall onfw1L2); outer layer of innermost inner

wall two (iw2L1); inner layer of inner wall tw@iw2L2); first bilayered hyaline germinal
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inner wall(gw1); outer layer ofgerminalinner wall ong(gw1L1); inner layer ofgerminal
inner wall two (gwl1L2), second hyahe inner wall(gw2); outer layer of second inner
wall layer one(gw2L1); germinal inner layertwo of second inner wallgw2L2) staining
redpur pl e i n MStakeetralb 2010y (Schemak and Péres, 1990).

A Rhizophagus (Glomus) irregularis: Chlamydospore formed singly or in
clusters in the root, rarely formed outside the root. Sporepradominately
globose and sometimes subglobose, irregular with many spores elliptical
(especially thosextractedwithin mycorrhizalroots). It hashree laers (L1, L2
andL3), with only the first layer present in juvenile spores and subtending hyphal
wall (so they are cololess);subtending hyph#h); spore wall(sw); spore wall

(sw), hyaline and mucilaginous outer layer of spore &NL1); middle layer &
spore wall(swL2) with tubercles (t)Mature spores often lack both L1 and L2 or
they are present together as rough patchate yellowbrown inner sublayer
(swL3) or laminae; subtending hyplla). The spore shape isopose, subglobose,
irregular, with many spores elliptical (especially those extracted from within
mycorrhizal rootsjFig. 4.8A;INVAM).

B Funneliformis geosporum previously known as Glomus geosporum
Chlamydospore formed singly in soil, clusters in the roalpboseor broadly
ellipsoid, 1101 290e msmooth andghiny, roughened from adherent debris; with
light yellow brown and transparent to translucent when young, becoming dark
yellow to dark red brown at maturity. It forms spore content (sc) of uniform oil
droplets when younggecomirg increasingly granular imppearanceat maturity.
Whale spore with subtending hypha (h)psp wall (sw); hyaline outer spore wall
(swL1); yellow-brown to orangdrown laminated middle wall (swL2); yel® to
orange lightbrown inner spore wall (swL3(Fig. 4.8B; INVAM; Schenck and
Péres, 1990).

C Scutellospora dipurpurescensSpores formed singly in the soil; borne

terminally on a bulboususpensalike cell; usually globose to subglobose, with
(152)197(250) um diam but occasionally ellipsoid 14216 x 176224 um
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diam, shiny smooth, yellow to greenigbllow, turning yellowbrown after
storage for more than 2 months in formalin or lactophenelntthation shield
(gs); plug (p); spore wall (sw) constituting an outer wall (swL1) forminguter
permarent rigid layer, smooth, pale yellow with a green @intllaminated inner
layers of spore wal{swL2). The spore also hasvt flexible hyaline inner walls
(iwl and iw2)that areformed first hyaline germinal inner wal{iwl); outer
hyaline layer of seaw inner wall (iw2L1); inner hyaline wall 2 (iw2L2),

amorphous layer of second inner wall staining redrple dark redpurple in

Mel z er 6 sFig.A.8GINYVEANI;t Schenck and Péres, 1990).

D Acaulosporacolombiang Azyspores produced singly in soil andcasionally

in roots. Spores developing within a slightly tapering hypha. Azyspores at first are
subhyaline to white becoming pale yellow to light golden brown at maturity and
globose to subglobose with 75135 um in diameterlt has hree layers (L1, 2,

and L3). Thin, hyaline outer layer of spore walwL1) of the saccule neck
(swL2) laminatedsecondinner layer of spore wall; anathird singleinner layer

of spore wall(swL3), with 0.50.6 pum thick, probably concolorous (diffi¢uio
determine dueo thinness) the three germinal innerwalls, gwl, gw2 and gw3

tend to separate much moreRWLGwi t h Mel zer 0 PVUGeFasy e n t
flexible hyaline germinal inner wa{gw1); second and third flexibleyaline inner

wall (gw2 and gw3)which most ofthe time appears as one wall due to their
thinness to resolve adherence (BigD; INVAM; Schenck and Péres, 1990).
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C Sautellospora dipurpurescens D Acaulosporacolombiana,

Fig. 4.8 Spores of mycorrhizal speciesolatedfrom West Wits,slime dam(site 6).
(A-D) Thin, hyaline outer layer of spore wéwL1), laminated inner layers of spore wall
(swL2 and swL3)suliending hyphgh); germination shield (gs); plug (pypore content
(sc); outer layer of first hyaline inner wéil1L1); inner layer of inner wall onéw1L2);
outer layer of innermost inner wdllvo (iw2L1); inner layer of inner wall twgiw2L?2)
(INVAM).

A-B Fuscutata heterogamdormerly called Scutellispora heterogamaSpores
formed singly in the soil; borne terminally, or subterminally, or laterally on a
bulbous suspensdike cell; usually globose to subglobose or irregular, with 150
120 pm diam;pale yellowbrown to red- brown to ydlow-brown. It has hree
layers (L1, L2, and L3) with the middle layer (L2) undergoing a dramatic
transformation from the juvenile to the mature state. This transformation is
expressed in the transition in spore enldSwL1 has an outer permanent rigid
layer of spore wall (sw) witlpale brown in color. SwL2 and swL3 have very
thin hyaline flexible inner layers of spore wall (F§9A); first bilayered hyaline
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germinal inner wallgw1l); outer layer of inner wall ongw1L1); inner layer of
inner wall one(gwl1L2) with the germination shield (gs); second hyaline inner
wall (gw2); (outer layer of second inner wagw2L1) with beads; inner layer of
second inner wal(gw2L?2) staining pinkishpurple to slightly darker purplen
Mel zer 6s .A4.6B I)¢AMt Scherck anpd Péres, 1990).

C Acaulospora gdanskensisAzygogores formed singly in the soil; pale yellow
to yellow brown, globose to subglobose, with 585 um in diam; sessile on a
hypha tapering to a globose sabglobose swollen hyphal terminus contents
hyaline.It has hree layers (L1, L2 and L3bhin, hyaline, sloughing, outer layer
of spore wall(swL1) of the saccule ne¢cdaminated inner layer of spore wall
(swL2); anda singleinnerlayer of spore wal{swL3), with yellow to pale brown
subtending hypha (l{fFig. 4.9C;Schenck and Péres, 1990)

D Acaulospora colombiangreviously called Kuklospora and Entrophospora
colombiana Azyspores produced singly in soil and occasionally in roots. Spores
developing wthin a slightly tapering hypha. Azyspores at first are subhyaline to
white becoming pale yellow to light golden brown at maturity and globose to
subglobose with 7% 135 um in diameter.lt has hree layers (L1, L2, and L3).
Thin, hyaline outer layer of spe wall (swL1) of the saccule ne¢ldaminated
secondnner layer(swL2) of spore wall; andh third singleinner layer(swL3) of
spore wall with 0.50.6 um thick, probably concolorous (difficulo determine

due tothinness) the three germinal innerwalls, gwl, gw2 and gw3 tend to
separate much more PWLGwi t h Me |l z er 6 PVLG.amstflexible t han i
hyaline germinal inner wallgwl); second and third flexiblayaline inner wall
(gw2 and gw3)which most of the time appears as one wall due to thieinéss to
resolveadherence (Figt.9D; INVAM; Schenck and Péres, 1990).

E-F Scutellospora spinosissimépores formed singly in the soil. Pale pinkish
creamwhen immature; ochraceousftdvous or rusivhen maturgappearing matt
from surface ornamenianh, globose tosubglobose to broadly ellipsoid (rarely

ovoid or irregular)(121- 230) ¢ mwith a terminal or lateralhattached bulbous
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base produced from a septate subtending hypha. Buipous base ochraceous to
sienna (8+£11), 19+32 mwide, with or without one or more pelgke projections.

