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ABSTRACT

This study examined the rehabilitation potential A fungi with organic and
inorganic fertilisers under pot and field trial clitons as well as their interaction
with rhizospheric organisms and specific functiogabups. In addition, the study
highlighted the effects of land-use management bhféngal populations in soil and
the mycorrhizal status of some selected plants foom of the study sites. The study
focussed on two sites that differ in operationaivétees and these included a mined

area that was to be rehabilitated and a commderialing site.

A pot trial was conducted using an overburdened rsiulting from kaolin clay
mining. Pots were seeded wiflynodon dactylomand treated with either Organic Tea
or NPK (3:1:5) fertiliser, with or without AM fundganoculum. The compatibility of
these fertilisers with AM fungi was assessed bynplgrowth and percentage root
colonisation. Maximum shoot height and plant biosnagre observed at the 28
week with NPK (3:1:5) fertiliser supporting mycoizal colonisation by 80%. The
result indicated the potential of AM fungi to beedsin rehabilitation with minimal
phosphate fertiliser. Similarly, a field trial wast-up using 17 x 17 Tiplots in the
mining site that were treated with the same organit inorganic fertilisers as well as
with AM fungal inoculum in different combination3he interaction between AM
fungi and soil microbial population was determinesing culture dependent and
culture independent techniques. The culture depertdehnique involved the use of
soil dilution and plating on general purpose anécie media. The result showed
that there was no change in the total culturabtsdv@l number in the untreated and
AM fungal treated plots, while a change in specesiposition was observed in the
functional groups. Different functional groups itiéad included nitrogen fixing
bacteria, pseudomonads, actinomycetes, phosphdtiilisers and the fungal
counterparts. Gram-positive bacteria were obseagdhe predominant phenotypic
type, while nitrogen fixers and actinomycetes wéhne predominant functional
groups. Species identified from each functionalugravere Pseudomonas fulya
Bacillus megateriumStreptomycesnd actinomycetales bacteria. Meanwhile, fungi

such asAmpelomycesFusarium Penicillium Aspergillus Cephalosporiumand



Exserohilium were identified morphologically and molecularlyurthermore, the
mining site had a significantly higher bacteriahther than the farming site thereby
indicating the effects of land-use management dtu@ble bacterial numbers. The
culture independent technique was carried out bying of the bacterial 16S rDNA
and sequencing. Identified clones wdBeadyrhizobium Propionibacterium and
Sporichthya A cladogram constructed with the nucleotides seqas of identified
functional species, clones and closely relatedeuie sequences from the Genbank

indicated that nucleotide sequences differed imsesf the method used.

The activity and establishment of the introduced Aihgal population was
determined by spore enumeration, infectivity aspaycentage root colonisation and
assessment of glomalin concentrations. The resulisated that the two land use
types affected AM fungal populations. However, ¢iséablishment of AM fungi in the
farming site was more successful than in the mirsitg as indicated by the higher
infectivity pontential. Selected host plants, whialere collected around the mine
area, were observed to be mainly colonised by AMyf@and these were identified as
Pentzia incana Elytropappus rhinocerotis Euphorbia meloformis Selago
corymbosaAlbuca canadensiandHelichrysum rosumThese plant species were able
to thrive under harsh environmental conditionsrebg indicating their potential use

as rehabilitation host plants.

Generally, the findings of this study has providea insight into the interaction
between arbuscular mycorrhizal fungi and other sadroorganisms in two fields

with differing land use management practices.
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GENERAL INTRODUCTION



Chapter 1 General Introduction

1 General introduction

1.1 Fungus-root

The success of mycorrhizal evolution has beerbated to the role that mycorrhizal
fungi play in the capture of nutrients from thel sifi all ecosystems (Bonfante and
Perotto, 2000). Literally, “mycorrhiza” means fusgroot and is derived from the
Greek word “Mykes” meaning fungus and “Rhizo” mewaniroot (Friberg, 2001).
This term was first used by Frank, a German Platidtogist in 1855 to describe the
symbiotic relationship between plant roots and fum@e symbiosis is characterised
by the exchange of nutrients where carbon in the fof hexose sugars flows to the
fungus and inorganic nutrients are passed to thetpthereby providing a linkage
between the plant root and the soil (Syleiaal, 1998). Mycorrhizal fungi provide
inorganic nutrients mainly phosphorus and other glewed compounds to the plant
through the extensive network of their hyphae tloahge for soil nutrients more
effectively than plant roots (Van der Heijdehal, 1998b). For this association to
occur there must be a host plant (the phytobi@m)ecological habitat (the soil) and a
suitable fungus (the mycobiont). Mycorrhizal furdjffer from other plant—fungus
associations because of their ability to createngerface for nutrient exchange which
occurs within living cells of the plant (Brundre204; Brundrett, 2002).

Over 80% of plant species are associated with migzal fungi, amongst which are
vascular and non-vascular plants and some impodias such as carrots, maize,
leek, coffee, cocoa, soybeans, apples, citrussfrtomatoes and pepper to mention a
few (Muchovej, 2004; Bonfante and Perotto, 2000ycMrhizal fungi interact with
plants at different levels and can be grouped ati@ately mycorrhizal, facultatively
mycorrhizal and non-mycorrhizal plants (Brundr&®04). Facultative mycorrhizal
plants as the name denotes, are not solely depeadehe fungus for phosphorus or
other nutrients, but can also derive their nutedndm the soil when soil phosphorus
levels are high. Thus, this level of associationdependent on soil fertility as
mycorrhizal plants can reduce their associatiorhwiite fungus in cases were the

association provides little benefit (Brundrett, 20Boide and Schreiner, 1992).



Chapter 1 General Introduction

Obligate mycorrhizal plants are solely dependentnoycorrhizal fungi for their
phosphorus nutrition, as such both plant, and timgus associate closely with each
other. Some non-mycorrhizal plants belonging to families Amaranthaceae
Brassicaceaeand Caryophyllaceaeare less attractive to mycorrhizal fungi but at
times, attempts are still made to colonise theitsdBrundrett, 2002, Ocamp al,
1980). The inability of these plants to support oryiizal colonisation may be due to
the accumulation of chemicals like alkaloids, cygemc glucosinolates and
antifungal compounds in the roots which fail tacieldifferential hyphal branching
(Brundrett, 2002; Giovannetti and Sbrana, 1998 m&wmf these plants like mangel
and canola function independently in terms of eutriacquisition through the use of
their root system to modify the pH of the rhizosgheand increasing nutrient
availability in the soil (Brundrett, 2002; Brundre2004).

There are different types of mycorrhizal interacsavhich have been classified into
ectomycorrhiza and endomycorrhiza based on theepecesof various extraradical or
intraradical hyphal structures (Bonfante and Per&000). Seven mycorrhizal types
have been identified but the most common endomiczas are the arbuscular
mycorrhizas (Brundrettet al, 1996). Other types such as Ectendomycorrhiza,
Arbutoid and Monotropoid mycorrhizas are groupedeamectomycorrhizas. These
are characterised by the formation of a hartigamet a mantle or sheath around the
plant roots (Fig. 1.1). Orchid and Ericoid mycords are other forms of
endomycorrhizas that are known for their abilitypenetrate the outer root cells to
form intracellular hyphal coils, swellings, or badung (Fig. 1.1). They differ from
the arbuscular mycorrhizal fungi by having septagphae that are restricted to the
epidermal cells of plant roots (Molire al., 1992). All these mycorrhizal types differ
from each other by the characteristic host plaait tiey associate with, fungal species
involved and morphology within roots (Prescattal, 2005;Brundrett, 2002).
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Endomycorrhiza Sheathed Mycorrhiza
{a) Arbuscular {d) Ectomycorrhiza
mycorrhiza

{AM}

&) Arbutoid
ectendomycorrhiza

(b) Crehid /,_n_/’
endomycomhiza b
B i
/ + = External
: hyphae
\—‘>-7_\_‘\
g #7=ai =0 -}i“ . Shaath
o \ Sheath
/ Fungal peg
(¢} Ericoid (i) Monotropoid
endomycorrhiza mycorrhiza

Figure 1.1 Root cross section illustrating different typesnofcorrhizal relationships that exist within
plants (Prescott al, 2005).

Mycorrhizal fungi play a key role in terrestrial asystem functioning along with
environmental factors such as climate, disturbgrfoesl web interactions, mutualism
and ecological history (Wardle and Van der Putt2®)2). This can be through

nutrient acquisition, carbon cycling, plant diveysand plant productivity, but the
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mechanism of how these functions are regulatedo@lyp understood (Van der
Heijdenet al, 1998b).

1.2 Soil asaliving habitat

Soil is a complex heterogeneous habitat for a widdety of organisms, which

include bacteria, fungi, protozoan, nematodes aadhworms that play many
functional roles in the ecosystem in which theysexThey function as populations or
assemblages of similar organisms that interact widbh other and their physical
environment thereby contributing to plant nutritiosoil structure, soil fertility,

decomposition of organic matter, cycling of nuttgensuppression of soil borne
pathogens and removal of toxins (Preseobtl, 2005; Kirket al, 2004, Kozdroj and

van Elsas, 2000).

Soil organic matter (SOM), which is responsible f&wil aggregate stability is
composed of a fraction of non or partially degratigéelr and humus that accounts for
30% cation exchange capacity of soils (Gadtadl, 2004). Cation exchange capacity
(CEC) of soil refers to the measure of positivehaxmeable ions such as®avig?*

Al K*, H" and N4 that the soil can hold (Rowell, 1994). Thus, d 8wt is rich in
organic matter content will have a high CEC witte thbility to retain nutrients
(Okaleboet al, 1993). As such, SOM which brings about high oarlzontent in
combination with other soil factors such as moustwsoil minerals, pH and climate
will influence and support the soil microbial commity (Courtrightet al, 2001; Wall
and Virginia, 1999).

Soil microorganisms are involved in a wide variefymetabolic and physiological
activities that influence the microhabitat. The npla root with zone of intense
microbial metabolic activity occurring where thésea high concentration of carbon is
called the rhizosphere. The rhizosphere can begeased into three sections: the
endorhizosphere (interior of the root), the rhizm@ (root surface) and the soll
directly adjacent and adhering to the root surf@aeaet al, 2005). The volume of
soil that is not directly influenced by the rootcslled the bulk soil. Properties of the

rhizosphere differ from those of bulk soil. Thezdsphere is characterised as having
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a lower pH, lower water potential, low oxygen prgssand high levels of carbon
dioxide (Suresh and Bagyaraj, 2002). Because timogphere is rich in organic
compounds due to the influence of plant roots, #use favours microbial growth
rather than the bulk soil that is carbon-limitediWski and Goodman, 2004;
Gryndler, 2000; Andradet al, 1997). The bulk soil is rather low in nutrientedto

soil permeability and so supports limited microlaativity (Gryndler, 2000).

Root activities can modify the soil physio-chemipabperties through the release of
organic or inorganic root compounds into the sdhis process is referred to as
rhizodeposition or root exudation and is influenbgdplant and soil biotic and abiotic
factors (Jonest al, 2004). Some plant biotic and abiotic factorst thrdluence
rhizodeposition include mycorrhizas, root archieei nutrient deficiency,
photosynthesis, temperature, light intensity angsal disturbance. While soil biotic
and abiotic factors comprise of pathogens, bioobragents, root herbivory, metal
toxicity, soil pH, soil texture and water availatyil (Jones et al, 2004).
Rhizodeposition corresponds to 15-30% of total carproduced by plants during
photosynthesis, which is transferred along witheotbhrganic compounds such as
sugars or amino acids towards the microorganismth@frhizosphere (Lynch and
Whipps, 1990). Root exudates constitute a majotr gfarhizodeposition and mainly
compose of soluble molecular weight molecules flixeonoids, phenolic compounds,
carbohydrate monomers, organic acids and plant twoesh(Farraet al, 2003; Lynch
and Whipps, 1990). Therese substances directhyndireictly influence changes in

rhizosphere as soil organisms utilise these comg®tor nutrition and growth.

Rhizosphere microbial communities can influence l@gioal processes such as
nutrient acquisition and fitness of plants througheraction with each other.
Mycorrhizal fungi and plant growth promoting rhizsiteria (PGPR) are typical
beneficial organisms that are capable of influegcichanges in rhizosphere
functioning (Bareaet al, 2002b; Suresh and Bagyaraj, 2002; Azcon-Aguiiad

Barea, 1992). Mycorrhizal fungi provide an esséiitik between plants and the soil
environments, therefore, are critical to any rhmwye studies (Timonen and
Marschner, 2005). Mycorrhiza formation modifies tlmt system metabolism by

changing the chemical and mineral composition of exudates that are released into
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the soil (Timonen and Marschner, 2005; Azcon-Aguieand Barea, 1992). This
mycorrhiza-induced change can affect microbial pajens in the rhizosphere or
rhizoplane (Bareat al, 2002b; Azcon-Aguilar and Barea, 1992). Soderlsdrgl.,

(2002) stated that the effect of mycorrhizal fuongirhizosphere bacterial population
varied with different plant species because ofedéhtial plant exudation patterns in
the soil. Hence mycorrhizal fungi form a uniquetpErthe rhizosphere and contribute

to rhizodeposition dynamics (Filliogt al, 1999).

1.3 Arbuscular mycorrhiza

1.3.1 Taxonomy and Description

Arbuscular mycorrhizal (AM) fungi are obligate syioiic fungi and endosymbionts
of a variety of plants within the Angiosperms, Gymperms and Pteridophytes
(Steinberg and Rillig, 2003; Smith and Read, 199wy fungi have three major
components: the root itself which provides carbothie form of sugars to the fungus,
fungal structures within cortical cells of plantotothat provide contact between
fungus and the plant cytoplasm and the extraradigghae that aid uptake of
nutrients and water (Smith and Read, 1997). Théugwa of AM fungi can be dated
back 460 million years ago from fossil recordsted Ordovician age. These records
suggest that AM fungi may have played a cruciak rol colonisation of most
terrestrial plants (Brundrett, 2002; Redeckeal, 2000; Smith and Read; 1997). The
taxonomy of AM fungi has been based on morpholdgiaad anatomical
characteristics of their spores. Other modern tieclas such as serology, isozyme
variation revealed by electrophoresis (Heppéral, 1988), fatty acid variation
(Bentivenga and Morton, 1994) and DNA based methgtidgasonet al., 1999,
Schipler et al, 2001, Morton and Redecker, 2001) have aided imclemrer
phylogenetic analysis than was possible using naggical and microscopic
identification (Fig. 1.2).

Arbuscular mycorrhizas were formerly classifiedtie phylum Zygomycota under
the family Endogonaceae due to their resemblante BEndogonespecies. But this
was later re-evaluated when it was found that AMgiuproduced asexual spores

rather than sexual spores like otlgrdogonespecies. The relationship between AM
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fungi and other fungi as detected by molecular ysislelevated the group to the
phylum Glomeromycota (Koide and Mosse, 2004). Tras/ phylum is divided into
four orders, eight families and ten genera (Waditat Schifiler, 2004; Sdblér et al,
2001). The major distinguishing characters of tlggnera are their differences in
spore wall, spore formation (e.g. spores developmgaccules, or from a cylindrical
fertile hyphae or forming on a sporogenous walptrcolonisation patterns and
tolerance to biotic and abiotic factors (Brundrettal., 1996; Morton and Benny,
1990). Two families, Archaeosporaceae and ParagleasfFig. 1.2) with one genus,
ArchaeosporaandParaglomusrespectively, were added to the sub-order Glonginea
due to similar morphological and phylogeneticalrelters between Glomaceae and
Acaulosporaceae. However, to clearly differentidie former two genera from the
latter, analysis of their DNA sequences (SSU rRIdAJl fatty acid profiles had to be
analysed to determine their phylogenetic relatignstith the two families (Morton
and Redecker, 2001). The geri®musis said to be the largest within the Glomales
and has been separated into two groups (Fig. Gla)nus A and B based on
phylogenetic analysis of their SSUrRNA to a faméyel (Schwarzottet al, 2001).
The GlomusA clade is sub categorized into G1GrAa which casgs of species like
Gl. geosporum(Nicol. & Gerd.) Walker, GI. mosseae(Nicol. & Gerd.), Gl.
caledonium(Trappe & Gerd.)Gl. fragilistratum (Skou & Jakobsenand G1GrAb
comprisingGl. intraradices(Schenck & Smith)GI. fasciculatum(Gerd. & Trappe)
and GIl. coremioides(Redecker & Morton).Glomus B has only one sub group
(G1GrB) that comprises of specigSl. claroideum (Schenck & Smith),Gl.
lamellosum(Dalpe, Koske & Tews)Gl. manihotis (Sieverding & Schenck)Gl.
etunicatum(Becker & Gerdemann) an@l. viscosum(Nicol.). These groups were
found to be genetically different but still form raonophyletic group in rDNA
phylogenectic trees (Redecker, 2005; Redecker, ;2@hipler et al, 2001,
Schwarzott,et al, 2001). Recently, another new family Pacisporacfzg. 1.2)
which has one genus and seven species has beededch the ordeDiversisporales
e.g.Pacispora chimonobambusé&®ehl & Sieverd)P. franciscangOehl & Sieverd),
P. robigina (Oehl & Sieverd), P. boliviana (Oehl & Sieverd), P. coralloidae
(Redecker, 2005; Oehl and Sieverding, 2004). Tkeseies were formerly placed in
the genusGlomusdue to their shared spore formation, similaritghwGlomusand

Paraglomus Conversely, it was found that these groups défldn spore germination
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characteristics which they rather shared

EnthrophosporgOehl and Sieverding, 2004).
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Figure 1.2 Taxonomic structures of arbuscular myocrrhizal funghe phylum Glomeromycota and
related fungi based on SSU rRNA gene sequencesk@nahd Schif3ler, 2004).

Arbuscular mycorrhizal fungi are so named becalsg produce fine tree-like hyphal
structures (Fig. 1.3) termed “arbuscleglat occur within the root cortical cells of
plants. They are responsible for the exchange dbora needed for energy and
nutrients after close contact is made with the ke#t Arbuscules are similar to other
fungal haustoria that are found in pathogenic datoos. Except that these structures
are highly branched and separated from plant agitents by an unbreached plant

plasma membrane (Isaac, 1992). Formerly, AM fungieweferred to as vesicular-
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arbuscular mycorrhizal fungi but since not all gan@roduce vesicles, the name
arbuscular mycorrhizal fungi was adopted (Frib@@01). Vesicles serve as carbon
storage compartments for the fungi and are ridlipids (Fig.1.3). They are found in
three genera of the Glomeromycot@omus Acaulospora andEnthrophospora
(Isaac, 1992). However, their formation dependgmvironmental conditions such as
high or low P levels that affect vesicle developtm@&mith and Read, 1997).

Spore
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Hyphae & i e ) ] \
D \r Appresoriun ]
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Figure 1.3 Diagrammatic representation of the characteristioctures of arbuscular mycorrhizal
fungi as identified in the cortical cell of a plamist when viewed under a microscope (Modified from
Isaac, 1992).

Other important structures of AM fungi that areatwed in the colonisation of roots
are intraradical hyphae (IRH), extraradical hyp(BBH) and extraradical auxiliary
cells. IRH provide means for the fungi to spreadhyphae within short distances of
the root cortical cells forming colonisation unigsich as arbuscules and vesicles
(Morton and Benny, 1990). ERH are distinguishedtlas branching absorptive
hyphae (Fig. 1.3) that colonise the rhizosphergegrch of nutrients, infective hyphae

which run towards and along root surfaces estahlishew entry points and the
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reproductive hyphae that develop fertile sporesrafblonisation of roots (Nagashi,
2000). Extraradical auxiliary vesicles are found stho among the family
Gigasporaceae. They act as lipid storage compatsmand are involved in
partitioning of nuclei and nutrients (phosphorugsoa) prior to sporulation. Their
presence begins to decline as sporulation incre@edd et al, 2002; Morton and
Benny, 1990).

1.3.2 Distribution

Although AM fungi are widespread and are distrilouite different parts of the world
especially in the tropics, little functional infoation was learned about them, until the
mid 1950s (Smith and Read, 1997). They are repddege found in diverse land
areas such as calcareous grasslands, arid/semigads$lands, several temperate
forests, tropical rain forests and shrub landsiverde parts of the world (Renket
al., 2005; Oehkt al, 2003; Muthukumar and Udaiyan, 2002). Recently] Aungi
have received more attention especially in Africeountries such as Namibia,
Cameroon, Kenya, Morocco, Nigeria, Senegal, Zandrid South Africa. These
studies have concentrated on AM fungal diversityanous regions and soil types or
the mycorrhizal status of indigenous crop and pkpecies (Bouammt al, 2006;
Hawley and Dames, 200BA et al, 2000; Dalpéet al, 2000; Stutzt al, 2000;Diop

et al, 1994). Results from these studies reveal thédrdnt species of AM fungi are
obtained depending on plant species and geograptation. Amongst AM fungal
speciesGlomussp. were consistently isolated while others spebedsnging to the
generaAcaulosporaGigasporaandScutellosporavere either absent or found in few
numbers (Bouamret al, 2006; Uhlmanret al, 2006; Stutz et al, 2000; Dames,
1991).

The occurrence of arbuscular mycorrhizal fungi iouth Africa (old name:
Endogonaceae) was first reported by Hattingh (19v2¢n he discovered a honey
coloured sessile spore attached to the stalk ety mother spore. This was found
in large numbers in the rhizosphere soil of mdipen the Outeniqua Farm, George,
Cape Province and was later designatedAaaulospora laevis(Coetzee, 1982;

Hattingh, 1972). Since then similar species anemsthike Glomus fasciculatupGl.
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intraradices Gl. etunicatum and Gigaspora sp. have been found present in
Fouriesberg in the Free State Province, NylsvleyuMa Reserve as well as in
association with indigenous plants such\@ngueria infaustaAcacia salignaand
Acacia cyclops(Dames, 1991; Hoffman and Mitchell, 1986; Coetzd682).
Previously, there was lack of detailed informatanthe influence of abiotic factors
on indigenous AM fungal species. However, Uhimaatral, (2004) carried out a
comparative study on species diversity of AM fungidifferent seasonal areas of
South Africa and Namibia. Results revealed thagggohical distance and rainfall to
a lesser extent, influenced species diversity. Astteration of seasonal changes was
also suggested by Dames (1991) when AM fungal spe@sponded differently to

soil fertility factors such as pH, moisture, pertage carbon, phosphorus and cations.

Other studies on AM fungi in South Africa have neity focused on the mycorrhizal
status of indigenous plants and trees (Hawley aathés, 2004; Skinner, 2001;
Allsopp and Stock, 1993). Hence, AM fungi have beeoa subject of interest for
many scientists and have led to the realisationrtfeanbers of this group are the most
common soil fungi that can be obtained from any typie (Koide and Mosse, 2004;
Smith and Read, 1997).

1.3.3 Reproduction and life cycle

Spores of AM fungi are unique from other fungalrgsoand can perform differential
functional roles such as mitosis of rich nuclei.digbnally, the presence of rough
endo-reticulum and balloon-like golgi equivalentst &as storage compartments
(Maria-Laura, 2002). Reproduction in AM fungal sg®ris thought to be solely
asexual, given the fact that there is no evidencgrove that it reproduces sexually
(Pawlowska and Taylor, 2004; Smith and Read, 199fgir reproduction mode is
based on the organisation of genetic variatiorhin tDNA coding genes that exist
within spores. The process of homokaryosis, whitihe presence of genetically
similar nuclei in a cell and heterokaryosis thatthe coexistence of genetically
different nuclei in cells are the two possible medesponsible for how this genetic
variation is organised (Hijri and Sanders, 2005yIBaska, 2005; Pawlowska and

Taylor, 2004). However, the controversy as to wipcbcess is actually involved in
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reproduction remains unresolved. Studies conductethalyse these processes using
Pol-like sequences and amplification of rDNA @f. etunicatumnuclei in spores,
revealed heterokaryosis to be the process invdlvedproduction (Hjiri and Sander,
2005; Pawlowska and Taylor, 2004). Kuénal, (2001) observed homokaryosis in
Scutellosporacastaneanuclei using the DNA-DNA fluorescerim situ hybridization
method. But, it was concluded, that mycorrhizaldiuhave evolved to be multi-
genomic given that different species exhibitededd#ht modes of reproduction (Kuhn
et al, 2001). The implication of this multi-genomic sténce has been linked to the
ability of AM fungi to undergo anastomosis (Giovatthet al, 2001; Giovannettet
al., 1999), which refers to the form of network whem® organisms branch out and
are reconnected to form a single organism. Thi® isay that nuclei migration can
occur through the AM fungal hyphal network and ashsit will be difficult to
determine the genetic composition, phenotype antbsytic function of the fungus at
a fixed point (Sanders, 2002).

Spores of AM fungi under favourable environmentahditions germinate and
undergo a sequence of steps that are based onusatumorphogenesis that are
poorly understood biochemically (Barket al., 1998). These stages have been
categorised into the asymbiotic, presymbiotic anel $ymbiotic stages (Bago and
Bécard, 2002).

In the asymbiotic stage, AM fungal spores are pceduin the soil naturally by the
extraradical hyphae after symbiotic associatiom e host plant (Bago and Becard,
2002; Nagahashi, 2000). The asymbiotic stage isetiomas referred to as the resting
stage of the AM fungal cycle (Fitter and Garbay294). These dormant spores (Fig.
1.4) may remain alive in the soil for one or evew years and dormancy periods of
spores differ between species and genera (Giovan?@d0). For example, spores of
Gigaspora margarita when collected from sand dunes, showed no dorynand
were able to germinate after 3-5 days incubatiorwater agar or on any media
without storage preservative (Giovannetti, 2000;aly 1981). The differences
between genera are characterised by changes ulaceivents such as cytoplasm
activity and biochemical changes in the fungus b@tam. This results in varying
modes of germination, which may be through the espeall or from a germination
shield (Giovannetti, 2000). Factors such as pH,ptmature, moisture, GOand

12
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organic nutrients are likely triggers that reliesgore dormancy. This stage is reported
to be host independent as AM fungal spores coetaémngy reserves (stored lipids and
carbohydrates) and as such are not only carriegeétic material (Giovannetti and
Shrana, 1998; Giovannetti, 2000; Bago and Bécad822Smith and Read, 1997).
These energy reserves, which occur in the fornpaf broplets and trehalose, are put
into action during spore germination to sustain ithigal growth of the germ tube
(Smith and Read, 1997). When the presence of aihidgtlayed, germination ceases
rapidly before the energy reserves are depletéldeocytoplasm is retracted within the
spore (Redecker, 2005; Bago and Bécard, 2002).

Germination and pre- Pre-symbiotic
Asymbiotic stage symbiotic growth stage

Quiescent spo /f" \/?%jj—\-

P Host recognition and
G~ formation of infection
structures
/ = S Hyphal branching in

) / the soil
&

T ﬁijf Appresoria formatior
on the cortical cell

. ERH
el / wall
Fi) \.

-~ Host colonisation:
Intraradical and
extraradical growt
Symbiotic
stage

Spore production in |
the soi

Arbuscules and hyphal
coils in the root cortical
cells

Figure 1.4 Life cycle of arbuscular mycorhizal fungi showingyanbiotic, presymbiotic and
symbiotic stages of colonisation (modified from Gianetti, 2000).
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In the presymbiotic stage, germinated spores goovard the host root by producing
hyphal branches. This occurs before the formatibstrctures such as appressoria
(Fig.1.3 and 1.4) that occur on the host root apidé cell walls (Nagahashi, 2000;
Giovanetti, 2000). An appressorium is a term usedetscribe hyphal tip enlargement
that attaches to the root surface of the host (Nasgfs and Douds, 1997). This stage
is referred to as presymbiotic because a one-oneom¢act between the root and
fungus is not required for stimulation of hyphahibches. But rather, the influence of
some root exudates such as organic acids, amirds,acarbohydrate monomers,

phenolics, or volatiles compounds (Joeesl, 2004).

Plant hormones such as auxins are thought to platabrole at this developmental
stage of mycorrhizal colonisation because auximsfaund in high concentrations
during appressoria formation (Ludwig-Muller, 200@ryndleret al, (1998) studied
the effects of other plant hormones and compouikdsihdole-3-acetic acid (IAA),
cytokinins, gibberellic acid and Jasmonic acid ionvitro proliferation of Glomus
fistulosumusing maize. They observed that IAA had an inbigiteffect on the
growth of Gl. fistulosumhyphae at a concentration range of 3 -30uM, wthigeothers
though they did not directly affect hyphae prokfigon were neither signal molecules.
Flavonoids are compounds that are found presemb@sexudates in a variety of
plants and as such they differ between plantsatemycorrhizal or non-mycorrhizal
(Scervino et al, 2005; Bago and Bécard, 2002). Flavonoids suchguwescitin,
flavanones, hesperetin and narigenin are among erotlates that stimulate pre-
contact and hyphal branching (Scerviebal, 2005). They are also known to be
involved in stimulation of other plant—microbe irgetions such as legunfihizobium
symbiosis (Singh and Adholeya, 2002; Giovanneiti Shrana, 1998). Scervimb al,
(2005) pointed out that the effect of flavonoidsddterent developmental stages of
AM fungal growth is dependent on the type of flawmhpresent and its concentration.
Studies investigating the effect of 3 flavonoidstaaned from a mutant plant strain of
clover concluded that the flavonoids, RR4 and RR4&&re found to stimulate the
presymbiotic stage dbigasporaspecies while NM7 (5, 6, 7, 8, 9-hydroxy chalone)
showed an inhibitory effect at this developmentage for all theGigasporaspecies

testedG. margarita and G. rosga
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The symbiotic stage refers to the penetration amkeldpment of the IRH and the
formation of arbuscles in the cortex of roots (Figd). The ERH growth arises after
arbuscule formation and is characterised by theaedl of spores into the soil. Though
the AM fungal hyphae are involved in different dyesis and phases, it is at this stage
that there is a bidirectional exchange of carbongi@l nutrients between the fungus
and the plant (Saito, 2000; Nagashi, 2000). Inl&te¢ phase, the intraradical hyphae
are surrounded by the host plasma membrane andspaedicity for hexose (carbon
source) uptake that is transported from the plémtthe fungus. While in the ERH
phase, the hypha develops within the soil substaaie facilitates the uptake of
phosphorus (P) and other nutrients. Lipid synthearsied out in the internal hyphae
are metabolised and transported to the ERH phalserewthey will be utilised and
stored in newly formed spores (Bagb al, 2000; Doud<et al, 2000). These new
spores, when mature germinate and use stored @ exseagy source to re-initiate the
AM fungal life cycle (Fig. 1.4). However, when tleeis a non-existent carbon
metabolism due to the absence of a host for a pemgpd of time, the fungus fails to
complete the cycle and enters a sporulation phdmsxemeproduction is carried out
asexually pending favourable germination conditiand maturity (Azcén-Aguilaet
al., 1999; Bago and Bécard, 2002).

Root colonisation brings about the symbiotic intéicn; but the benefits of root
colonisation are dependent on the survival of tiv #ingal propagule particularly,
the spores (Xavier and Germida, 2003). There are tipes of AM colonisation
strategies as described by Gallaud in 1905 basdteostructures of the intraradical
hyphae and these are referred to asRhes-type and theArumtype (Brundrett,
2004; Brundretet al, 1996). In theArumtype colonisation intercellular hyphae run
along longitudinal channels between cortical cella linear form before entering the
cortical cells to form arbuscules while in tHearistype of colonisation, the
intracellular hyphae grow as coils within cortigalls. It has been suggested that
these morphological types of AM structures, thotlgty have similar percentage root
colonisation, differ in the sites where metabolitiaty is carried out. In thérum
type of colonisation, the arbuscules are the miaiis $or nutrient release while in the
Paris-type both hyphal coils and arbuscules may be irealbut this has not been
fully ascertained (Van Aarlet al, 2005). AM fungal species are non-specific inithei

relations with plants. However, different species colonise a vast range of both
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herbaceous and woody plants but not all of theseiep have the same effect (Smith
and Read1997). Specificity, infectivity and effectivity atbe three major parameters
in determining root colonisation. Specificity refeto the ability of the fungus to
colonise root cells of particular plant speciegedtivity, the amount of colonisation

and effectivity, the plant’s response to colonmat{Sylviaet al.,1998).

The presence of AM colonisation is usually undetedby the naked eye because
there are no morphological root changes, mycelehtie or large fungal fruit bodies
but when cleared, stained and examined microscibpi¢&ig.1.3) visible root
colonisation is observed (Kendrick, 199P)etection of AM fungal colonisation in
roots is essential for mycorrhizal research. Hemaeges of methods have been
employed to achieve this, such as light microscbased techniques, biochemical
methods and molecular techniques. However, thelatdrtechnique for visualisation
and quantification of root colonisation by AM fungtmains the non-vital staining
technique with various stains such as Trypan antb@dlue, Chlorazol Black E or
an appropriate ink (Vierheiligt al, 2005).

1.3.4 Symbiotic benefits

When it was demonstrated that AM fungi increaseddpctivity in AM plants
compared to non-mycorrhizal plants, interest in Athgal symbioses arose in
agriculture, forestry, rehabilitation and in envineents were managerial practices
have altered the soils native state (Friberg, 2@dencaet al, 1998; Thompson,
1994a). The major benefits of AM fungi to symbiomsludes enhanced nutrient
uptake, increased tolerance to root pathogensgdtaesistance, tolerance to toxic

heavy metals and improved soil aggregation andtsire.

Nutrient uptake

Macro and micronutrients are required for planbwgh in varying amounts.
Micronutrients are required in moderate quantiteesd could result in toxicity
disorders when present in high levels or deficiemevhen present in very low levels
(Ashman and Puri, 2002). Various levels of microeut have been reported to affect
the yield of crops such as rice, wheat and legu@elsnsoret al, 2005; Dhillonet
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al., 1983). Heavy metals on the other hand are salutants that are present in
quantities greater than 5-6g / tnBut at very low concentrations, some of these
heavy metals become micronutrients that are essdati plant growth e.g. lead and
nickel (Ashman and Puri, 2002). AM fungi are knotenenhance mainly the uptake
of the macronutrient phosphorus P from the soiictviis then translocated to the host
plant through hyphal networks in the soil. Theiriliab to also take up other
micronutrients such as Cu, Zn, Ni, Pb and Fe etts been demonstrated by
researchers (Table 1.1) using different host plaarisl soil type management.
Furthermore, it has been proposed that AM fungp &lave the ability to sequester
these nutrients and minimise transfer to the ptants when nutrients are in high
concentrations. However, the mechanism of thigtgbias not been proved (Turnau
et al, 1993). Phosphorus is the second essential nutiger nitrogen (N) required
for plant growth and is found in many soils in argaand complex inorganic forms
(phytic acid). Due to its low solubility and molyj plants cannot readily utilise P in
an organic or complex inorganic form (Schachtrafal, 1998). Inorganic phosphate
present in soluble forms in the soil can be readtilised by plants but usually in
limited amounts. Thus, AM fungi intervene to enhamutrient uptake through the
spread of extraradical hyphae into the surroundsog and hydrolysing any
unavailable sources of P with the aid of secretedymes such as phosphatase
(Carlile et al, 2001; Koide and Kabir, 2000; Amaranthus, 199€h&8htmaret al,
1998). The enzyme phosphatase, produced by AM fuegtaradical hyphae
hydrolyses and releases P from organic P complerddacilitates the absorption of
P and other nutrients thereby creating a depletimme around the roots (let al,
1991). These depletion zones limits the rate osphorus uptake by non-mycorrhizal
plants but gives mycorrhizal plants a greater athga because of the ability of the
AM fungal ERH to extend past this nutrient depletmone to enhance absorption
(Sylviaet al, 2001; Liuet al, 2000). Sylvieet al, (2001) reported that under nutrient
deficient conditions the effectiveness of AM fungliexercised by the ability of the
ERH to bridge the nutrient depletion zones of lpdanht roots. But when nutrients are
available to the plant, root length growth is ireged and the mycorrhizal dependency

of the plant to take up nutrient is reduced.
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Table 1.1 Nutrients and elements that were absorbed andpwaes! to plant shoots by AM
fungi when present in the soil either naturally,cagtaminants or when induced as reported
by authors.

Nutrients References

Macronutrients

Phosphorus Bucking and Sachar-Hill, 2005; Giri and Mukerji,
2004; Carlileet al, 2001; Koide and Kabir, 2000;
Schachtmaret al, 1998; Smith and Read, 1997;
Smith and Gianinazzi- Pearsons, 1990; Kotkéri
al., 1991

Nitrogen Hawkes, 2003; Giri and Mukerji, 2004; Bothe
and Hildebrandt, 2002; Hawkinet al, 2000;
Frey and Schiiepp, 1993; Ametsal., 1983.

Magnesium Giri and Mukeriji, 2004.

Micronutrients

Nickel Jamalet al., 2002.

Zinc Pawlowska and Charvat, 2004; Jarighl, 2002;
Weissenhormt al.,, 1995 ; Kotharet al,, 1991

Copper Gonzalez-Chaveet al, 2002; Weissenhoret al,
1995.

Lead Pawlowska and Charvat, 2004; Weissenhetn
al., 1995.

Iron Caris and Hordt, 1998.

Manganese Weissenhorrt al., 1995.

Heavy metals

Arsenic Turnauet al, 2001.

Uranium Rufyikiri et al, 2002.

Aluminium Rufyikiri et al.,, 2000.

Cadium Pawlowska and Charvat, 2004.

Although P is the main nutrient transported by Avhdi to plants, N is of great
importance for plant growth and should not be deeked (Onguene and Habte,

1995). Nitrogen is obtained by the extraradicalbiagof AM fungi in different forms
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ranging from amino acids, peptides, ions @NOr NH;") to recalcitrant organic
nitrogen forms (Hawkinst al, 2000; Lipsoret al, 1999; Tobaet al, 1994; Amest
al., 1983). It has been recorded that the extrarhtigghae of differenGlomus sp.
can assimilate and metabolise both organic andjamc sources of nitrogen perhaps
by glutamate synthetase activity (Hawkatsal, 2000; Johansegt al, 1996; Amest
al., 1983). It can be stated therefore that the aumaton of P and N in the soil can
determine the rate of other micro (Fe, Cu, Mn, &)l macronutrient (K, Ca) uptake
by mycorrhizal plants (Azcoet al, 2003). Liuet al, (2000) confirmed this in their
study which determined the role of AM fungi in thptake of Cu, Zn, Mn and Fe in
maizewhich showed that the uptake of these nutrientssigrsficantly influenced by

soil P nutrition.

Due to the potential of mycorrhizal fungi to enhamutrient uptake, this benefit has
however brought about the suggested use of AM ioocunstead of some chemical
fertilisers for plant productivity, growth and resition of polluted soils or in
revegetation (Cardoso and Kuyper, 2006; Khan, 2Qaslambo, 2003).

Drought tolerance

Along with accessing soil nutrients, the hyphad\bf fungi allows greater access to
water through mechanisms such as stomatal reguatimcreased root hydraulic
conductivity, osmotic adjustments and maintenaricelular water pressure and cell
wall elasticity changes (Augé, 2000; Davetsal.,1993). Recent studies observed that
the mycorrhizal infection of maize witGl. mosseaandGl. intraradiceshelped the
plant to maintain higher leaf water potential comggato non-mycorrhizal plants
(Amerian and Stewart, 2001). The ability of AM fung effectively alleviate drought
stress has been studied in terms of nutrient uptdké and P, photosynthesis and
cytokinins (Goicoecheat al, 1997: Tobaet al, 1994; Busse and Ellis, 1984; Allen
et al, 1981). However, due to the possible interferesfcdrought in the mobility of
NOjs to the root surface, the role of nitrogen uptakeAM fungi (Gl. fasciculatum)
under such conditions was tested using a radidddbgtrogen {'N). Results showed
that under optimal water supply the amount®f was the same in both mycorrhizal
inoculated and non-mycorrhizal inoculated plantaf bour times higher in the
mycorrhizal inoculated plants under water stressmudditions (Tobarwet al, 1994).

Allen et al, (1981) observed that colonisation 8buteloua gracilisby Gl.
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fasciculatumenhanced water translocation, nutrient uptake atedaf photosynthesis.
Goicoecheaet al, (1997) in studies withGl. fasciculatum and Rhizobium
investigating relationships between nutrient contamd water in alfalfa observed that
plants inoculated with AM fungi had the highestfl@aitrient maintenance under
drought stress. Other recent studies have showncalpability of AM fungi to
influence plant growth, crop quality and adaptapilio stress conditions (Mena-
Violanteet al, 2006; Fagbolat al, 2001).

Plant pathogens

AM fungal colonisation of plant roots has been ®sigd to increase plants tolerance
to pathogens thereby acting as a biocontrol agentofi-Aguilar and Barea, 1996;
Chhabraet al., 1992). A biocontrol agent is defined as the v$ a biologically
friendly resource from the ecosystem that can tasgel protect plants against
pathogens (Azmn-Aguilar et al, 2002; Azoén-Aguilar and Barea, 1996). Several
mechanisms or combination of mechanisms could atcéwr the observed bio
protection of plants by AM fungi. Some of thesehoaens can be root-infecting
fungi that are antagonistic and capable of feedingheir host as necrotrophs, wilt
pathogens such d&ausarium oxysporupor root rotting pathogens likehytophthora
andRhizoctoniahat are common soil borne pathogens (Smith, 1988)

Primarily, the ability of AM fungi to enhance plavigour due to increased nutrient
uptake enables it to resist pathogen infectiomvad$s proposed by Smith (1988), that
the interaction of AM fungi with soil root pathogemhas everything to do with the
enhanced nutritional uptake of P and other nusieAnd through this action, the
fungus increases the plant's tolerance to pathodgermigh mechanisms such as
alteration of root exudates, increased root groarid function and competition for
space or infection sites. Chhalet al, (1992), reported that increased nutritional
status of plants with AM fungi might increase talece to root pathogens. But no
effect on the development of leaf diseases in ma&esed byHelminthosporium
maydisand Acremonium kiliensevas observed. Besides, AM fungi were found to
increaseZeamaystolerance to leaf rust with control plants havB@f6 leaf rust as
compared to AM inoculated plants, which had lessth% leaf rust (Dames, 2006:

personal communication).
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AM fungi have direct access to plant photosynthptmduct while pathogens, which
are not obligate biotrophs can only obtain C fromea@mposing organic sources. This
automatically gives AM fungi a growth advantage ropathogens liké-usariumthat
must access organic sources for carbon on their Blawever, it is not yet confirmed
if competition for carbon and other nutrients inésiathogen resistance (Linderman,
1994). Similarly, competition for colonisation stewithin the roots has been
suggested to occur, as some pathogenic fungaliosccolonise similar plant tissues
(Smith, 1988). For exampldsusarium infects the vascular tissues of plants, but
requires passage of the hyphae through the roticabeells. If root cortical cells are
colonised by AM fungi this will limit the entry athe Fusarium pathogen (Agrios,
1997). However, this is a proposed localised meshamy which AM fungi exerts
biocontrol activity (Azén-Aguilar and Barea, 1996). In addition, microlbshlanges
in the mycorrhizosphere and anatomical changdseimdot induced by AM formation
may bring about stimulation of specific functiomabups in the microbiota that are
antagonistic towards pathogens (Aze€Aguilar et al, 2002; Sylviaet al., 1998;
Azcon Aguilar and Barea, 1996; Linderman, 1994). Howetleese mechanisms are
said not to be effective for all pathogens andirftaenced by soil and environmental
conditions (Azén-Aguilar and Barea, 1996). A study on the biocalnpotential of
AM fungi on Fusarium using different cultivars of maize proved to irase the
plant’'s tolerance to the pathogen when used asnacuiant (Mukasa-Mugerwa,
2005).

The actual mechanism by which AM fungi confers lseal or induced systemic
protection against pathogens to plants remainsemtifted (Dumas-Gaudogt al,
2000). Though there are indications that this meisma is signalled by modulations
such as lignifications, induction of cell wall amitons containing callose,
accumulation of pathogenic related proteins or phencompounds (Pozet al,
2002a; Dumas-Gaudet al, 2000). Lignification caused by AM fungal coloai®n
involves the thickening of the exodermis and caitioot cell walls which makes
penetration of pathogenic hyphae difficult (Cordieral, 1996). As such, pathogens
that target plants through this way will likely no¢netrate and infect the plant root
due to anatomical changes in root structure (Du@asdotet al, 2000). Similarly
the accumulation of phenols in response to AM fliegéonisation has been reported

to cause both localised and systemic induced agistto pathogens. A study by Zhu
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and Yao (2004) confirmed this when they examinex ahility of Gl. versiformeto
inhibit Ralstonia solanacearurwhen inoculated together in tomato roots. It was
observed thaGl. versiformeancreased the soluble phenol contents in the tomuants
thereby decreasing the populationRadlstonia solanacearunm the rhizosphere and
in the xylem tissues of the plant. Pogbal, (2002b) also used tomato plants and
demonstrated similar effects using the pathofémytophthora parasitcaand two
species of AM fungi Gl. mosseaeand Gl. intraradice9. They observed thaBl.
mosseaehad the ability to reduce infection &f. parasiticain tomato roots by
inducing the mycorrhizal related hydrolytic enzynsegsh as chitosanases and 3-1, 3

glucanase that have lytic activity agaiRs$tytophthorecell walls.

Soil aggregation

Soil structure is improved by AM fungi through tleecretion of a glue-like,
proteinaceous, water-soluble and heat stable sutestérom their hyphae called
glomalin (Steinberg and Rillig, 2003). This compduaids in soil aggregation by
binding soil particles together thereby influencisgil porosity, which promotes
aeration and water movement, essential for gootl gamwth, root development and
microbial activity (Amaranthus, 1999). Glomalin, racalcitrant, iron-containing
glycoprotein is indeed responsive to ecosystemtuihtons such as elevated
atmospheric C@concentrations, global warming and agriculturagpices. Due to
the positive correlation observed between gloméding-use and soil carbon-nitrogen
ratio, this glycoprotein can be used to assessgawm soil C in various land-use
types (Rilliget al, 2003). Hence, glomalin can be regarded as aatudt for soil
aggregation and stability. Glomalin is easily asshgnd cannot be produced from
uncolonised plant roots as it is AM fungal specifitherefore, it can be used to
determine AM hyphal growth and activity in the sgibvelocket al, 2004a; Rilliget
al., 2001; Wright and Upadhyaya, 1998).

Toxic metals

The toxicity of metals lies in the concentrationsaihich they are present in the soll
(Smith and Read, 1997). These metals can arise dreariety of sources in the form
of acid rain, dust containing these metals, wastersarom polluted soils or from

atmospheric factors produced as a result of mirsngglting, burning of fossil fuels,
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industrial or agricultural activities and incingécat of municipal waste (Gaur and
Adholeya, 2004). Heavy metals have been said chfome developmental stages
of AM fungi or eliminate their establishments (Gitdand Tinker, 1983). However, it
is reported that the level at which heavy metathsas Zn, Cd, Al, Cu and Pb affects
plants and mycorrhizal fungi varies and is depehdentheir actual concentration,
oxidation state in the soil, soil pH, organic mattentent, cation exchange capacity
and redox potential (Entrgt al, 2002). Pawlowska and Charvat, (2004) invest@jate
the in vitro effect of Cd, Pb and Zn, on critical life stagdstwo AM fungi, Gl.
etunicatumandGl. intraradices They showed that these two species differ in meta
sensitivity, but generally, were able to survivetahestress. Thus, isolation of AM
fungi from metal contaminated soils has provenrtipetential ability to thrive on
such soils (Griffioeret al, 1994; Weissenhorat al, 1995; letswaarét al, 1992).
Additionally, AM fungi alleviate plant stunting caed by toxic metals by binding to
these metals in the root zone with the aid of tkieaeadical mycelium and altering
the plant cells ability to capture the metals. Tiodyphosphates produced by AM
fungi are proposed to be the reason behind thisestigation though this has not been
confirmed (Smith and Read, 1997; Turnetual, 1993). Khan (2003) reported the
potential use of AM fungi in detoxification of emgnments polluted with heavy
metals and in phytoremediation. It is suggestedt thithough AM fungi are
mycobionts that could be exploited in such procgsat the selection of AM fungal
species with appropriate phytobionts needs to bsidered (Entret al, 2002).

1.4 Factors affecting growth of arbuscular mycorrhizal fungi

Due to the numerous benefits of AM symbioses widimgs, the production and use of
AM inoculants as a bio-fertiliser has encouragedjyraat deal of research and
commercial interest in these areas (Safir, 19943.Believed that the potential of AM
fungal functioning in plant growth and vyield is nataximised when naturally
occurring particularly under intensive soil managem therefore the increasing
demand to produce an inoculum (Safir, 1994; Fit&85). The production of AM
fungal inoculum has been difficult because of thability of the fungus to grow in
axenic cultures in the absence of a plant rootr{Brettet al, 1996). But, attempts

have been made to commercially produce inoculuwutyit nutrient film techniques,
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pot cultures and tissue cultures, which requirghtmr investigation (Sylvia and

Jarstfer, 1994). Different agricultural and managetrpractices, such as fallowing,
affect AM fungi in their native state, which in tuaffects the establishment and
improvement of AM fungal inoculum for sustainableg production. Such practices
remove potential host roots where the fungus deriteeenergy during mild autumn

and spring weather, thereby decreasing root catiois of the subsequent host crop
(Thompson, 1994a). Crop rotation practices are &sbe considered in that the
colonisation potential of AM fungi in the soil wilepend on the previous crops. If
previous crops are non-mycorrhizal for example @nar produce non- mycorrhizal

toxic compounds as a result of root structure ahgsiplogy, this can lead to a
reduction in AM fungal infective propagule densifi¢ling and Jakobsen, 1998;

Ocampeoeet al, 1980).

Soil disturbances such as tillage and harrowingadse known to have an effect on
AM fungal propagules and the extraradical hyphasesg methods involve stirring,
leveling, or breaking of soil clumps in preparation growing plants. Because AM
fungal propagules, such as spores and active hypinagredominantly found in the
topsoil, this activity hinders the ability of thepepagules to germinate and colonise
new host roots, which in turn affects the produttimd transport of nutrients to the
plant at an early developmental stage (Kabir, 20Kling and Jakobsen, 1998).
Studies by Jansat al, (2002) showed that there is indeed a deleteredftect of
tilage on the population and diversity of AM fungompared to non-till soils.
Therefore, the reduction in intense tillage wiNdar AM fungal management in soils
(Thompson, 1994a) thereby enhancing colonisatiderial of plants and subsequent

environmental benefits.

The fate of organic or inorganic phosphate fedisswhen applied to soil is reported
to be determined by biogeochemical processes. Thedaede immobilisation,
solubility and adsorption (Compton and Cole, 204}t may be dependent on the soil
pH and soil type (Rodriguez and Fraga, 1999). Inilisaiion is the conversion of
inorganic phosphates that are available to plaritsan unavailable organic form by
biochemical or microbial processes, while the regeis termed mineralisation. P
fertilisers are mainly applied to increase P levelsen deficient in soils or to

maximise plant growth (Xuet al, 2000). Fertilisers when applied, undergo
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precipitation-dissociation reactions, which arentts®lubilised into the soil mineral
solutions. These solutions bind to the soil pagticivhich become readily available
and absorbed by plant tissues. If not presentilrasasolutions, it can be in the active
or fixed pool P (Busmaat al, 2002). The active P in soil is usually in thédphase
and can easily be released into soil solutioreptanishes P in the solution pool based
on crop utilisation, while the fixed pool contaimganic and inorganic forms of P that

are insoluble and resistant to mineralisation (Baset al, 2002).

Owing to the high influence of host P demand on Aigi, application of fertilisers
has a great impact on the plant-fungus relationgBigslinget al, 2006). The effect
of fertilisers on AM fungi has been well studiedngspot trials (Xuet al, 2000,
Braunbergeret al, 1991). These studies have shown that the inogase of P
fertiliser led to the high P pool in soils. ThesghhP levels affect AM fungi root
colonisation and minimises growth performance byreasing the nutrient acquisition
role of AM fungi (Azon et al, 2003). Braunbergeet al, (1991) studied
quantitatively the morphology of AM fungal colonigam of maize in response to
variable P fertilisation. They observed that insexh P fertilisation reduced the
fraction root length containing arbuscules, whidswdue to inhibition of intraradical
hyphae development. Similar results were obtaingdMartensson and Calgren
(1994) in a field experiment, who observed a 50%rekse over five years in spore
numbers of AM fungi even when P fertilisers werglagal in moderate amounts of
45kg ha'year'. However, when P fertilisation was excluded, spieasity doubled
within 5-14years and was three times the amourdr #8 years of experimental
establishment. A meta-analysis study which invols&gistical analysis of fertiliser
effects from various studies was conducted by Tesé004). Their results on the
effect of P fertilisers such as superphoshate (eR(Qk)-) and N fertilisers (containing
NaNG;, NH;NOz; and NHNO; mixed urea) on AM fungi, reported a reduction in
mycorrhizal abundance (percentage colonisationtespounts, hyphal length) by an
average of 32% and 15% respectively (Treseder, )2004is percentage response
varied with the initial soil nutrients present ritigig in inconsistencies of N and P
fertiliser effect. Conversely, it has been repotteat some species of AM fungi such
asG. magaritaand Scutellospora calosporare able to survive high or low P levels
(Podeszfinsket al, 2002). This could mean that fertilisation caadeo selective AM
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species that may be of little benefit to the hosterms of effective nutrient uptake
(Goslinget al, 2006; Kurle and Pfleger, 1994).

Organic sources of fertilisers such as farmyard urgncompost and animal feaces
has been reported to have no negative effect orfuxigal colonisation (Kabiet al,
1998; Kurle and Pfleger, 1994). However, this figchot entirely true as the various
organic fertilisers differ in composition and arepredictable when applied on any
given soil (Doudset al, 1997). Studies by Douds al, (1997) observed an increase
in spore population of two AM fungal specigsl.( etunicatum Gl. mosseaeusing
chicken or litter compost when applied alone. Whiarinikumar and Bagyaraj
(1989) observed that the co application of farmdyaanure with varying levels of N,
P or K fertilisers reduced AM fungal propagules.e$& varying results led to the
conclusion that the use of organic manure solelypgether with inorganic fertilisers
is dependent on manure source, addition rate arndpg the rate of decomposition of
fertilisers (Kurle and Pfleger, 1994).

Application of pesticides such as carbendazim tisata substituted aromatic
hydrocarbon, fungicides and herbicides influenae ¢hzymatic activity in the soil
(Fontanetet al, 1998). Test methods to access pesticide effattdM species are
contradictory and are time-consuming (Kling andakesen, 1998). The predominant
method for assessing the impact of these biocide&M fungi has been through the
use of inoculated and control treated plants wiaih grown for about 6-20 weeks,
harvested and then analysed. Generally, the edfepesticides on root colonisation
and rhizosphere activity are said to vary among figal species particularly the
Glomussp. (Fontanegt al, 1998). The use of this non-standardised metlasddd to
the varying results obtained by researchers, atfindle inability to culture AM fungi
is a good reason for following this path (Abd-&l al, 2000; Fontanett al, 1998;
Pattisonet al, 1997; Schreiner and Bethlenfalvay, 1997). Wsaral, (1998) has
proposed a standard bioassay method to determergutirlethal toxicity of pesticides
to Gl. intraradicesusing root induced transferred DNA (Ri T-DNA) —nsformed
carrot roots. However, this technique may not abJag available and optimal as only
a limited number of AM fungal species can be grawrthis dual culture system
(Bago and Bécard, 2002).
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Fungicides can be divided into systemic and notesy& or contact types. Systemic
fungicides are those absorbed by the plant rotgadrtissues and transported through
the vascular system. While non-systemic are thbsé¢ have direct contact with
disease-causing organisms and deposit residuedaoh tissues e.g captan, copper
sulphate, daconil, copper oxychloride (Parva#ti al, 1984). Most systemic
fungicides such as metalaxyl, fosetyl-Al and propaarb are of interest due to their
continual activity within the plant (enzyme actwit their effect on organisms
competing with AM fungi for colonisation sites (dipts fungal cell division) or their
direct effect on AM fungi function (Fontanet al, 1998; Kurle and Pfleger, 1994).
Fontanetet al, (1998) observed thaGlomus intraradiceswas not affected by
metalaxyl and propamocarb. However, metalaxyl af@coot colonisation of peach-
almond rootstock bgl. mosseaand decreased rhizosphere activity as determiped b
esterase activity. Other fungicides such as benomgntachloronitrobenzene,
terrazole and captan were observed to have affécgahitial growth of AM spores,
though the effect varied with different AM specieg)ich was as a result of factors
such as soil texture, composition of biocides usedl method of application
(Schreiner and Bethlenfalvay, 1997, Pattingnal, 1997; Sukarnet al, 1993).
Hence, it is still difficult to generalise on th&eet of these compounds due to the
varying formulations of compounds, mode of actiond atheir effect on host

physiology (Kurle and Pfleger, 1994).

Herbicides, insecticides and nematicides (Parvettdl, 1984) are not overlooked.
Even though they do not directly target AM fungeyhcould bring about changes in
the host physiology or interfere with mycorrhiz&lypiological processes (Kurle and
Pfleger, 1994). It was observed that paraquat,lalenil and simazine herbicides did
not affect root colonisation @l. versiforme but simazine affected hyphal elongation
when an elongation test was carried out ushhgintraradices(Hamelet al, 1994).
Glyphosate and chlorsulfuron herbicides also haeéffext onGl. mosseaéut when
herbicides were applied in high doses, the berafpmtential of the fungus (i.e. plant
biomass and nutrient acquisition) declined (Mujetaal, 1999). The majority of
insecticides and nematicides such as fenamiphosjodopropene, carbofuran and
aldrin do not have any deleterious effect on AM diunwhen applied in low
concentrations. These were found to either increasedecrease AM fungal

colonisation but not hinder spore formation (Pattist al, 1997; Trappet al, 1984).
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1.5 Interaction of arbuscular mycorrhizal fungi with other soil
microorganisms

1.5.1 Interaction with bacteria

In addition to enhancing nutrient absorption calighof their host plant, the hyphae
of AM fungi provide an area for the interaction @lants with other soil
microorganisms that have an effect on root devetpmand performance
(Johansssoet al., 2004; Ulrike, 2003). This interaction can be pwsit neutral, or
negative (Sylvieet al., 1998). Mycorrhizal formation can directly or inelatly affect
microbial communities in the rhizosphere througtiuiced changes of root exudates,
transport of energy rich carbon compounds to thecamhizosphere or fungal
exudation of stimulatory or inhibitory compoundshig effect referred to as the
mycorrhizosphere effect (Johansssen al., 2004; Suresh and Bagyaraj, 2002,
Vazquezet al., 2000) The term mycorrhizosphere is referred to as theezoh
mycorrhizal colonisation in and outside the plaobtr (Andradeet al, 1997) In
general mycorrhizal fungi, through modificationstte® plant root system, interact
with beneficial soil organisms such as-fiking bacteria, P solubilising bacteria,
fungi and root inhabiting nematodes. These intevastare important in the natural
ecosystem for nutrient cycling (Gryndler, 2000;té¢titand Garbaye, 1994). Some
bacteria are known to facilitate mycorrhizal forioatby affecting spore germination
or root colonisation (Fitter and Garbaye, 1994). #An vitro experiment with
Klebsiella pneumoniaegrown in compartments next to those containiG
deserticolashowed no effect of the bacteria on number of epgerminated but 9
days later, there was an increased AM fungal hypkinsion away from germinated
spores (Will and Sylvia, 1990). This indicated guwtential ofKlebsiella pneumoniae
to influence hyphal extension through the productd volatile compounds such as
long chain alcohols- 1decanol or 1dodecanol (Elgztadl, 2002).

The interaction of AM fungi wittRhizobiumhas received considerable attention due
to the high P demand for,Nixation. Studies have shown that the co-inocalatf
legumes with rhizobia to fix nitrogen and AM funigcreased plant growth than when
inoculated with rhizobia alone. This was attributedthe fact that under limiting
conditions of N and P, AM fungi improves P uptakereby enhancing the plants

nitrogenase activity, which in turn promotes root anycorrhizal development (Abd-
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Alla et al., 2000; Sylviaet al., 1998; Fitter and Garbaye, 1994). Thus the symbiotic
role of Rhizobiumis said to be dependent on the beneficial nutredfect of AM
fungi. Apart from P, enhanced uptake of other eats such as Zn, Cu and Ca by AM
fungi can influence the symbiotic effectiveness Rifizobiumas well as other
microbial processes that occurs at root or nodevell(Bareaet al, 2002a; Azén-
Aguilar and Barea, 1992). Thoudghizobiumis well known inoculants for legumes,
they have also been used as inoculants for nondegus plants (Chabagt al,
1996). Galakt al, (2003) studied the effect of P and N fertilisaton the growth and
yield of wheat inoculated with AM fungi anBhizobiumusing radiolabelledN
technique. They observed an increase in growth havwhen botliRhizobiumand
AM fungi were inoculated together at high levelshofand P. This dual inoculation
also facilitated the uptake of N and P; while thrgke inoculation of plants with AM
fungi increased yield of wheat grain. This indichtee ability of both organisms to
stimulate plant growth and accumulate P and N (Beget al, 1997). Species of
Azobacter, Azospirillum, Derxisand Clostridium are well known free-living
diazotrophs that fix atmospheric nitrogen (Lindenn&992). A synergistic effect was
observed betwee@l. fasciculatumand Azotobacter chroococcuin tomato plants.
The latter helped to enhance fungal colonisatiod spore production, while the
former increased the bacterial population in theatphere (Bagyaraj, 1984). Bied
al., (2000) observed an increase in nodulation @ffalfplants with co-inoculations of
Gl. fasciculatum Azospirillum and Rhizobium under sterile and normal soil

conditions.

Phosphate solubilising bacteria (PSB) have greagparcts to improve plant growth
under given conditions such as in P deficient seilen used in conjunction with AM
fungi (Gryndler, 2000). They are known to mobiligeosphate ions from sparingly
soluble organic and inorganic P sources. Howewer réleased P does not reach the
root surface as a result of inadequate diffusicaréBet al, 2005; Azén-Aguilar and
Barea, 1992). It was proposed that AM fungi couldpiiove the uptake of the
solubilised P; hence, this combined interactioruhimprove P nutrition and supply
to plants (Bareat al, 2002a). The interactive effects of AM fungi a8B on plant
use of soil P in the form of either endogenousdutea rock P was studied using a soil
microcosm system integrated wittP isotopic dilution. Results revealed that the PSB

(Enterobacter spandBacillus subtili promoted mycorrhizal establishment @f.
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intraradicesand their combined inoculation increased biomasan®lP accumulation
in the onion plant tissues (Toat al, 1997). Thus, the inoculation of organisms may
result in utilisation of P fertilisers that quickbecome unavailable in soils (Picini and
Azcon, 1987). Multi-microbial interactions betwea&NM fungi, PSB andAzospirillum
have been reported to be synergistic when inoalltdgether (Muthukumaet al,
2001; Belimowet al, 1995). Muthukumaet al, (2001) confirmed this by inoculating
the Neem tree seedlingwith GI. intraradices Gl. geosporum Azospirillum
brasilenseand isolated PSB individually or in various condiions under nursery
conditions. Mycorrhizal colonisation, leaf area amunber, plant height and biomass,
nutrient content (N, P and K) and seedling qualigre found to be significantly

increased because of combined microbial inoculants.

Some soil bacteria isolated from the rhizospherssgss the ability to produce
compounds such as antibiotics or siderophores wdmete chelators that may act as
inhibitors against pathogens or stimulate plantagino These are referred to as plant
growth promoting rhizobacteria (PGPR) and are myaPdeudomonastrains that
produce non-volatile diffusible compounds such ahane, acetaldehyde, acetoin
and diacetyl that may or may not reduce mycorrhvzdlime (Asprayet al, 2006;
Gryndler, 2000; Linderman, 1992). Results by Vazgeeal, (2000) demonstrated
that the incorporation of a fungudrichoderma harzianumwith Pseudomonas
fluorescensAzospirillumsppand AM fungal specie$;l. mossea@ndGl. deserticola
did not affect the establishment of AM fungal spedn maize. However, an increase
in phosphatase, esterase, trehalase and chitimzsenatic activity was observed.
These soil enzymes are mainly used as an inditatetect microbial functioning in
the rhizosphere as influenced by AM fungi and diffe their activity. Phosphatase
which is produced by bacteria and AM fungi catasyseganic bound P into inorganic
P (Haussling and Marschner, 1989). Esterase ireficeatabolic activity in the soil
which is directly correlated to microbial acivity§zquezet al, 2000). The enzyme
trehalase hydrolyses trehalose a common sugar faunplant symbioses, while
chitinase degrades chitin, a major component ofjdiicell walls that plays a role in
plant defence mechanisms (Paatoal, 2002a; Vazqueet al, 2000). Similarly, the
dual inoculation of subterranean clover and maizéh Wseudomonas putidand
different species of AM fungi were found to enhamtant growth and AM fungal
colonisation (Gryndler and Vosatka, 1996; Paulitd &indermam, 1989, Meyer and
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Linderman, 1986a). It was suggested that beforenwential bacterial inoculants are
considered, resultant changes in the mycorrhizasp$teould be studied. Walley and
Germida (1997) proposed this when they observed tiw interaction of five
pseudomonads selected as PGPR under laboratorjtionadaffected plant growth
and AM fungi root colonisation when tested in tiedd. This effect was found to vary
(positive or negative) based on the bacterial iteotustrain, harvest date and growth
parameter. In addition, Ravnskeval, (1999), observed under controlled conditions
that the fungussl. intraradiceshad a negative effect on the growth and surviyal o
Pseudomonas fluoresce3F57 which was likely to be due to competition for

nutrients.

PGPR exert direct or indirect effects on plant gtoand belong mainly to the genera
Paenibacillus Burkholderia Pseudomonasnd Bacillus sp. The direct effects are
through the release of phytohormones, nitrogertiireand mineralisation of organic
phosphates into available forms for plants. WHike indirect effect on plant growth is
realised by decreasing or preventing deleteriodscef of pathogenic organisms
mainly through the synthesis of antibiotics or proiibn of siderophores.
Solubilisation of P is reported to be the most canmode of action for PGPR and
studies by Singh and Kapoor (1998) showed that B&h asBacillus circulans
together with AM fungi increased plant yield andiftake of wheat. There are some
inconsistencies in reports of the effects of PGRRAM fungi as well as in their mode
of action. Bacillus substilisand Enterobacter sp. were found to promote the
establishment ofGl. intraradices increase plant biomass and N and P contents of
onion (Toroet al, (1997). While studies by Walley and Germida (@9%sing
different Pseudomonastrains with the co-inoculation of AM fungi obsedsvarying
effects i.e some strains &seudomonakindered AM fungal germination. Hence it
can be argued that not all PGPR are mycorrhizgdnddacteria (MHB) or vice versa.
MHB are organisms that specifically promote mycimahformation especially
ectomycorrhizal fungi by producing growth metatlssitthat encourages easy
proliferation of the fungal hyphae, thereby inciegsthe chances of the fungal
hyphae to colonise plant roots with a large surtaea (Schregt al, 2005; Garbaye,
1994). When PGPR are found to stimulate mycorrhimaimation they can be
regarded as MHB (Fitter and Garbaye, 1994), thisraimangeable characteristic

brings about the overlap that exists between the dwoups. Similarly, not all P

31



Chapter 1 General Introduction

solubilising PGPR promote plant growth by P avaiigbto the host. Studies by De
Freitaset al, (1997)revealed that a number &acillus strains andXanthomonas
maltophilia isolated from the rhizosphere of canola a non-mmizal plant had
positive effects on plant growth but not on P conhtaf the host plant. This indicated

that P solubilisation was not responsible for tlapgrowth response.

Generally, the microbes in the mycorrhizosphereafmycorrhizal functioning and
thus, some bacteria may interact with the mycoalhifzingi on more than one
metabolic level. For example, P solubilisers hawadditional functions (Sylviat al,
1998; Linderman, 1988). It has been reported thatesorganisms especially those
belonging to the geneBacillus can be multifunctional. This means that they dne a
to perform functional roles such as beingfiXers, P solubilisers or grouped as PGPR
or MHB (Rodriguez and Fraga, 1999). For exampledeget al, (2005) isolated an
organism coded as MSSP from the root noduleMiofiosa pudica This organism
was found to belong to tigurkholderiagenus and had the ability to fix N, solubilise
P and had all the characteristics of PGPR. Simjilaiudies and have also reported
species of the gene&radyrhyzobiumSinorhizobium Rhizobium andzorhizobium
as PGPR and phosphate solubilisers (Vessey, 2008rigeez and Fraga, 1999;
Antounet al, 1998).