It has hree layers (L1, L2, and L3) with the middle layer (L2) undergoing a
dramatic transformation from the juvenile to the mature state. This transformation
IS expressed in the transition in spoemour. SwL1 has an outer permanent rigid
layer of spore wall (sw) witlpale to brown in colour. SwL2 and swL3 have
hyaline flexible inner layers of spore walljth the multiple germination shield

(gs); first bilayered hyaline germinal inner wdtyw1l), outer layerof inner wall

one (gwl1L1); inner layer of inner wall onégw1L2); second hyaline inner wall
(gw2); outer layer of second inner wtjw2L1) with beadsjnner layer of second
innerwall(gw2L2) st ai ni ng dar ksrdagem(kiq4.9F,INVAME | zer O
Walkeret al,, 1998).

G-H RhizophagusfasciculatusFormerly: Glomus fasciculatum Consisting of

three layers (L1, L2, and L3) which form sequentially, based on the pattern of
spore wall differentiation observed in all otl@omusspeciesSwL1 has an owr

hyaline layer of spore wall (swproducing a pinkish ed r eacti on i n
reagent; adherent to L3wL2 is composed of &yer consisting of thin adherent
sublayers (or laminae), light yellelarown. All sublayers form a dark red to
slightly purplishredcolouri n Me | z e r Swis3 has e ahin dlexible inner

spore layer; it forms @omponent part of the spore walhd appears to form a

fragile septumMultiple germination shieldgs) showing the complex infolding
and subtending hyphae (HFig. 4.9G, H; INVAM; Schenck and Péres, 1990;
Walker and Koske, 1987
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A Fuscutata heterogama B Fuscutata heterogama

- 27um
L swlL1
swL2
swL3

C Acaulospora gdanskensis

gs swL1
swL2

wL3

gwlL1
gwL2

40 um
E Scutellospora spinosissima

S0um

G Rhizophagus fasciculatus H Rhizophagus fasciculatus

Fig. 4.9  Spore of mycorrhizal speciegsolated from East Rahslime dam(site 7).
spore wall(sw); hyaline outer layefswL1) of spore wall; middle layer of spore wall
(swL2); inner sublayefswL3) of swL2;sporiferous saccule (sagubtending hyphéh);
septum(s); germination shield (gs); first bilayered hyaimgerminal inner wal{gw1l);
outer layer of germinal inner wall orfgwl1L1); inner layer of germinal inner wall one



(gwlL2), second hyaline inner wa{bw?2), outer layer of second inner wall layer one
(gw2L1); germination inner layer two of second innerlwgw2L?2) staining reepurple
i n Mel z e (INWAM; Schenckamd Péres, 1990; Strakeal, 2010)

A Entrophospora infrequensAzygospores produced singly in soil by expansion

within a smooth, unbranched hyphal cell that terminates in a globbse o
subglobose to efisoid or obovoid vesicle, 12614 x 157 & m, di am.
contents dense white, emptying as the spore ldese Spore white at first,

becoming dull orange to brown, 6983 (225) x 691 6 4 & m, di am. ; sub
or ellipsoid.There are dur layers (L1, L2L3 and iwl), with L1L3 continuous

with the wall of the neck of the parent sporiferous saccule and walér(iwl)

forming de novo thin, hyaline outer layer of spore w&iwL1) continuous with

outer layer of the saccule, degrading and sloughing aspibve agesA hyaline

spore walllayer (swL2), thatis initially solid with shallow indentations on the

inner surface and which later has imbedded in it the projections (or spines) of L3

and then eventually degrades and sloughs;very thin (< 0.5 pmjn the saccule

wall and thus is difficult or impossible to se&L3 is made up of the formation

of spines with five sides (pentagonal) and central depression layers of the spore

wall. Inner wall (w) thins, hyline, semiflexible inner wall;sporiferoussaccule

(sac)(Fig. 4.10A; INVAM; Schenck and Péres, 1990

B Sclerocystis rubiformis: Sporocarps are yellow brown to dark brown,
subglobose or obovoid to ellipsoid, (180 x1B0O5x 6 75) em, di am. , ¢
a single layer of chlamydosporesth laminate pore wall (sw) and a small pore

(p) opening into a thickvalled central plexussubtending hyphgh) and with

perforated projectiongpp) on inner surface (Fig. 4.10B). The eutwall is

hyaline, but frequently absent in mature spores (Fig. 4.18BAM; Schenck

and Péres, 1990).

C Scutellospora calosporaSpores formed singly in the soil; borne terminalty

a bulboussuspensalike cell; translugent hyaline to pale greenisfellow;

globose, ellipsoidal or cylindrical, occasionally broader than long:2Bb4511)
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x 110-412 ¢511) e mdiam; whole sporg(s), sporogenous cellsc) spore wall
distinctly bilayeredwith outer spore wal{osw) laminateinner spore wal(isw)
of equal thickness; One flexiblenner wall with darkercoloured germination
shield (gs) is present, inner wéil) (Fig. 4.10C; Strakeet al, 2010; Schenck
and Péres, 1990)

D Gigaspora decipiensSpores are orangmown to darkbrown in colour,
globose to syl obose and eveib0@OI leimps oSipdo,r e310are
terminally on a bulbous suspendilke o or ogenous <cell, 60 em a
consistsof three layers (L1, L2, and L3Jhe first two layers are adherent and of

equal thickness in juvenile spores, with L2 thickening as the spore wall is
differentiated; L3 differentiates as a prelude tongdube formationan outer

permanent rigid laye¢swL1), smooth, adherent to sublayers of L2,-2.8 pm

thick, often hard to see in relation to LR.second layel(swL2) consisting of

hyaline sublayers (or laminae) that increase in number with thickaessigid,

exhibit some plasticity when broken, pale yellow turning to darker brownish

yellow with age and storage. Sublayers stain darkpregdle (almost black) in

Mel zer s r eagent (swLd thdl i €ancoloraua bndl adhezepte r

with the lamnate layer.sporogenous cellsc) germination shieldgs). Spores

dark redbrownin colour, globose to subglobose, (Fig. 4.10D). Spores turn orange

brown in Melzeés reagent with no distinctive difference in colouration of spore

wall (Fig. 4.10D;INVAM; Strakeret al, 2010,Schenck and Péres, 1990)



35um
B Sclerocystis rubiformis

55um
C Scutellospora calospora D Gigasporadecipiens

Fig. 4.10Spores of mycorrhizal speciesolated from West Witsslime dam(site 8). (A-

D) Thin, hyaline outer layefswL1) of spore wall; laminated inner layers of spore wall
(swL2 and swL3)subtending hyphéh). germination shield (gs); plug (@porogenous
cell (sc) pore (p); perforated projectioipp); sporiferous saccule (saayhole sporg(s);
outer spore wal{osw), inner spore wal(isw); inner wall(iw), outer layer of first hyaline
inner wall (iwllL1); inner layer of inner wall onéw1L2); outer layer of innermsd inner
wall two (iw2L1); inner layer of inner wall twgiw2L2). One hyaline layer(iwl), Two
hyaline layergL1 and L2)of inner wall(iw2) that almost always are adherent. Thickness
varies in PVLGbased mountants, depending on the degree of pressliedapgt while
breaking the spore

4.2 Discussion

Spores have beesuccessfullyused in the pasfor the identification and
classification of AM fungiSpores are resistant to damage and are able to survive

adverse conditions for an extended period of tivhde remaining dormant. They
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have the capacity to be disperseddifferentmodes of transport such asimals,
wind, and water (Smith and Read, 2D08he degreeto which the AM fung
sporulate varies between species (Pearson and Schweiger, 1993) @nd it
influenced by a number of factors such as environmental condifitestbery,
1995) soil nutrient levels, host colonisation level name but a fewWStutz and
Morton, 199§. Some AM fungi have been reported to produce large quantities of
spores in ceain seasons of the year and under specific conditions thus appearing
as dominant root coloniserbut underalternative conditions AM fungi may
produce little omo spores at all (Redecket al, 2003).Some AM fungi sporulate

in late spring while othersporulate at the end of summer, which indicates that
AM fungi havetheir preferenceeasongSchultzet al, 1999).This might explain

the fact that most ofhe sporesounted in this studyere observed in 45 pm
sieve,compared tdl25 pm sieveand212 um sieve. Tiese spores were tiny and
had different sizes, colour and shapHse spores were idengdil according to the
broad giidelines found in the Manual for the identification of VA Mycorrhizal
Fungi (Schenck and Péres, 199a@hd INVAM as well asusing the recently
published articles (Scitler & Walker, 2010Strakeret al, 2010 Kruger et al,
2012.