Few studies have been carried out on the interachietween AM fungi and
Actinomycetes. Research conducted using both asganio determine their effect on
plant growth showed their individual enhancemenhergas dual inoculation of
organisms adversely affected plant growth and etddbantagonistic interaction
towards each other. Actinomycetes was said to $goresible for the suppression of
AM fungi due to its antagonism and inhibitory effec the rhizosphere (Bagyaraj,
1984). The production of inhibitory compounds byirmmycetes could be seen as the
organism’s way of competing with others organismos riutrients. However, other
species ofActinomycesbelonging to the genu&rankia were able to form a
synergistic relationship with AM fungi when inoctdd together in actinorrhizal
plants such as tibetan seabuckthd#ippophae tibetanpandDiscaria trinervis(Tian

et al, 2002; Gryndler, 2000; Wall, 2000%treptomycess a common soil organism
belonging to the actinomycetes. Their effect on AMgi varies according to species.

For example, the colonisation of finger millet maly Gl. fasciculatumwas shown to
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be inhibited by Streptomyces cinnamomeou¥rishna et al, 1982) while
Streptomyces orientaligroduced volatile compounds that stimulated geatom of
the resting spores @l. mosseaeG. margaritaand Scutellospora heterogamahen

cultured auxenically (Tylket al, 1991).

Hence, the interactions of AM fungi with soil batéecan either stimulate or inhibit

each other’s processes in the rhizosphere.

1.5.2 Endosymbiotic bacteria of AM fungi

Mycorrhizal fungi are the best-known examples ofgal and bacterial interactions as
the hyphae offer good ecological niches for othecrobes. AM fungal spores
harbour Bacteria Like Organisms (BLOs) also ref@r@ as endosymbionts in their
cytoplasm and these organisms complete their {ifdecwithin the eukaryotic cells
giving rise to a further level of symbiosis (Johsmmet al., 2004; Minerdiet al.,
2002). To demonstrate this symbiosis, a combinaifomorphological and molecular
techniques were conducted and it was concludedtii@gaAM fungal spores o6.
margarita, Gl. versiformeand A. laevis spores harboured these BLOs in their
cytoplasm (Bianciotteet al. 1996b; Minerdiet al., 2002). Analysis of the bacterial
16S rRNA gene sequenobtained from the extraction of spore DNAGf margarita
inferred that these bacteria are related to thegf@uarkholderia(Minerdi et al.,2002;
Bianciotto et al., 1996b). Investigation of two geographically sepedaisolates of
Gigaspora margarita and four other isolatesG. gigantea G. rosea G.
margarita/roseaand Scutellospora persigashowed that four out of the five species
had endosymbionts, the exception befhgrosea This demonstrates that BLOs are
common features in th@igasporaand can possibly be used as a genetic marker for
members of this genus (Minereli al.,2002, Lanfrancet al, 2001). Bianciottet al,
(2003) further analysed the morphological and mdbacsimilarities between the
endosymbionts found iG. magarita S. persica ands. castenealt was observed
through the amplification and sequence of parti@bmplete 16S rRNA that all
endosymbionts obtained from the three AM fungakssewere over 98% similar to
each other. This genomic similarity in their ribosd sequence led to their being

referred to as ‘Candidatus Glomeribacter gigasjponar
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Endosymbionts in the spores of AM fungi are unaalle in cell free media and as
such are determined morphologically using electaomd confocal microscopy
(Bianciotto and Bonafante, 2002). The most commuecies found iBulkholderia
cepacia The complexity of this group of organisms is ebe elucidated since some
species in this family are found free living in thal and differ phylogenetically from
the AM fungal symbionts (Bianciottet al, 1996a).

The ecological importance of BLO’s with mycorrhihas been questioned. Studies
revealed that these endosymbionts poss#d®K genes that are found in the operon
of G. margarita spores. These genes are expressed during sporéngeom and
because they are harboured in AM fungal spores ttheyght to give AM fungi the
potential to fix nitrogen during the stage of thecterial life cycle (Bianciotto and
Bonafante, 2002; Minerdet al, 2001; Bianciottoet al, 2000). Therefore, the
significance of these findings lie in the intereSsuch a combination for a sustainable
agriculture targeted to increase crop productiomhwhninimal use of chemical
fertilisers (Minerdiet al, 2002; Minerdiet al, 2001).

1.5.3 Interaction with fungi

Saprotrophic fungi live on dead organic materiad are common in the rhizosphere.
The advantage AM fungi have over saprotrophs ligh@ir direct association with
plants as well as the ability to utilise storedocar-related products in their hyphae in
the absence of plant photosynthates (Suresh angaBgg2002). Saprotrophic fungi
are most frequently studied for their antagonisiwat@ls AM fungi and can be
classified into ecological functional groups such R solubilisers, antagonists or
synergistic organisms (Gryndler, 2000). As anat&isn they may affect the
germination of AM fungal spores and developmentmyfcorrhizal colonisation by
their competition with AM fungi for space or nutnis (Gryndler, 2000). McAllister
et al, (1994) tested the effect of two saprophyfssarium solanand Trichoderma
koningii, on the growth and mycorrhiza formation maize and lettuce. They
discovered that mycorrhizal root colonisation®y mossea&vas decreased in maize

when inoculated before or at the same time Witkoningii; while F. solanihad no
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effect on colonisation of maize. Conversely, koningii did not affect mycorrhizal

colonisation when tested on lettuce.

Gliocladiumvirensis a saprotrophic organism that is used as a htogloagent. This
organism produces metabolites such as the antibjaijliotoxin and enzymes such as
endochitanase that weakening the cell wall of tlhggenic organisms. This
facilitates the entry of gliotoxin that damages ttedl wall of pathogenic fungi
(Brimner and Boland, 2003; Di pietret al, 1993). All fungi have cell walls
composed of chitin which would mean that gliotoxamsl endochitinase produced by
Gliocladium virenswould affect AM colonisation. To determine thideet, Paulitz
and Linderman (1991) examined the effectGliocladium virenson the pathogen
Pythium ultimumand the colonisation of AM funguSl. etunicatumin cucumber
plants. They observed th&liocladium virenshad no deleterious effect on AM fungi
as it allowed the cucumber roots to be colonisetlewtaving a biocontrol activity on
Pythium ultimum This indicates the synergistic interaction betwé&iocladium
virensand AM fungi. Similarly, a synergistic effect wesported by Garcia-Romera
et al, (1998), when different strains dfusarium varied remarkably in their
interaction with AM fungi depending on the AM furngspecies and the soil used.
Their findings were that under all experimental ditions (i.e. treated soil or AM
fungal inoculum treated soill;,. oxysporur738,F. oxysporurrl26 andF. stillboide
2169 increased plant shoot dry weight. Also a gyiséc effect of theFusarium
strains with the AM fungu$l. mosseaavas observed, while the AM fungus was
found to have no effect on the saprotrophic fukgirthermore, the inoculation of
Trichodema aureoviridento water agar containir@gl. mossea@nhanced mycelium
development of AM fungi from germinating spores kdil not increase the
percentage germination of spores (Cakteal, 1992). The above characteristic was
attributed to the production of unidentified volattcompounds by these organisms in
monoxenic cultures (Calvet al, 1992; Will and Sylvia, 1990).

Some fungi have been reported to act as P soletslialong with being biocontrol
agents. Vassilevet al, (2006) reported that organisms such Eschoderma
harzianum Aspergillus niger, Penicillium variabile white-rot fungi and other
filamentous fungi were capable of solubilising Prej with exhibiting biocontrol

activity. This potential was either exerted by greduction of siderophores, organic
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acids, lytic enzymes, glucose oxidases and meldegnading enzymes. The
biocontrol activity of organisms such as white fohgi remains to be confirmed
(Vassilevet al, 2006). Souchiet al, (2006) in their study to isolate and identify P
solubilising bacteria, fungi and AM fungal speciastwo reclamation areas of the
Atlantic forest, Paraty Brazil, observed that tl@mmihant P solubilising fungi were
Aspergillusspecies. Kucey (1987) also confirmed a synergestiect of P solubilising
fungi (Penicillium bila) with mycorrhizal fungi to effectively increaseetiabsorption
of P by the plant root system of wheat and beantpla

1.6 The ecological roles of arbuscular mycorrhizal fungi

Agricultural and industrial disturbances, such asimg, to the ecosystem have
become a worldwide phenomenon. Opencast mining hiegothe removal of

overburdened soil which is the surface materialeciog the valuable deposit of
desired minerals or substance to be extractedriettel). Due to the environmental
effects such as underground water pollution, lo§sbiodiversity, erosion and

formation of sinkholes caused by mining, the reltation of mined and disturbed

areas is a legal requirement (Wali, 1999). In S@\ftita, the mineral and petroleum
resource department has passed a bill that min@mswnust rehabilitate the surface
area mined as well as integrating rehabilitationpag of their mining operations
(Section 6, Act 50 of 1991, Department of Minenadl &nergy, South Africa).

Rehabilitation involves the stabilisation of sudamaterials through appropriate
landscape reconstruction, establishment of soiamimy matter, nutrient availability
and the establishment of long-term sustainableta¢éige community (Sharmat al,
2000; Singhet al 2002). Reclamation, which is the process by whiaghly
overburdened soil is developed through a nutrigidlimg process, can be used
interchangeably with rehabilitation. This is bee@b®th are aimed towards putting a
new or altered land to use, to serve a purposer(lat 2). Plants and microbes are

now used to aid in the long-term reclamation oferspoils (Singlet al, 2002).

AM fungi are found in different climates and habstancluding disturbed soils from
mining activities (Gaur and Adholeya, 2004). Thésagi offer great benefits in the
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rehabilitation of disturbed soils through inocubati and manipulation of the
indigenous population (Cuencat al, 1998). However, inoculation will only be
possible if AM propagule (spores, hyphae, infeateot materials) density is high.
The propagules of AM fungi are concentrated in tiy@soil and as such, practices
which disturb the soil ecosystem (section 1.4)| deéicrease the mycorrhizal status in
the rhizosphere. Therefore, the recovery of digdrbites using AM fungi will only
be possible if these propagules are reintroducedatyral processes, long-term land
management or by human intervention (Cueretaal., 1998; Wicklow-Howard,
1994). Land management practices such as the eadipg of topsoil from
undisturbed areas on overburdened areas have psacedssful in re-establishing the
presence of arbuscular mycorrhiza (Wicklow-Howat894). However, this is an

expensive process and exposes other areas taaistas.

The use of non-mycorrhizal plants for rehabilitatltas proved successful but this has
affected the establishment and population of AMppagules in the soil as well as
decreasing plant succession (Wicklow-Howard, 199¥4). ecosystem, with the
majority of the plants being mycorrhizal, will cobute -effectively toward
reclamation through mechanisms such as enhancamy gtowth and nutrient uptake,
maintaining diversity by boosting plants resouraed competitive ability, stabilising
the soil through the ERH and efficient recycling miitrients (Jasper, 1994). In
addition, it has been suggested that AM fungi Beduas an indicator for soll
pollution and soil quality, because of their predlwemce in soils and plant
dependability (Gaur and Adholeya, 2004; Leyedlal, 2002).

The potential benefit of arbuscular mycorrhizasehabilitation of overburdened soll
is becoming apparent due to the need to providd, faeel wood and fibre for the
increasing population through agroforestry (Kun@Q04). Their application for such
strategies lies in their ability to interact witbilsmicrobes and plants (Gaur and
Adholeya, 2004) as well as their natural occurremeesoils (Kung'u, 2004;
Quilambo, 2003). However, due to the differencegdnlogical adaptability of AM
fungal species, it is advised that edaphic factorsture of contaminated soil,
inoculum source/density and their interaction witihosen plants be considered in
order to boost reclamation efforts (Pawlowska arthr@Zat, 2002; Pflegeet al,
1994).

37



Chapter 1 General Introduction

Arbuscular mycorrhizal fungi are ubiquitous in &strial ecosystems but despite their
acknowledged role in ecology, most researches feeesed on their interaction with
plant communities with few studies at the ecosystewel (Rillig, 2004). An
ecosystem by definition is a localised interdepahdgoup of plants, animals and
microbes whose activities affect the physical argbngical conditions of their
environment (Naeeret al, 1999). The functionality of any ecosystem depgead
how it exhibits biological and chemical characties of its type. In grassland
ecosystems, AM fungi contribute towards plant dsitgr carbon transfer, soil quality,
nutrient cycling and plant productivity (Klironomast al.,2000; Dell, 2002; Van der
Heijden and Cornelissen, 2002). These pathways gs&to ecosystem processes
such as carbon and nitrogen cycling (Hawkes, 2d08; and Miller, 2003). Carbon
transfer can be mediated between two plants thréughhyphal bridges due to the
absence of host specificity. However, the mecharasih ecological significance of
inter-plant nutrient and carbon transfer requirtgther investigation (Van der Heijden
and Cornelissen, 2002). Klironomes al., (2000) investigated the influence of AM
fungi on the relationship between plant diversitg @roductivity. They hypothesised
that the productivity of plant communities by plamtecies is rendered redundant in
the presence of AM fungi. This they carried ouingsB5 different plant species and
two AM fungal species@Gl. intraradicesand Gl. etunicatum It was concluded that
AM fungal diversity and species composition thougbsitive on plant biomass
reduced plant species productivity of the ecosyst@merefore, AM fungi was
suggested be considered during plant biodivergityoghomos, et al.,2000) because
of the mycorrhizal dependecy of most plants. Theempial of AM fungi to influence
plant community structure was also investigated/ay der Heijderet al, (1998a).
They observed in a pot experiment that three spagfig@lants Hieracium pilosella
Bromus erectus andrestuca ovinadiffered in their mycorrhizal dependency
according to AM fungal species. Also AM fungal sigschad significantly different
effects on growth response of the plant speciesréfare it was concluded that since
the plant species vary in the degree to responsarafus AM fungal species, that the
species composition and diversity of AM fungi hhe potential to influence plant
community structure. This also has an importantlizagion for growth of individual
plant species to co-exist with other plant speties community (Kierset al, 2000;
Van der Heijderet al, 1998a).
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Agriculture has repeatedly been identified as orfetlee largest worldwide
contributors to loss of biodiversity owing to lamaea utilisation, high degree of
physical manipulation and fertiliser usage devaiedhis activity (Mclaughlin and
Mineau, 1995). In agriculture, inorganic fertiliseand livestock manures are widely
used to meet crop P requirements, increase prettycind to boost soil P and other
nutrients (Withert al, 2001). However, the environmental effects oséheertiliser
types are of great importance and should be tak®ncionsideration due to possible
runoffs after application. Inorganic fertiliserseedvelieved by farmers, to be the best
source of nutrients because they are cheap, eabwridle, associated with higher
product yield and are more specific in nutrient stdoents. In contrast, organic
fertilisers are said to be bulky, difficult to haadvary in nutrient content and have an
unpleasant odour. But to a large extent they pese énvironmental hazards (Arden-
Clarke and Hodges, 1988). Organic fertilisationcficgs enhance soil structure,
improve beneficial soil fauna and flora, are lessruptive of soil chemistry and
sometimes inhibit microbial pathogens. The majogatiwe impacts of inorganic
fertilisers include the loss of soil organic mattiéwctuations in soil pH, reduction in
beneficial soil microbes due to high salt concdimraand reduction in soil fauna, for
example earthworms (Arden-Clarke and Hodges, 1988)dies by Witherst al,
(2001) revealed that there is a lower risk of Rdfar in land runoff following the use
of organic P fertilisers (sludge and manure) comgao agricultural inorganic P. This
was attributed to the low solubility rate of inonga P fertilisers which led to the
suggested use of organic fertilisers that causs kesm to the environment for
agricultural production (Witherst al, 2001).

The use of AM fungi as ‘biofertilisers’ in agri¢ute is becoming a world wide
phenomenon and has successfully been in use iaplé&ke Taiwan, South Africa and
United States (Juang, 2007). Their potential amtetiiliser lies in their mycorrhizal
benefits and plant-soil interactions, hence, thsélection for inoculum and
management in field situations are widely studigtkihsonet al, 2002; Safir, 1994;
Dodd and Thompson, 1994). The exact definition iofdstilisers remains unclear,
however, they are commonly referred to as the @iseibmicroorganisms to improve

availability and uptake of mineral nutrients reedirfor plant growth (Vessey, 2003).
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In order to exploit these microbes as biofertiksethe ecological complexity of
microbes in the mycorrhizosphere needs to be talkerconsideration (Khan, 2006).

1.7 Current methods used to study microbial populations and
interactions

The emerging interest of soil microbial ecology aliversity is due to the functional
roles they play in biogeochemical functioning (Gardet al, 2004; Kirk et al,
2004). The importance of microbes in agro ecosysthas led to their use in land
management strategies and as indicators of distodsa such as changes in
agronomic practices (Kennedy al, 2004; Marschneet al, 2004), reduced or no
tilage approaches (Drijbegt al, 2000; Ibekweet al, 2002) and monocropping or
crop rotation (Larkin, 2003). However, the inalilio culture most environmental
samples is a fundamental problem to understandmedr tecological significance
(Yeateset al, 1998; Atlas, 1984).

Several studies have reported that only about 18heofotal soil microbial population
is culturable on standard media, while the othé&b63Bough in a functional state are
culturally inaccessible and differ genetically frotime 1% (Prescotet al, 2005;
Garbevaet al, 2004; Kirket al, 2004; Kent and Triplett, 2002; Kozdroj and van
Elsas, 2000; Trevors, 1998). Culturable technicaresconvenient, approachable and
fairly inexpensive, but factors such as incompletderstanding of growth conditions,
selectivity of media, different growth rates, ssmpling heterogeneity and cell size
or viability are some of the problems which facé socrobial diversity studies (Kirk
et al, 2004, Kozdroj and van Elsas, 2000). To overctimse limitations, techniques
such DNA finger-printing, proteonomics, fatty acieethyl ester analysis, community
level physiological profiling (CLPP), restrictionraigment length polymorphism
(RFLP) and other molecular methods have been u&rafffnanet al, 2004; Wechter
et al, 2003; Ibekwe and Kennedy, 1998; Cullen and Hird®98).

Molecular techniques have enabled the detectiora ofariety of soil organisms

without prior cultivation on media. There are, howe biases in extraction and

purification of soil samples regardless of its atages over cultivation dependent
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techniques (Kirket al, 2004; Niemiet al, 2001). Prominent disadvantages of
molecular based methods are efficient cell lysipetelency and co-purification of
humic and fulvic acid that inhibifaq polymerase during Polymerase Chain Reaction
(PCR) amplification (Zhowet al, 1996). Several authors have put forward various
rapid and cost effective methods to extract andfypspil DNA as well as efficient
methods to obtain high DNA vyield (Nierat al, 2001; Kozdroj and van Elsas; 2000;
Yeateset al, 1998; Cullen and Hirsch, 1998; Porteetsl, 1997; Zhowet al, 1996).

It has also been suggested that there is no singtbod of cell lysis or purification
and as such different combinations and modificatican be employed depending on
the desired outcome (Zhew al, 1996).

The applications of culture-independent techniquestudy microbial diversity has
led to studies in to the interaction between miggaaisms and plants with regards to
their ability to influence rhizosphere communities plant symbiotic associations
(Kent and Triplett, 2002; Stéderbeeg al, 2002; Graystoret al, 1998; Linderman,
1992). Arbuscular mycorrhizas are known for thigiteraction with other soil
microorganisms and this has been detected mosthugh dual inoculation with
isolated microorganisms (Birét al, 2000; Vazquezt al, 2000; Gryndler and
Vosatka, 1996; Linderman, 1988). However, recamdifigs indicate that various AM
fungal species as well as AM colonised and non-AMnts differ in bacterial
community composition (Marschner and Timonen, 2086derberget al, 2002).
Several techniques applicable in this type of stady discussed below, while other

techniques are highlighted in Table 1.2.

1.7.1 Plate counts

Previously, microbial diversity studies were baseadhis traditional method. Though
these methods are fast and inexpensive, they haneus limitations (Kirket al,

2004). However, they are still useful in determgnithe impact of anthropogenic
activities as well as the phenotypic charactesgst€ organisms isolated. It is also
argued that these culturable organisms constitutective portion of the soil bacterial
community and with advances in the design of mexdde counting will be more

useful (Elliset al, 2003; Janssest al, 2002). This argument was because the cellular
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and metabolic activities of these culturable orgars could be determined thereby
resulting in determination of their ecological ®len the rhizosphere (Ellist al,
2003). In contrast, problems associated with ptatents that are not highlighted in
Table 1.2 are the length of time required for iratidn of some isolates, cell
clumping that may lead to inappropriate countspegicolony inhibition and the
predominant growth of fast and spore forming organs (Kirket al, 2004). Despite
the limitations, various studies have used theepladunt method successfully to
determine microbial diversity or changes in theeosphere (Marschner and Timonen,
2005; Elliset al, 2003; Wambergt al, 2003; Jansseet al, 2002; Soéderbergt al.,
2002).

Alternatively, other biochemical methods such asyfacid methyl ester (FAME)
analysis are used effectively to determine microbieersity. This method provides
information based on the fatty acid profile of thizrobial community (@vreas, 2000)
and is not dependent on cultivation. It involves tigkation of samples and
subsequent gas chromatography for analysis of agttafatty acids (Ibekwe and
Kennedy, 1998). Multivariate analysis such as gp@alccomponent analysis is further
used to compare FAME profiles from different soilxtares (Kirk et al, 2004;
@vreds, 2000). Fatty acid can be used as biomafiensterpreting community level
profiles because they make up part of the cell besnTherefore, changes in the fatty
acid profiles in a soil would indicate a changeniicrobial composition (Ibekwe and
Kennedy, 1998; Zellest al, 1995). Ibekwe and Kennedy (1998) used phospidolip
fatty acid profiles and carbon utilisation pattetosdetermine microbial community
structure of plants from the field and from greesuse pots. Principal component
analysis showed that there was a clear distindietween the community from field
and pots. The disadvantage of this method is trggmsms cannot be identified to a
species or strain level because individual speces have same fatty acid profile
which can be found present in another species. eftwe, FAME is based on
functional groupings of fatty acids (Kirt al, 2004; Bossi®t al, 1998; Ibekwe and
Kennedy, 1998).
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1.7.2 Denaturing gradient gel electrophoresis and tempetare-GGE

Denaturing gradient gel electrophoresis (DGGE) dethperature gradient gel
electrophoresis (TGGE) are fingerprinting techngwath similar concepts that are
used for studying microbial diversity. These tecjueis were originally designed to
detect point mutations in DNA sequences using fodveand reverse universal primers
(Kirk et al, 2004). Separation of the amplified DNA sequeaterganisms is then
based on the G+C content and distribution alonf wie use of chemical denaturants
(urea and formamide) for DGGE and temperature f86GE to obtain a melting linear
gradient (Kirk et al, 2004; Frominet al, 2002). The fingerprinting method is
effective in reducing the complexity of a microb@mmunity and allows detection
of species that are low in abundance. These methisdsallow a large number of
samples to be analysed simultaneously. This apprdes been used to study
interactions between mycorrhizal colonisation amdtérial community (Marschner
and Timonen, 2005), determination of total andvackiacterial communities in arable
soils (Girvanet al, 2003) and as a molecular tool for genotypic fifieation of
mycorrhizal species (Kwong ma, 2004).

1.7.3 Other molecular techniques

Cloning of the 16S rDNA can allow microbial diveysto be assessed with a high
level of discrimination (Bornemaet al, 1996). This involves obtaining multiple
copies of genef vivo and sequencing these genes for identificationni@tpis a
generalised termed used for all the processes\adoto achieve cell replication,
which includes fragmentation, ligation, transforioat and screening processes
(Prescottet al, 2005). This method is often reliable but is mosme and resource
consuming and can be tedious when handling a lamggber of samples. Restriction
fragment length polymorphism (RFLP) and terminastrietion fragment length
polymorphism (T-RFLP) follow the same principle ept that T-RFLP involves
labelling of one primer with a fluorescent dye swh4, 7 ,2', 7'- tetrachloro-6-
carboxyfluorescein. The digestion of DNA fragmeuntsng restriction enzymes and
subsequent agarose or polyacrylamide gel electregltso can be used to screen
clones or measure bacterial community structurek(lét al, 2004). This method
involves the use of restriction enzymes derivednfioacterial organisms to restrict

DNA fragments or invasion of foreign DNA (Hallberg001). They are sometimes

43



Chapter 1 General Introduction

referred to as the DNA scissors that cut nucleosidlguences into pieces to hinder

functioning. Most restriction enzymes consist d@lp and cut DNA at specific points

called restriction sites in opposite directions I(blerg, 2001). The size of each

fragment corresponds to the distance betweenatstrisite sequences and size of the

fragmented DNA. This approach according to kiual, (1997) can only be used to

determine the microbial community and not as a nresfor diversity or phylogenetic

analysis.

Plate counts, an attempt at DGGE, cloning and REECRniques were selected for use

in this study and are not without their limitatiotdowever, they were used due to

availability of materials and expertise. There atteer preferable methods than these

(Table 1.2) but no method is without limitationsdaappropriate methods should be

applied based on the desired outcome.

Table 1.2 Advantages and disadvantages of biochemical-maehdsed method for soil microbial
diversity studies (Adapted from Kiit al, 2004).

Methods

Advantages

Disadvantages

Plate count

Community level
physiological profiling
(CLPP)

Fatty acid methyl ester
analysis (FAME)

Fast, Inexpensive.

Fast, highly reproducible, diff-
erentiate between microbial
communities, generate large
amounts of data

Unculturable microorganisms not
detected. Bias towards fast growing
individuals. Bias towards fungal
species that produce large quantity
of spores

Only represents culturable fraction
of community. Favours fast

growing organisms. Only

represents those organisms capable

Option of using bacterial, fungal of utilising available carbon

plates or site specific carbon
sources

No culturing of microorgan-
isms, direct extraction from soil
Follow specific organisms or
communities

sources. Potential metabolic
diversity. Sensitive to inoculum
density

If using fungal spores a lot of
material is needed. Can be
influenced by external factors.
Possibility of results being
confounded by other
microorganisms
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Methods

Advantages

Disadvantages

Guanin plus cytosine (G+C)

Not influenced by PCR biaseS.Requires large quantities of

Includes all DNA extracted.
Quantitative

Includes rare members of
community

Nucleic acid reassociation andTotal DNA extracted. Not

hybridization

DNA microarrays and DNA
hybridization

Denaturing and temperature
gradient gel electrophoresis
(DGGE and TGGE)

Single strand conformation
polymorphism (SSCP)

Restriction fragment length
polymorphism (RFLP)

Terminal restriction fragment
length polymorphism
(T-RFLP)

Ribosomal intergenic spacer
analysis (RISA)/automated
ribosomal intergenic spacer
analysis

influenced by PCR biases.
Study DNA or RNA. Can be
studiedin situ

Same as nucleic acid
hybridization. Thousands of

DNA. Dependent on lysing
and extraction efficiency.
Coarse level of resolution

Lack of sensitivity. Sequences
need to be in high copy
number to be detected.
Dependent on lysing and
extraction efficiency

Only detect most abundant
species. Need to be able to

genes can be analysed. If usingulture organism. Only

genes or DNA fragments,
increased specificity

accurate in low diversity
systems

Large numbers of samples carPCR biases. Dependent on

be analysed simultaneously.
Reliable, reproducible and
rapid

Same as DGGE/TGGE
No GC clamp
No gradient

Detect structural changes in
the microbial community

lysing and extraction

efficiency. Sample handling
can influence community i.e. if
stored too long before
extraction community can
change. One band can
represent more than one specie
(co-migration)

Only detects dominant species

PCR biases. Some ssDNA can
form more than one stable
conformation

PCR biases. Banding patterns
often too complex

Simpler banding patterns than Dependent on extraction and

RFLP. Can be automated,;
large number of samples.
Highly reproducible
Compare differences in
microbial communities

Highly reproducible
community profiles

lysis efficiency. PCR biases
Type ofTagcan increase
variability. Choice of universal
primers. Choice of restriction
enzymes will influence
community fingerprint

Requires large quantities of
DNA
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1.8 Motivation for the study

There is an increasing need for plant productiahraming industries to adopt a more
environmentally friendly approach and to less hatmproducts; especially in South
Africa, where it is a legal requirement that minindustries incorporate rehabilitation
as part of their mining operations. AM fungi aréaént candidates for rehabilitation
and agricultural management (Khan, 2006), but &rtinvestigation into their role
and interaction with other rhizospheric organissiseiquired. Previous studies have
focused on the interaction between AM fungal inaatd with microbial populations
using pot trials with specific organisms but ordyvffield trials have been conducted.
Hence it was pertinent to determine the effect bf #angal inoculum on background
microbial populations using mining and agricultusaies that differed greatly in
operational activities.

1.9 Hypothesis and Objectives

1.9.1 Hypothesis

The introduction of AM fungi has a positive influmnon the background microbial

population but this influence varies accordingaiod-use management.

1.9.2 Objectives
To verify the hypothesis put forward, the followiabjectives of the study were:

I. To determine the potential of using AM fungi in adlilitation of mine spoils
with fertiliser treatments. This was achieved usamg@ot trial analysis from
which the compatibility of fertiliser treatmentstiiAM fungi was determined
by assessing percentage AM fungal colonisationatpoots.

II. To determine the effect of introduced AM fungaléntum on the background
microbial population using culture dependent andtucet independent
techniques. This was achieved by plating on meskamining the effect of

AM fungi on microbial numbers and relating bactenambers to land use
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management. The use of molecular analysis sucimgsrfprinting methods
and cloning was employed to account for both umcalile and culturable
organisms with much focus on bacteria. Althougtelifinary data on fungi
was assessed.

To examine the microbial population based on theictional capabilities in
the soil. This was investigated through the isotatbf microbial groups such
P solubilisers, Mfixers, Actinomycetes, pseudomonads and fungiebective
media. This was further related to their possibles with AM fungi in the
environment.

To evaluate the population and infectivity of AMhfyi through the use of AM
fungal specific methods such as glomalin assayt cotonisation analysis,
spore enumeration and infectivity potential (mostobable number)
techniques. This was analysed to determine thetaffdand use management
of AM fungal populations.

To determine the mycorrhizal status of selectedtppaecies growing around
the mine site as potential host plants in rehalitin. To achieve this, plants
were identified to genus level and their root sinies examined for different

types of mycorrhizal colonisation.
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2 Materials and methods

2.1 Sitedescription

Site 1

Site 1 was a brick making industry located on f@48 Brakkefontein, Grahamstown
(Fig. 2.1), Eastern Cape Province, South Africa°C338'S, 26°C 31'E). This
industry, belonging to the company Makana Brick diilé (Pty) Ltd, is known for
mining kaolin, which began in 1996 as authorizedh®y Department of Minerals and
Energy South Africa. Previously, the Site was usgdjrazing and left fallow for the
past 10 years. The open cast mining of kaolin ey cbmpany led to a complete
disturbance of the quarry topography resultingtaep slopes and overburden soils
(Fig. 2.2), which were stored along the Western ldodhern perimeters of the mine
(EMP report, 2001). About 0.5 hectare of the ovedtbn soil was to be rehabilitated
by establishing a vegetation cover as a trial stadgt as part of the management

strategies of the company.

Climatically, the maximum annual rainfall recordeda 24hr interval is 185mm and
201mm in 48hrs. Mean annual evaporation is 150@d®0 and mean annual runoffs
of 20-50mm. The natural vegetation of the sitedgrdded and patchy. It consists of
indigenous plants including a mosaic of Eastermrttwushveld (e.gAcacia karroand
Dispyros lycoidey valley thicket Cassine aethiopigaAsparagus spp anglumbago
auriculata) andRenostervelEMP report, 2001).

Site 2

Site 2, is a commercial agricultural farm situafouth East of Site 1 in Bathurst,
Eastern Cape Province, South Africa (Fig. 2.1). Tdren is called Limestone Hill

(33° 27.595' S, 26° 57.535' E) and has been usesistently for intensive cropping
and farm produce. Fields previously planted to ppmes are presently cultivated
with geranium cuttings that will be used in the quotion of essential oils. The
natural vegetation of the area consists of indigenalants such as yellow wild iris
(Dietes bicoloj, Encephalartos trispinosus8oneseed Ghyrsathemoides monilifera

varmonilifera), ragwort Senecio sppandAcacia karoo(Martin and Noel, 1960).
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Mpuma
it gIang

Western
Cape

Makana Brick and —
Tile Pty

Limestone Hill

Port Alfred L—

S
60 Kilometers

Figure 2.1 Grahamstown and Bathurst areas in a section m&asiErn Cape Province, South Africa.
The experimental field Sites are highlighted asgpots. Site 1- Makana Brick and Tile (Pty) LtdteSi
2- Limestone Hill farm. Maps indicate provinces ®buth Africa and location of Eastern Cape
Province (Section map drawn by Gumede H.).
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Figure 2.2 An overview of the landscaped overburdened soilrébrabilitation at Makana Brick and
Tile (Pty) Ltd. M- kaolin mining area; R- rehabditon area of study.

2.2 Field experimental establishment and sampling

2.2.1 Site 1

The rehabilitation Site at the Makana Brick anceTiidustry was landscaped by the
company with trial area between reference numbew# coordinate 33° 15.400' S,
26° 32.964' E and reference number 97, with coatdi33° 15.384'S, 26° 32.936' E
(Fig. 2.3). Plots (717) were marked out with 3 replicates into treatmemtgcorrhizal
inoculated and non-inoculated plots as well as wlifferent fertiliser treatments in
September 2005. Areas between plots called bufiae avere also seeded with no
additional treatment. A total of 17 plots were edlted reference reading numbers to
determine the bearing and distance between platsolat in this study (Fig. 2.3).
Designated field plots were treated with 1400g cemually available AM fungal
inoculum (Mycoroot (Pty) Ltd, Grahamstown, Southrigd) prior to seeding with
Cynodondactylon L.Perf (500g). This was done using a fertiliser spreaderi
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vertical manner around each plot to ensure theulnot and seeds were evenly
spread. The fungal inoculum was applied in the samaner after which the seeds
and inoculum were raked into the soil in each plbtdactylonwas chosen in this
study as it is a stubborn grass or creeping plattdan survive harsh conditions and
intensive grazing (Van Oudtshoorn, 1992). The imaruused was a granular solid
consisting of indigenous arbuscular mycorrhizal dgiurisolates containing a
combination of Gl. geosporumGl. mosseaeGl. etunicatumspores, fungal hyphae
and fragments of colonised root material. The mimiminfectivity potential as

determined by most probable number (MPN) watpt@pagules/kg of product.