This studyidentified Glomus and Acaulosporaas tle mog common genera
followed by Scutellospora then Gigaspora This tallies with the findings by
Daniell et al (2001) who found thaBlomusspecies were predominant in roots at
various arable sites, and suggested one reason for this may be the ability of the
Glomaceae (unlike the Gigasporaceae) to recolonise roots from mycelial
fragments, coupled witlthe ability of Glomus species, unlikeGigaspora or
Scutellosporawhich areade to establish anastomoses between separate mycelia.
Gunwalet al. (2014) also reporte@lomusas the most abundant species amongst
the AM fungal species isolated in their stydIn addition, Glomusspecies have
been reported for various ecosystems such as tropical fordssbandet al
20021, agricultural sitesAlguacil et al, 2008;Hijri et al., 2006), wetland soils
(Wirsel, 2004), gypsum soilAlguacil et al,, 20090), or polluted soils (Vallinogt

al., 2006). The possible reasons for the predominanc&loimusspp. are that
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spores ofGlomus species have different temperature and pH preferences for
germination (Wanget al, 1997) andAcaulosporaspeciesare often associed

with acidic soils Abbott and Robson 1991; Morton 1986These two species
may, therefore, be particularly well adapted to recolonise roots following
disruption of the soil myceliunThe North West, Mpumalanga and Gauteng sites
are regularly affected biyooding, presumably causing major soil disturbance, and
this could be another factor contributing to the predominanbetbfGlomusand

Acaulosporaspecies at these sites

Strakeret al. (2010) reported a very low AM fungal species diversity the
original field soil samples with only two species from each locality being isolated
in South Africaas comparedvith some other studies from Africa which have
shown higher levels, especially in tropical ecosysterhss low diversity is not
unusual as spordsolated directly from a field soil sample may represent only
those AM fungi with sufficient root colonizing activity and biomass to trigger
sporulation, and in arid sites it is found that little or no sporulation occurs but
roots are clearlgolonisal (Morton et al, 1993).This accordsvith Daniell et al
(2001) who also reported a very low AfMngal species diversity at the arable
sites, with just twdGlomusspecies dominatingolonisationin a range of crops.

To combatthis low AM fungal species diversy, trap potswere usedvhich were

able to stimulate spore germination of additional species fronsttidied soil
samplegStrakeret al., 2010).

The presenstudywas able tasolate ahigh number ofAM fungal speciesusing

trap plants grown ipot sol samples fronslime damgTables 4.2 to 4.5)Thus

the useof trapping in both Strakeset al (2010) and in this study to establish
conducive environment for effective root colonisation and sporulation of all
indigenous species present was very sucokesgiie study isolated 14 ANungal
genera and55 AM fungal species from mine tailinggTables 4.2 to 4.5)
compared toMusoko et al. (1994) who isolated only 11 species or species
aggregates from undisturbed moist forest in Cameroon and Masain(1992

who identified 17 species fro@ameroonian Terminaliglantations with a strong
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overlap between those identifications and the ones from the petgdnt Wilson

et al. (1992) identified 41 species in Cote d'lvoire; Jedval. (2006) isolated 12
specis in Malawi; but Dalpét al. (2000 found only five species associated with
the legumeFaidherbia albida in SenegalAlthough 55AM fungal species were
identified, only 31 species which were identified in large quantities were
described

Furthermore the high ShannotWeaver index (H)eported in thisstudyis the
indication of high diversity and presence of the mycorrhizal species in slime dams
(Tables 4.2 to 4.5)A ShannorAWeaver index (H)of zero indicates no species
diversity, i.e. there is only ongpecies type in the datasetShannorAWeaver
index (H) close to zero indicates a very low species diveraitgd Shannon
Weaver index (H)closerto and above one indicatdsigh species diversity
(Magurran 2004) The higher species diversity in the studssmples may be
indirectly related to lower fertilizederived nutrient levels in these soils. Low
external availability of P for N sufficient plants, for example, can lead to an
increased rootolonisationby AM fungi (Smith and Read, 1997) and P uptake
characteristics by external hyphae can vary greatly between fungi (8trath

2000) such that these soils may be selecting only for higiePant straingTable

6.1). Hence AM fungal diversity is very crucial to the maintenance and
sustainability of he ecosystem. Effects &M fungi on plant species diversity
(mostly evenness) range from positive to negative. The direction and magnitude
of the efect is hypothesized to be related to the relative mycorrhizal dependency
of the dominant and subordinatiamt species of a commity (Urcelay & Daz
2003).

Amongst the number of species identified in this stu@jaroideoglomus
etunicatumformerly known asGlomus etunicatumhas been reported to Iz
extremely widespread species with many ecotyped has ben found associated
with cassava in Brazil (De Souegaal, 1999).This species has been reported in a
number ofcountries in theAfrican continent.lt was identifiedin undisturbed

secondary sendeciduous moist forest in Camero@viasonet al 1992;Musoko
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et al, 1999. Wilson et al., 1992 identified itin Terminalia plantations in Cote
d'lvoire, while in Malawiit was found in farming systems (Jefetal, 2006).In

South Africa, the species has been found associated with a number of plants, such
asthe wild fruit tree Vangueria infaustg¢Gauret al, 1999), hizosphere of plants
(Stutzet al, 2000), cassava and soil samples (Strekexl., 2010).Spruytet al

(2014 found thatClaroideoglomusspecies were typically associated with The
usneoids plant host atlifferentmining sites such asBB Zinc, Impala Platinum,

and Northern Cape site€laroideoglomusetunicatumalso appears to be a
cosmopolitan species found in many soil types (Khade, 2008), which may explain
its commonality tasome ofour studiedsites such as site 2,and 6.

Acaulospora mellednas beenreportedin 4 sample sites in the present study
namely site 1, 4, 5 and 8s spores have been vastly reported in the literature in
differentsample types in a number of countries. fivere reported in sandy soils
(Schenck and Perez 19900 Poland they werefound in wild and cultivated
plants growing in forest nurseries, uncultivated and cultivated soils (Blaszkowski,
1993a), as well as in maritime (Blaszkowski, 1993b, 1994) andndnl
(Blaszkowskiet al, 2002) sand dunes of PolaMihile in Florida, Massachusetts,
North CarolinaandRhode Island, USAthe speciesvasfoundin cultivated and
uncultivated soil§Douds and Schenck, 1990; Koske and Gemma, 1997), Brazil
(Schencket al, 1984; Grandi and Trufem, 1991), Mexico (Estriddareset al,
1992), Colombia (Dodet al, 1990), China (Meging and Youshan, 1992)The
speciehasalsobeen reported in a number of African countries such as Cameroon
in Terminalia and undisturbed medeciduous moist forests (Musoket al,
1994),Western Kenya in low input farm, forest and grassland soils (Shepherd
al., 1996) Acaulosporaspeciesare considered facultative symbionts aegorted

to adaptto a wide range of soils and host specagsearing in soils of widely
differing pH and nutrient availability (Sieverding, 1991; Shephaircl, 1996
Gunwalet al.,2014)which may account for the presencefoimelleain 4 out of

8 of the presensample sites
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In addition toGlomusand Acaubsporawhich have been identified as the highest
species in the study, it is pleasing to indicate that it is the first Aica@llospora
colombianahas been identified in the studied or sampled sites in South Africa and
it was identified in almost all theitgs. This species was also confirmed by

molecular identification (chapter 5).