Application of fertilisers at Makana Brick and Tilwas done using organic and
inorganic fertilisers. The amount of each fertiliseeatment was determined by the
results obtained from the soil nutrient analysise Drganic fertiliser called Organic
Tea was produced by Guano Organic Fertiliser Compahe fertiliser was made
from pure seabird guano that contains both macdonaicronutrients such as N, P, K,
Ca, Mg, Na, Fe, Cu, Zn and B (quantities are oetlim Appendix A). Before use a
1:40 dilution of the liquid organic fertiliser warnade and sprayed over the plots
(1500 ml/plot). The inorganic fertiliser used wa®® chemical fertiliser that had
nitrogen, phosphate and potassium in the ratio:df53 The quantity of fertiliser
applied was 1215 ml/plot measured in volume, wilgchquivalent to 150kg/ha. Plots
were treated in six different combinations (Fidg3)2The period of the trial study was
from September 2005 to June 2006 with a 3, 6 ambBth sampling interval.
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Figure 2.3Plot layouts with designated treatments and retereaading numbers of the rehabilitation
Site situated at Makana Brick and Tile Pty. Codeplots denote the plot treatment: InorgMyc+ =
inorganic fertiliser with mycorrhiza; InorgMyc- sdrganic fertiliser without mycorrhiza; OrgMyc+ =

Organic Tea + mycorrhiza; OrgMyc- = Organic Teahwiit mycorrhiza; Myc-Fert- = No fertiliser and

mycorrhiza; Myc + = Mycorrhiza only. Areas betwegdats are buffer zones
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Soil samples were collected using a core borebofriLin depth and 5cm in diameter.
Three samples per plot were collected randomlyatdB6 months sampling intervals.
Samples were placed in plastic bags that werel&babpropriately. A total of nine
samples were collected from each treatment plaaah sampling period. The soil
samples were then air-dried, sieved through a 2rewe $0 remove stones and packed
into plastic bags, each containing approximatel@gb(Soil samples were stored at
4°C until they were used for further analysis (Kojdrad van Elsas, 2000). Plant
materials (i.e. shoot and roots) were removed asidgua balance (Schimadzu)
weighed to obtain the wet weight. This was theediat 78°C for 2 days in an oven
and re-weighed to obtain the plant dry weight (3beirg et al, 2002). Root sub-
samples were removed and placed in 50% ethanostaneld at 4°C for root staining
analysis (section 2.6.2). Sub-sample wet weighteewenverted to dry weight and
added to total biomass dry weights to ensure acgwhdata.

2.2.2 Experimental setbacks

The establishment of the trial at Site 1 was afféctue to irrigation problems as well
as the low rainfall (Table 2.1) experienced duriggpwth periods of the trial
(September 2005 — June 2006). The maximimum acatedilmonthly rainfall
experienced in November 2005 (Fig. 2.4) aided theghts germination at the
beginning of the trial study. As a result, the Lstene Hill Farm was incorporated
into the study as a comparative tool when gernonaith some plots of Site 1 had not
improved after 6 months. Hence, sampling at 9 moittMakana Brick and Tile was
changed to accommodate the collection of samptes the new Site, Site 2, which
had no fertilisers applied. The plant material datilected at the 3 and 6 months
sampling period was excluded from the results b&zaid poor germination in some
plots. Root samples in most plots were not sufficienough to determine plant
biomass as well as root colonisation. Also at 3jtehe shoots could not be collected
for experimental analysis because the shoots werheetused for the commercial
production of essential oil by the Farm owner. Hedetermining plant biomass was
excluded from the result analysis. In other wordstermining the rehabilitation
potential of AM fungi with chosen fertiliser treagmts using the field trial was
aborted. This led to the selection of 2 replicateatment plots (mycorrhizal
inoculated and un-inoculated plots) that had realsienvegetation irrespective of the
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fertiliser used from Site 1. At the 9-month samglperiod, a total of 10 samples were
collected from each of the selected plot and werdqa to give five sub-samples per
plot. This was done to reduce spatial variabiligcduse of soil complexities (Girvan
et al, 2003). These samples were processed in the saammer as the initial
sampling but without the weighing of plant shoats @oots. Subsequent to the period
of this study, significant rainfall was recordedtliis area. The vegetation cover of the
mining Site has improved dramatically but furthealgses were outside the scope of
this study. Analyses are being continued by Mycb(&ty) Ltd. More importantly, it
should be noted that this experimental set badq edsulted in the modification of

the study objectives in order to contain the usSite 2.

Table 2.1 Accumulated monthly rainfall data for Grahamstowoni August 2005 to June
2006. This indicates the monthly rainfall obtairdeding the study period. (Rhodes Weather
Monitoring Service, 2007).

Month Accumulated monthly (mm)
August 10
September 10
October 20
November 90
December 20
January 60
February 60
March 40
April 30
May 80
June 20
Average 40
2.2.3 Site 2

At the Limestone Hill farm, the treatment plotsadsished by Mycoroot (Pty) Ltd in
February 2006 were replicated three times in rd#ech plot consisted of 20 rows
with 8 treatments, 8 control and 4 buffer zonethatedges placed side-by-side (Fig.
2.4 and Table 2.2). The same commercial mycorrhirmatulum as applied in the
mining Site was used but with a different mode pplecation. Plots were planted
with rose geraniumRelargonium graveolenk. Heritier) cuttings (100 plants/row)
with each plant receiving 20 ml Mycoroot appliedthe bottom of the planting hole.
Fertilisers were not used in this setup but hawnhesed as well as with pesticides in

previous planting seasons as part of regular famamtige. Thus treatment was either
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with mycorrhizal inoculum or without inoculum. A oa off sampling was conducted
after a period of 5 months for inclusion in thisidst. A total of 10 samples were
collected from each of the selected plot and weaa to give five sub-samples per
plot. Samples were sieved through a 2mm sieventmve root materials and packed
into plastic bags. Root samples were stored in &#8anol at 4°C for staining until

they could be further analysed.

It should be noted that henceforth Site 1 and 3iteill be referred to as MBT or
mining and LHF or agricultural Site, respectively.

Table 2.2Single plot layout with three replicates of treatnsein rows and number of plants
per treatment ahe Limestone Hill Farm, Bathurst.

Rows

112,345 6| 7 8 9 10 1p12| 13| 14| 15 1617| 18|19 20

B/ BIMMM|M|C|C|C|C|M M M|M]C|C|C| C| B| B

Total plants per replication

400 400 400 400
Total number of plants per plot
1600

B = Buffer edge M = Mycorrhiza application (20/phant) C = Un-inoculated control
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Figure 2.4 Limestone Hill farm cultivated witlPelargonium graveolensuttings in rows. B- buffer
zone; C- control; M — mycorrhizal treated row.

2.3 Soil texture and nutrient analysis

Soil particle size of soil samples from both thenimg and agricultural Sites was
determined using the Bouyoucos hydrometer (ASTM-B%ethod. (Okalebet al,
1993). This was done to estimate the percentagg sdhand clay content in soil. Air
dried soil (50g) from both Sites was saturated iatew and 10% sodium
hexametaphosphate to dispense the soil particleshe solution. This was allowed
to stand for 10 mins. The solution was transfeiméal a measuring cylinder and water
added to a final volume of 1130 ml. The suspensias inverted ten times to mix
after which two or three drops of amyl alcohol vealsled to remove any froth. After
20 sec, a hydrometer was inserted and measuremadets after 40 sec. Temperature
affects readings of the hydrometer which had bealibrated to 28C. Hence,
correction factors of + 0.5 had to be applied wkemperature readings was more or

less than 2X&C. The inversion process was repeated twice and dHewed to stand
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for 2 hrs, after which hydrometer and temperateselings were again recorded. The
readings were used to calculate the percentage sidinand clay (Eqn 2.1). Samples
were then classified in their respective texturasslusing a soil textural triangle
(Okaleboet al, 1993).

Equation 2.1
W1-R1l
Sand % =5 x100

R2
0 — — Xloo
Clay % 5C

Where W1 = weight of original sample; R1= Hydrometeading at 40 sec; R2=
Hydrometer reading after 2 hrs

For soil nutrient analysis of Sites, all individusdmples from each treatment plot
were pooled to give three sub-samples. From thdum&x 300g samples were oven
dried (78C for 2 days) and sent to Eco Analytica Laboratodpniversity of

Northwest, South Africa to be analysed for soilriauits such as calcium, magnesium,

phosphorus, sodium, ammonium, potassium, nitrétéen % carbon, Bray P and pH.

2.4 Pottrial analysis

The pot trial analysis was a partial replicatiorthad field establishment at Site 1. This
was done to determine the effect of fertiliserssgmon AM fungi colonisation and
the rehabilitation potential of AM fungi where erommental factor effects are

minimised.

2.4.1 Experimental design

A total of 36 pots (12cfdiameters) were pre-washed in 5% sodium hypodbldoi
maintain a certain level of sterility. Pots wereidéd into three phases, each phase

having 12 pots (Fig. 2. 5). In each phase treatnpens were replicated three times.
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- S @l Organic fertiliser + mycorrhizal
inoculum
N~ N~
X3 ] Organic fertiliser without

mycorrhizal inoculum

I&I
l)(l(;l)

@ Inorganic phosphate +
~— mycorrhiza inoculur

O  Inorganic phosphate
without mycorrhiza

Figure 2.5 Diagrammatic representation of one phase of thdgyatut with replicates as setup in a
plastic tunnel.

2.4.2 Experimental establishment

Pots were half filled with sieved (2mm mesh sizeg¢rburdened soil from Makana
Brick and Tile (Pty) Ltd. Designated pots were inlated with 1.5g (equivalent to 1.5
ml) commercial Mycoroot inoculum, spread in a laged was covered lightly with
soil. Planting was conducted by weighing 0CQ.gdactylonseeds to limit variation in
pots. This was also covered lightly with soil andtered with 100 ml distilled water.
Plants were left to grow for 10 days before appiicaof fertilisers. This was done to
allow establishment of AM fungi with the plants qrito fertiliser application. The
same fertilisers were used as in the field (Se@i@nl). The Organic Tea was applied
in a 1:40 dilution of the liquid and 100 ml dispedsnto designated pots. The amount
of NPK (3:1:5) was determined by weight (1.5g pet) pPots were setup in a plastic
mycorrhizal tunnel, with a minimum temperature 8f@ and a maximum of 35°C.
Pots were irrigated daily with UV sterilized wafer 5 mins. Plants were harvested
after 6, 12 and 28 weeks.

2.4.3 Sampling and processing

At each phase, samples were harvested indepenfithe aext sampling time. Soil
adhering to the roots was carefully washed off &2k roots intact. Due to the
inability to separate roots from the shoot withlmsis of root material, total plant wet

weight was recorded using a balance and re-weigliitst root sub-samples for
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staining were removed. The whole plant was driedinoven at 72°C for 48 hrs
before dry weights were recorded (Vazquez al, 2000). Shoot heights were
measured by placing a ruler beside the whole ptamt recording five random
readings of plant height (cm) per pot. Values wiben averaged to give the height of
the plants per treatment pot. Total biomass wasutatkd after correcting dry weights

for root sub-samples taken for staining.

2.5 Microbial population analysis

To determine the microbial population, the soil pea from the two Sites were
processed using culture dependent and culture émilmt technique. Culture
dependent, means that all bacterial and fungal Esmpere first obtained from
culture media before being subjected to either imalgnical or molecular analysis to
aid identification. While the culture independeetctinique were analyses of the
bacterial population directly from soil, withoutleuing on media. The main focus
was given to the bacterial population than the &hingppulation due to their fast
growth rate and indications in the literature ogithinteraction with AM fungi
(Marschner and Timonen, 2005; Filli@t al, 1999, Meyer and Linderman, 1986b;
Linderman, 1988). The bacterial functional groupvgo(or three samples from each
group) were selected for species identificationeuolarly, while fungal isolates that
could not be identified morphologically were sedetcfor further molecular analysis.
Selected bacterial and fungal isolates were sudgledb DNA extraction and
amplification, which were sequenced for speciestifieation. It should also be noted
that though the bacterial and fungal samples welentified using molecular
techniques, they are still referred to as cultepethdent since they were first isolated

from different respective media.
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2.5.1 Estimating the number of culturable microbial populations in the
rhizosphere

Plate method

Soil samples (1g) taken from each plot were mixed® ml 2% saline and serially
diluted (six 10 fold series). Aliquots (0.1 ml) frodilutions 1C¢°, 10% 10° were
spread on Nutrient Agar (Biolab Cat no. HG0000Q1d aryptone Soy Agar (Biolab
Cat no. HG0O00OC17) for total bacterial count andRmtato Dextrose Agar (Biolab
HGO00C100) for fungi. Other selective medium usedeM@seudomonads Selective
Agar with CFC supplement (Merck Cat n0.107620.03@®@1), modified phosphate
medium-NBRIP (formulated by National Botanical Rasf Institute, Lucknow,
India) for phosphate solubilisers (Mehta and Naltiz001), nitrogen free medium-
N2A (Paustian, 2006) for free living nitrogen fixeisd Benedict's Modification of
Lindenbein medium-BLM for Actinomycetes (Portral, 1960). Each dilution was
spread onto two replicate plates. Compositions otlifted NBRIP, NA and BLM
media are outlined in Appendix B. The number obogs forming on each medium
was counted at 2 days for fast growing organisnts 48 days after incubation at
37°C for bacteria and 28 for fungi. Colony forming units per gram of s¢@FU/g)
was calculated using Eqn 2.2 (Johnson and Cas&).200

Equation 2.2

No.of coloni I
CFU/g = 0.0f colonies x Dilution factor

Volumeplated (ml)

From each dilution, colonies were picked at randana sub-cultured back onto
selective media of isolation to obtain pure culbur€hese pure isolates were stored

after incubation and growth at@ for further analysis and identification.

Selectivity of media

For the isolation of pseudomonads, BPeeudomonaselective CFC supplement was
added to the pseudomonads agar base. The CFC sgplés composed of the
antibiotics cephaloridine, fucidin and cetrimidéneBe ingredients inhibit both Gram-

positive and Gram-negative accompanying microfldtse modified NBRIP medium
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for the isolation of P solubilizing bacteria waéfeliential due to the presence of an
insoluble phosphide, CaHRQH,O (lllmer and Schinner, 1992). The ability of an
organism to solubilise this phosphate source wasmid by a clearing zone around
the colony. The BA medium is a selective media that lacks any né@rogource. It
therefore encourages the growth of free-livingfiXers due to their ability to utilise
nitrogen from the atmosphere. BLM on the other hamés selective for
actinomycetes due to the presence of complex mitragpurces such as glycerol and
L-arginine in the agar. The nitrogen sources atereadily utilised by most bacterial
organisms thereby favouring the development of nesmbf this genus (Portet al,
1960).

2.5.1.1Morphological identification

Gram staining

Selected pure bacterial isolates were picked fribrsamples and were Gram stained.
Samples were heat fixed, stained with crystal vjiotgline solution, 95% ethanol and
safranin solution respectively for 60 sec each with sec wash interval with water
(Madiganet al, 1998). Samples were air dried and visualisedeurad compound
microscope (Nixon YS100). Recipes of stains anetaild protocol are outlined in
Appendix C.

Tape mounts

Fungal isolates were identified morphologically hsing a scotch tape of
approximately 1cm in length. The sticky end wascethover the fungal culture to
pick up mycelia and other reproductive structurédumgi. This was then placed
upwards on a microscope slide. A drop of TrypaneBil lactogylcerol was added
and coverslips placed over the slide which wasvadld by visualisation under the
compound microscope (Harris, 2000). Reproductivacsires were examined and
identified according to Barnett (1962). Other fungamples that could not be

identified using this method were subjected to mal@r identification.
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2.5.1.2Molecular identification

DNA extraction from bacterial isolates

This was conducted for bacterial isolates obtainet the selective media to identify
isolates to a genus or species level. Genomic Dithaetion from pure bacterial
cultures was carried out according to a proceduténed by Mooreet al, (1987).
Bacterial isolates were grown overnight in nutribrdth cultures. A volume of 1 ml
was taken from each of the cultures and centrifugtetaeus Instrument) in sterile
1.5 ml microcentrifuge tubes at 13000 rpm for 2 snifihe supernatant was discarded
and the pellet was re-suspended in 567ul Tris ER@X#action buffer (10mM Tris-
HCI, 1ImM Sodium ethylenediamine acetic acid (pH)8&@d 30ul, 10% sodium
deodecyl sulphate (SDS). Subsequently, 3ul of 20mihpgroteinase K (Promega Cat
no.V302B) was added to inactivate any enzymatiwviéies. This reaction was mixed
and incubated for 1hr at 3.

A 100ul volume of sodium chloride (NaCl) was added mixed thoroughly. This
was followed by the addition of 80ul of Cetytrimgiimmonium bromide/sodium
chloride mix (1% CTAB / 0.7M NaQl and incubated for 10 mins at 65°C. After
incubation, an equal volume of chloroform/isoamigibhol (24:1) was added and the
mixture was centrifuged for 5 mins at 13000 rpme Higueous phase was transferred
to a sterile 1.5 ml microcentrifuge tube and an atqwolume of
phenol/chloroform/isoamyl alcohol (23:24:1) was eddfrom which the aqueous
phase was once again obtained. This stage denatiueedroteins and kept them
soluble in the organic phase, while the nucleid agas suspended in the aqueous
phase. The DNA was then precipitated with 0.6 vblismpropanol. Pellets were
washed with ice cold 70% ethanol, dried at roompterature and re-suspended in
100ul TE buffer to elute the DNA. Samples wereesdaat -20C (Mooreet al, 1987).

DNA extraction of fungal isolates

A section of the mycelial growth on the plate crdtwas scraped off and put into
microcentrifuge tubes containing 500ul of watertr&stion method followed was
modified from Leeet al, (1988). Samples were vortexed for 2 mins andriéeged

at 13000 rpm for 5 mins and the supernant decailieete freeze thaw cycles were

performed with liquid nitrogen and samples wereshad in 2% CTAB with the aid
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of a sterile micro pestle to ensure effective lydisells. Proteinase K (20ul 2 mg/ml)
was added and allowed to stand at room temperéourd5 mins. Samples were
incubated at 6% for 45 mins with intermittent vortexing every frins. Chloroform
(400ul) was added after incubation, vortexed amdrifeged at 13000rpm for 5 mins.
The aqueous phase was removed and precipitated@hl isopropanol overnight at
-20°C. Pellets were washed with ice cold 70% etharma¢ddat room temperature and
re-suspended in 100ul Tris EDTA buffer, which wasred at -26C (Leeet al,
1988).

2.5.2 Determination of the unculturable microbial populations in the
rhizosphere

DNA extraction directly from soil samples

DNA was extracted directly from soil samples usengcombination of protocols
(Kauffmanet al, 2004; Yeate®t al, 1998; Zhouet al, 1996). This was to ensure
efficient cell lyses and an amplifiable extract.ilSdg) was mixed with 2.7 ml
extraction buffer (100mM Tris- HCI, pH 8.0, 100mMdium EDTA, 1.5M NaCl, 1%
CTAB) plus 1g of sterile glass beads (2mm diameteg) 50 ml centrifuge tube. The
mixture was vortexed for 5 mins and subjected tedlcycles of freezing in liquid
nitrogen and thawing in a water bath at’G7Avas performed to lyse the cells.
Proteinase K (2@) was added and the centrifuge tube shaken hdgftgrat 37C for
30 mins. Subsequently 20% SDS (g)Ovas added and samples were incubated at
67°C for 2hrs. After ultra-centrifugation (Beckham) &000 rpm for 10 mins,
supernatant was transferred to clean sterile degéitubes. The pellet was then
rinsed with 90QI extraction buffer and 1Q0 20% SDS. Mixture was vortexed for 2
mins, incubated at 6Z for 10 mins and centrifuged at 6000 rpm for 5 snifihe
supernatant was combined with the previous extracnd mixed with equal volume
of 30% polyethylene glycol and 1.6 M NaCl. This wasubated for 1 hr at room
temperature to precipitate DNA away from proteinsd gpolysaccharides. The
supernatant was decanted after centrifugation &edpellet was re-suspended in
100ul TE buffer and 1501 7.5 M potassium acetate. Transferred supernateust
treated with an equal volume of phenol/chlorofordtil). The aqueous phase
containing the DNA was transferred to clean tubes taeated with an equal volume

of chloroform/isoamyl alcohol (24:1). The result@MA was then precipitated with
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0.6 vol of isopropanol and left at -ZD overnight. The precipitate was pelleted and
washed with ice-cold 70% ethanol, air dried at rdemperature and re-suspended in
10Qul TE buffer. Samples were stored at°“Q{Kauffman,et al, 2004).

Optimisation of soil DNA extraction protocol

The optimisation of the combined protocol was dahivo stages. The first stage was
at the beginning of the extraction whereby 1g df was placed in a sterile mortar
and crushed with liquid nitrogen. This was donectash cells in the soil prior to
further extraction with extraction buffer and glabsads. The second stage of
optimisation was after re-suspending of the palefE buffer, the potassium acetate
and chloroform stages were left out. To remove bitbry substances a Qiagen
Dneasy® Plant Mini kit (Cat No. 69104) was used.s&mple (500l) from the
previous extraction stage was mixed with AI58P2 buffer in a microcentrifuge tube
to further precipitate detergents, proteins andysaaicharides. Samples were
incubated on ice for 5 mins and centrifuged foriBsvat 1300 rpm. Supernatant was
transferred into a QlAshredder spin column thataess most precipitates and cell
debris. Samples were centrifuged at 1300 rpm fomiBs and eluate (400
transferred to clean tubes. Buffer AP3 (pl)Owas added and mixed by inverting
tubes for DNA precipitation. An aliquot (50 was put into a DNeasy column and
spun for 1 min at 1300 rpm. The flow through wascdrded and this step was
repeated with the remaining 500sample. Subsequently, the column was washed
with 50Qul AW buffer containing ethanol and the flow throudiscarded. To remove
traces of ethanol as this may interfere with subeag reactions, columns were
centrifuged for 1 min. Columns were transferrectl®ean microcentrifuge tubes and
50ul preheated (6%) AE elution buffer was added. Tubes were incubate ice for
20 mins and then centrifuged for 1 min. This stegs wepeated with B0 AE buffer

to give a final volume of 1Q0. Samples were stored at -20°C.

Polymerase chain reaction amplification of bactéganes

Extracted DNA from plate isolates and directly frawil samples followed the same
PCR conditions. Amplification of the 16S rDNA bai#é genes was carried out using
the universal bacterial primers, GM5F and R907 [@&h7). A reaction volume of
50ul with 3-5ul template DNA was carried out. The reaction cargdi 0.25ul/1.25
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units Taq polymerase (Promega Cat no. M166B)| 50X buffer (Promega Cat no.
M188J), 0.2mM Promega dNTPs, 1.75-3.5 Mm Mg@ltimers (0.4 mM) and 3ul of
3 mg/ml Bovine Serum Albumin (Sigma Cat no. 015KD66Amplification was
performed on a MJ Mini Personal Thermal Cycler ¢(Biad) using the conditions in
Table 2.3. The use of different annealing tempeeatin decreasing order was due to

the high Tm variation between primers (Table 2.7).

Table 2.3PCR cycling conditions used for the amplificat@fil6S rDNA.

Steps Conditions Temperature Time (s) Cycles
°C)
Initial Initial 1
Step denaturing 94 120
Denaturing 94 30
StePl  Apnealing 64 45 4
elongation 72 120

After step 1, subsequent annealing temperatures dexreasing
in the order 62, 60, 58, %6 for the same number of cycle. The
last cycle before the final step (82) was for 12 cycles.

Final Final 1
Step elongation 240

PCR products were electrophoresed with a 100bp+iktecular marker on an
ethidium bromide stained (Qu@/ml) agarose gel (1% wt/vol agarose) at max 120V
for 45 mins. Gels were visualised using a UviprashEransilluminator and a digital

image was recorded.

PCR amplification of fungal genes

Amplification of the internal transcribed spacefrg) region of the fungal gene was
carried out using universal fungal primers ITS1k &anS4 primers (Table 2.7). A
similar reaction protocol to the bacterial PCR migtwas used. The reaction was run
on MJ Mini Personal Thermal Cycler (Bio-Rad) usthg following conditions: initial
denaturing at 94°C for 2 mins, 35 cycles (94°C306rsec, annealing at 47°C for 30
sec, elongation at 72°C for 60 sec) and a finalgdtion of 72°C for 7 mins. Analysis

of PCR products was conducted as previously stitete.
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Purification of DNA

PCR product to be used for sequencing and clonieig wurified using the Wizard
SV gel and PCR clean up kit (Promega Cat no. AQ2BNA was purified by the gel
incision and centrifugation method as instructedh®ymanufacturer. Incised gel was
placed in micro-centrifuge tube and an equal amo@imembrane bind solution was
added (10ul solution per 10 mg gel slice). This wasibated at 65°C for 2 mins to
dissolve the gel. Dissolved gel mixture was tramsf® to a minicolumn assembly,
allowed to stand for 1 min and centrifuged at 18,@0m for 1 min. Columns were
washed with 700ul membrane wash solution, centifluth remove flow through,
after which samples were eluted to a final volurhB0pl with the nuclease free water

provided and stored at -20°C.

2.5.2.1Sequencing and analysis

Cleaned PCR products were sent for sequencingt®liodes University Sequencing
Facility. The product was sequenced using ABI Pri®igDye Terminator
v3.1 Ready Reaction Cycle Sequencing kit (Cat n83649) according to
manufacturer’s instructions with the primer paiM&F and R 907 for bacteria, ITS 1
and ITS 4 for fungi samples. The sequences wetah$ed by electrophoresis on an
AB3100 Genetic Analyser (Applied Bioinformatics)ediiences were aligned using
Bioedit software (Hall, 1999) and submitted for garative analysis to the National
Centre for Biotechnology Information (NCBI) onliséandard Basic Local Alignment
Search Tool (BLAST) program (Wheelet al, 2006). The significant level of
similarities with 16S rDNA and ITS sequences in tBenbank database was
determined by noting the percentage identity aedettpectation value (E-value). The
reliability of the percentage identity was relatedthe expectation value (E-value).
The E-value shows the equivalent or similarity afuanber of alignment score to the
raw alignments score that are expected to occardatabase; the lower the E-value
the more significant the score (Wheet¢ral, 2006). A significant similarity value of
>95% and >98% was accepted in this study as beignti the same genus and

species, respectively.
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2.5.2.2Polymerase Chain Reaction-Denaturing Gradient Gel
Electrophoresis Analysis

DGGE analysis on the bacterial 16S rDNA genes veased out using 1@ of PCR
product obtained from DNA extraction directly fragnil. Gels (5.4 ml final volume)
contained 40% (wt/vol) polyacrylamide (37:1 acryldeibis-acrylamide) (Sigma Cat
no. A7168), 10X Tris/acetic-acid/EDTA (TAE) buff&0ul 20% (wt/vol) ammonium
perosulphate (Biorad Cat n0.1610700) and 4ul N,N,Netramethylethylenediamine
(Sigma Cat no. T7024). The denaturant gradientfneas 35% to 80%, where 100%
denaturing acrylamide was defined as containinguf®a (Sigma Cat no. 2003155)
and 40% (vol/vol) formamide (Sigma Cat no. FO03#)is gradient was chosen due
to the nucleotide size obtained from the PCR aicplibn (Atkins, 2005). The
gradient allows nucleotides sequences to sepamgedbon the G-C content. All
DGGE analyses were electrophoresed in a DCode i8y®&-Rad) with preheated
(60°C) 1x TAE for 10 mins at 200V, as a pre-run dmter at 180V for 2 hrs after
loading samples in wells. Gels were stained in AETcontaining 5QI of ethidium
bromide for 15 mins. This was rinsed with water arsthg a UV Transilluminator

visualized.

2.5.2.3Cloning, ligation and transformation

Purified bacterial DNA samples were cloned usingeRIG-T Easy Vectors Kit
(Promega Cat no. A1360). Ligation and transfornmatieas carried out according
manufacturers instruction. Ligation reaction coméai 1ul PGEM -T, fl, 2x ligation
buffer, Jul, T4 ligase and @ of purified DNA. Positive and negative controlene
also used to access the performance of the PGEMask Vector system. For the
positive control a control insert DNA supplied withe kit was used, while for the
negative control no insert was added. This wasdeér night or longer for optimal
ligation. Transformation into recombinant plasmidas achieved with laboratory
prepared competent cells using a RHE. coli colony (Appendix D). Transformation
was conducted by transferring 2ul of ligation mimetuinto sterile 1.5 ml
microcentrifuge tube on ice. Thawed competent ¢ésil) were added and the tubes
flicked to mix. Tubes were incubated on ice fom2idis after which a preheated water

bath was used to heat shock cells at exactly 42#C46-50 sec. Tubes were
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immediately returned to ice and 900ul of SOC medaaded to tubes containing
transformed cells and ligation reaction. This waibated for 1.5 hrs at 37°C for cell
growth. A volume of 100ul of the transformation towé was plated onto Luria
Bertani Agar (Biolab 1023845) which contained Anilpic (100mg/ml), 0.1M
isopropyl-beta-D-thiogalactopyranoside (IPTG) (Pega Cat no. V3955) and
50ug/ml  5-bromo-4-chloro-3-indolyl-b-D-galactosidéXgal) (Promega Cat no.
V3941). Refer to Appendix E for all cloning recipes

Screening of transformants was conducted by setpethite colonies at random and
growing colonies overnight in LB broth cultures taining ampicillin (s Amp/5 ml

of cultures) at 37°C. With the use of experimentahtrol, transformation was
determined as whether it was sub-optimal or failBal.isolate the plasmid from the
broth cultures a Smart Prep Plasmid Isolation®iagen 27104) was used according
to the manufactures instructions. Plasmid extraotse stored at -20°C pending
confirmation of inserts and correct size. To canfthe size and presence of an insert,
a plasmid PCR condition (Table 2.4) using primers3Morward and M13 reverse
(Table 2.7) as well as a restriction digest witoR 1 (Table 2.4) was conducted
These primers bind symmetrically to the PGEM-T Ed¥sgtor immediately on both
sides of the plasmid 249-2972 binding site of pUCAWforward and 176-197
pUC/M13 reverse (Promega, 2005). This means tiegptimers would only amplify a

section of the plasmid and the insert.

Table 2.4 PCR reaction mixture as used for plasmid ampliiicabf cloned samples.

Component Volume per 1l of Final concentration
reaction

Water 6.275 -

10X buffer 1.75 1x

DNTP mix, 2mM each 1.35 0.2mM each

M13 forward 1.75 1.pm

M13 reverse 1.75 1p8n

25mM MgCh 1 1.75mM

Tagpolymerase 0.12 1.25/2.0U440

Template 2
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Amplification was performed on a MJ Mini Person&lefmal Cycler (Bio-Rad) using
the following conditions: an initial denaturing@°C for 2 mins, 35 cycles (94°C for
30 sec, 55°C for 1 min, 72°C for 2 min 30 sec) anfihal elongation of 72°C for 5
mins. PCR products were electrophoresed with a @0@b molecular marker on an
ethidium bromide stained (Qudg/ml) agarose gel (1% wt/vol agarose). Inserts with
correct size of approximately (600-680 bp) werentlsequenced (Section 1.5.2.1)
using the plasmid extracts and the universal batterimers GM5F and R907 (Table
2.7). Nucleotide sequences of clones were BLASTeINGBI website for closely

related matches.

2.5.2.4Restriction digest

Products from cloning and purified PCR products evefigested using three
restriction enzymes that have sites for the follmywiecognition nucleotide sequences
(Table 2.5). Restriction enzymes are proteins titdouble stranded DNA at very
specific locations. Each restriction enzyme receggia very specific DNA sequence
before cutting the DNA. The enzyme recognitionssiee usually the same sequence
on both strands but in the reverse direction (T28. Hence it either recognises the

57-3" sequence or vice versa. Reactions were dastieas outlined in Table 2.6.

Table 2.5 Recognition sequences of the restriction enzymesl dsr restriction fragment
length polymorphism.

Enzyme Sequences
5GARTTC 3
I CTTAAGH

EcdR 1 (Promega Cat.no. R6011)
5 CTGCAQ3

Pstl (Promega Cat no. R6111) I GACGTCY
5GT(T/C)(AIG)AC 3’

_ 3'CAA/G)(YO)TG 5’
Hinc Il (Promega Cat no. R6031)

Indicates excision points

A
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Table 2.6 Restriction digests parameters used in RFLP arsabyfsplasmid extracted DNA
samples.

Component (2Qul volume) Single digest Triple digest
Buffer 2ul 2ul
Enzyme(s) Lul 0.5ul each
Distilled water 13ul 12.54
Template 4ul 4l

In each reaction tube, QPBSA was added and samples were incubated at 7°C
1hr. Reaction mixture (8) was run on ethidium bromide stained agarose(b#
wt/vol) and electrophoresed with 1kb molecular nearKSbranaet al, 2002).
Visualization was done using the UVprochemi Trdusiinator. Agarose gel was
analysed based on the comparison between knowrictiest patterns of identified
bacterial isolates and also with unknown bacteugtures from plates. Band size was

determined using a molecular ladder.

All nucleotide sequences obtained from the molecidentification of pure cultures
from selective media and clones obtained directynf soil extractions were aligned
(Appendix F) together with closely related sequenobtained from the Genbank.
These nucleotide sequences were used to construtadagram that highlights
similarities between sequences. The intention was to determine genetic or
phylogenetic resemblance but rather to determieestmilarity between sequences

obtained through culture dependent and culturepieddent techniques.
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Table 2.7 Primers used in the study for the amplification16S rDNA, ITS regions and
plasmid inserts.