The Acaulospora colombianaasformerly known asEntrophospora colombiana
which was organised intduklospora colombianalhe Acaulospora colombiana
is currentlyplaced into lhe family of the Acaulosporacea8i€¢verding and Oehl,
2006 Kruger et al., 2012; Redeckeret al, 2013. It was first isolated as
Kuklospora colombiandrom various locations in Colombia ¢Benck et al,
1984). It was also reported from several Stat&razil (Caproniet al, 2003;Dos
Anjoset al, 2010); India (Mehrotra, 1998; SelvamndMahadevan2002) and the
Philippines (Ma et al, 2004) andn trap cultures inoculated with tropical soils
from Benin showed the presence éfcaulospora colombiangSieverding and
Oehl, 2008. Sieverding and Oehl, (2006) Vebeeninfrequently fnding it in
grasslands of lowlands and at mountainous elevations in Southern Germany and
Switzerland.Previousstudies repodd Acaulosporaspeciedo be associated with
acidicsoils Abbottand Robson 1991; Morton 198®&). GermanyA. colombiana
was also isolated from an acidic sandy soil near BeBalt{uschat pers. com)
(Sieverding and Oehl, 20R6Thus this explains the reason why for the first time
in South Africa, we hve identified it in the heavy metal contaminated sitgh
predominantly acidic soilSimilaly to GlomusspeciesAcaulospora colombiana
has the ability to better adajpt various ecosystemsncluding the disturbed

environmentsuch as heavy metal migrsites(Gunwalet al, 2014)

In conclusion, this study provides a valuable contribution to the database of the
Glomeromycotain general especially to that which igound in both South
African and African soils.This shows the potential of using mydueas to
remediate theoil contaminatedvith toxic heavy metalsTo our knowledge, this

is the first time these genera have been discovered in heavy metal contaminated

sites in South Africeand especiallythe species Acaulospora colombianalhe
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morphologcal studies perfomed bytraker et al. (2010) and the molecular
identification studies performed by Sprwgftal (2014) foundGlomus etunicatum
(now Claroideoglomus etunicatymthe generaGigaspora Scutellosporaand
Acaulospora melleapecies typicallyassociated with th&. usneoideplant host

at different mining sites such as ABB Zinc, Impala Platinum, and Northern Cape
sites.In addition this study identified aboué more AM fungal species such as
Rhizophagus Funneliformis Archaeospora Ambispora Fuscutata and
Paraglomus(Tables 4.2 to 4.5)This suggests that bot@lomus speciesand
Acaulospora colombianare theAM fungal isolates responsible for the survival
of plants growing inheavy metal sites and thus it could be useful to solve the
heawy metal contamination of thenine dumps Most of the fungal strains
identified by morphological analysis were alsonfirmedby molecular analysis
(Chapter 5) The study also highligktthat AM fungal diversity is crucial to the
maintenance and sustainatyilof the ecosystem.
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CHAPTER 5

5 RESULTS AND DISCUSSION FOR MOLECULAR
IDENTIFICATION OF AM FUNGAL DIVERSITY IN MINES OF
SOUTH AFRICA

5.1 Results

Different primersetswere employedn this study for PCR raplification. DNA
samples were amplifiedsing univeral primers, ITS1 & ITS4r NS31 & AML1.
Fig. 5.1 shows thatonly amplification of extracted spore DNAvith ITS1/ITS4
primers produced positive results (lanesnd 10 - Site 2- Agnes Minelanell -
Site 4- Vaal Reefs (§) Amplification of extracted spa DNA with NS31/AM1
primersfrom the following sites was unsuccessful:

Lane 7 &9: Site 11 Lonmin mine

Lane 12: Site 3 ERGOBrakpan

Lane 6: &e 571 West Wits TSF

Lane 2 Site 77 ERGO Metallurgical Plant

Lane 3: Site 8 Vaal Reefs (M)

However, using cloned DNANS31 and AM1 produced a very good bdraim a
site 5 sample (West Wit&) lane 3 while ITS1 and ITS4 primeassoproduced a
good bandrom a site 3 sample (ERGBrakpan) in lane 7Hig. 5.2). The faint

bands observed at the bottofreach lane are primer dimers or fragments.



Fig.5.1 Amplicons from spore DNAamplification usingITS1 & ITS4 or NS31 &
AML1 primers.Lanes 1 & 14: molecular size markers, 1kb ladtane 2:site 7 Lane 3
site 8; Lane 4site 2;Lane 5:site4; Lane 6:site 5;Lane 7:site 1;Lane 8:site I Lane9:
site I Lanel10: site 2 Lanell: site 4;Lane 12:site 3;Lane 13: HO control with no
DNA template.

bp

1500
1000

750

500

250

Fig. 5.2 Amplicons fromPCR amplification of cloned DNA usingS1 & ITS4 or NS31
& AM1 primer pairs. lane 1: molecular size markerkllladder, Lane 2: ¥ control
with no DNA template, Lane 3ite 5 Lane 4: site 3 Lane 5: HO control with no DNA
template Lane 6:site 5;Lane 7: site 3 Lanes 3 and 4 are products from NS31/AM1
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ampification and lanes 6 and 7 are products from ITS1/ITS4 amplification. Initial PCR
was performed directly from spores.

The majority of the samples were amplified using primers designed bgtlae
(2008) namely NS1 and NS4 coupled with AML1 and AML2.5-l§3 and 5.4
demonstrate representative gels showing examples of successful amplifications
from primersNS1 and NS4 coupled with AML1 and AML2

Fig. 5.3 shows that amplification directly from spores only occurred successfully
for samples from site 22gnes Mine) in lanes 9 and 10, whereas no amplification
occurred for samples from site 4 (Vaal Reefs (S)). However, amplification from
spore DNA extracts occurred successfully for samples from site 2 (Agnes mine),
site 3 (ERGO Metallurgical), site 4 (VaRkefs (S)) and site 8 (Vaal Reefs (M))
(Fig. 5.4). Altogether, the nested PCR approach yielded at least one amplicon

from each site and these were sequenced for subsequent BLAST analysis.

Fig.5.3 Amplicons from direct PCR amplification of spereusing the nested
primers, NS1 & NS4 coupled with AML1 & AML2. Lank & 6: molecular size marker,
1kb ladder Lane 2: site4; Lane 3: sited; Lane 4: site4; Lane 5: sited; Lane 7: HO
control with no DNA templatelLane 8: HO control with no DNA templ& Lane 9: site
2; Lane 10: site 2



Fig.5.4 Amplicons from spore DNA amplification using the nested PCR primers,
NS1 & NS4 coupled with AML1 & AML2. lane 1: molecular size markekhlladder
Lane 2: site 8Lane 3: site BLane 4: site 2Laneb5: site 2 Lane 6: site 4Lane 7: site 4
Lane 8: site 3Lane 9: site3; Lane 10: site 3Lane 11: site 3Lane 12: site SLane 13:

site 4 Lane 14: site 4Lane 15: site 4.

This study, targeting the SSU rRNA gene sequences and using a combifation o
NCBI and MaarpM databases has identified species from seven AMaiung
genera, namely,Acaulospora Ambispora, Claroideoglomus Diversispora,
Glomus Rhizophagus and Scutellospora using a nested PCRom spores
isolated from metal contaminated mininiges. Threegenera were identified by
blasting in the NCBI website (Table 5.1, Fig. 5.6), dodr additional genera
were identified when blasting in the Ma/ajl website
(http://maarjam.botany.ut.pg(Table 5.1, Fig5.5). Furthermore new taxa names
were identified from MaarjAM website replacing the old names. For example,

both EntrophosporaandKuklosporawere replaced bjcaulospora
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Acaulosporacolombianawould appear to be the most common species on these
sites, being identified from Agnes Mine, Vdeefs (S & M), West Wits and East
Rand (ER2A) (Table 5.1). The Lonmin site also yieldedGmus and a
Scutellosporasp. and the sam&cutellosporasp. identification appeared in Vaal
Reefs (S) together witAcaulosporasp.2. The Agnes Minesite was thenly site

to yield Diversisporatorrecillas, whereas East Rand (ER1) yieldekizophagus
irregularis, Ambispora appendicularGlomus clarumand Acaulosporasp. 1
(Table 5.1).Acaulosporasp. 3 was identified from East Rand (ER2Mhereas
Acaulosporasp. 4, Glomus kohout, Scutellospoigp. 2 and Claroideoglomus
claroideum were identified from East Rand (ER2QYable 5.1). Together,

therefore, the East Rand sites showed the richest diversity.
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Tableb.1

Spore morphotypes and origins used for PCR ampiificaand showing the new AM fungal species identified using rpaé

Genbank Blasthttp://maarjam.botany.ut.eand NCBI Genbank Blasthitp://blast.ncbi.nimnih.gov/Blast.coi.

Site Morphotype Number of E-Value % Identity Accession No. Fungal species
Spores
Site 1 Lonmin Mine(NWL) Oval Black 20 0 91 HQ258983 Scutellosporap.
Site 2 AgnesMine(AGM) Oval Light Brown 9 1.9 100 AY236236 Glomussp.
MaarjAM Oval Light Brown 9 0.29 90 HE615058 Diversispora torrecillas
Oval Light Brown 9 0.0 98 AB220170.1  Acaulospora colombiaria
NCBI Oval Light Brown 9 0.0 99 AB220170.1  Acaulospora colombiana
Site 3 East Rand (ER1) Oval Light Brown 11 0.28 100 FM86%811 Rhizophagu#regularis
(Brakpan) Oval Light Brown 11 0.0 99 GQ140615 Acaulosporasp.
MaarjAM Oval Brown 11 0.0 100 FN547526 Ambispora appendicular
Oval Light Brown 11 1.9 99 FR773148 Glomus clarum
NCBI Oval Light Brown 11 0.0 99 AJ852597.1 Glomus clarum
Oval Light Brown 11 0.0 99 GQ140615.1  Acaulospora clonesp.
Site 4 Vaal Reefs (VRS) Oval Brown 9 0.0 91 HQ258983 Scutellosporasp.
MaarjAM Oval Brown 9 0.0 98 AB220170.1 Acaulosporacolombiand
Oval Brown 10 0.0 100 AY394664 Acaulosporasp.
NCBI Oval Brown 9 0.0 91 HQ258983 Scutellosporasp.
Oval Brown 9 0.0 99 AB220170.1 Acaulospora colombiana
Oval Brown 10 0.0 93 AY394664 Acaulosporasp.
Site 5 West Wits (WW) Oval Light Brown 104 0.0 99 AB220170.1 Acaulospora colombiana
NCBI Oval Light Brown 104 0.0 99 AB220170.1 Acaulospora colorhiana
Site 6 East Rand (ER2A) MP  Oval Light Brown 9 0.07 100 AM420373.1  Acaulosporasp.
MaarjAM Oval Light Brown 29 0.0 99 AB220170.1  Acaulospora colombiana

! Acaulosporasp (AB220170.1)rom MaarjAM is the same aEntrophospoa colombianaAB220170.1)from NCBI.
2 Entrophospora colombian@AB220170.1)from NCBI is the same a&caulosporasp (AB220170.1)from MaarjAM.

% Kuklosporasp from MaarjAM is the same a&caulosporacolombiana
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http://maarjam.botany.ut.ee/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/nuccore/?term=HQ258983
http://www.ncbi.nlm.nih.gov/nuccore/?term=AY236236
http://www.ncbi.nlm.nih.gov/nuccore/?term=HE615058
http://www.ncbi.nlm.nih.gov/nucleotide/70721021?report=genbank&log$=nucltop&blast_rank=1&RID=VZ89HE74015
http://www.ncbi.nlm.nih.gov/nuccore/?term=FM865581
http://www.ncbi.nlm.nih.gov/nuccore/?term=GQ140615
http://www.ncbi.nlm.nih.gov/nuccore/?term=FN547526
http://www.ncbi.nlm.nih.gov/nuccore/?term=FR773148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84617234&dopt=GenBank&RID=G4NKV66C01S&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/nucleotide/261599499?report=genbank&log$=nucltop&blast_rank=1&RID=VZ9FPYXH014
http://www.ncbi.nlm.nih.gov/nuccore/?term=HQ258983
http://www.ncbi.nlm.nih.gov/nuccore/?term=AY394664
http://www.ncbi.nlm.nih.gov/nuccore/?term=HQ258983
http://www.ncbi.nlm.nih.gov/nuccore/?term=AY394664

NCBI
Site 7 East Rand (ER2D)

MaarjAM
NCBI

Site 8 Vaal Reefs (VRM)
NCBI®

* Acaulosporasp (AB220170.1)from MaarjAM is the same aBntrophospora colombianfiom NCBI.

Oval Light Brown
Oval White

Oval White
Oval White
Oval White
Oval Brown
Oval Light Brown
Oval Light Brown

29
29

29
29
29
29
81
81

0.0
0.0

1.2
0.0
0.0
0.0
0.0
0.0

> Bold font represents NCBI Blast while normal font represents Ma&Blast.

® Entrophospora colombiangAB220170.1)rom NCBI is the same a8caulosporaspfrom MaarjAM.
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93

100
100
100
96
99
99

AB220170.1
AJ276079.2

JN581962
AJ276079.2
EU332722
EU332722
AB220170.1
AB220170.1

Acaulospora colombiaa
Claroideoglomus
claroideum.

Glomus kohout
Acaulosporasp.
Scutellosporap.
Scutellosporasp.
Acaulosporacolombiané
Acaulospora colombian&


http://www.ncbi.nlm.nih.gov/nuccore/?term=JN581962
http://www.ncbi.nlm.nih.gov/nucleotide/14270349?report=genbank&log$=nucltop&blast_rank=1&RID=VY9HGJBY01R
http://www.ncbi.nlm.nih.gov/nuccore/?term=EU332722

Therewere inconsistencies with the grouping in the phylogram, for instance, the
Acaulospora (Kuklosparayp (AB220170.1)data sequences did not all group
together nor did th&lomus clarum(FR773148 with the Glomus kohoutl2
OTU37 (JN581962, equivalent match, group together separately from the other
Glomus sequences,instead Glomus grouped with the Scutellospora and
Ambispora appendiculafFig. 5.5). Similarly, in Fig. 5.6the grouping inthe
phylogram had inconsishcies but not as bad as in Fig. 5Nost of Acaulospora
colombiana data sequences grouped together, with the exceptiorGlomus
clarum (AJ852597.1 which grouped with someAcaulospora colombiana
(AB220170.
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84617234&dopt=GenBank&RID=G4NKV66C01S&log$=nucltop&blast_rank=1

gi[1163894|gb|U23724.1|ABU23724aricus bisporusmall
Subunit rRNA gene patrtial

9¢| Site 3: Acaulosporasp.(GQ140615
42 Site 4: Acaulosporasp. (AY394664)

9a L . .
39 Site 7:Claroideoglomus claroideurffJ276079.2)

Site 3 : Glomus clarum(FR77314§

13 Site 2 :Diversisporatorrecillasl2b Div3(HE615059
Site 5: Acaulospoa sp.(AB220170.1)

[Site 2: Acaulosporasp.(AB220170.1)

Toc Site 2: Acaulosporasp.(AB220170.1)

= 75Site 4: Acaulosporasp.(AB220170.1)

34 Site 2: Acaulosporasp.(AB220170.1)

Site 6: Acaulosporasp. (AB220170.1)

Site 7 :Glomuskohout12 OTU34{JN581962

4 Site 3: Rhizophagus irregularigFM8655811)
14 Site 6: Acaulosporasp.(AM420373.1)
33 Site 4 : Scutellosporap (HQ258983)

Site 6 : Acaulosporasp (AB220170)
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o8 Site 8: Acaulosporasp. (AB220170.1)

08 Site 8: Acaulosporasp. (AB220170.1)

Site 2: Glomuswubet04 GlomYAY236236.1

21 Site 1: Scutellosporap (HQ258983

Site 3: Ambispora appendiculgiFN547526
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Fig. 5.5 Rooted neighboujoining tree based on SSU rDNA from AM fungal spores using M&d
Genbank database (http://maarjam.botany.ut.ee). Bootstrap values (based on 1000 |
are shown at the nodes aAdaricus bisporusened as the outgroupgicaulosporasp.in the

fig representé\caulospora colombianghttp://maarjam.botany.ut.ee)
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http://www.ncbi.nlm.nih.gov/nuccore/?term=GQ140615
http://www.ncbi.nlm.nih.gov/nuccore/?term=AY394664
http://www.ncbi.nlm.nih.gov/nuccore/?term=FR773148
http://www.ncbi.nlm.nih.gov/nuccore/?term=HE615058
http://www.ncbi.nlm.nih.gov/nuccore/?term=JN581962
http://www.ncbi.nlm.nih.gov/nuccore/?term=FM865581
http://www.ncbi.nlm.nih.gov/nuccore/?term=HQ258983
http://www.ncbi.nlm.nih.gov/nuccore/?term=FN547526

99

51——

10C

9%

Site 6:Uncultured fungal Clone R_001_G{2F4311%)

Site 6: Claroideoglomus claroideurffJ301852

51

10C

10C

10C
ERViY

Site 4:UnculturedAcaulosporaclone K351 (AY394664
Site 4:UnculturedAcaulosporaclone K351 (AY394664

99
10C
65

%Site 3: Acaulosporacolombianagene(AB220170.)
Site 3: Acaulosporacolombianagene(AB220170.)
Site 7:Uncultured fungus clon¢EU174257.1

Site 8: Acaulosporacolombiana(AB22017Q
Site 3: Glomus clarun{AJ852597.)