Primer  Sequence Tm Reference

GM5F 5'-CCTACGGGAGGCAGCAG-3’ 58.2 Muyzeret al,
1995

R907 5'CGCCCGCCGCGCCCCGCGCCCGTCCCGLCCG 81.8 Muyzer et al,

CCCCCGCCCGCCGTCAATTCCTTTGAGTTT-3 1995

ITS1F 5-CTTGGTCATTTAGAGGAAGTAA-3 49.7 Gardes and
Bruns, 1993

ITS4 5-TCCTCCGCTTATTGATATGC-3' 52.1 White et al,
1990

M13 5-GTTTTCCCAGTCACGAC -3 57.1 Promega, 2005

forward

M13 5-AGCGGATAACAATTTCACACAGG-3’ 60.9 Promega, 2005

reverse

2.6 Arbuscular mycorrhizal fungal population assessment in soils

2.6.1 Spore extraction and enumeration

Soil samples collected from each treatment ploinfiooth field Sites were sieved
through a 2mm sieve to remove large debris. Aedisub sample (100 g) was taken
from each sample and placed in a 500 ml beakemagong 200 ml 0.08 M sodium
hexametaphosphate solution to break up clay cluifips.suspension was agitated for
5 mins and left to settle for 15 secs (Smith anckBon, 1997). The supernatant was
decanted through a nest of sieves with reducinghnsezes from 42&m, 25Qum,
125um to 4qum. This step was repeated with water twice anddilaris from the
425im was discarded. The debris on the remaining sje@@gaining the AM spores
was washed into 50 ml centrifuge tubes for purifma The spore suspension was
centrifuged (J.P. Selecta S.A) at 3000 rpm for Banafter which the supernatant was
discarded. The pellet was re-suspended in 60% seiolution and centrifuged for
another 5 mins. The supernatant containing AM fursgares was decanted into a
45um sieve and washed with water to remove sucros¢henspores (Smith and
Dickson, 1997).
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Spore enumeration

Spores were then washed onto a 9 cm grided fikgepdisc (Whatman #1) in a
Buchner funnel and vacuum filtered. The filter papes transferred to clean Petri
dish lids and enumerated. AM fungal spore enunwmratincluded both dead and
viable spores, although every attempt was madeuataonly healthy looking spores.
Spores were recorded as representatives of AM fusigecies present in 100g of
sample (Smith and Dickson, 1997). This was donegusi dissecting microscope,
Leica S4E.

2.6.2 Root colonisation

Root samples from pot trials, Site 1 and Site 2ewsarefully washed and cut into 1-
3cm sections. Sections were covered with 5% KOHRtswi and incubated at 90°C
for 45 mins, to remove the cytoplasm and all ca@dumaterial from the plant cells.
The KOH solution was discarded and the roots wieised well with distilled water.
Roots were covered with a freshly prepared alkatip®, solution (Appendix G) to
bleach for 60 mins. The bleaching solution wasatided and the roots were rinsed
with water. Roots were acidified in a 0.1M HCI sadn overnight to ensure adequate
binding of stain to fungal structures. The HCI $ioln was discarded and roots were
covered with Lactoglycerol Trypan Blue (0.05%) stand incubated for 45 mins at
90°C. The stain was poured off and roots were @evith lactoglycerol destain
(Appendix G). Roots were allowed to destain ovdmhidpefore microscopic
examination (Smith and Dickson, 1997). Finally,teowere mounted on microscopic
slides and using a compound microscope examinegl péhcentage root colonisation
was calculated using a modified Line Intersect MdtfMcGonigleet al.,1990). This
method involved squashing segments of stained ot microscope slide after it is
covered with a cover slip. Roots were selectedexained for their entire length, a
field of view at a time. One field of view using 40magnifications was scored at
intersects between an eyepiece micrometer with itlhowt mycorrhizal structures
(arbuscules, vesicles or hyphae). The number obmlgizal structures in a 100 fields

of view was equal to the percentage colonisation.
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2.6.3 Glomalin extraction and quantification

Glomalin, a glycoprotein commonly produced by AMh@iiwas extracted from soil
(1g) samples collected from trial plots as describg Wright and Upadhyaya (1996;
1998). The total protein extraction was carried with 8 ml, 50mM sodium citrate,
pH 8.0 at 121° C for 60 mins. Samples were cemetlimmediately at 5000g for 15
mins and were repeated twice. Supernatant contpipmotein was removed and

stored at 4°C for quantification.

Bradford assay

Concentration of glomalin (mg/ml) was determinedhwthe Bradford assay, using
Bovine Serum Albumin as a standard (Bradford, 19BSA stock solution was
prepared by dissolving 16mg of BSA (Sigma Cat n82%4) in 10 ml triple distilled
water. Standard concentrations ranging from 0.1ib.Ga final volume of 16d
(Appendix H) were prepared using stock solution avater. A volume (pl) of
standard, blank (water) and test samples were punicrotitre plates, after which
25Qul of Bradfords reagent (Sigma Cat no. B6916) wadeddnto each wells and left
for 15 mins. Spectroscopy readings were taken &hmOusing a Power Wave X
Spectrophotometer (Biotek). Readings from the seshple were compared to the
standard curve (Appendix H), which is known to déxhia linear relationship
(Bradford, 1976). Concentrations were calculatemhgushe equation y = ax + bc
derived from the standard curve (Appendix H), whergives the value of the

unknown concentration.

2.6.4 Most Propable Number

An average most probable number (MPN) was condugsiay soil samples from
treatment and control plots of each Site. Procethitewed was that of Smith and
Dickson (1997). It involved a series of ten-foldl-swil dilutions, using test soil and
pasteurised soil. Each dilution had five replicalients. A 10" dilution was made by
adding 200g of test soil to 1800g of sterilized!| soia plastic bag. Samples were
mixed thoroughly and 200g were removed for the milktion (10%). The remaining
soil sample was put into torpedo tubes that were-washed in 30% sodium

hypochloride. The next dilution () was made by using the 200g from the previous
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dilution and mixing it with 18009 of sterilized $0200g from the mixture were also
kept for the next dilution. This was repeated umkie 10" dilution. Seedlings
(Sorghum grain), used as trap plants, were surface statilise 30% sodium
hypochloride for 20 mins. The seeds were then drtb@roughly with water and
planted into the tubes starting from the highekttidin. Seeded trays were kept in a
plastic tunnel where they were watered daily wit# kterilised water for 4 weeks.
Plant roots were stained (section 2.6.2) and exaanfar the presence or absence of
AM fungal colonisation under a compound microscopelus was given when any

mycorrhizal structures were found in the entiret ystem.

MPN infectivity assessment

The MPN readings were calculated using equatiosgdan the probability theory
from the number of root systems in dilutions mateve i.e. 13- 10* (Smith and
Dickson, 1997). From the results, the P values f2land P3) were obtained. Where
P1 was the number of mycorrhizal plants in thetleascentrated dilution that had
the greatest colonisation; P2 and P3 was the numabgrants with mycorrhizal
colonisation in the next two higher dilutions. Usithe probability table (Cochran,
1950), the row to which the observed P1 and P2sponds to P3 was taken as the
MPN of propagules in that compartment. The values wWeen multiplied by the
dilution to give the MPN per 200g of soil.

2.7 Alternative host plants from around the mine area

Plants growing around the mine area at Makana Bxiak Tile were collected using a
hand spade to uproot whole plants. The shoots separated from root materials and
were stained individually following procedure incden 2.6.2. Stained roots were
observed for presence of arbuscules, vesicles,ahygdils, extra-radical hyphae and
other mycorrhizal structures (sheath, mantle, garét). These mycorrhizal features
were grouped either into an AM fung&lrgm— linear hyphae in between root cortical
cells orParis — hyphal coils in the root cortical cells) type @ajflonisation or into

endomycorrhizal type of colonisation (hyphal cailsintercellular hyphae with no

trace of vesicles or arbuscules). Shoots were @mebtaken to the Selmar Schonland
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Herbarium, Grahamstown for identification. Idemdiplants were classified into their
respective families, flowering season and habi@oldblatt and Mannings, 2000;
Martin and Noel, 1960; Levyns 1929).

2.8 Statistical analysis

To normalise data sets, data were log transforiexrlpressed in CFU/g. A repeated
measure Analysis of Variance (ANOVA) with 2 wayeafts (Zar, 1999) was used for
all data sets that were obtained over a periodr#.tThis type of analysis was chosen
under the premise that members of a random samgie measured under different
conditions and the dependent variable (i.e. treatmaas measured repeatedly
(Statsoft, 2005; Lutgeat al, 2003). The use of standard ANOVA in this caskrut
seem appropriate because it failed to correlatedpeated measure (measurement of
treatment over time) simultaneously. Comparisoris/éen Sites were analysed using
two-way ANOVA. For analysis of microbial and mydozal population in
Limestone Hill farm a one-way ANOVA was used duetlte once off sampling.
Significant difference between group means wasrdeted using Bonferroni test of
significance. Due to the nature of this study, whivas to gain extrapolative
information on the effect of AM fungi on bacterjabpulation numbers, the level of
significance for ANOVA and Bonferroni test was 524l analyses were carried out
by means of StatSoft, Inc. (2005) STATISTICA (dataalysis software system)

Version 7. www.statsoft.com.
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3 Results

3.1 Sail texture and nutrient analysis

To study the influence of land use and plant spgeoierhizosphere micro flora, two
Sites with varying soil characteristics and playpets were compared (Table 3.1).
From the soil analysis conducted by Eco Analytataoratory, the mining Site (MBT)
was observed to have higher cations (Ca, Mg, Nagdficentrations than the farm
Site (LHF). The MBT Site had a pH of 7.68 thatlisse to alkaline and the LHF Site
an acidic pH of 4.93 (Table 3.1). Though the amaafnhitrate and nitrite was not
determined for the LHF Site, the amount of mineri&dogen in the form of Nklwas
greater than that of the mining Site. AvailableBPafy P) measured at the LHF Site
was approximately 12 times greater than the amfoumtd at the MBT Site. In terms
of soil texture, which was analysed using a textuni@ngle, both Sites are regarded to

have relatively high soil clay contents (Table 3.1)

Table 3.1Chemical and physical characteristics of soil sampbtained from the field Sites: Makana
Brick and Tile Pty and Limestone Hill Farm.

Site Makana Brick Tile Limestone Hill Farm
Pty

Land use Mining Farming
Clay % 40 65
Silt % 16 0
Sand % 44 38
Textural sum 100 103
Soil texture Clay loam Clay
Nutrients (mM/L) Ca 2.65 0.14

Mg 5.00 0.14

K 0.68 0.47

Na 32.00 0.53

NO; 2.86 ND

NO, 0.01 ND

P 0.01 ND

NH,4 0.06 0.12

%C 1.38 1.02

Bray P (ppm) 5.87 72.58
pH 7.68 4.93

Values of each nutrient represents mean of thiglecates. ND — Not determined
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3.2 Pottrial analysis

Determination of fertiliser effects on AM fungi & plastic tunnel was successfully
achieved usingC. dactylonseedlings (Fig. 3.1). To determine this effecg #noot
height, plant biomass and percentage root colaarsatere analysed (Table 3.2; Fig.
3.2; Fig. 3.3). The maximum shoot height measutesi \meeks was 9.82 cm in pots
treated with Organic Tea + AM fungi. However, shhetghts of 16.36 cm and 17.45
cm were recorded at 12 and 28 weeks respectivehy flants treated with 3:1:5 NPK
+ AM fungi. Analysis of the overall effect observat 6, 12 and 28 weeks using a
two-way ANOVA indicated that there was a signifitaffect @ = <0.05) of
treatment and number of weeks on plant shoot he(dable 3.2, Fig. 3.2).
Differences between treatments were mostly insicgnit, with an exception between
control pots (4.23 cm) treated with Organic Teay@tl6 weeks and pots treated with
3:1:5 NPK + AM fungi at 12 (16.36 cm) and 28 (17e¥B) weeks. No significant
difference between treatments was observed at &svee plant biomass. But, at
week 12 a significant difference was recorded betwgots treated with 3:1:5 NPK +
AM fungi and other treatment pots during that pear{@able 3.2, Fig. 3.3). At 28

weeks, the differences between treatments wergnifisiant.

The microscopic examination of stain€ddactylonroots sampled at 6 and 12 weeks
had a colonisation percentage range of 0-10% fer ttkated and control pots.
Colonisation became more evident at theé" 28eek with the majority of roots
colonised byParis-type hyphal coiling and formation of vesicles (F&y4). Although
the differences between treatments were not clafisiynctive, the percentage root
colonisation at 28 weeks showed a remarkable difiez between treatments. From
this result, there is an indication that the Orgahéa and 3:1:5 NPK fertilisers are
capable of improving plant yield by 60% and 70%pexctively as measured by plant
biomass (Fig. 3.3). However, in terms of their effen AM fungi, the inorganic
fertiliser (NPK- 3:1:5) was more compatible withettAM fungal inoculant and
enhanced root colonisation (80%), while applicatioh Organic Tea reduced
colonisation to 65% (Fig. 3.5).
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Figure 3.1 Pot trial of Cynodon dactylorplants at 6 and 28 weeks with varying treatmeAts.
Cynodonplants behind have been treated with Organic TéaF; plants in front have been treated
with Organic Tea only (6 weeks after plantinB).Cynodonplants behind have been treated with 3:1:5
NPK + AMF; plants in from have been treated with:3:NPK only (6 weeks after planting}. From

left to right plants were treated with Organic Tedy and Organic Tea + AMD. From left to right
plants were treated with 3:1:5 NPK only and 3:1B\+ AMF.
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Table 3.2Shoot height and plant biomass@fnodon dactylotreated with Organic Tea and
3:1:5 NPK fertilisers either with or without arbugar mycorrhizal fungal inoculum (AMFE)

Treatment Shoot Height (cm) Plant biomass (g)
6 week

Organic Tea + AMF 9.82+2.72 cd 426 +253c
Control A (Organic Tea only) 432+394c 4.86.28ldc
3:1:5 NPK + AMF 9.35+6..35 bed 5.60+3.71c
Control B (3:1:5 NPK only) 6.62 +2.68 cd 2.938Bc

12 week

Organic Tea + AMF 11.15+2.24 bc 7.56 £ 1.19 abcd
Control A (Organic Tea only) 7.86 £2.41 bc 6.86.68 dc
3:1:5 NPK +AMF 16.36 +2.47 ab 17.23+4.12a
Control B (3:1:5 NPK only) 11.23 £4.00 bc 6.23 ¥0c

28 week

Organic Tea + AMF 11.62 +1.48 bc 13.9 + 6.64 abd
Control A (Organic Tea only) 13.80 £2.57 bc 11.83.65 abcd
3:1:5 NPK +AMF 17.45+1.43 ab 17.49+1.04 a
Control B (3:1:5 NPK only) 15.27 £ 3.15 bd 9.79 81 abcd

P value/F value
Treatment 0.0005/4.8447 0.0089/8.2823
Weeks <0.01/14.3948 <0.01/22.9598

Values are means of three replicates + standardhtitav. Means followed by same letters within
columns are not significantly differentRt< 0.05 by Bonferroni test.

81



Chapter 3 Results

20 - 0 6 weeks

0 12 weeks
18 -
0 28 weeks

Plant shoot height (cm)
(BN
N
|

0 T T T 1
Organic Tea+ Organic Teaonly 3:1.5NPK+AMF 3:1:5 NPK only
AMF

Treatments
Figure 3.2 Plant shoot height d€ynodon dactylotreated with Organic Tea and 3:1:5 NPK fertiliser

with or without arbuscular mycorrhizal fungal (AMHpoculum. Bars represent means of three
replicates + standard deviations.
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Figure 3.3 Plant biomass o€ynodon dactylortreated with Organic Tea and 3:1:5 NPK fertiliser
with or without arbuscular mycorrhizal fungal (AMHR)oculum. Bars represent means of three
replicates + standard deviations.
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Figure 3.4 Colonisation of root cortical cells by arbusculayaorrhizal fungi. All images were
obtained from stainedCynodon dactylonroot samples that were assessed for percentage roo
colonisation A andD show vesicles (V) of different sizes, which shapethe structural boundary of
the cell.B andC showParis type hyphal (H) coiling.

A B

Control B
Control A
35%
Organic Tei
+AMF
65%

20%
Figure 3.5Percentage root colonisation ©fnodon dactylorat 28 weeks from pot triah. Organic
Tea + arbuscular mycorrhizal fungal (AMF) inocultand control with fertiliser only. Percentage
values are mean of three replicates with + standaxghtions of 9.5 and 6.8 for treatment and cdntro
respectivelyB. 3:1:5 NPK with AMF inoculum and control with fédiger only. Percentage values are
mean of three replicates with + standard deviatiohsl0.5 and 4.0 for treatment and control,
respectively.

315 NPK +
AMF
80%
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3.3 Microbial population analysis

3.3.1 Estimating the number of culturable microbial populations in the
rhizosphere

In this study, greater attention was given to héatgopulations in the rhizosphere
rather than to the fungal population, although iprelary data was recorded. The
colony forming units (CFU) for the total bacter@bpulation was carried out using
Nutrient Agar (NA) and Tryptone Soy Agar (TSA). Ngupported the growth of
bacterial colonies slightly better than TSA medioynan average value of 7.08 (NA)
to 6.95 (TSA) Log CFU/g soil though not statistigatalidated. The total culturable
bacteria over time were detected on NA af #ilutions and analysed using repeated
measure ANOVA (Fig. 3.6). The result indicated tha total microbial numbers
remained stable in both treated and control plotsughout the sampling period at the
MBT Site. From the univariate result at each peribdre was a significant effect of
treatment P = 0.0153 on bacterial numbers at 9 months. But as detexdnine
Bonferroni test of significance, there was no significant efiéince between plots
treated with and without AM fungi at the same pérf time. The simultaneous
analyses of all sampling periods indicated a sigait effect of time but with no
significant effect of treatmentP(= 0.6888) (Fig. 3.6). Comparing the bacterial
numbers obtained at the MBT Site at 9 months to #tahe LHF Site (once off
sampling) after 5 months, a significant differemgebacterial numbers between the
two Sites were observed statistically (Fig. 3.He BT Site had a higher bacterial
number of 7.08 Log CFU/g soil than the LHF Site6(og CFU/g soil) for both
control and treated plots. But, the differencesvieen treated plots with AM fungi
and the control plots remained insignificaRtX 0.05) at both Sites. The interaction
ratio of 0.725 of effects tested in Fig. 3.7 indésathat the effect of Site and treatment

is independent of each other.
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Figure 3.6 Total culturable bacteria from the rhizosphererbiiacular mycorrhizal fungal inoculated
and control plots at the mining (MBT) Site over éinColonies counted were incubated for 4 days at
37°C on Nutrient Agar. Log CFU values are meandeof replicates, bars represents + standard
deviation. Means followed by the same letter aresmnificantly different aP < 0.05 by Bonferroni
test. Significant probability value of overall tirefect was F, 3= 597.77,P = < 0.01.
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Figure 3.7Total culturable bacteria from the rhizospherehef sampled Sites indicating land usage at
the MBT- mining (9 months) and LHF- farming (5 mbsy} Site. Colonies counted were incubated for
4 days at 37°C on Nutrient Agar. Log CFU valuesraeans of ten replicates, bars represent + standard
deviation. Means followed by same letter are ngnigicantly different afP < 0.05 by Bonferroni test.
Significant probability value of overall effectssted included: Treatment 5 k;=5.79,P = 0.0222;

Site = i, 3,=106.47,P = 0.01
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From the MBT Site a total of 30 isolates were selé@t random for Gram staining
from NA plates at 3, 6 months and from both NA di8A plates at 9 months stage of
sampling. While from the LHF Site a total of 40la&tes were selected from NA and
TSA plates. Once pure cultures of all isolates westablished, Gram staining was
conducted. The Gram staining of isolates was caeduto determine the phenotypic
majority present in the soil. Thus, isolates wezkected regardless of the treatment
plots from where they were isolated. As much assibpéess colonies with similar
morphological features were avoided to ensure & watige of bacterial species. The
results (Table 3.3) indicated possible morpholdgichanges in the bacterial
population over time. The last stage of samplinghat MBT Site depicts Gram-
positive rods (a 3 to 2 ratio) as being the domtirggoups present. This could also be
said for the LHF Site were the ratio of Gram-pesitto negative was 6:4 with rods
being the major phenotype.

Table 3.3 Phenotypic characteristic as determined by Graimmistaof randomly selected
bacterial isolates obtained from both mining arrdhfag Sites.

Time No. of No. of Total Gram- Lowest denomination Rods:cocci: spirillum
(months) Gram- Gram- positive and ratio of Gram-positive

positive negative  Gram- and  Gram-negative

isolates isolates negative isolates

isolate

MBT
3 25 5 30 51 13:3:14
6 4 26 30 2:13 16:14:0
9 18 12 30 3:2 24:6:.0
LHF 24 16 40 6:4 25:14:1

MBT- Makana Brick and Tile (mining)
LHF — Limestone Hill Farm (farming)
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Determining specific functional groups in the rigpbere

Colony forming units for the functional groups, &lubilisers, Actinomycetes, free-
living N, fixers and pseudomonads were obtained at tHill@ion. Seeing that the
colonies were below the range (25- 300 coloniesl) Was used for statistical analysis
as well as the zero values obtained indicating noavth, comparison between media
and the effect of treatment was not analysed. Ratthe Log CFU/g for each
treatment was graphically represented. On the NBRHElium clearing zones of
CaPHQ solubilisation were visible for fungal isolatesherl bacterial isolates with
clearing zones were sometimes difficult to detesmimtil sub-cultured because this
medium accommodated the growth of other organi8hd! medium was selective
for Actinomycetes as filamentous colonies growing and inside the agar were
observed. The majority of the actinomyceisolated, when sub-cultured were non-
fastidious growing organisms as they took a minimfrd-5 days to grow. For the
N2A medium, the ability of bacterial isolates to grow the nitrogen free media was
an indication of the presence of free-living Rixers that can utilise atmospheric
nitrogen for growth. From Fig. 3.8, results shovleat bacteria rather than fungi were
in majority, with the free-living B fixers and actinomyceteas the dominant
functional groups. Differences in the microbial rhers in plots treated with
mycorrhizal fungi and the control plots were nostitictive. At the LHF Site, the
presence of P solubilisers in plots treated with Alhgal inoculum with none
recorded from the control plots (Fig. 3.8) indicathat there could be a possible
change in species composition, not necessarilyesgptative in bacterial numbers.
Similar numbers of actinomycetes; fixers and fungi were recorded in both Sites
though not statistically validated. Slight diffeces between the two land use types
were observed in the number of pseudomonads (FR®). Ihough the fungal
population was not given much attention it was ole# from the preliminary
analysis that they were present in an amount a8 hdg CFU/g soil, which was
similar to the bacterial numbers (5.01 Log CFU/i) sibtained during that period.
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Figure 3.8Total microbial numbers of different functional gps from replicate plots at the MBT (1)
and LHF (2) Site + SD at f@ilutions. Log CFU values are means of ten repisaColonies counted
were incubated for 4 days at 37°C and 28°C fords&ctind fungi, respectively.

From each functional group, representative iselateosen for species identification
were subjected to DNA extraction and PCR amplifteatwhich were successful and
efficient judging from the quality of bands obtain@-ig. 3.9). Isolates were coded as
Act, PSA, N2A and NBP to represent functional graughe media from which the
isolate was obtained. Letters A and B were usatktmte control plots while letters C
and D were used for the plots treated with AMF. Afigation of the 16S rDNA
resulted in bands of between 500-700bp in size isisalised using agarose gel
electrophoresis (Fig. 3.9). BLASTed nucleotide ssmes of the bacterial isolates
were closely related to species, which includedinanotycetales bacterium,
Pseudomonaspp., Bacillus megateriumBurkholderia spp and Streptomycesp.
(Table 3.4). Identity values of Isolate N2A A53 adBP C33 were below the cut off,
which was greater than 95% at the genus level &% for species level. Thus,
identity of the two isolates is not conclusive. Buron the other hand, were
morphologically identified using tape mounts aneéwed under the compound
microscope. Molecularly, the CTAB method was effexin the extraction of DNA
from pure fungal cultures. Subsequent amplificatérextracts resulted in bands of
between 500-700bp (Fig. 3.10). Fungal isolatestifled belonged to various genera
that were either saprotrophic or potentially patug (Table 3.5). Closely related

species for the fungal isolates included 4 isolate§usariumspp, Trichoderma
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harziarum 3 isolates of Ampelomycesspp. and a rarely isolated soil fungi
Exserohilum rostratunfAppendix F). The frequently isolated genera a=meined
morphologically, from the MBT Site were mainunninghamellasp., Aspergillus
sp, Penicillumsp. andCephalosporiunsp., whileAspergillussp. andTrichoderma
sp. were the majority at the LHF Site (Table 3.Bhe generaCunninghamella
Aspergillus and Penicillium were also found to be P solubilisers and had & hig
affinity to solubilise CaHP® which was observed from the large clearing zones

formed.

L12 3456789 10 1

Figure 3.9 Ethidium bromide stained agarose gel (1%) showi@fR Rimplification of 16S rDNA of
bacterial isolates obtained from the mining andnfag Site on various selective media. L - molecular
ladder (1kb), lanes 1- Act C29, lanes 2- Act C3hek 3 — Act C39, lanes 4 — N2A A52, lanes 5 —
N2A A53, lanes 6 — PSA C41, lanes 7- PSA Al,lanesR8SA D41, lanes 9 — NBP C31, lanes 10 —
NBP C33, lanes 11 — control (water instead of tetepDNA). Act — Actinomycetes (BLM), N2A —
free nitrogen agar, PSA — pseudomonads selectiag &IBP — phosphate solubilising agar. Code A
and B denotes — control plots, C and D denotesbusaular mycorrhizal fungal inoculated plots.
Figures are plate replicate codes.
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Table 3.4 Partial sequence analyses on 16S rDNA gene of ligcigolates obtained from
different functional groups and their affiliatiom telated nucleotide sequencédentity
values >95% were regarded as being significant

Bacterial Closely related match Site % E-values Accession No. of
Isolates identity (NCBI) Isolation  Identity closely related
sequences (NCBI)

Actinomycetes

Act C29 Actinomycetales LHF 99 0.0 DQ144217
bacterium

Act C31 Streptomycesp. MBT 95 0.0 DQ663172

Act C39 Unknown MBT - - -

Pseudomonads

PSA C41 Pseudomonasp. LHF 98 0.0 DQ464386

PSA Al Pseudomonas fulva MBT 96 0.0 AM161143

PSA D41 Unknown MBT - - -

Nitrogen

fixers

N2A A52 Bacillus megaterium LHF 98 0.0 DQY04608

N2A A53 Burkholderia glathei LHF 90 0.0 AY154378

Phosphate

solubilisers

NBP C31 Bacillus megaterium LHF 98 0.0 DQ904608

NBP C33 Burkholderiaceae MBT 92 0.0 DQ490307
bacterium
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Figure 3.10Ethidium bromide stained agarose gel (1%) showi@& Rmplification of 18S rDNA of
fungal pure cultures isolated from the mining Sited the farm Site, which could not be identified
morphologically. L — 100bp molecular marker, lardiedl, lanes 2— A4, lanes 3— A52, lanes 4— B1,
lanesb- C31, lanes 6- C51, lanes 7- D11, lanes3;, anes 9- D53 fungal isolates. Code A and B
denotes — control plots, C and D denotes — arbascoycorrhizal fungal inoculated plots. Figures are
plate replicate codes.

Table 3.5 Partial sequence analysis on 18S rDNA gene ofdlisglates obtained from the
mining and the farm Site with their affiliation telated nucleotide sequences. Identity values
>95% were regarded as being significant

Fungal Closely related Site % E-value Accession No.
Isolate match  identity Isolation identity of closely related
(NCBI) sequences (NCBI)
Al Ampelomyces  MBT 99 0.0 AY207317
sSp
A4 Exserohilum MBT 99 8e-62 AJ853741
rostratum
A52 Trichoderma MBT 96 0.0 AF443913
harziarum
Bl Fusarium LHF 99 0.0 DQ459007
oxysporum
C31 Ampelomyces LHF 99 0.0 AY513942
sp.
C51 Fusariumsp. LHF 95 0.0 DQ166549
D11 Ampelomyces MBT 99 0.0 AY513942
sp.
D31 Fusariumsp MBT 94 0.0 DQ166549
D53 Fusariumsp LHF 98 0.0 DQ166550
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Table 3.6 Fungal genera of morphological identified fungablases growing on Potato
Dextrose Agar and examined using tape mounts.

Location Fungal genera

MBT CephalosporiunfCorda)
Microsporum(Gruby)
Penicillium (Fr.)
Gliocladium(Corda)
Didymocladium(Sacc.)
CunninghamellgMatr.)
Aspergillus(Micheli)

LHF RhizopugEhrenb.)
Acremoniun(Fr.)
Pullularia (Berkhout)
Humicola(Traaen)
Penicillium (Fr.)
Aspergillus(Micheli)
Trichoderma(Fr.)

Restriction digests of pure cultures versus idmttifbacterial isolates from the

functional groups

A total of 24 bacterial isolate and 8 identifiedckerial isolates from the functional
groups (from here on referred to as standards) wéayested with the restriction
enzymesEcar 1, Pst1 andHinc lll, simultaneously. All the standard isolates hrexd
restriction digest sites fadinc Ill when a single digest was conducted. This was
confirmed by assessing the nucleotide sequenct® aftandard isolates for presence
of the Hinc 1l recognition sites, which were absent. As sulistinct patterns were
expected to be picked up from the plate isolatés. three types of patterns that were
observed (Fig. 3.11) were those that were cut biriction enzymes into two clearly
distinct bands, those that were cut but not cleditginctive and those that had no
recognition site for the enzymes used. The reginadigest of Act C29 and Act C31
(Fig 3.11A, Lanes 1 and 2) were not clearly visithi®wever, the reduction in band
size from ~ 600bp to 300bp indicates that a diasit occurred. In Figure 3.11A, the
standard N2A A52 (lanes 3) and NBPC31 (lanes 6)dimdar digest patterns, while
N2A A53 (lanes 4) and NBP C3C (lanes 5) exhibitiedilar digest patterns. Isolates
PSA Al and PSA C41 (Fig. 3.11A, lanes 7 and 8)rmadestriction sites for the three
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enzymes tested. Fragment sizes below 600bp wenenasisto be digested with one or
more enzymes, while thickness of the fragments vattuced band size were taken to
be an indication that upon digest, same fragmergtsswere obtained which would
result in the clustering of both bands at the sami@t. Comparing the restriction
digest patterns of the standards to the pure haktsolates, considerable similarities
were observed among lanes 2, 18, 19, 21, 23 arn(#ig43.11B and C). Patterns of
these organisms were not digested with any ofiheetenzymes as they resulted in
600bp band size and were similar to what was obthwith the standard isolates PSA
Al and PSA C41(Fig. 3.11A). Lanes 1, 3, 4, 6, 81,13, 14, 16 and 22 (Fig. 3.11B
and C) had similar banding patterns to each othedid not seem to be similar to any
of the standard isolates. Banding patterns of ld2esnd 15 (Fig. 3.11C) were similar
to each other and differed from other plate baatésplates and standards. This could

also be said for lanes 5, 7 and 10 banding patterns
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Figure 3.11PCR-RFLP analysis of 16S rDNA of identified bactéisolates from functional groups
compared with the pure bacterial isolates usingicti®n enzymegcR 1,Pst1 andHinc lll. A. L -
molecular ladder (1kb), lanes 1- Act C29, laneé&\@ C31, lanes 3 — N2A A52, lanes 4 — N2A A53,
lanes 5 — NBP C33, lanes 6 — NBP C31, lanes 7 - RBAanes3 — PSA C41B. Lanes 1-16 isolates
selected at random from the mining Site at 6 andobiths periodC. Lanes 17-24 isolates selected
from the farming Site at 5 months. Act Actinomycetesagar, N2A — free nitrogen agar, PSA —
pseudomonads selective agar, NBP — phosphate ksilupiagar. Code A and B denotes — control
plots, C and D denotes — arbuscular mycorrhial &lingoculated plots. Figures are plate replicate
codes.
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3.3.2 Determination of the unculturable microbial populations in the
rhizosphere

The extraction protocol described in section 2.&ds successfully used in the
extraction of DNA directly from soil with subsequeamplification of samples (Fig.

3.12). However, the success of this protocol wayg aohieved from four samples
collected from strategic points at the trial SifeMBT before plots were laid out.

Products obtained from this extraction were subgtd an attempt of DGGE analysis
(Fig. 3.12) to determine microbial diversity in tls®il prior to landscaping and
experimental establishment. Visual inspection ef tbsult generated by PCR-DGGE
analysis showed similar patterns to each otherrasdlted in a total of 12 bands.
Conversely the intensity of each band which israfication of species quantity was
quite different. As the goal of this exercise wasahalyse the effect of AM fungal

inoculum on rhizospheric organisms, incision of dwant bands for sequencing at

this stage was not conducted.

—i5%

600tp

—aobtk

Figure 3.12 PCR-DGGE amplification of 165 bacteria! soil DNAtaimed from four locations at
Makana Brick and Tile prior to plot layotA. PCR amplification using primers GM5F and R907. L-
non DGGE molecular marker used to indicate how $asnpere loaded, lanes 1- location A, lanes 2 —
location B, lanes 3 — location C, lanes 4 — locafib B. PCR-Denaturing gradient gel electrophoresis
of soil samples collected from the 4 locations atklha Brick and Tile. Percentage values indicates
the denaturing gradient used.
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Subsequently, the extraction of DNA directly fromilssamples using this method
became problematic and non-reproducible. Gels tessuh smears and faint bands,
which were probably due to presence of inhibitarpalysaccharides. The addition of
solvents such as dimethyl sulfoxide and BSA washedpful. Thus the use of DGGE
for further analysis became unsuccessful. Thisoealt which was optimised using
Qiagen DNeasy plant extraction kit, from which prots were obtained, was finally

analysed by cloning and sequencing.

Due to the complexities and expenses in DNA extactreplicate samples were
combined for each treatment (mycorrhizal treatedi @mntrol) plot into 2 samples per
Site and were only limited to the last stage of gamny. Judging from the intensities
of bands on the ethidium bromide stained agarobéFgg 3.13), it can be said that
despite the optimisation, the quality of DNA extext was poor, particularly for the
MBT Site. Cloning of PCR product (~ 600bp in siz&p pGEM-T easy vector was
optimal when left for 3 days at 4°C. Transformatiainclones was successful and
randomly selected from replicate Luria Bertani (LBJar plates. A total of seven
clones were selected for each treatment to giviaead fotal of 28 clones for the two
Sites. The use of Plasmid Isolation Kit allowedyeasd fast extraction of plasmids

from starter cultures

Figure 3.13 PCR amplification of 16S bacterial soil DNA obtainéfom two different Sites. L-
Molecular marker, Lanes 1 — Control DNA, Lanes PMBT, lanes3 — 2MBT, lanes 4 — 3LHF, lanes 5
— 4LHF. 1MBT denotes plots treated with arbuscuatgcorrhizal fungal (AMF) inoculum and 2MBT
the control plots both in Makana Brick and TileeSiBLHF denotes plots treated with AMF inoculum
and 4LHF the control plots both from Limestone Hhltm Site.
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Inserts were verified by restriction digest of &teld plasmid witEcaR 1 (Fig. 3.15),
which cleaves the two ends of the T-T overhandnefector releasing the insert (Fig.
3.14). Thick super-coiled bands of above 3000bptlaeeplasmids while the linear
bands are the inserts. Analysing the bands obtaonethe agarose gel revealed the
presence of non-specific inserts that were <600bfs resulted in the use of plasmid
PCR to ascertain sizes of inserts from which restdinfirmed 10 clones of specific
sizes (2 clones from the MBT Site and 8 clones ftbenLHF Site) (Fig. 3.16).
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Figure 3.14pGEM —T easy vector circle map and sequence referpaints with restriction enzymes
indicating positions at which the vector is cleaydomega, 2006).
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Figure 3.15 AandB. Agarose gel electrophoresis of restriction fragtaef plasmid isolated products
digested withEcoR1 enzyme. L- Molecular marker, Lanes 1-7 are dob&IBT1, 1IMBT2, 1IMBTS3,
1MBT4, 1MBT5, 1MBT6, 1MBT7. Lanes 8-14 are cloneMET1, 2MBT2, 2MBT3, 2MBT4,
2MBT5, 2MBT6 and 2MBT7. Lanes 15-21 are clones 3MHBLHF2, 3LHF3, 3LHF4, 3LHF5,
3LHF6 and 3LHF7. Lanes 22-28 are clones 4LHF1, 42HA HF3, 4LHF5, 4LHF6 and 4LHF7
1IMBT denotes plots treated with arbuscular mycezhifungal (AMF) inoculum and 2MBT the
control plots both in Makana Brick Tile Site. 3LHfenotes plots treated with AMF inoculum and
4LHF the control plots both from Limestone Hill farSite. Subsequent Figures are clone numbers.
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1 2 3 45 6 7 8 9 1011 12 1314 15 16 17 18 19

Figure 3.16 AandB. Plasmid PCR amplification of all clones isolatednfr the mining and farm
Site using M13 forward and reverse primers. L —édalar marker, Lanes 1-7 are clones 1MBT1,
1MBT2, 1MBT3, 1MBT4, 1MBT5, 1MBT6, 1MBT7. Lanes &1lare clones 2MBT1, 2MBT2,
2MBT3, 2MBT4, 2MBT5, 2MBT6 and 2MBT7. Lanes 15-2teaclones 3LHF1, 3LHF2, 3LHF3,
3LHF4, 3LHF5, 3LHF6 and 3LHF7. Lanes 22-28 are e@ALHF1, 4LHF2, 4LHF3, 4LHF5, 4LHF6
and 4LHF7. 1MBT denotes plots treated with arbumcuhycorrhizal fungal (AMF) inoculum and
2MBT the control plots both in Makana Brick Tilet&i3LHF denotes plots treated with AM fungi and
4LHF the control plots both from Limestone Hill farSite. Subsequent Figures are clone numbers.
Arrows indicate selected clones of correct size.
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Restriction analysis of amplified selected clonsma the restriction enzynmecar 1
produced slightly similar band patterns to eacket@omparing the patterns obtained
from the standards when digested wiEhoR 1 revealed some similarity to some
clones. However, when a triple digest was performeéth all three restriction
enzymes, band patterns varied. Clones of actual siter sequencing and BLAST
analysis were identified to belong to the gen@&madyrhizobium Sporichthya
Propionibacterium alpha Proteobacterium Acidobacteriumand Actinobacterium
with one organism being an uncultured bacteriaheloSignificant identity values
greater than 95% for genus level and 98% for spdeiel were chosen as the cut off
(Table 3.7). Identification of clones 3MBT3 and 4E4# were not ascertained. To
ascertain the similarities or differences betwdendones and standards, a cladogram
was constructed. Clones differed in their similaio the plate cultures but were
similar to each other. Six groups were formed ftbe cladogram. Group A consisted
of all Actinomycessp. from plate cultures and those obtained from @enbank.
Group B comprised of 2 subgroups, one with all Bseudomonaspecies and the
other with the Bacillus and Burkholderia species that were obtained from the
Genbank. Group C mainly consisted of facillus and Burkholderiaspecies that
were isolated from different media and Sites. Gr@pE and F are the selected
clones obtained from the two study Sites. It shdaddemphasized that groups A to F
are only based on pair wise comparison of alignadleotide sequences which

included closely related sequences to the starfdardthe Genbank (Appendix F).
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Table 3.7 Partial sequence analysis on 16S rDNA gene of bactdones obtained from the
mining and farming Sites and their affiliation &lated nucleotide sequencegentity values
>95% were regarded as being significant.

Fungal Closely related match % E-value Accession No.
Isolate identity (NCBI) Identity of closely
related
sequences
(NCBI)
1MBT7 Propionibacteriunsp. 98 0.0 AM410900
2MBT4  Propionibacteriumsp. 99 0.0 AM410900
3LHF3 UnculturedActinobacterium 92 2e-54 AB265832
3LHF5  Sporichthya polymorpha 97 0.0 AB025317
3LHF6  Bradyrhyzobiunsp. 99 0.0 AF510604
3LHF Uncultured alpha 98 0.0 EF074956
Proteobacteriuntlone
4LHF1  Propionibacteriumsp. 100 0.0 AM161153
41.HF2  UnculturedActinobacterium 97 0.0 EF135068
41 HF3  Uncultured Acidobacteria 100 6e-49 AB265935
bacterium
4LHF4 Uncultured bacteria clone 86 1le-93 DQ990936
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Streptomycesp.(ACT C31)

Actinomycetales4CT C29) A

Actinomycetales (DQ1442127)
Streptomycesp. (DQ663172) —

Uncultured alph&roteobacteriuntlone
(3LHF6)

—{Bacﬂlus megateriul (DQ904608)

Burkholderia glathe (AY154378)

— Burkholderiaceae bacterium (DQ490307)

— Pseudomonasp. (DQ464386)

L Pseudomonas ful (AM161143)
— Pseudomonasp PSC4J)

—Pseudomonas ful' (PSALF) -

Uncultured bacterium clondl(HF4)

Uncultured Acidobacteria

bacterium clone4LHF3)
Bacillus megateriui (N2A A52)
C
Bacillus megateriui (NBP C31)
] Burkholderia glathe (N2A A53)
Bulkholderiaceae bacteriuiBP C33 -

Bradyrhizobiun sp. BMBT)
] l — Propionibacteriur sp. gMBT4) D
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E
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=
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Figure 3.17 Clustal W cladogram showing sequence similaritieall identified bacteria obtained
from culture dependent and independent techniguames of isolated organisms from the study are
denoted with isolate codes in parenthesis. Leitebdue are isolates from plate cultures, whiléglein

red are clones. Genbank accession numbers ar itisparenthesis with organism identity.
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3.4 Arbuscular mycorrhizal fungal population assessment in soils

Mycorrhizal fungal populations at the MBT Site adatmined by spore enumeration
revealed a decreasing trend (80, 56 and 41) inatheunt of spores/100g of soil
present in plots treated with AM fungal inoculum3t6 and 9 months sampling
periods, respectively (Table 3.8). From the pralany analysis, AM fungal spore
density of soil samples collected from the 4 stateoints at the MBT Site was
found to be an average of 71 spores/100g of shik hdicates that any decrease in
the mycorrhizal spore density began after tHer®nth of sampling since at 3 months
the spore density increased to 80 spore/100g &f(¥able 3.9). Similarly, in the
control plots a decreasing trend was observed atd9 months of sampling. The
high mean value (112 spores/ 100g soil) in the robrglots at 3 months when
compared to the treated plots was of concern argl therefore re-enumerated for
confirmation, which vyielded similar results. Ingpitof decreasing numbers,
statistically it was observed that the effect eatment on spore density at the MBT
Site significantly increased at B € 0.04) and 9K = 0.01) month period. Comparing
the values of AM fungal spore density at the LHEe $Table 3.9) with the MBT Site,
it was observed that there was a statistical diffee between spore numbers at the

two Sites as well as a high significant effectreetment at the LHF Sit® (= < 0.01).

Table 3.8 Arbuscular mycorrhizal fungal spore density in thail and percentage root
colonisation ofCynodon dactylomoot samples obtained from Makana Brick and Tite.S

Makana Brick & Tile  Time Mycorrhizal Control P value F value
(months) treated
AM fungal® 3 80+38a 112+43a 0.08 3.6147
Spores/100g soil
6 56+31Db 35+21b 0.04 5.2038
9 41+ 14 Db 23+10b 0.01 7.7576
% root colonisatioh 6 45+27a 36+33a 0.54 0.3894
9 9.4+47hb 5.20+2.2ab 0.02 6.2887

* Values are mean standard deviation of 9 replicates. Means folldvg the same alphabets across
columns are not significantly different from eadher.

Y Values are meat standard deviation of 10 replicates. Means folldvby the same alphabets across
rows are not significantly different from each athe
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Table 3.9 Arbuscular mycorrhizal fungal spore density in thail and percentage root
colonisation ofPelargonium graveolensoot samples obtained from Limestone Hill Farm
Site.

Limestone Hill  Mycorrhizal Control P value F value
Farm treated

AM fungal 257 +70a 96+38b <0.01 36.1409
Spores/100g soll

% root 11.3+55a 6.5+28b 0.03 5.3957
colonisatiorf

*Values are mean standard deviation of 9 replicates

YvValues are mean standard deviation of 10 replicates.
Means followed by the same letter across rowsiatsignificantly different frome each other.

Staining of the respective plant roots from the Sites with lactoglycerol trypan blue
aided in a clear distinction between fungal anchpkructures. Roots were mainly
colonised by the formation of vesicles and hyptalscin the root cortical cells. At
the MBT Site, little root material was obtained &t months and AM fungal
colonisation was not evident. Colonisation of plesdts increased with time in the
inoculated and control plots at a slow rate (TaBl8). The percentage root
colonisation ofC. dactylonplants at the MBT Site ranged between 4%-9% atd6%
month sampling periods. Statistical analysis usintyvo-way ANOVA indicated a
significant effect of treatment at 9 months (Tabl8) with an increase in percentage
colonisation. The percentage root colonisation eslobtained at 9 months at the
MBT Site to the LHF Site at 5 months (Table 3.9swampared. It was observed that
though there was a significant effect of treatrrarthe two SitesR = 0.02 and 0.03
respectively), that the difference in terms of eslis not as distinctive as in the spore
density values.

The most probable number (MPN) technique, whichemeines infectivity of
propagules, was used to determine the overall AMydli infectivity potential at the
two Sites. The MPN of inoculum used was 100000 agofes/1kg that is equivalent
to 10000 propagules/100g. From the results of thérpinary analysis carried out on
the MBT samples, no infectivity was observed whes stained root materials were
examined for AM fungal colonisation features; butthe last sampling period
infectivity potential was determined to have in@®@to 850 progagules/100g of soil.
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From the Limstone Hill farm soil an MPN value of(bpropagules/100g of soil was

calculated.

The total extractable glomalin (TEG) quantified the Bradford assay was analysed
using a two-way ANOVA (Fig.3.18). From the analysian overall mean
concentration of 0.211, 0.121 and 0.106 mg/ml atttiree sampling periods at the
MBT Site indicates that the TEG concentration daseel over time. However, the
complexity of analysing this result lies in the tftitat a concentration of 0.12mg/ml
was obtained before trial plots were treated. Tiheibaneous effect of treatment at
various sampling times showed a significant eftédreatment at 9 months onlp €
0.0026). Also, there was no interaction betweeattnent and timeR = 0.0695)
which is an indication of independent effects. Gl@malin concentrations at the two
Sites (Fig. 3.19) when compared showed that the L&lfEe had a greater
concentration of glomalin in the soil than the MBife. Significant differences in the

treated and control plots were recorded at thestwdy Sites (Fig. 3.19).
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Figure 3.18 Glomalin concentrations at various sampling peri(@ls6 and 9 months) at Makana
Brick and Tile. Each point represents mean of dicafes + standard deviation. Same letters are not

significantly different atP < 0.05 by Bonferroni test. Significant probabiliglue of overall effects
tested include: Treatment 3 k= 4.7528 P = 0.0445; Time = f357~15.597 P = 0.0002.
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Figure 3.19Glomalin concentrations of soil samples from Mak&tick and Tile (9 months) and
Limestone Hill farm (5 months). Bars represent me&rl0 replicates + standard deviation. Same
letters are not significantly different 8t < 0.05 by Bonferrontest. Significant probability values of
overall effects tested include: Treatment§=26.241,P < 0.01, Site = f3,)=76.057,P < 0.01.

3.5 Alternative host plants from around the mine area

Plants obtained from the mine areas as identifiedsélmar Schonland Herbarium

(Table 3.10) were found to be indigenous, commathéoGrahamstown and Bathurst
regions. The flowering season of selected plants feand to vary throughout the

year. Plant species habitat was mostly found inpllrges and stony slopes. Analysis
of their roots when stained revealed that they weodonised by arbuscular

mycorrhizal fungi, of which 2 plants were colonidegl endomycorrhizal fungi. The

AM fungal roots ofPentzia incanandElytropappus rhinocerotishowedParis type

of colonisation, while in the other plant speciests, spores and/or vesicles were

present with a trace éfrumtype colonisation (Fig. 3.21).
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Figure 3.20 Identified host plant growing around Makana BriokdaTile mine areaA. Pentzia
incana B. Euphorbia meloformis C. Indigofera sp. D. Elytroppapus rhinocerotijsE. Selago
corymbosaF. Helichrysom rosunG. Albuca canadensis.
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Table 3.10Mycorrhizal status of indigenous host plants, tifi@milies and habitat-flowering season.

Chapter 3 Results

Identification Family Vesicles Arbuscules Spores Hyhal Mycorrhizal Habitat/flowering
Cailing status season
Pentzia incana Asteracea - - + Paristype AM Dry places areas.
(kuntze) Sept-Nov
Euphorbia meloformis Euphorbiaceae  + - + + AM Dry gravely soll
(Aiton) Nov-March
Indigofera sp(Scrire) Fabaceae + + + + Arumtype AM Common on flants
and mountains. No
defined  flowering
season
Elytropappus Asteracea + - + Paristype AM Dry shale and sand
rhinocerotis(Less) slopes. Feb-April.
Selago corymbosa Scrophulariaceae - + Endo Stony slops and
(L) flats. Feb-Apr
Helichrysum  rosum Asteraceae - - + Endo Stony slopes and
sp.(Berg.) flats. Sept —March
Albuca canadensis Hyacinthaceae = + + + AM Sandy stony slopes.

L)

Aug — Oct.
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Figure 3.21 Arbuscular mycorrhizal and endomycorrhizal colatiisn types observed in selected
plant species obtained from the mine arkalarge and small globose shaped vesicles (V) in the
stained roots oElytropappushinocerotisB. Paris type hyphal coiling (H) with attached vesicle irth
stained roots ofndigoferasp.C. Spores with intact spore walls connected to draeadical hyphae in
the stained roots dEuphorbia meloformisD. Oblong shaped vesicles and spores (S) in theestai
roots ofAlbuca canadensi€. Hyphal coiling in the cortical cell in stainedots of Pentzia incanaF.
Arum type colonisation with formation of arbuscule (A)the cortical cells in staindddigoferasp.
roots.
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Chapter 4 Discussion

4 Discussion

In this study, the field trial aimed to determime teffect of AM fungi on background
microbial population as well as to establish a v&gen cover on the overburdened
soil resulting from kaolin clay mining. However ethatter goal could not be achieved
due to the inability of the company to provide dficeent irrigation system at the
MBT Site. This study which was conducted duringw kainfall period (Table 2.1)
relied on artificial watering of the plots. Efforte water plots manually by the
company were made, but were inefficient. The ioefficy of the manual irrigation
can be attributed to soil factors such as watemtein, infiltration, permeability and
soil variability which are characteristics that aedevant for a proper irrigation
management (Upho#t al, 1991). Therefore, it was either that the wagtemtion
capability or permeability of the soil at the migirsite was low or the amount of
water applied was insufficient for proper germioatiof C. dactylon seedlings
(Section 4.1).

In plant or field related studies proper irrigatismecessary, as water is essential for
plants to attain maximum growth. Water is requifed plant transpiration and
through this process translocation of nutrientsmfrahe roots to leaves for
photosynthesis is facilitated (Uphoétt al, 1991). However, this will be greatly
affected if water loss, as a result of permeabilitysoil does not match up to
transpiration rates. Therefore, it is advised thiagn field studies are to be conducted,
irrigation is one parameter that should be adedpptevided to ensure success of the
study (Uphoffet al, 1991). In the present study, this problem cawdtibe corrected
due to the period of the study and so a continggrlap was implemented. This
involved the use of the Limestone Hill Farm whichsaan irrigated field and so used

obtain additional information.

The two study Sites differed in soil texture witretmining Site soil texture being a
clay loam and the farming Site a soil rich in ctayntent (Table 3.1). Soil texture is an
important soil property as it determines soil psiee, which in turn influences

nutrient retention capacity in soils as well ag pbysical and chemical characteristics
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(Ashman and Puri, 2002). These properties in tuxartean influence on soil
microorganisms through modifications in soil pHil sninerals and soil temperature
(Gray and Williams, 1971).

4.1 Pottrial analyses

Pot trials have predominantly been used to studgreety of effects and parameters
first before a field trial is conducted. Frequentigneralisations are made from these
trials without conducting field validation trialk this study the use of a pot trial was
conducted to determine the potential of using AMgiuin the rehabilitation of mine
spoils (the MBT Site) with co-application of feisiérs. This setup was similar to the
initial proposed objective for the field analysisrh which comparisons would have
been drawn from a field and pot trial perspectiewever this comparison can now

be done indirectly.

AM fungi have become a well-known bio-inoculant dagheir numerous benefits to
plants in agriculture and its uses in phytoreméatatvith no known environmental
risks, unlike the use of chemical fertilisers ti@ta common practice. The use of
fertilisers has been reported to affect AM fungahdtionality (Ryan and Graham,
2002) as inorganic P fertilisers and animal manaresroutinely applied to improve
or meet crop P demand. The present study used @rgiaa and 3:1:5 NPK to boost
the nutrient levels of the soil obtained from thmenspoil as well as to determine its
effect on AM fungal root colonisation. This studgndonstrated that in spite of the
treatment and time period, the shoot height rengbingignificantly different in some
treatment pots (Table 3.2). The measurement ofrfiembers of plant shoot in each
pot may have accounted for the insignificant ddéfere in shoot heights among
treatments. Therefore, in subsequent pot trials\nthg out of plants should be
considered, especially in cases were small seedfingh a<C. dactylonare difficult

to count. Otherwise, attempts should be made tcsureaat least 50% of the shoots
grown. The observed difference in shoot heightsywéen pots treated with Organic
Tea only at 6 weeks and those treated with 3:1:X MPAMF at 6 and 28 weeks
(Table 3.2) is an indication that the overall sigaint effect of treatment obtained for

shoot height was largely attributed to the presenfeAM fungi. Also, the
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insignificant difference between pots with eacltiliser + AM fungal treatment in
terms of plant biomass (Table 3.2) indicates thatttvo fertilisers used are equally
capable of improving plant growth and could be usectehabilitation, if the desired
outcome is to establish a vegetation cover ovenat period of time. The rate of
fertiliser absorption by plants can be a contribgitfactor to the observed treatment
differences, as organic fertilisers are believedbéoslow releasing compounds as
opposed to inorganic fertilisers (Arden-Clarke atholdges, 1988). Contrary to this
generalisation, the Organic Tea + AMF increasedsheight at 6 weeks than the
3:1:5 NPK fertiliser, but reduced subsequentlyzathd 28 weeks period. This could
mean that the Organic Tea was taken up by the plaathigher rate than the 3:1:5
NPK fertiliser and would require more than one agapion for plant growth to be

maintained.

The choice of fertilisers in most studies or systesnprobably determined by the ease
of application (Arden-Clarke and Hodges, 1988). dig fertilisers such as the
Organic Tea used in this study may not be desirableompared to the 3:1:5 NPK
due to its liquid nature, as application would riegyood spraying equipment or
irrigation (fertigation). If no suitable irrigatiois available, the Organic Tea will
unlikely be used but the granular 3:1:5 NPK candasily broadcast on Sites.
According to Rosen and Bierman (2005) some orgéetdisers such as manure or
compost when not stored properly loose nutrienth sas P and K through leaching.
Therefore, consideration into these factors mathbaeason why inorganic fertilisers
remain widely accepted. Studies have reported thierent fertilisers such as
superphosphate, NPK, urea; &hd organic fertilisers increased biomass, shoighhe
and crop yield (Fletcheet al, 2004). Increasing attention is now being paid to
organic farming practices whereby the use of compgeen manures and animal

droppings as fertilisers are encouraged (AshmarPamij 2002).

The effects of fertilisers on AM fungi using fielahd pot trials have been well
documented. Studies have reported that fertilideasare high in P or N reduce AM
fungal colonisation (Azcomt al, 2003; Xuet al, 2000; Kurle and Pfleger, 1994;
Thompson, 1994a). Azcéet al, (2003) demonstrated this when they evaluated how
levels of N and P nutrients affected the rate afromutrient uptake b{l. mosseae

using lettuce plants. They observed that the usklshM P increased colonisation of
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Gl. mosseaewhich contributed to the accumulation of microrerits than when
0.5mM of P was applied. From the present studyrdloe colonisation analysis (Fig.
3.5), showed that 3:1:5 NPK fertiliser allowed 8@#onisation, while Organic Tea
allowed 65% colonisation dE. dactylonroots by AM fungi. This study anticipated
that the use of Organic Tea would result in a grepércentage colonisation because,
if P was in a form unavailable to plants, mycorahifngi could play a vital role in
mineralisation of organic constituents. Howevewais observed that the amount of P
in the Organic Tea was 0.5% = 5000ppm (Appendix, Adhich is equivalent to
125ppm when a 1:40 dilution was made. AccordindSwift (2006), mycorrhizal
fungi exercise a greater benefit when soil P leaeésat or below 50ppm (50mg/kg).
This means that the lower percentage colonisatimeiwed with Organic Tea was as
a result of high P level rather than the form gdr®sent. Similar results were obtained
by Maropula (2006) who determined the compatibilify four organic fertilisers
(Organic Tea, Compost, Kelp and Nitrosol) with #aene mycorrhizal inoculum used
in this study. Furthermore, her study confirmed rib@uced mycorrhizal colonisation
(32%) caused by Organic Tea in Spinach roots, withiée other organic fertilisers
evaluated were non-compatible with AM fungi withetlexception of Nitrosol; but
were able to improved plant growth. In spite obthimilarity in the reduced effect of
Organic Tea, the difference between studies wasthieaOrganic Tea was applied on
a weekly basis as opposed to a once off applicatidhis study. This could, account
for a higher colonisation obtained with Organic T68%) in this study compared to
the 35% obtained by Maropula (2006). One of thadirantages of using organic
fertiliser is the inability to single out a partlan compound that may be detrimental to
AM fungal establishment. Contrary to this, the aéehemical fertilisers allows the
selection of a compound that may be required edaced amount. An example is the
3:1:5 NPK as opposed to 2:3:2 NPK that was chosehis study in order to reduce
the P content. Besides the environmental hazartisesk fertilisers such as leaching
and runoffs, this study suggests that the use refdaced P fertiliser in conjunction
with an AM fungal inoculant for plant growth wilbmore efficient and cost effective

for crop yield or establishing a vegetation covgngn, 2006; Xwet al, 2000).

The pot trial can be compared indirectly to thédfigial at the MBT Site in terms of
percentage root colonisation. It was observedttiafield trial, which had 9.4% root

colonisation at 9 months (Table 3.8), was approi@ga7 to 8 times less than the
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percentage colonisation obtained in the pot tridhvthe two-fertiliser treatments.
This high variation between the results could bsoeisted to different growth
systems. In a controlled environment plant growtid asubsequent AM fungal
colonisation will not be affected by any environranfactors such as rainfall,
temperature, humidity, or wind. Therefore, the peab of inadequate irrigation
encountered in this study could have affected thkf@ngal colonisation in the field.
Although AM fungi are known to improve drought taace of plants, germination of
spores and fungal propagules prior to colonisatémuires moisture (Al-karalkt al,
2004). Al-karakiet al, (2004) demonstrated this by determining the rugkttion of
Gl. mossea@andGl. etunicatumin a field grown wheat under well-watered and poor
watered conditions. It was observed that the celdion of these AM fungal species
was higher (41.3%) than the percentage colonisatiovater stressed plant (18.8%),
confirming the need for water and its influenceAi fungal colonisation. This is to
say that it is only when the relationship has bez@stablished that AM fungi can
improve drought tolerance (Augé, 2001).

Kurle and Pfleger (1994) stated that species of #iNgi differ in their response to
chemical fertilisers. To determine this, Caravatal, (2006) found that among three
species of AM fungiGl. mossea€Gl. intraradicesandGl. deserticoly, the latter two
species produced an increased effect on shoot B®mARetama sphaerocarpa
seedlings in combination with medium dosage ofitlqprganic amendment obtained
from dry olive residuesGl. mosseag@roduced an increased effect on plant biomass
when inoculated alone. Also Podeszfinskal, (2002) observed the predominance of
G. margaritaandS. calosporaat Sites that were high and low in P, respectivEhis
means that the higher percentage colonisationasftpbots obtained with 3:1:5 NPK
rather than the Organic Tea could be as a resuiMffungal species tolerance to
fertiliser types. These results highlight the pttruse of AM fungal inoculant for a

rehabilitation of an overburdened soil with reduéefkrtiliser.
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4.2 Microbial population analyses

4.2.1 Estimating the number of culturable microbial populations in the
rhizosphere

Mycorrhizal fungi have often been reported to iaflae bacterial communities in the
rhizosphere quantitatively or in species compasijtivhich have been determined
using various techniques (Marsche¢ral, 2001b; Marschneat al, 2001a; Grayston
et al, 1998; Meyer and Linderman, 1986b). The rhizosph&s a dynamic
environment and as such the colonisation of thea dry mycorrhizal fungi integrates
this fungus as part of the soil microflora that@pable of contributing to the stability
of the rhizosphere (Fillioet al.,1999; Meyer and Linderman, 1986b). In this study a
combined approach integrating traditional and mdkec (PCR-based) techniques
were used to examine qualitatively and quantithtivihe effects of AM fungi and

land-use management practices on the soil micrabi@munity.

This study highlighted the relationship betweentéaal numbers obtained using full
strength NA and TSA (Appendix B). This was doned&termine the most suitable
media in microbial diversity studies. These two medere used in an effort to
increase the chances of isolating more culturalaletdvial species (Balestra and
Misaghi, 1997). NA and TSA are universal media t#fer in compositions such as
meat extract, yeast extract, peptone, tryptone sod meal (Appendix B). These
constituents are complex compounds that supplynisges with nutrients required for
growth. The amount of constituents present in meggias can either be sufficient or
minimal for the growth of some organisms (Balestna Misaghi, 1997). The higher
number of colonies recorded on NA compared to TiSAn indication that the use of
different media and its composition may have imgatrteffects on the growth of
organisms. Furthermore, the low colony count anaor gmowth obtained on TSA was
probably because of the full strength concentratimat was used (Elliot and Des
Jardin, 1999). This could perhaps be why otheristuthat determined the microbial
populations in the rhizosphere used TSA at redstexhgths such as 0.1% and 0.3%
(Mansfeld-Gieseet al., 2002; Garbevat al, 2001; Chiariniet al., 1998; Graystoret
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al., 1998; Meyer and Linderman, 1986b). As a resh#, full strength concentration
of TSA could account for the lower isolated baelenumbers compared to NA.

At the MBT Site, the total number of culturable tmai@ isolated on NA as observed
over time was not affected by the presence of AkgfyFig. 3.6). This means that
the presence of AM fungi did not stimulate or inhithe numbers of rhizospheric
organisms as estimated by the plate counts (CFolueder, from the statistical result
there was a significant effect of this treatmenthatd” month which was indicated in
the overall increase of bacterial numbers at tleaibd (Fig. 3.6). Despite this overall
significant effect of treatment, the insignificadifference between the control and
plots treated with AM fungal inoculum reduces thgortance of the treatment effect.
This is because the significant difference betweésts provides a more direct
evaluation between control and inoculated plotsnthe Univariate result.
Furthermore, the change in species compositionhé dontrol and treated plots
observed from analysis of the functional groupg(Bi8) indicated that the effect of
AM fungi on culturable rhizospheric organisms migiot be a quantitative one but
rather an influence on species composition. Thiskm attributed to either plant root
or AM hyphal exudates that are released in theodmikaere or a combination of both.
This result is in accordance with the findings afdéadeet al, (1997) who observed
a qualitative response in the rhizosphere whersrobtSorghum were colonised by
native and inoculated AM fungal species. AM funggphae have been reported to
exude simple carbohydrates in the form of glucasklaw molecular weight aliphatic
acids that attract particular groups of organisimst wtilise these molecules as a
source of carbon (Toljander, 2006). Hence, thegmroc compounds may either
stimulate (Meyers and Linderman, 1986b) or inhiBitristensen and Jakobsen, 1993)
certain rhizospheric groups of organisms that eolnpete for these substrates in the
soil. Fillion et al, (1999) confirmed this stimulatory-inhibitory eétt of AM fungi in
anin vitro system using transformed carrot plants and tegtrosms. They observed
that the extract obtained from AM fungal hyphaemsiated the growth of
Pseudomonas chlororaphandTrichoderma harzianumwhile inhibiting the growth
of Fusarium oxysporurandFusarium chrysanthemrhis means that it is possible for
AM fungal hyphal exudates to favour qualitativelyet presence of a particular
functional group of organisms in the rhizosphereurtthiermore, changes in

rhizosphere composition could be as a result ofimgrroot exudates of plant species,
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or changes in root exudate composition due to migczal formation (Yang and
Crowley, 2000). This was reported by Benabdebalal, (1998) in their study to
determine the effect of AM fungal colonisation ¢ texpression of polypeptides in
mycorrhizal and non-mycorrhizal tomato roots. Thalentified 44 different
polypeptides present in tomato roots due to AM &ingolonisation, thereby

indicating the possible effect of AM fungi on pristenetabolism in plant roots.

The effect of mycorrhizal fungi on rhizosphere anigans or microbial diversity has
been studied based on plant species, soil typéaadduse management (Soderbetrg
al., 2002; Marschner and Timonen, 2005; Marscheeral, 2001a; Buckley and
Schmidt, 2001). Plant species and soil type intesétt each other, as one factor can
influence the other (Marschnet al, 2004). In this study, the two Sites differed in
plant species, which can influence rhizospheri@nigms through other plant related
factors such as plant age and root zone locatibrs i indicated in the increase of
bacterial numbers observed at tfferonth at the MBT Site (Fig. 3.6), which can be
attributed to plant age. This is because at aiogptant developmental stage, specific
root exudates are released and soil microorganigithaneed time to adapt to the
present conditions in the rhizosphere before amceffs exerted on the bacterial
numbers (Marschnesat al, 2001a). Hence, the reason for the insignifichfierence

in the bacterial numbers recorded at tfeaBd ' months at the MBT Site. Studies
have also reported more effects of plant speciesnmnobial community than soil
type. Graystoret al, (1998) using community level physiological plofy (CLPP)
method, compared the effect of plant types: ryegyresntgrass and clover, grown in
two different soils with similar crop history. Theaybserved that the rhizosphere
activity differed according to plant type with nfdrentiation in the soil type effects.
Similarly, Marschneet al, (2001b), examined using PCR-DGGE of soil rRNA th
effect of plant species: chicken pea, rape andrgyrdas, soil type (sandy, sandy loam
and clay soil) and root zone location on the b@terommunity structure in the
rhizosphere. They observed that these factorsaictied with each other to bring about
variations in the rhizosphere community structuighe rhizosphere bacterial
community of chicken pea plants was influenced oyl $ype, while that of
sudangrass and rape were affected by root zongebyethey concluded, that the
effect of plant species to an extent was contrdiigaoil type. The MBT Site had a
higher record in bacterial numbers at 9 months thenLHF Site at 5 months (Fig.

119



Chapter 4 Discussion

3.7), which could be as a result of these mentidaetbrs. However, this difference
was expected given the fact that different plarcggs were used and the sampling

time, which is an indication of plant age, varied.

Furthermore, it has been reported that soil pragmertsuch as soil texture,
microaggregates, pH, presence of key cations armghnar matter can affect
rhizospheric community directly or indirectly (Gasaet al, 2004). The direct effect
is through the selection of specific microorganismsa habitat or indirectly by
modifying the plant root exudation pattern in al-spiecific manner (Garbewt al.,
2004). Girvanet al, (2003) supported this when they examined theodgphere
community based on 16S rRNA, as affected by plgre {ryegrass, sugarbeet, clover,
wheat and barley) and land use history (organisugerconventional farming and
manure treated versus non-manure treated). Theyaley that there was a reduced
effect of plant species with a major rhizosphedtivity due to different soil types. In
an analysis to determine the diversityRaenibacilluspopulations in the rhizosphere
of maizegrown in two different soils, da Silvat al, (2003) observed that the soil
type, rather than cultivar, had a domineering eftatthePaenibacilluscommunity.