10C

Site2: Acaulosporacolombiana(AB220170
Site 7: Scutellosporap. 09114 (EU332722
Site 5: Acaulosporacolombiana(AB220170

Site 6: Acaulosporacolombiana(AB22017()
Site 3: Acaulosporacolombiana(AB22017()

Site 2: Acaulosporacolombiana(AB22017Q

10C Site 8: Acaulosporacolombiana(AB220170Q
Site2: Acaulosporacolombiana(AB220170)

Site 4: Acaulosporacolombiana(AB22017Q

Fig. 5.6

Rooted neighboujoining tree basedroSSU rDNA from AM fungal sporassingNCBI Genbank database

(http://blast.ncbi.nim.nih.gov/Blast.dgi
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70721021&dopt=GenBank&RID=G5CM8RY101S&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70721021&dopt=GenBank&RID=G5CM8RY101S&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84617234&dopt=GenBank&RID=G4NKV66C01S&log$=nucltop&blast_rank=1
http://blast.ncbi.nlm.nih.gov/Blast.cgi

The sequence identity percentages of NCBI Genbank Bitisted from that of
MaarjAM GenbankBlast. NCBI had lowestequenceadentity percentages ranging
from 84% to 99% for each sequencevhile MaarAM Genbank Blasthad
sequencddentity percentages ranging fro89%, to 100% for each sequence
(Table 5.1)

5.2 Discussion

Molecular analysis is crual for accurateAM fungal identification as some

species exhibit more than one morphology and several crypticetagiawhich

can only be revealed or disclosed by molecular biological anaigsésil3leret

al., 2011) AM fungalidentification, onlybytheéd c | assi cal 6 charact er
on spore appearance may be inconsistent because of limited morphological
differentiation. Thus, it is very important to always complement the
morphological identification with molecular analygigtgeret al.,2012)

The two sets of nested PCR primaramelyNS1 & NS4 coupled with AML1 &
AML2 employed in this studjave beerreported to amplify all subgroups of
arbuscular mycorrhizal fungbut exclude sequences from other organisms. They
were designed to facilitate pil detection and identification directly from field
grown plant roots and mycorrhizal spores (Leteal., 2008). These primers
(AML1 and AML2) were construted to target the small subunit rRNA gene
because phylogenetic relationships among the Glomeromyeoe well
understood for this gene. Sequence comparisons had shown that the two primers
mentioned above could amplify all published Alhgal sequences except those
from Archaeospora trappeias it has been seen in our studyiolecular
identification was hle to confirm most of the genera identified by morphological
identification which revealed AM fungal species diversity dfirteen genera
namely, Glomus, Acaulospora, GigasporaArchaeospora, Scutellospgra
Rhizophagus, Claroideoglomus, Ambispora, Sclerogstis, Fuscutata,
(Dentiscutata Scutellospora, heterogama), Entrophospora, Paraglomus and
Diversispora, (Table 41 to 44) as mentioned aboyexcept Gigaspora and

Archaeospora
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The molecular identification results do not only assist in revealing the ukigal
diversity of HM polluted mine tailing environments but also contribute to our
knowledge of their diversity in South Africa. This is vital since in Africa for
instance, there is a lack of understanding of the distribution of AM fungi
geographically de to low levels of molecular data from some areas (@pil.,
2010).

The most abundamM fungal species identified bynolecular analysis using
NCBI Genbank Blastin Fig. 5.6, starting with the highest species were
Acaulosporacolombiana(13) followed by Glomus (2), and Scutellospora(1)
species.The most abundant AMungal species identified by molecular analysis
using MaarjAM Genbank Blas{Fig. 5.5), starting with the highest species were
Acaulospora (12) followed by Glomus (3), Scutellospora sp. (2),
Claroideoglomus claroideur(ll) Diversispora(1) and Ambispora appendicular
(1) species.This suggests thafcaulospora colombiands an AM fungl

ubiquitous species able to withstand a range of heavy metal sites.

About 18Acaulosporaspp.with smooth pore surfaces and 15 Acaulospora spp.
with ornamentation of the outer wall are knoy8ieverding and Oehl, 2006)\s
indicated in Chapter AAcaulospora colombianhas been reported in a number of
countries including Glombig Brazil (Dos Anjoset al, 2010), Philippines (Obaet

al., 2004),Germany and Switzerlan®ieverding and Oehl, 2006)jowever none

of the above studies reported it on heavy metal contaminated tailiegnaGy
for example reported it oan acidic sandy soil near Berlin (Baltruschagysp
com) (Sieverding and Oehl, 2006)

Consequently identified AM fungi can becompared to previous AM fungal
community investigations that used either morphological or molecular
identification methodsIn additionto the AM fungal species namel@glomus
etunicatum (now Claroideoglomus etunicatym Glomus rubiforme (now
Sclerocystis rubiformjs three species from thcaulosporagenus and the genera

Gigasporaand Scutellosporadentifiedin the studyperformed byboth Strakeret
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al. (2010)and Spruytt al., (2014),this study identified about 9 more AM fungal
species such aRhizophagusFunneliformis Archaeospora Claroideoglomus
Ambispora Sclerocystis Fuscutata Diversispora Paraglomus(Tables 4.2 to

4.5). Due to the higher number of speciesniiged in this study, the overlap of

AM fungal species identified in these various investigations appears to be
moderate, which suggests thidwe previous analyses may underestimaié
fungal diversity. As previous analyses were performed on spbeeg\M fungal
community in South Africa may be even more diverse than has been revealed in
this study Fuure research in this field would be to analyse the AM fungal
diversity usingboth spores andaolonised roots of plant species different
environmentalconditions such asnine tailings, HM metal polluted sites and

undisturbed environments.

The recent revisions and consolidations in ghglotaxonomy of AMfungi have
provided thenecessarypasisfor comprehensive investigation into the diversity of
AM fungi from environmental samples (Kriget al, 2012; Redeckeet al,
2013; SchuRler and Walker, 2010)he lack of consensus ithe system of
nomenclature to be applied to AM fungi identified by molecular dathe past,
has greatly affected the investigam of AM fungal communitiegKriger et al,
2012; Opiket al, 2010; Redeckeet al., 2013). Since the classification of AM
fungi as an independent phylum within the fungal kingdom in 2001 (Scheiti3ler
al., 2001), several taxonomic restructurings havenbproposed by different
groups (Stirmer, 2012Yhis has broughtsome confusionvhen identifying these
fungi, wherethe samephylogroups of AM fungi are identifieavith different
names in different studies (Opék al.,2010).Similar to the study by Spytiet al.
(2014), this studyusedthe phylogenetic reference data describing interspecific
genetic variability of described Glomeromycota species which has recently been
madepossible byKrigeret al.,(2012). This allowshe relationship ocomparison

for new analyses of thenolecular diversity of AMfungal communities. Thiow
levels of molecular data from certain regions, especially in Aimghparticularly

in South Africais a great challenge when it comes todhgent understanding of
the geogralpical distribution of AM fungi (Opiket al, 201Q Spruytet al.,2014).
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Although this study haprovidedan increasecknowledge ofAM fungal species
diversity in South Africa, there istill moreto be discoveredboutthe diversity
and distribution of AMfungi in South Africa(Spruytet al, 2014)

To our knowledgethis is the first timeéAcaulospora colombianapecies habeen
discovered in heavy metal contaminated sites in South Affibea molecular
identification studies performed Bpruytet al. (2014) foundClaroideoglomus
etunicatumspeciesand Acaulospora melleapeciegsypically associated with the

T. usneoideglant host at different mining sites such as ABB Zinc, Impala
Platinum, and Northern Cape siteShis suggest that bothAcaulospora
colombiana and Glomus speciesidentified in this studyare the AM fungal
isolates responsible for the survival of plants growing in heavy metal sites and

thus it could be useful to solve the heavy metal contamination of thetailings
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CHAPTER 6
6 RESULTS AND DISCUSSION: MICROANALYSIS
6.1 ICP-MS and Micro-PIXE analysisof total values

ICP-MS analysis was performeth roots of E. curvula plant to determine
concentration levels as baseline data for setting parameters fichePIXE
analysis. Al, Br, Ca, CIPt, S, Si, and V could not be detected at all by the ICP
MS technique while they were all detected Micro-PIXE except Pt which was

not localisedby PIXE. All the elements were also present in controls but in lower
concentration than experimental sampesept for few elements such as K, Cu,
Zn and Mn which were detected at high concentratiaoirirol 2 with Mycoroot

The presence of elements in the controls was due to the elements from the nutrient
solution (Appendix 4)while the high concentration @ements in control 2 was
due to the presence blycoroot(Appendix 9andTable 6.). The pattern infable

6.1 shows that in all sites but site 7 (ER2D, M¥t)hasa highestconcentration

The averageoncentrations of elements in root both longitudinal ewot cross
sectiors as well as limit of detectiowere recorded and presentedAppendix 3

and Table 6.1 Values are the means of PIXE measurements of 3 to 7 replicates
SEM which indicates that in some samples there were three replicates while
others wee 5 or 7 replicates.

There was a significantifference between some eafeental concentratian

amongst siteg¢Table 6.1) The concentration of Al was found to be highest site 3

and lowest in site With significantdifferenceas shown by alphabetic letser fi a 0

a n d , whibe &i was highest in site 6 and lowest in Fi@nd control 2however

their differences were not significaats s hown by al p(hableet i ¢ | ¢
6.1). There were no significant differencesn P exept in control 2. S

concentratia was highest in site 7 and lowest in sitewBh no significant

difference amongst the sitesThere was no significandifference in ClI

concentration amongst the sites although its highest concentration was observed in

site 3except control 1 which showedsignificantdifference Both Ca and K had

highest concentrations in site 3 and lowest concentration in conifbkte was a
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significant difference in K between site 3 and other sites except for coriyol
while Caconcentratiorwasrecorded highesn dte 3 followed by Site 6 then site

7 with no significantifference amongst the sitg§able 6.1)

Similarly both Mn and Ti had highest concentration in site 3 and 4 while the
lowest for Mn waobservedn site5 and Ti in site8. Statistics could niobe done

for Ti due to insufficient replicationHighest concentrationfor Fe has been
observed in site 3, 2 and 4 and lowest in sit@ith no significantdifference
betweenthe sites Ni had a highest concentration in sit¢ AGM Serpenine) as
comparedo other siteswhile both Cu and Zn had highest concetires in site 4

and 6 (Table 6.1)he high concentration of Ni in site 2 is due to the fact that this
site is a serpentine site with a pronouhcencentration of Zn, Fe to name but a
few. The corentration of Ti, V, Cr, Mn, Ni, Cu, Zn, and Br were lower and the
concentration®f As, Se, Sr, Ba, Pb and U were gergrakry low, often below

the respective limits of detectioAgpendix 3,and Table 6.1). Although U was
detected at a very low condeation by bothtechniques (ICARMS and Micro-
PIXE), a pronounced concentration ofwas observedh site 4 (VRS) andite 5
(WW) which are high in gold and uraniun{Fig. 6.21k). Although high Pt
concentration was observed in the séiig( 6.2D), surprisingly it could not be
detected at alin plants by both ICRMS and MicrePIXE, from all the sampling
sites including the Lonmin PlatinuMine site. Roots from plants growing from
the East Rand Brakpate 3 showed up to 5 fold increase in aluminum compared
to other sites. Phosphorus is observed to be in the same range in almost all the
sites exceptontrol 2 which is higher than other siteBaple 6.). Both techniques

" Replicates represent PIXE messmentswith values representing the means of a number of
random (or selected) point measurements made over the area being probed by the beam in a

single root sample.

1 Au, U PtandCd were measured but they were less than tteetiten limit thus they coua not
be incluckd in table 6.1.
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detected P, K, and Cu at higher concentration in control 2 and lowest

concentration ircontrol 1 (Appendix 9andTable6.1).

Generally phosphorus was detected at higher concentration in all the sites
especially when ICRMS was used Appendix 9. In general both techniques
showed agreement in the detection of the elements.

Other elements sticas Ti, Mn, Fe, Zn, were detected at high concentration at
different sites. Thus themgere somenconsistenciedetween the two techniques.

For instanceMicro-PIXE detected Fe at high concentrationsite 3 (ER1 BP)

while ICP-MS showed high concentrati of Fe insite 2 (AGM). Similarly to Mn,

which was detected by IGMS at high concentration in control ghile PIXE
showed high concentration of Mn isite 3 (ER1 BP) In overall, both the ICIMS

and PIXE had similar or common elemental concentrations.
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Table 6.1 Elemental totals in roots d&. curvulagrowing in substrata from different metal sites inoculated with mixture of spores extracted from
the substrata. Values are the means of PIXE measurements of reficatesSEM. Concentrations are reped in ppm(mg/kg?).

Common al phabetic |l etters indicate no si gnThdstastiesicauld nbi bt loeer e nce b
for elements V, Cr, Ni, and Br, dueitgsufficientreplication Acronymfindo indicates not detected.
Sites | Code | Al Si P S Cl K Ca Ti \Y Cr Mn Fe Ni Cu Zn Br
NwW | 152 6950 =+ | 219 =+ | 4925 1051 747 | 641 272 50:25 | 23
Site 1 | (L) +358%" [ 1557 49 +15358" | +303° | 522" | +33¢* | 1045 |2 13 | 22#10F | +143 |38 | +10%° | 18
2452 12754 + | 294 =+ | 4861 1279 1519 | 726 | 45 1589 40 19
Site2 | ABB | £1312°° | 2956 53 +1134 | £187° | 318" | +140* | +33 nd |14 |[1744* | 114G |74 | +19® | +6® |2
ER1 | 4388 8030 = |367 = 1427 2348 | 133+ | 75 150 2092 35¢11 | 64
Site3 | (BP) | *17° 1093 1 996165" |70 | 253 |[42d |x15 [8 |5 |58 +405° 7 | ® +16°° | 10
3600 1218 +| 269 = | 2077 753 159 | 816 |65 111 1584 81 121
Site4 | VRS | £1251%° | 7142 23 +262F +108° | +465° | +174* | x46 | 7 6 +47° | +97F |5 +39°° | +46® | 11
917 6817 +|163 =+ | 3310 1356 32 | 542 32
Site5 | WW | =166’ 14%8* 172 +1067" +197° | +71° [ 483 | 1643 |2 4 7+1* | 18534 | 3 16422 | £3* | g
ER2A | 1248 13951 + | 352 =+ | 4990 1216 239 [900 |28 366 86 178
Site 6 | (MP) | £226° | 20%° 67" +270F | 2348 | 274" [ 2425 [+10 |2 |5 [15#6° [2195° |2 |29 |80 |7
ER2D | 1316 6451 =+ | 248 + | 8736 825 539 | 862 331 77
site7 | (MP) | £520° | 950 36® +1718* | +170 | 116> | +445° | 23:11 [8 |6 | 37219 | x148 24+9* | +43° |9
835 6860 303 3718 1219 269 |53 14 19
Site8 | VRM | 132 +1723° +19F | +139F | +478° | 471" | +138% [ 742 |1 nd | 15+4% |55+7% | Nd |+ | x4® |3
Contr 926 6540 | 120 =+ | 243 1243 217 | 100 23
ol1 | CTR1 | *137 122 16 +819° +21F° | +63° |23 | 1144 |4 10 | 23+8* |81+29 |4 +70 | 1243 | o
Contr 1636 * | 5408 <+ | 78 +| 5016 2329 | 4077 | 888 320 9912 | 44
ol2 | CTR2 | 444® 2068 167 +1558' +390° | +934° | £145" | 23t7 | nd nd | 50+8% | 79" 6 |° +7 |7
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6.2 Microscopic observationsof colonisation