In the present study, the Sites differed greatlyaih characteristics and could account
for the differences in bacterial numbers (Fig. 3The MBT Site was observed to
have high cation content (Table 3.1), which coutdds a result of the clay mineral
kaolinite present in the soil after mining of kawliThis clay mineral is negatively
charged and so attracts cations to form positieblgrged soil colloids (Ahn, 1970).
Calcium, potassium, sodium and magnesium ions @avelhied in the following
bacterial activities in the order listed: ion trpod, increasing cell osmolarity, serves
as a link in exergonic and endogonic reactionsndubioenergetics (i.e. flow and
transformation of energy in between the organisnd &me environment) and
stabilisation of the cell membrane (Norris, 199@nibth, 1994). Hence, a soil rich in
these cations would promote bacterial growth (Ghiaat al., 1998). However, soil
pH has been reported to not only determiriédd concentration but also to influence
the concentration of these cations (Ashman and, R062). According to Ashman
and Puri (2002), a soil with pH range of 6.5-7.8 have high concentrations of €a
Mg?* and K compared to an acidic soil (4.0-5.5), which theparted as being
characteristic of agricultural soils. It was expkd that agricultural soils are prone to

gradual acidification after planting because caiwhich balance excess acidity are
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not returned to the soil, thereby resulting in ghhtoncentration of Af. This ion
binds firmly to the colloidal exchange site makihgnpossible for other cations to be
retained (Ashman and Puri, 2002; Ahn, 1970). Thiplans the high cation
concentrations at the MBT Site that had a pH ofa&5opposed to the farming Site
with a pH of 4.5, which also corresponds to thdedénce in bacterial numbers
between Sites. This can be related to the studilafschneret al, (2004), who
reported differences in microbial community struetwf Sorghum as a result of
varying pH (5.9, 6.8, 7.5, 7.0 and 8.1). On theeothand, soil microorganisms can
modify the physio-chemical properties of the rhigosre (Garbaye, 1994) through
their metabolic activities. For example, sideroghproducing pseudomonads may
influence soil pH, in an iron rich soil. In thisusty, the isolation of microbial
functional groups, which are known to be involvedbiological processes such as
nitrogen fixation, decomposition of organic matserd contributors to the P cycle
(Table 3.4) indicates the possible effects of thganisms on soil fertility. However,

the influence of soil organisms on soil properties outside the scope of this study.

Land use history has been reported to affect thueadial diversity in the rhizosphere.
This effect can be long lasting depending on thgpgee for which the Site was
previously used (Buckley and Schmidt, 2001). Suibce was analysed in a study
using 16S rRNA targeted probes to quantify the dbhuoe of specific microbial
groups and subsequent land use history effect (Buand Schmidt, 2001). The Sites
that they used included active and abandoned dugnial fields as well as
uncultivated fields. They observed that the micablmommunity structures were
remarkably similar with plots that had the samegloerm history of agricultural
management even when different plant species amhréand management practices
were maintained in the plots, while the microbiaimenunity structure significantly
differed between fields that had never been culidaln the present study the effect
of land use on the microbial population as analyssdg ANOVA revealed that there
was a significant Site effect on the number of walble microorganisms (Fig. 3.7).
Considering the land history of the Sites, whichswaining and farming, it was
expected that the farming Site would have a higgaeterial number than the mining
Site but this was not the case. Besides soil pid, dtiference can be related to the
long-term use of pesticides and fertilisers onfdren Site that may have directly or

indirectly decreased the microbial population (VAwrieten, 2006, Nicholson and
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Hirsch, 1998). Steenwertst al, (2003) studied the soil microbial structure abfd
types which had the same soil texture; sandy loahwiere categorised into irrigated
agricultural soil, non-irrigated agricultural soignnual grassland and perennial
grassland. They assumed that land use history aamhagement inputs (fertiliser,
herbicides and irrigation), may create a uniqué sovironment that would bring
about the support and selection of specific graafpsrganisms. They proved this by
using phospholipids fatty acids analysis (PLFA) fiige that showed distinct
microbial communities between the cultivated laseé-types.

4.2.2 Determining specific functional groups in the rhizephere

Though the establishment of AM fungi observed ia 8tudy did not increase or
decrease the total bacteria isolated in the rhizexsp of Cynodon dactylonand
Pelargonium graveolenglants, the isolation of specific functional grouips the
mycorrhizal treated and control plots indicated hange in species composition
(Fig.3.8). This was evident from the Gram stairulss(Table 3.3) as fluctuations in
the number of Gram-positives and Gram-negativednactn the rhizosphere of the
MBT Site were observed. This relationship, howeweld be misleading since the
random sampling of colonies for Gram staining mayeh influenced the results.
Furthermore, spatial heterogeneity of microbeshi $oil, which is a well-known
problem in microbial diversity studies (Kigt al, 2004), could account for the Gram
result fluctuations. Soil is heterogeneous and aost microhabitats that support
microbial growth. As a result, microorganisms camf aggregates in soil in the form
of clumps, hot spots or microsites as influenceglayt species (Kirlet al, 2004).
This fact can be related to the study by Kuskeal, (2002) who determined the
existence of bacterial heterogeneity in the rhihesps of the grass&tipg Hilaria
and Bromus Using terminal-RFLP they observed that difference the bacterial
composition were influenced by the plant speciesdusvhich indicated that plants
were capable of influencing the spatial heteroggneif soil microorganisms.
However, due to limited information on the spadatribution of microorganisms in
soil, random soil sampling in a traditional manmesuld underestimate microbial
populations or species composition (Kekal, 2004; Trevors, 1998). In spite of the
fluctuations in the Gram result, it could be dedltsat Gram-positive rods were the

major phenotypic bacterial types at the MBT and L&ites. This is agreement with
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the study of da Silva and Nahas (2002) who obsetliedoredominance of Gram-
positive rods in the rhizosphere of brachiaria graschicken pea. On the contrary,
the study conducted by Secilia and Bagyaraj (1@®&erved more Gram-negative
bacteria in pot cultures planted with Guinea grdssevors (1998) stated that the
rhizosphere generally contains more Gram-negatiaetebia than Gram-positive
bacteria. However, this generalisation can alsquestioned given the fact that soil-
influencing factors such as soil depth, plant sggaioot exudates, soil texture and pH
can also influence microbial types in the rhizogsphdlternatively, this could mean
that the more Gram-positive bacteria obtained irs tstudy could have been

influenced by random sampling.

The bacterial functional groups and fungi were aeieed in this study by ease of
isolation using selective media, the ecologicahigance and the potential role they
play in soil fertility or biocontrol along with AMungi (Bianciottoet al, 1996a). The
two land use types differed in the amount of caltle pseudomonads and phosphate
solubilising microorganisms (Fig. 3.8), with the EFbite having the greater bacterial
species number. This result confirms reports of RSBl pseudomonads being
predominantly found in agricultural soils and thailisy of land use to influence
species composition (Steenweethal, 2005; Sallegt al, 2004). Large reserves of P
in complexed form are contained in agriculturalssdue to accumulated application
of P fertilisers. Hence, the prevalence of thegmisms in such soil lies in their
ability to hydrolyse or solubilise certain complexéorm of P with the aid of the
enzyme acid phosphatase, which subsequently leadgptovement of plant P uptake
(Rodriguez and Fraga, 1999).

Bacterial isolates belonging to the genBseudomonasBurkholderiaand Bacillus
have been found to belong to the group of bactalled PGPR and are known for
their ecological use as biofertilisers (Gentili angoponen, 2006). Various bacterial
species such a@seudomonas flavuBacillus megateriunand Burkholderia glathei
belonging to the above-mentioned genera were et this study and were capable
of solubilising CaHPQ thus indicating their potential exploitation fose as plant
growth promoters. Pseudomonads are Gram-negatiovee-$prming rods that are
common soil inhabitants and are known for theirabetic diversity (Madigaret al,

1998). Some species belonging to this genus dneresaprotrophic and are involved
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in suppression of plant diseases that promote gianwth and yield (Kloeppest al,
1980). The possible mechanism by which this grotlpeaves such benefits to plants
is through the production of plant growth regulat@uch as auxins, gibberellin,
siderophores and indole acetic acid (Ahreadl, 2005). Isolate PSA Al (Table 3.4),
which was isolated from the MBT Site, was identfiassPseudomonas fulvand is
not regularly isolated from soils. The 96% identiytained (Table 3.4) was below the
cut off set for a significant species level in tistsidy. Therefore, at species level,
molecular identification oPseudomonas fulveemains inconclusive. However, this
organism belongs to tHeseudomonas putiddrevisan) group that has been found to
stimulate the development of AM fungal myceliumiocrease the susceptibility of
plants and mycorrhizal fungi colonisation (Gryndéerd Voséatka, 1996; Meyer and
Linderman, 1986b). This group of organisms has &lsen reported to mineralise
inositol phosphate through the production of theyeme phytase, thereby increasing P
availability to plants to increase plant growth )Rguez and Fraga, 1999). Gryndler
and Vosatka (1996) determined the respons&loffistulosumto treatments with
Pseudomonas putidasing maize. They observed that a high AM fungdbmisation

of the plants roots was obtained when the fungus imaculated together with
Pseudomonas putidhan when inoculated alone. Therefore, therepessibility that
Pseudomonas fulveould have promoted mycorrhizal establishmenhatstudy Site
were they were isolated. However, further studiesupport the interaction between

Pseudomonas fulvand AM fungi in pot or field trials are required.

Isolate N2A A53 and isolate NBP C31 (Table 3.4) evedentified asBacillus
megaterium which are spore forming mesophiles that have beemd as the
predominant populations in bulk soils and in theabphere of plants such as potato,
strawberry and oilseed rape (Smadtaal, 2001). In this study, a 98% similarlity to
the Genbank nucleotide sequence is an indicatiantkie isolate was well identified
at the species leveB. megateriunwas isolated from the rhizosphere soil of the LHF
Site on N free medium indicating their capability to soligd insoluble P as well as
to fix nitrogen. Dinget al, (2005) confirmed this by using PCR degenerategns
for the nifH genes. This gene indicates whether a bacteriumit@genase activity
and possesses tmifH gene sequence, which is responsible for its retmofixing
capability (Dinget al, 2005). FurthermoreB. megateriumhas been reported to

produce a range of enzymes such as protease tiades proteins and others that
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degrades pectin and starch (Carmtnal, 2006), thereby improving nitrogen and
carbon cycling as well as soil fertility. Studiey Blagawadi and Gaur (1988)
reported the P solubilising ability of the speckspolymyxain conjunction with
Rhizobiumto improve the nutrient content and uptake of & Idrin chiken pea plants
when fertilised with rock phosphate. On the othandy plant colonisation studies
have revealed that members of this genus havereliffecolonisation patterns on
plants as endophytes (i.e organisms that grow amtpstructures) (Mclnroy and
Kloepper, 1995). Some species sucBgsumilusandB. mojavensifiave been found
colonising the root, stem, leaves and twigs of tonand coffee plants (Yaet al,
2003; Nairet al, 2002). However, the colonisation patterrBoimegateriunis yet to
be fully ascertained since they have been fourmblonise different areas of the plant
depending on plant species (lgual, 2006). Hence, the isolation Bf megateriunin
the farming Site, which have been reported as pnéaint species in such soils,

portrays their roles in nutrient cycling or as plgrowth promoters.

Similarly, species oBurkholderiawere found to be bifunctional in this study be@aus
they were isolated as free-living, fixers and as PSB. Isolate NBP C33 (Table 3.4)
was identified as a bacterium in the Burkholdemcé&emily, while isolate N2A A53
(Table 3.4) was identified @®urkholderia glathei The percentage identities of these
two organisms were observed to be below the cutr@fk for genus and species
levels set for this study. Therefore, their ideadéfion as belonging to the genus
Burkholderiawas not conclusive. This genus was formed in 1&® the proposed
reclassification oPseudomonaRNA homology group Il by Yabuuclet al, (1992).
Members of this genus are Gram-negative aerobit;sporing straight rods that are
known for their functional roles in the environmeagriculture, bioremediation and
plant growth stimulation (Sallest al, 2004; Estrada-De Lost al, 2001). Most
species use poly- hydroxybutyrate as a carbon source and are mgbdd live in
close associations with AM fungi (Prescettal, 2005; Bianciotto and Bonafante,
2002). The isolation oB. glathei from the rhizosphere of cucumber plants was
reported by Mansfeld-Giesst al, (2002) who determined the bacterial populations
associated with the mycelium d&l. intraradices using fatty acid methyl ester
analysis and culture dependent techniques. Furtivernstudies by Sallest al,
(2004) reported the occurrence of this genus ifs smiltivated with barley, grass

(Lolium perenng oats, or maize. They also observed that diffespecies of this
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genus were influenced by plant species and landhistery of the Sites examined.
This could mean that the presence of members efgénus isolated in this study
could vary with land use and cultivated plant specin addition, the ability of the
isolated Burkholderia organisms to solubilise phosphate and fix nitrogeas
confirmed by the analysis of the phenotypic andspdiggical characteristics of this
genus in a study conducted by Pandewgl, (2005). Similarly, the speci® cepacia

B. kururiensisandB. viethamiensisvere isolated by Estrada-De Lesal, (2001) on
N, free medium. These organisms were reported to niftHDK genes that are
responsible for nitrogen fixing capability. Theredfpthe presence of this genus in the
rhizosphere could play functional roles in nitrogixation and solubilisation of

inorganic P.

Isolate Act C29 and Act C31 (Table 3.4) were ideedi as an actinomycetales
bacterium and Streptomycessp., respectively. Actinomycetes are natural soil
inhabiting microbes that are found to be dominantmost soils. In this study,
actinomycete representatives were observed to edoprinant compared to other
bacterial groups. This is in accordance with tmelifigs of Heuret al, (1997) who
reported the predominance of actinomycetes whemhizesphere of transgenic and
wild type potato plants was analysed. Smataal, (2001) also obtained a high
proportion of members of this genus in the rhizesplof oilseed rape and strawberry.
Members of this group have been reported to pléiyewmles in the decomposition of
organic material (Heuet al, 1997) due to the production of various catalytic
enzymes as well as the metabolic compounds. Garhed, (2000) reported the
ability of five Streptomycespecies to produce the enzyme endochitinase, whésh
observed to inhibit the growth dfusarium solani Aspergillus parasiticus and
Colletotrichium gloesporiodegsungal pathogens, thus indicating their biocontrol
activity. The mechanism of biocontrol activity isopably exerted through the action
of 1, 3 RBglucanase (Horgt al, 2002) and chitinase on the glucan or chitinhe t
fungal cell wall. In addition,Actinomyces pyogenesn endophytic bacterium,
obtained from the leaves and stemJaicaranda decurrensvas reported to have
amylolytic and proteolytic capability (Carrinet al, 2006). The ability of this
organism andStreptomyces cyaneyPetinateet al, 1999) to produce the enzyme
amylase or protease indicates their potential irolleiotechnology and agriculture to

degrade amylose and proteins. Other degradativyeepties reported by members of
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this group include, lignin degradative ability (Rast al, 1990) and bacteriolytic
activity (Vinogradoveet al, 1988). The biochemical properties of this graugicate
that their presence at the two study Sites wouldbkeeficial in rhizosphere

interactions because of these varying metaboliccarmitgradation activities.

The restriction digest of 16S rDNA of these “stamidd (identified functional
bacterial species) and cultured bacterial sampiegireed from the two study Sites
were successfully conducted (Fig. 3.11). A visuadlgsis of the digest patterns
indicated that there were differences and simi&gitin the banding patterns. The
similarities in the banding patterns were relatedite undigested samples, which
when compared to the standards could probably ntleanthey belonged to the
Pseudomonagroup. However, these differences and/or simiégire not conclusive
as this method experiences loss of smaller fragsnemd banding patterns can be too
complex for analysis (Kirlet al, 2004). In addition, it is presumed that therieson
enzymes used in this study may have been quite@eaed would not have extracted
variances in banding patterns. A recommendationdvoe to use restriction enzymes
for specific groups of organisms as well as to esplthe use of T-RFLP, which is
highly sensitive and can be used for comparatiayais (Marsh, 1999). This method
is less complex than the banding patterns of RkLEhat the restriction of nucleotide
sequences will only occur at the terminal end fragtas a result of the fluorescently
tagged primer (Marsh, 1999).

Fungi, which were not the main focus of this studsre found present in similar
amounts in the rhizosphere Gf datylonand Pelargonium graveolenat the MBT
and LHF Site, respectively (Fig. 3.8). From Tablg, 3he percentage identities of all
fungal isolates were above the significant peragtaentity set for this study for
genus and species, with the exception of isolaté. O®erefore, the fungal species
were identified with a high level of certainty. Qitetively most isolated and
identified genera were found to be common saprbsap pathogens (Table 3.5 and
Table 3.6) that are involved in plant-fungal intgrans. Saprotrophic fungi are one of
the major contributors to the ecosystem as thegasel compounds through the
degradation of both dead and living organic maittersoils; thus promoting or
inhibiting growth of microorganisms in the rhizogpé (Garcia-Romeret al, 1998).

The most frequently isolated genera in this studymf both Sites included
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Penicillium Fusarium Aspergillus andTrichoderma Studies by Malik and Sandhu
(1973) revealed the cellulolytic ability of 10 fumlgisolates among which were
Aspergillus spp., Fusarium solani Alternaria humicola and Nigasporaspp. They
observed that these organisms increased the destiiopoof organic matter in the
form of fresh kallar grass and farmyard manure with weeks of incubation in a
saline soil. This indicates that the presence ebe¢hfungal saprotrophs in the soil
would be beneficial in degradation of litter anegl materials (Gray and Williams,
1971). Furthermore, species likeichoderma harzianiugnwhich was isolated in this
study (Table 3.5), have been used as biocontraitadger other fungal pathogens, a
process referred to as mycoparasitism (Brimmer Bathnd, 2003). This fungus
attacks target organisms suchRghiumandRhizoctonia solaniirst, by penetrating
the cell wall using chitinolytic enzymes. This pess is followed by the production of
antimicrobial compounds that permeates the hyphelby preventing resynthesis of
the host cell wall. Finally, the fungus grows inetempty hyphae of the target
organism after dissolution of the cytoplasm, annévibhat leads to cell rupture
(Brimmer and Boland, 20Q3Exserohilium rostratumwhich was identified in this
study (Table 3.5), is a known human pathogen tlatses phaeohyphomycoses.
However, it has been reported to occur in soils iana common plant pathogen of
grasses (Pratt, 2000; Guiraed al, 1997). Pratt and Brink (2007), reported the
response of seve@. dactyloncultivars to the pathogersxserohilium rostratunand
Bipolaris spiciferain a field experiment. They observed that all igalts of the grass
were susceptible to these two pathogens and the@ed susceptibility determined
the persistence the grasses in the field. Thoughef the cultivars showed varying
persistence with the funguB. spicifera no cultivar showed less susceptibility to
Exserohilum rostratumthus indicating their strong pathogenicity. Tlisuld also
explain the isolation of this fungus in the rhizbspe of the MBT Site which was
cultivated withC. dactylon In addition, Guiraucet al, (1997) isolated the species
Exserohilum sodomiifrom soil samples collected around the Dead SdweyT
observed that this species was able to produce edilular polysaccharides and
enzymes such as phenoloxidases, lipases, amyladgx@eases. They also reported
the ability of this fungus to have antimicrobialigity against pathogenic organisms
such asEscherichia coli Staphylococcus aurewdPseudomonas aeruginasahis
could mean that members of this group could alag pbsitive functional roles in the

rhizosphere through its activity in spite of itghpagenicity.
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The following generaAspergillus Penicillum and Cephalosporiumwere isolated in
this study to be capable of solubilising P as oletion the NBRIP medium. This is
in accordance with the findings of Banik and De982) who observed the capability
of Aspergillus fumigatusnd A. candidusto solubilise rock phosphate as well as
possessing a cellulose degrading capability. Sitpjl®mar (1998) studied 36 fungal
isolates for their ability to solubilise rock phosgpe. Aspergillus niger and
Penicillium citrinumwere reported to solubilise rock phosphate in éiglmounts,
which is in agreement with this study, as largeagtey zones of about 9 mm was
evident on NBRIP medium. As such, members of tlyeseera when present in soils

could facilitate in the mineralisation of P presentomplex forms.

The isolation of readily culturable microorganishas been the widely used method
in microbial diversity studies (Kirket al, 2004; Meyer and Linderman, 1986b). This
method is preferably used in determining the pHgsgioal and biochemical activities
of culturable microorganisms in the ecosystem gHtial, 2003). However, the use
of this method has its limitations as different Wto factors such as media
concentration; pH and nutrient constituents magafthe observation and deductions
drawn from this method (Bast al, 2005). Another culture dependent method that is
used in microbial diversity studies is CLPP techmeiqThis method involves the use
of BIOLOG plates to access the usage of 95 difterearbon sources by
microorganisms (Garland and Mill, 1991). This altofor the culturable microbial
community to be determined based on substrateatiiin and the average metabolic
respiration of C by these organisms. Hence, itelkable, less time consuming,
sensitive and could be used in further studies. ¢l@y CLPP has its disadvantages
as it takes into account only organisms that caliseitthe carbon source present
(Garland and Mill, 1991).
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4.2.3 Determination of the unculturable microbial populations in the
rhizosphere

DGGE allows a large number of samples to be andlgsacurrently and is a good
tool for screening similarities or differences beém communities (Kirlet al, 2004).

In the present study, the method was attempteavistigate the bacterial community
at the MBT Site. Visual observation revealed sintikes in the patterns that resulted
in a total of 12 bands which reflected dominantcggepresent (Fig. 3.9). Similarities
were observed in the number of bands but not initkensity of bands. Sharma
(2003) determined the structural and functionalratizrisation of bacteria in the
rhizosphere of three legume plaMiia faba Pisum sativurrand Lupinus albusin
one of the experiments were DGGE analysis was adadwn 10 samples collected
from different pots of the same plant, visual sartles in DGGE profiles were
observed. But when analysed using Gelcompar liwsoé it was found that the
samples were only 90% similar and not 100% as d@ggdedhus analysis of DGGE
band patterns requires more than just visual aisadysl the PCR bias of this method
(i.e. the need to obtain high purity PCR productoi® adequate separation is
observed) requires optimisation. However, this méthwould have been further
applied if not for the experimental problems inragtion efficiency and period of the

study.

PCR amplification from environmental samples hagnbeeported to be highly
problematic due to the presence of humic and fuhds that co-purify with the
DNA thereby inhibitingTaq polymerase during amplification (Wechtral., 2003).
Other problems such as DNA polymerase error (iitgbdf Taq polymerase to
proofread inserted bases), primer selectivity anidrference from DNA flanking the
template region, decreases the accuracy of thisadefHanssert al, 1998; Wang
and Wang, 1997). In spite of these PCR pitfallss thethod has been extensively
used to study microbial diversity. The ease of ygiaf many samples and the use of
universal or group specific primers to target oigars or taxa of interest have led to
its prevalent application (Kirket al, 2004). The method of DNA extraction
determines a successful PCR amplification (Niexhial, 2001). As a result, the
inability to successfully reproduce the combinedRP@otocol of Kauffamaret al,
(2004), Yeate®t al, (1998) and Zhoet al, (1996) in this study, was subsequently
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optimised using the Qiagen DNeasy plant mini kitm@onents in the kit such as the
QlAshredder and DNeasy spin column were used toovencell debris and salt
precipitates to obtain a purified DNA product. Thi§ which was actually designed
for plant DNA extraction, was also used for baeteDNA and yielded products that
were amplifiable. This indicated that the efficaafy developed kits for soil DNA
extractions would be much more reliable and repecddde than the use of chemical
and enzymatic methods of extraction (Nieshial, 2001) if quantity and quality of
DNA extracted is not to be compromised. Therefdhey use of soil DNA Kits,

although not used in this study, is highly recomdszh

The purpose of cloning the bacterial DNA was torogee the limitations of DGGE
analysis as well as to identify organisms preserthe PCR product resulting from
total soil DNA extraction. One of the benefits d¢fist method was the ability to
optimise cloning efficiency by adjusting the ligati volumes based on the purified
PCR product yield. Also the use of a positive aedaiive ligation controls gave an
indication of suboptimal or unsuccessful reactidhsan be said that the cloning was
suboptimal as <50 white colonies was observedamtsitive control reaction. While
in the negative control <30 blue colonies were olest which is an indication that
compared to the standard reaction, more of theewdotonies contained inserts. Out
of a total of 28 clones, only 10 clones had theexmirinsert size (600-500bp) (Fig.
3.16), while the others had smaller inserts. Thirect insert size could be due to
factors such as presence of inhibitors in the P@Riyct, multiple PCR products
being generated and cloned into the pGEM-T vectothe presence of dimmers
formed from UV exposure during gel purification ¢Rrega, 2005). Clones, upon
sequencing, belonged to the genera of bact&c@obacterium Actinobacterium
alphaProteobacteriumPropionibacterium Bradyrhizobiumand Sporichthya(Table
3.7).

Based on the percentage identity chosen for thidystclones 1IMBT7, 2MBT4 and
4LHF1 (Table 3.7) obtained from the MBT and LHF eSitwere successfully
identified as Propionibacterium sp Propionibacterium are Gram-positive non-
sporulating, non-motile anaerobic organisms that karown to ferment lactic acid,
carbohydrates and polyhydoxyl alcohols by produgirapionic acid, acetic acid and

CO, (Madiganet al, 1998). These organisms have no defined sourcerigin
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(Madiganet al, 1998) butactivities of Propionibacterium freudenreichhave been
reported in soils. This organism oxidises propienahd ferrous hydrous in the
presence of humic acids when incubated under ab@econditions into acetate and
ferric iron. This oxidation reaction increases atetin the soil which favours
fermenting bacteria that in turn transfer electreiashumic acids to ferric iron (Benz
et al, 1998). FurthermoreRropioniobacteriumshermaniiwas reported to have the
capability to produce the enzyme polyphosphate y@eglucokinase that was
suggested to increase the amount of short chalg® gmcountered in the intraradical
hyphae of the AM fungu$sigaspora margarita This was because the enzymes
produced by this organism breaks down long chalpRmto short chain polyP that
is involved in the metabolism and transport of PAbY fungi (Capaccio and Callow,
1982). Additionally,Propionibacterium pentosaceuwas reported to reduce nitrate
to nitrite in an anaerobic medium (Van Gent-Rugter al., 1975), which could have
an ecological importance in nitrogen fixation. Théture-dependent method used in
this study was aerobic and therefore would havevgmied the isolation of

Propionibacteriunmsp. as well as any other anaerobic microorganismmedia.

Clone 3LHF was obtained from inoculated plots atlthiF Site and was identified as
Bradyrhizobiumsp. with an accepted percentage identity of 99%bI€r8.7). This
group are common soil organisms closely relate®h@obiumand are involved in
root nodule formation in legumes and non-leguminplasts (Antouret al, 1998).
These groups of organisms fix nitrogen mainly ia tlodules of legumes, however, in
non-leguminous plants such as riBeasicca napusndArabidopsis thaliananodule
like structures have been reported to be formeahvitiay be responsible for nitrogen
fixation in such plants (Antouat al, 1998; Trinick and Hadobas, 1995; Preteal,
1984). They have also been reported to form tigagssociations with AM fungi
(Prescottet al, 2005). In a pot experiment conducted by RamaahAttia (2006),
they observed that the dual inoculationByadyrhizobium japonicunstrain and a
mixture of different Glomus species increased nodulation of soybeans than the
separate inoculation using these microorgani®@redyrhizobiumare well known for
their nitrogen fixing capability, however, they leaalso been reported to possess
characteristics of PGPR, which includes P solutiisn capability, production of
siderophores, production of IAA and the ability be antagonistic towards plant

pathogens (Antourt al, 1998). In addition these organisms have beearreg to
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possess a hydrogenase gene that recycles hydrbgesby increasing nitrogenase
activity with their symbiont. This was observed Bgginsky et al, (2002), who
showed using molecular techniques, that the inatitim of the hydrogenase gene in

Bradyrhizobium japonicuraffected the nitrogen content of black eyed pea.

Spirochthya polymorphgTable 3.7)that was obtained from the LHF Site (clone
3MBT5) is a soil-inhabiting microbe that belongs withire tbrder actinomycetales
(Tamuraet al, 1999). Due to the 96% identity of the organidralqle 3.7) obtained in
this study, the identification to the species lensrhains inconclusive. This genus is
characterised by a Gram-positive cell wall and i&eultative anaerobe. Their cell
wall contains large amounts of L-diaminopimelic ca¢hat acts as a precursor in
lysine synthesis in bacteria (Suzu al, 1999; Gilvarg, 1959). In addition, this
genus is differentiated from the actinomycetadgsup by their ability to release
motile flagellate conidia in the presence of wgRnescotet al, 2005). This group of
actinomycetes has not been studied extensivelyapsrdue to their rare nature but
has been reported, however, to be isolated frons ssing selective agar such as
humic acid vitamin gellan-gum medium (Suzwd al, 1999). This means that
inability to culture this group of organisms in ghstudy was due to media used.
According to Tamuraet al, (1999) Sporichthyabrevicatenaisolated from a soil
sample had biochemical properties such as thetyaldliutilise simple and complex
sugars (glucose, inositol, D-xylose, glycerol, éset and melibose) as carbon sources
and the ability to convert nitrite to nitrate. Hendhis could mean that directly or
indirectly, this group of organisms through its dhemical activities may be of
ecological importance in relation to nitrogen figat and carbon degradation.

However, further investigations into this arear@guired.

Actinobacteria(clones 3LHF3, 4LHF2) and alpha Proteobacterian@l@MBT6)
(Table 3.7) are large divisions in the bacteriasslfication that consist of a wide
variety of soil organisms and that were obtainexnfthe MBT and the LHF Sites.
Actinobacteria are a class that consists of ecoddlyi significant genera that have
been found present in the rhizosphere. Genera @ielpnto this class include
Actinomyces Arthrobacter Corynebacterium Mycobacterium Micrococcus
Streptomycesnd Propionibacterium(Prescottet al, 2005). Gremioret al, (2003)

who employed cloning techniques, reported the peexea of actinobateria in the bulk
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and rhizosphere soil contaminated with heavy mefdiss was attributed to the fact
that members in this group are metabolically acéither by increasing plant growth
due to production of phytohormones or through gigro fixation. A member of this
group, Streptomycesp. was identified to have a high affinity nickelnsporter gene
that enable it to survive on high nickel concerra of up to 20mM NiGl(Amoroso
et al, 2000). Such characteristics could possibly iagictheir participation in the
removal of heavy metals from the environment. Thgha Proteobacteriaclass
includes organisms that are capable of growingoatlével nutrients, commonly
referred to as oligotrophs. Genera belonging ts thass includeRhodospirillum
MethylobacteriumRhizobium Nitrobacter andBeijerinkia Some of the mentioned
genera are known for their metabolic activitieshe rhizosphere such as the ability to
fix nitrogen or solubilise insoluble phosphates Rguez and Fraga, 1999). In
addition, this group of bacteria have been propdsgutotect plants or bacteria from
toxic effects of heavy metals or enhance hyper+acdtating properties in plants due

to their presence in metal contaminated soils (Gremt al, 2003).

Furthermore, the identification to species levelctdnes 3HLF3, 3LHF, 4LHF2,
4LHF3 and 4LHF4 (Table 3.7) in spite of some ofithgercentage identity being
above the significant value set for this study, agmnconclusive. These clones were
observed to either belong to the class Proteobactctinobacteria or Acidobacteria
(Table3.7) that consist of other genera. Howevasel on the phylogenetic diversity
of isolated clones, similar groups of bacteria weléained from the studies carried
out by Anet al, (2004). Their study analysed from rice fieldlstihe degrading
characteristics of nitrate-reducing bacteria ardrtticrobial communities involved in
toluene degradation using DGGE analysis. Majoritthe isolated clones belonged to
these classes. Therefore, it could be said thatthgeoups of bacteria have limit-less

roles in the environment where they are obtained.

Many soil bacteria have been referred to as cuitarar “unculturable” organisms.
There have been arguments that certain groups gdn@ms are viable but not
culturable on media and can only be identified molarly (Dobrovol’'Skayaet al,
2001). However, analysis of the 16S rDNA gene sege® could possibly provide
information as to the formulation of media requitedulture them when compared to

other similar cultured species or bacterial cl@#gsording to Jansseet al, (2002)
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improving media composition would increase the clean of obtaining these
“unculturable” organisms. In this study, a cladogranalysis was conducted to
illustrate similarities between nucleotide sequenaletained using culture dependent
and culture independent technique (Fig. 3.17). €andicated in groups D, E and F
were clearly differentiated from the nucleotideseges in group A, B, C (Fig. 3.17).
This indicates that there is little or no similgribetween the clones and bacterial
cultures (standards). Therefore, both methods amgptimentary as they provide an
insight into the diversity of soil bacterial comnityn(Dobrovol'skayaet al, 2001).
This is in accordance to the findings of Ed#isal, (2003) who reported differences in
phylogenetic groups of bacteria based on the altdependent and culture
independent approach that they used, which theyeagd to have theoretically
yielded similar results. This study also expectadhssimilarities between methods
but then other influential factors such as soil tighaheterogeneity, bacterial
dominance both on media or molecularly and possibigading of DNA in soil were
considered (Marschnet al, 2001a; Trevors, 1996).

4.3 Arbuscular mycorrhizal fungal population assessment in soil

AM fungi are naturally occurring in most soils aak non- host specific (Smith and
Read, 1997). The presence of this fungus is detexinby accessing the infectivity
and rate of colonisation of propagules such asesponyphae and infected root
fragments (Brundrett al., 1996). AM fungal populations studies are usukihited

to determination of spore density in a given s8ih{th and Dickson, 1997).