The hidhest percentage of mycorrhizal r@amonisationobserved in almost all the
sites was caused by hyphae followed by vesicles and then arbuscules. An
exception was site 5, 6, 8 and control 1 where the arbuscul@®isationwas
higher than that of vesicl¢$able 6.3. Control 1 showed the lowest percentage of
root colonisationas expectedHowever it is a surprise to observe some root
colonisation this might be due to the cross contamination. Control 2 was
inoculated with aMlycoroot, a commercial mycorrha; hence the percentage of
root colonisationis higher than that of control (Table 6.2. However ithas been
noted that root colonizatiomf control 2 by Mycoroot, was lower that the
colonization by indigenous mycorrhiza fungi. This might be dueh®high
concentration of some elements in tlwenenercialmulti T nutrient solution that

was used in the control potSince thecommercialMycorootwas preserved for
long time,it might take time to beestored. Lastly, the fungicide used to coat the
Eragrasts curvulaseeds might play a part in the delayed colonization in Control
2.
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Table 6.2 Mean (%) of mycorrhizal rootcolonisation Hyphal Colonisation (HC); Arbustar Colonisation (AC) and Vesitar Colonisation
(VO).
Sites Code Sites HC (%) AC (%) VC (%)
Lonmin Mine (L) NW (L) Site 1 55.88 15.80 32.66
Agnes Serpentine Mine (AGM), Mpumalang AGM Site 2 79.65 31.20 45.06
Eastern Ref (Brakpan) (1.2; 4.1) ER1(BP) Site 3 81.03 29.06 50.03
North West (Vaal ReefsS) VRS Site 4 64.53 20.39 42.90
West Wits (WW) wWwW Site 5 35.04 16.72 13.31
East Rand (Metallurgical PlantMP) (A2+5) ER2A (MP) Site 6 59.96 41.61 14.73
East Rand (M@llurgical Plant MP) (D1,) ER2D (MP) Site 7 58.00 4.00 27.00
North West (Vaal ReefdV) VRM Site 8 93.08 40.71 21.95
Controll (Nu + Zeolitg CTR1 Control 1 0.91 0.50 0.20
Control2 (Nu + Zeo + Mycoroo} CTR2 Control 2 23.21 1.12 13.84
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6.3 Elemental mapsof colonised roots
6.3.1 Elemental concentration and distribution

Elemental maps of both the whole root and roosssections are presented on
Fig. 6.1to Fig. 6.19below. Due to a large data of elemental maps produced, only
maps that showed sonmlonisationare reported. Theest of the maps are
reported inAppendix1 (in a CD) Elemental distribution maps showetat Al, Si,

P, S Cl, K, Ca and Fe werecalisedand detected at maximum concentration in

both the longitudinal and root cross sections in all the sampling sites.
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Fig. 6.1 Whole colonisedroot segment oE. curvulaplants growilg in substratum from
North West (Rustenburg) Lonmin Platinum Mingite 1. a) and c): Light

micrograph of fresh colonised root segment. b), d), egl®mental PIXE maps
of colonised root segments.
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Fig. 6.2 Colonised crossectiors of E. curvularoots growing in substratum from
North West (Rustenburg) Lonmin Platinum Mine, site 1. a) and c): Light micrograph of
colonised root segment; b), d), e) and f): Elemental PIXE maps of colonised root

segments.
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Low magnification maps otolonised roots from plants grown in soils from
Lonmin platinum mine showing both external and intraradical hyphae prior to
fixation (Fig. 6.1a, c), were observed to accumulate relatively high concentrations
of Fe, Al, P and S mainly in the cortical areas lo# toots The mapsare also
showing highlocalisedconcentrations in an area which may be that of secondary
root initiation or dense external hyphal activifid. 6.1b, d, e, f). Cross section
maps showed Si to accumulate in a continuous band in theataatiea Fig.

6.20). Ca and K show a similar distribution, although not as continuous, with
somelocalisedpockets of high concentratiorfri¢j. 6.2d, f) and small scattered
deposits of low concentration in other parts of the root, whereas Ti appeared as

less numerous discrete deposits in the coffex 6.2e).
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Fig. 6.3 Colonised root crossections ofE. curvulaplants growing in substratum
from North West (Rustenburg) Lonmin Platinum Mine, site 1. a) and c): Light
micrographof colonised root segment; b), d), e) f), g), and h): Elemental PIXE maps of

root segments.

Crosssections of another root from the same site, with extraradical hyphae (Fig
6.3a, c), revealed a similar wide distribution of P and CI in the coRax 6.3d,

e), and high concentrations of Al and Felacaliseddiscrete cortical sites and
considerable commonality in the localiion of Al, C| Cu, Zn andFein these
sites Fig.6.3v, e, f, g, h).
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Fig. 6.4 Whole colonised root segment Bf curvulaplants growing in substratum
from site 2. a) and c): Light micrograph of colonised root segnigntd): Elemental

PIXE maps of root segments.

Roots of plants grown ihigh zinc soils fromsite 2 AGM) serpentinemine (Fig.

6.4a, c) revealed acontinuous band of accumulation of Fe in the distal
cortex/epidermis with other discrete deposits scattered in the Fapt §.4b),
whereas Ca was observed to be concentrated in discrete bodies in the cortical
areas, but also more generally dispersedoim toncentrations in the vascular
cylinder Fig. 6.4d). Cross sections of the roofFig. 6.5c) confirmed the
localisationof Fe in the outer zones in bodies of high concentrafiag. 6.5b)

and Ti accumulated in localised areas in the cortex/epidermadnuscattered in

low concentrations in the root interidfig. 6.5d).
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Fig. 6.5 Colonised root crossections ofE. curvulaplants growing in substratum

from AgnesMine, site 2. a) and c): Light micrograph of colonised root segnh@rind
d): Elemental PIXE maps of root segments.
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Fig. 6.6  Whole colonised root segment &. curvulaplants growing in substratum
from East Randsite 3. a) and c): Light micrograph of colonised root segment; b), d) e),

f), g) and h): Elemental PIXE maps of root segments.

An intenselycolonisedroot with a dense presence of extraradical hyphae and
spores, from another East Rand sikgg( 6.6a, c) was probed to reveal an

apparently widespread distribution of Ca throughthg root, excepting the
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epidermis Fig. 6.6b) with Fe and Ti followinga similar distribution patternbut
largely in the cortical region${g. 6.6d, f). P and Cl showed a similar distribution

pattern concentrated in the inner cortex but on the oppidgesthe root (Fig. 6.

69, h), whereas a discrete pocket of Al was observed at the junction with a side
root (Fig. 6.6e).
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Fig. 6.7  Whole colonised root segments Bf curvulaplants growing in substratum
from North West, Vaal Reefsite 4. a) and c): Light micrograph of colonised root

segment; b), d), e) and f): Elemental PIXE maps of root segments.

Light micrographs of colonised roots from plants growing in acidic toepaddock
substrata of Vaal Reefs gold and uranium mining $itg. 6.7a, c), showed low
concentrations of Al and Ca, apparently accumulated in fungal structures such as
vesicles/spores and hyphae with Fe widely dispers#teicortex of the rootKig.

6.7, d, f). A widescatteringof P in low concentration isbservedacross the root
(Fig.6.7e).
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