Spore separation using a wet sieving method isobtiee easiest and most frequently
used procedures to examine the presence of AM fiangpil. The limitations of this
method as recorded in this study, was the failorglitferentiate dead from viable
spores, the loss of spores smaller than 45um smegh size or spores adhering to
organic particles which may be discarded in extacprocess. Therefore, it should
be noted that the use of spore density method thotgliable gives an
underestimation of the total AM fungal spore pogiola (Schenck, 1982). This is so
said in that small endophytic spores li&. tenuemay be lost during extraction

process as well as spores parasitised by soil m#&sronansects and the presence of
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non-sporulating species that may not be detectedigih the standard technique (Liu
and Luo, 1994). Hence the population referred tonis that is underestimated due to
the above factors (Dames, 1991). Other techniquest @s the use of specific

antibodies, DNA probes, specific PCR primers, DG&## isozyme banding patterns
have been developed to overcome this problem (Kwoag2004; Stukenbrock and

Rosendahl, 2005; Tisseraettal, 1998), but were not used in this study.

Results from the spore enumeration analysis (Tal8g revealed variations in spore
density at the MBT Site. From the pilot study, aerage of 71 spores/100g of soll
was enumerated but at 3 months spore density wasp8fes/100g of soil. The
difference between the pilot result and that oletdiafter 3 months was very much
anticipated due to inoculation of plots with theaosrhizal inoculum. But then, other
factors such as seasonal variations or spatialrdggaeity of spores probably
influenced results (Uhlmanet al, 2004; Kabiret al, 1997; Andersort al, 1983).
Such influence was detected by Kwong ma (2004) velported that species of AM
fungi (Acaulospora colossigasporulate profusely at the beginning of summamain
viable as spores throughout the summer period suwhly physiologically active in
the cool season plant (e.g wild garlic) community. this regard, collection of
samples that is, from pilot sampling (August, 20f@tb}he last sampling at 9 months
(June, 2006) can be seasonally categorised aggsgammer and winter seasons in
South Africa with the highest spore density recdrdaring the summer period. There
is a tendency that indigenous species of AM fuhgugh not active at one seasonal
period, may become effective pending favourabldrenmental conditions that aids
colonisation and subsequent release of sporesthetsoil. Due to this reason and
other ecological factors the population of AM funtdirough spore density is

somewhat underrated.

High spore density variability, which was evidergtween the control plots at 3
months and other spore density values (Table 818y, be accounted for by vectors of
dispersal such as wind. The MBT Site is open todwiogonditions due to lack of
windbreaks; therefore, AM fungal spores can be hlawong with soil particles from
one plot to another. The effect of wind dispersaswndicated in the study conducted
by Allen et al, (1989). They observed that AM fungal spores vaispersed by wind
up to 2 km from the disturbed Site of interest bgnitoring the wind dispersal
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patterns and subsequent spore enumeration-idetitiiic analysis. In addition, there
is possibility that the spores enumerated in therob plots at the 3 months were not
viable as indicated from the initial MPN assay. Hoer, this can be ascertained by
conducting a viability test (tetrazolium test) whhics reliable (Meier and Charvat,
1993) though not conducted in this study. This faldy means that viable spores
would have germinated to initiate colonisation,réiy resulting in low numbers.
Non-viable spores would remain in soil, extracteambers high but will not

germinate.

AM fungal spores are taken to be the precursohéopresymbiotic stage of the AM
fungal life cycle (Giovannetti, 2000) despite thectf that they are not the only
colonisation propagules (Smith and Read, 1997). éd®ny based on this
generalisation, spores once relieved of spore docynar triggered by environmental
factors will germinate and go through the compliirgal life cycle only to be
produced by the extraradical hyphae (Fig. 1.4).sTtine decrease in spore numbers
after 3 months at the MBT Site can be attributedthis phenomenon, time, or
seasonal factors. However, no study as at yet édated reductions in AM fungal
spore density to its life cycle, which can possitdythe case if spores were viable. On
the other hand, Troeh and Loynachan (2003) obseavsithilar decreasing trend in
spore density in soil planted with soybean when fgal survival in a continuous
maize, soya bean and fallow cropping was determowet a period of 3 years in

three different areas.

Studies of AM fungal populations in various Sitegegorised by land-use type have
become a common practice in urban ecology (Grietral, 2000). The study Sites,
which can be referred to as a disturbed commuuiifyered in AM fungal spore
density. The spore density found at the LHF Siteb{& 3.9) were above the range of
spore density values (0-68 spores/100g) reporte@dysinet al, (2003) for all the
disturbed Sites evaluated. Agricultural practicee known to affect AM fungal
community structure and as such low spore densitines mycorrhization have been
reported (Douds and Millner, 1999). However, thigdg cannot ascertain this fact
since comparisons were with a mining Site rathanth similar management practice.
The high variability in spore density between the Sites (Table 3.8 and Table 3.9)

may be as a result of different ecological factausich include soil fertility and plant
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species (De Oliveira and De Oliveira, 2005; Milemd Jackson, 1998; Smith and
Read, 1997). Dames (1991) confirmed the impacwdffertility when the effect of
factors such as available P, pH, major cationsarioyC, total N and moisture on
spore density of AM fungal species in Nylsvley NatiReserve, South Africa were
determined. It was observed that available P andtore were positively correlated
with spore density indicating that the sporulatenmd infectivity of AM fungi are
sensitive to these factors. However, other soiltdi@c were found either to be
negatively or positively correlated depending am AM fungal species. Similarly, De
Oliveira and De Oliveira (2005) concluded that AMh§i sporulation is seasonal,
dependent on soil moisture and other soil factdtss possibly implied that the
irrigation problem encountered in this study coliée affected spore density values
at the MBT Site, since moisture can affect spomengeation phases which include
hydration, activation, germ tube emergence and &ygiowth processes (Sineganti
al., 2005; Dames, 1991). Similarly, effects of seasorariation was reported by
Uhlmannet al, (2004) who compared the species diversity andespumbers of AM
fungi in winter-rainfall areas of South Africa asdmmer-rainfall areas of Namibia.
They reported a low spore density of less thanptBes/100g soil during the winter-
rainfall season in South Africa than in the summanfall season in Namibia (greater
than 105 spores/100g soil). However, their findingsre not solely attributed to
seasonal variations in the two areas but also & boitability and geographical
distance, which may be a factor of variation inrepgensity between the Sites in this

study.

Spore production varies with respect to speciesposition, dormancy and variability
(Smith and Read, 1997). Because AM fungal sporesnat the only colonisation
propagules, difficulties have been experienceddcedaining the contributions of
different AM fungal propagules in the colonisatioihroot systems particularly in the
field (Smith and Read, 1997). Determination of itifectivity potential of AM fungal
propagules through the use of MPN technique ha®rbecwidely used and is
frequently employed in the production of inoculuBryndrettet al, 1997; Douds and
Thomson, 1994). This technique considers AM furlialcycles and measures the
collective infectivity of AM fungal propagules inaling non-sporulating species that
may be present (Troeh and Loynachan, 2003). Bust riethod is limited by the

failure to detect propagules like hyphae that aestrdyed due to disturbance.
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Therefore, other methods such as whole cores andidh of nylon mesh bags with
varying pore sizes have been employed to deterthmeontribution of AM hyphal
networks to colonisation (Requeatal, 1996), though not conducted in the present
study. In this study, it was observed that the MBi{E had a zero infectivity potential
during the preliminary analysis. The increase froeno to 850 propagules /100g of
soil is an indication that the inoculum used has plotential to improve the AM
fungal infectivity when native propagules are low fotile under field conditions.
From the observed spore density and infectivitghat LHF Site (5500 propagules
/100g soil) which was higher than the MBT Sitewds expected that the percentage
colonisation of the LHF Site should be at leasin2es greater than the percentage
root colonisation at the MBT Site. This was not tb@se as close percentage
colonisation values was recorded at 9 months amdrihs at the MBT and LHF Site,
respectively (age factor). However, at 10 monthghat LHF Site the percentage
colonisation had increased to 19.4% in the inoedlgilots and 8.2% in the control
plots (Dames, 2006, Mycoroot unpublished report)isTis more comparable to the

MBT Site at 9 months thereby, confirming the remuitexpectation.

Percentage root colonisation has been reported tmb of the major parameters used
to measure biological productivity and nutrient wf@iciency of plants inoculated
with AM fungi (Kurle and Pfleger, 1994). This parater also reflects the viability of
AM fungal propagules in soil. The viability of AMuhgal spores has always been
guestioned in terms of root colonisation becausgespare not the only propagules
capable of colonising host plant roots. A significdifference was evident in the root
colonisation at 9 months for the MBT Site and thé¢FLSite at 5 months (Table 3.8
and Table 3.9). This result can be related to thdirigs of Eriksson (2001), who
recorded a percentage colonisation rate of 39.7942at Sites with continuous
management regimes when cultivated wRhnunculus acrisAchillea millefolium
andAnthriscus sylvestri€ven though the percentage root colonisationioddafrom

in this study were lower, it is still possible thhé continuous management practice at
the LHF Site may be responsible for the higher gxatage root colonisation recorded.
This is because the land history of the Site hahleutinely used for farm purpose
with varying plant species which can bring about Apkcies diversity or richness.
However, was not determined in this study may giice AM effectivity and

infectivity. Alternatively, soil factors may alsoebresponsible for the different
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colonisation rate between Sites since it was repod be a likely factor that affects
root colonisation (Nehét al, 1998). Generally, this study recorded a low petage
root colonisation in the field Sites (Table 3.8 arable 3.9) compared to other studies
that used similar land use management regimeseiin #malysis (Nehet al, 1998;
Thompson, 1994b). For example, studies by Nelal, (1998) recorded a percentage
root colonisation of at least 38% after 48 daysafn cotton plants in three different
fields. Since root colonisation by AM fungi is atléy spores or other infective
propagules, relating the spore density and the M#dNues could help in
understanding why a low percentage root colonisatd 9.4% and 11.4% was
recorded at the two study Sites (Table 3.8 anderaldl). From the spore enumeration
analysis it can be said that majority of the “sgbdn@ere not viable given the level of
MPN values. If the MPN reflects the colonisatiortgutial of propagules in the field
and was conducted successfully in a controlledrenment; it probably means that
there were certain processes that affected myeairifiingi colonisation in the field
(Abbott and Gazey, 1994). On the other hand, thera possibility that the low
percentage root colonisation obtained in the stBags could be as a result of
sampling procedure. This conclusion is based onféee that the prevalence of
mycorrhizal colonisation occurs at the root tipsn{th and Walker, 1981). Hence,
sampling with a core borer 15 cm in depth may rotadequate to obtain samples
containing the highly colonised section of the plabherefore, to obtain a good
representation sample for percentage root coloorsasampling at various soil
depths should be considered. Additionally, finetsooccur at soil depths 1-60 cm,
while the thickest roots occur at depths less t@rcm (Fisher and Jayachandran,
1999). In this study, the root samples obtainednfiihe MBT and LHF Site will
rather be referred to as thin roots because ofdbe structure of the plant species
used which means that a greater percentage cdiomsaas expected. However,
according to the study of Skinner (2006), it wasoréed that AM fungi can occur in
thick and fine roots but to a higher degree, mainmaof roots are likely to affect
location and colonisation of the root. This she atoded based on the majority of
percentage colonisation found in young roots ofetpass that were 3 weeks old
conducted in a pot experiment. This is contradictord may not be applicable to this

study, as no root colonisation was recorded at 8thsofrom the MBT Site.
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Glomalin is a recalcitrant glycoprotein produced thg hyphae of AM fungi but
sloughs off and adheres to soil particles (Wridi00; Wrightet al, 1998). Most
information concerning this protein has been stlidie relation to its role in soil
aggregation and water stability (Rilleg al, 2002; Franzluebbest al, 2000). But its
use as a bio-indicator for AM fungal presence isaatageous because it is AM
fungal specific and could be easily assayed usingd#®rd’s or immunoreactive
antibodies (Loveloclet al, 2004b; Wright and Upadhyaya, 1998). The uséefAM
fungal glycoprotein (glomalin) in this study was @oyed to confirm the presence
and activity of the AM extraradical hyphal growth the soil. The preliminary
analysis of glomalin concentration at the MBT Sitas 0.121 mg/ml and later at 3
months increased to 0.211mg/ml. Subsequently aedserin glomalin concentration
after 3 months was observed (Fig. 3.18) which pgeshaas as a result of glomalin
decomposition or rate of production in the soike{8berg and Rillig, 2003). Lutgest
al., (2003) raised an issue of seasonality in glamedincentrations which could also
be a factor responsible for the decrease in glamadncentrations over time at the
MBT Site (Fig. 3.18). They argued that since AMdahspores and percentage root
colonisation are subjected to seasonal changesletisity of AM fungal extraradical
hyphae and its exuded product, glomalin, might a&soinfluenced by seasonal
variations. Hence, they determined the glomalinceaotrations over time which
revealed a rise and fall trend with a 24.5% chavef@veen highest and lowest mean
concentrations (Lutgeat al, 2003). Similarly, the insignificant differencbstween
treatment plots over time are in agreement with shggestion that glomalin is
relatively stable in soils and that several sangpkwents may not capture response
variables (Lutgert al, 2003). However, this assumption is tentative laasl not been
proven using a wider range of ecosystems. The gbtahalin concentrations between
plots at the MBT Site were not significantly diféet from each other with the
exception of the concentration at tHér@onth sampling. This could be related to two
possible scenarios, which are glomalin stability the spread of AM fungal
extraradical hyphae from inoculated plots into coinplots. Glomalin has been
reported to remain stable in soil long after theateposition of the hyphae (Rilligt
al., 2003). Studies by Wrighdt al, (1998), revealed the possibility of obtaining a
significant difference in glomalin change over aige of 2 or 3 years that will go
undetected in a single year. Therefore, it is faesthat plots already contained

glomalin, irrespective of inoculation and can remstiable for a long period of time.
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Little is known on how far the extraradical hyphafeAM fungi can spread in soils.
However, according to Sandess al, (1977), the spread of AM fungal extraradical
hyphae is dependent on the fungal species anddeasdtudied based on the different
growth promoting effects of AM fungal species. ert studies would therefore be
required to ascertain the extent of extraradicgdhlay growth. In this regard, the
spread of the extraradical hyphae can influencmglm concentrations between plots
when released, given that field trial plots are mompartmentalised, thus the
difficulty in ascertaining this fact in the presestiidy.

The method of quantifying glomalin is of great imamce as sensitivity and precision
of techniques may be required to verify obtainetles of glomalin concentration.
Bradford’s protein assay is rapid and cheaper tharenzyme linked immunosorbent
assay (ELISA) method which makes use of monoclamibodies that are not
commercially available. These two methods measifferent fractions of glomalin,
which includes total glomalin (TG), easily extrdd&a glomalin (EEG),
immunoreactive easily extractable glomalin (IREE&)d immunoreactive total
glomalin (IRTG) (Wright and Upadhyaya, 1998). Thésetion types differ from the
concentration of citrate buffer used and the peabohcubation during the extraction
process as well as in the detection method (Luggeat, 2003). The ELISA assay is
very specific and sensitive as it captures glompitsteins that have likely undergone
microbiological mediated changes (Wright and Upagiay 1998). However, the
Brafords assay, which measures TG and EEG, is yige#d due to its advantage of
being more rapid and cost effective. It has alsnbshown by SDS-page analysis that
crude glomalin extracts determined by this methad kimilar banding patterns to
glomalin extracts from single AM fungal species.u$h indicating its reliability
(Rillig et al, 2001).

The rate of glomalin production and decompositiédrAM hyphae in soil has not
been well studied and the biochemical nature af gfycoprotein makes it a possible
source of carbon for soil organisms. Klironomos &ahdic (1998) studied the effect
of microathropods (collembola) densities on theagadical hyphae of AM fungi as a
food source. They reported that these microathpeduced the efficacy of AM
symbioses as they distorted the hypal network tiraiheir mode of feeding which

could influence glomalin production. Steinberg aRdlig (2003) evaluated the

142



Chapter 4 Discussion

possible decomposition of AM fugal hyphae and gltimay exploiting the non-

saprotrophic nature of AM fungal hyphae. They foandecline in the total glomalin
extracted, which they proposed to be attributetthéopartial activity of soil organisms
that contribute to the solubilisation of glomalim decrease its sorption to soil
particles. However, the mechanism of how thesernisgeas decompose glomalin and

extraradical AM fungal hyphae is still not certaind requires further investigation.

The impact of different crops and management mrestion soil quality could be
assessed by measuring soil aggregate stabilitygkrmdalin production by AM fungi
(Rillig et al, 2003; Borieet al, 2000; Wright and Anderson, 2000). Glomalin is
linked to soil carbon storage and has been reptotedcount for 30% of total carbon
found in soils (Haddad and Sarkar, 2003). In thigly, a clear distinction between
the amount of glomalin found at the LHF Site at &ntins and MBT Site at 9 months
was evident (Fig. 3.19). The LHF Site was founch&we an average total glomalin
concentration of 0.282 mg/ml while the MBT Site hadconcentration of 0.102
mg/ml. Rillig et al, (2003), studied the distribution and decompositf glomalin in
an agricultural, native forest and afforested sdislike the increase in glomalin
concentration in the farm Site that was observethis study, Rilliget al, (2003)
observed a concentration of glomalin 3.06 mg/mthigir agricultural soil which was
lower than the concentration of glomalin in theiveaforest and afforested soils. This
indicates that glomalin concentrations vary withdadisturbance that affect intact
hyphal network. In addition, the lower concentrataf glomalin at the MBT Site can
be attributed to the previous non-existence of ptastts thereby resulting in reduced
presence of extraradical hyphae in soil. The glamabncentrations obtained in this
study and that of Rilliget al, (2003), perhaps could be as a result of thewifft land
use management comparison or the effect of sdilifier Rillig et al, (2003) also
determined total glomalin concentrations in relatto soil chemical characteristics.
They observed that soil characteristics such asMég,K and pH did not correlate
with total glomalin concentrations but reported asifive correlation with C and N
content. However, in spite of this being a possfaletor in glomalin variations, it
may not be applicable in this study since the MB{€ 8ad a higher value of %C and
low NH,4 content than the LHF Site and vice versa (Tahlg. Similarly, studies by
Wright and Upadhyaya (1998) highlighted the possdidundance of total glomalin in

clay soils as they obtained a total glomalin cotragion of 14 mg/ml in soil rich in
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clay than in other soil types they compared. Tloigld be attributed to the ability of
glomalin to bind more effectively with clay pared as clay soils are rich in minerals
and will have enough binding sites for the glomalompound. Therefore, the soill
from the LHF Site will have a high tendency to aoclate and retain glomalin when

sloughed off from AM fungal hyphae.

4.4 Alternative host plants from around the mine area

AM fungi are ubiquitous in soil and are reportedhtave evolved with terrestrial
plants (Brundrett, 2002). Apart from the nutritibmad soil functioning role of AM
fungi, these organisms have been reported to indeigplant community structure

through the varying host response to AM fungal gse¢van der Heijden, 1998).

This study discovered that the plant species exaanwere mainly endomycorrhizal
with the majority being the arbuscular mycorrhizgde. Root colonisation type, when
referred to as endomycorrhizal, had hyphal coid genetrated the root cortical cells
but with the absence of vesicles and arbusculestliSamd Read, 1997). Ericoid
mycorrhizal fungi though are known to form hyphalile are restricted to the
epidermal cells and have very specific host plantgsch can be easily differentiated
from AM fungal colonisation (Molinat al, 1992). The plant species were classified
into families and were found to be members of Hytciceae, Fabaceae, Asteraceae,
Eurphorbiaceae and Scrophulariaceae (Table 3.9gr#seae and Fabaceae are the
most common families in the Cape flora based onntimaber of species (Goldblatt
and Manning, 2000).

The plant speciesSelago corymbosa(Scrophulariaceae) was found to be
endomycorrhizal, similar to the studies by Hawleyd @ames (2004) and Skinner
(2001) who observed the root of spedidleria lucidato be AM. The fact that they
were observed to be endomycorrhizal in this studgsdnot mean that they do not
form an AM type of colonisation. To confirm the agbnship, sampling of the same
species throughout the year may clarify the typeaddnisation formed. According to
Wang and Qui (2006) species belonging to this farfdkm AM type colonisation
only. This was based on their findings that outt8fspecies, 40 were observed to
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form AM type colonisation, while the rest were eithnon-mycorrhizal or
facultatively AM mycorrhizal plants. However, thfamily has about 418 species
(Goldblatt and Manning, 2000). Therefore, geneasii;ms of the family being AM
should be investigated, as there are still postdsithat some species suchSedago
corymbosawhich was not among the 58 plant species exaniiyed@ang and Qui

(2006), could form other endomycorrhizal type caation.

According to Molinaet al., (1992) some host plants from the family Asteagchave
been reported to form ectomycorrhizal, ericoid nmyfzi@zal and AM colonisation.
Three species in this family were identified Bgntzia incana Elytropappus
rhinocerotis and Helichrysum rosumwhich were found to be AM colonised with
Paris type hyphal coiling (Table. 310klytropappus rhinocerotigs a plant known for
its nutritive value for black rhino and has beeurio to possess medicinal chemical
constituents (Bergh, 2006; Levyns, 1935). StudigsSkinner (2001), Allsopp and
Stock (1993) confirmed the findings in this studhatt the mycorrhizal status of
Elytropappus rhinocerotisand Helichrysum rosumis AM. Pentzia incanais an
unpalatable woody species that thrives in diversasa(Todd and Hoffman, 1999).
Turnau and Mesjasz-Przybylowicz (2003) collectexhpkpecies from different areas
including from the Agnes mine in Mpumalanga Proein8outh Africa. They found
that the roots of four Ni-hyperaccumulating spedi@erkheya coddii, B. zeyherii,
Senecio anomalochorus and S. coronphedonging to the family Asteraceae formed
AM symbioses. The plant species collected arouerdntine area (MBT) that belong
to this family, is an indication that these plantay not just be a source of food for
browsers but could be capable of exhibiting accamouy properties like thd.
coddii, thereby serving as potential host plants for bditation of mine spoils.

However, this property was not determined in tresent study.

Albuca canadensibelonged to the Hyacinthaceae family and formed &k of
colonisation. In the survey carried out by Wang & (2006) to determine the
mycorrrhizal status of 3,617 species from 263 fawjlit was observed that all
selected species of the Hyacinthaceae family wévecAlonised. Similarly findings
of other species in this family were found colodisy AM fungi (Berndtt al, 2003;
Skinner, 2001).
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Fabaceae, which is the second largest plant farhdg, also been reported to have
genera that can form ectomycorrhizal, ericoid mgwaal and AM type of
colonisation (Brundrettet al, 1996; Molinaet al, 1992). However, the genus
Indigofera was not among the listed genera. In this studyeciss in the genus
Indigoferawas found to be AM colonised. This is in agreemeitih Skinner (2001),
Allsopp, and Stock (1993) who found other speciashsasIndigofera stricta
Indigofera stipularisandindigofera poliotego be colonised by AM fungi. Kohno and
Marumoto (2004) in their study on the revegetatidra volcanic devastated slope
using AM fungi showed that the speciesligofera pseudotinctorigrew well with
approximately 80% of the roots being colonised byl Aungi, indicating the
pioneering nature of sonmadigoferaspecies. This could be a possible good choice

for revegetation of the MBT Site.

All the plant species examined for mycorrhizal ssatvere found to have varying
morphological features. The AM colonised roots pased vesicles, which varied in
their morphology and position in the roots (Fig213. The plant specieBentzia
incana and Elytropappus rhinocerotigTable 3.10) were found to forfaris type
AM colonisation. Paris type colonisation strategies have been reporteoetonore
frequent than thérum type (Smith and Smith, 1997) probably becausenefshort
life span of theArumtype structure (Smith and Read, 1997). Due tcatigement as
to which structural type of AM fungi were found warious plant species, Yamato
(2004) examined weed species and herbaceous planting in a vacant area. It was
observed that thérum type of colonisation was found in the majority bk tfast
growing species, especially the weed plants, dubdowide spread of their roots in
soil, while theParis type were predominant in the slow growing herbasgaants. In
relation to this, the plant species selected ia $tudy are mainly herbaceous plants
and slow growing, which may account for tRaris type being mainly observed. The
majority of studies that determined the mycorrh&akus or the morphological types
of AM found in plants from diverse families repatt@ greater occurrence of the
Paris type than thérumtype (Hawley and Dames, 2004, Yamato and Iwa&48Ki2;
Smith and Smith, 1997). In this study the rare ommce ofArumtype mycorrhiza
could be attributed to the presence either of difie fungal species, host root
structure or under sampling. For example, in tlod structure ofC. dactylon vesicles

were found to conform to the structural boundanthaf cell (Fig. 3.4) with helical
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hyphal coils, while in th®. graveolensvesicles were found scattered around cortical
cells. Cavagnaroet al, (2001) evaluated the influence of fungal idgniin the
morphological structure of arbuscular mycorrhizahdi using a wild type tomato
crop and six different species of AM fungi. Theyncluded that plant host control
was not solely a determining factor since threeiggeGl. intraradices Gl. mosseae
and Gl. versiform¢ formed theArum type and the remainings( margarita Gl.
coronatumand Scutellospora calospojdormed theParis type. It is known that the
formation of vesicles is common in certain group&bl fungal species (Glomineae)
(Morton and Benny, 1990; Smith and Read, 1997)réffoee, it could be extrapolated
from the results (Table 3.9) that majority of tham species that formed vesicles
must be colonised by members of the order. On tier dvand, théndigoferasp. was
the only plant species that had arbuscules in ¢lo¢ cortical cells. Arbuscles are
responsible for nutrient transfer but its formatinrierms of the arbuscle cycle is said
to vary with plant species or is absent due to@®sffects or environmental stress
(Smith and Read, 1997; Smith and Smith, 1997). difiom the seasonal effects on
the presence or absence of arbuscules, it woulddsthwhile to sample the same

species that form AM symbiosis over extended sesdgmeriods.

The examined plants species were found to haveasilmbitual patterns (Table 3.9).
They thrive in areas that reflect their ability swrvive in harsh environmental
conditions. Thus, the determined mycorrhizal statfsthe plants should be
considered alongside their capability to thriveharsh conditions and these could be
an indication of their potential use in revegetatay phytoremediation. Amongst the
examined host plants, this study recommends the afsdndigofera sp. in
rehabilitation as they have a high level of perfante in degraded areas and age N

fixing legumes that can promote nitrogen contersaits.
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5 Summary and Conclusions

5.1 The potential of arbuscular mycorrhizal fungi in rehabilitation of
mine spoils

The benefits and wide host range of AM fungi has te it being used as a bio-
inoculant to improve plant nutrition and growth.itstudy focussed on the use of
AM fungi, in conjunction with fertilisers, to reh#éitate an overburdened soll
resulting from kaolin clay mining. In spite of tipeoblems associated with the field
trial, such as inadequate irrigation and resulor plant growth in most plots, the
pot trial confirmed the use of AM fungal inoculurs an efficient environmentally
friendly product that can be used in rehabilitatiSmce AM fungi have been reported
to be affected by fertilisers (Kurle and Pflege994), this study deemed it necessary
to access the compatibility of Organic Tea and33NPK fertilisers with AM fungi.

Both fertilisers were capable of improving planbgth but in terms of compatibility
with AM fungi, this study showed that the Organiealwas not compatible as it
reduced fungal colonisation relative to the 3:1BKN The significance of this is that
fertilisers low in P can be applied moderately lianp systems combined with the use
of AM fungal inoculum to attain maximum plant gréwand yield. However, further

analysis into the compatibility of other fertilisavith AM fungi is recommended.

What may seem as an omission during the pot tegup in this study, was not
having another control that included pots treateth wnly AM fungal inoculum.

However, it should be noted that this was deliteeeat the effect of fertilisers on AM
fungi was the determinant and not AM fungal effeat plant growth. This study
opposes the replacement of chemical fertilisersh witM fungi, because it is
irresponsible in an environment that is disturbed ao longer supports natural
nutrient cycling process to recommend the use &f &M fungal inoculum. These
fungi also require access to nutrients and do ratennutrients rather they will be

more effective using lower concentrations of nutise
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In addition, it would be worthwhile to carry outrdmlled experiments to determine
the developmental stage at which these fertiliserder AM fungal colonisation. For
example since the asymbiotic and presymbiotic stagfeAM fungi are non-host
dependent, an attempt could be made to germinaresp vitro before inoculating
them into pot cultures. This could aid in determinivhether the fertilisers should be
applied before the planting, since native AM popiales could be inactive or during

plant growth when AM fungal colonisation is alreastablished.

5.2 Effect of introduced AM fungal inoculum on soil microbial
populations

It well known that AM fungi interact with a wide mge of soil microorganisms, but
this interaction differs from one geographical egio another. In South Africa, the
use of AM fungi as an inoculum in agriculture anehabilitation is gaining

recognition and therefore it is necessary to undeadsits interaction with rhizospheric
organisms from a field perspective. Most studiegehased pot trials to determine
interaction effects with few field trials, whicheandeed necessary if AM fungi are to
be exploited successfully. This study, though nibhewt limitations in the field trial,

encourages more field analysis to be carried odtfanlonger periods of time. Also,

proper irrigation systems should be set-up to alioidations in plant growth or other
rhizospheric processes. Studies using field tpadside the formulation of guidelines

as to the application and management of AM fungglutations in different land use

types.

This study aimed at improving the understandingAbf fungal interactions in the
rhizosphere using a field trial which was to aneextsuccessful. The use of culture
independent technique was employed to achieveathisbearing in mind that some
organisms “cannot” be cultured, even when seleatieglia are used. However, the
culture dependent technique, which was successfaglied in this study, was
important as it enabled the physiological and tailistate of organisms to be
determined. With the use of culture dependent tecies, it was evident that AM
fungi had no effect on the culturable microbial foers but had the potential to
change species composition as indicated by theiturad group composition in study

Site plots. For example the presence of P solufgismicroorganisms in the
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agricultural AM fungal treated plots. On the otheand, because many molecular
methods are dependent on PCR due to its flexikalitgf rapid nature, users must be
aware of the shortcomings of this method. The cellindependent technique, though
not without setbacks was able to give an insight e genetic variations in the
rhizosphere. The identified clones belonging to tienera Propionibacterium
Bradyrhizobium Sporichthya Acidobacterium andActinobacteriumindicated the
possible co-existence of these organisms that Yayeng physiology and function in
the rhizosphere. However, a recommendation wouldobstudy the individual or

combination effects of some species in these geménaAM fungi.

Land-use management, which is frequently appliedniystries and land owners,
was found to have an effect on the culturable nbiedopopulation. This effect was
suggested to vary due to the Site that was used,gdographical location and
cultivation manner. Hence, confirming the hypotkesf this study that microbial
interaction with AM fungi varies according to lande management. However, the
use of statistical analysis to confirm this is fiamm sufficient as other factors such as
soil nutrients and plant species influence sucéraution studies. Hence, it would be
necessary to take into account each affecting faaoid involving the use of a more
complex system, which will take into account biaied abiotic factors affecting field
trial analysis. This will then enable the use ofltmariate analysis or principal

component analysis to study factor effects.

5.3 Functional groups of soil microbial populations and their
interaction with arbuscular mycorrhizal fungi

Functional groups, which are known to play key sola the rhizosphere, were
determined using selective media. Nitrogen fixers actinomycetewere found to be

the predominant functional groups in the rhizosphef the two study Sites used.
However, P solubilisers anBseudomonasvere found to be predominant at the
farming Site. In addition, the identified specie®nm the generaPseudomonas

Bacillus andBurkholderiaindicated the potential to be used as PGPR in getha
systems, though this is not the first time thaythave been reported to interact with
AM fungi as PGPR or biofertilisers (Rodriguez angda, 1999). Other functional
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groups such as dentrifying bacteria, chitinase preds and hydrogenase producers
play significant roles in the rhizosphere and azhstould be further determined. The
fungi identified in this study highlighted the peese of some pathogenic organisms
for which control measures can be taken throughuse of other fungal biocontrol
agents when they become a problem or indirectlyhieyuse of AM fungal inoculum
to increase plants tolerance to diseases. Thisdause disease would only develop in
the presence of a virulent pathogen, a suscepiisé and favourable environmental
conditions (Agrios, 1997).

Extraction and analysis of 16S rDNA sequences t#csed functional groups and
clones obtained directly from soil extractions dadla judgement on the comparison
of culture dependent and culture independent tecimsi From the sequence
similarity tree, it is likely that if more sequendmta were obtained from both
techniques a validated comparison using phylogemetiould be more appropriate.
However, this study acknowledges the limitationgwfure dependent technique and
supports the fact that both methods be employedtudy microbial interactions
(Dobrovol'skaya et al, 2001). Furthermore, optimisation strategies I€RP
amplication is highly recommended due to the dbfrase of PCR-DGGE compared
to cloning and the possible use of other methodsh sas fluorescenin situ

hybridisation.

5.4 Effect of land use management on arbuscular mycorrhizal fungal
population and infectivity

The AM fungal population is a key factor to improptant sustainability and soil
fertility due to its symbiotic benefits (Smith aRead, 1997). The ability to optimise
and manage AM fungi in a field situation would lgriabout more information on how
management practices such as mining and agriculhfreence the AM fungal
community and function. This study confirmed thainagement practices and most
likely soil characteristics had an impact on the AMgal population. The reliance on
spore density to determine AM fungal populationsishjective and provides an
underrated result due to the factors that influesperulation. Therefore, intensive

sampling at different seasons with increased sasipéeis recommended. Also it will
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be important to identify members of the AM fungammunity since AM fungal
species differs in physiology and geographic distion. In addition, AM fungal
species are known to differ in their effectivityd@d and Thomson, 1994), hence it
would be worth focusing on other species to deteemwhat factor, or land
management practice affects its efficacy in bot#tdfiand pot trials. Furthermore, in
natural environments generally, the presence oértttan one species of AM fungi in
soil will brings about combined effects in termsimfectivity and effectivity with the

host plants.

5.5 Mycorrhizal status of selected plants growing around the mine
area

The mycorrhizal status of selected plant specie® weccessfully determined with
the majority being AM colonised. This study suppomeports of the prevalence of
AM associations in plant species examined in thsetdta Cape region (Hawley and
Dames, 2004; Skinner, 2001). Despite, the low nurobglant species examined in
this study, the result confirms the mycorrhizatisseof species that have initially been
determined. The collection of these plant speaeshis study was based on the
surrounding area, which could also be a determiimarselecting plant species for
rehabilitation potential. By doing so, the ecol@jionportance and the potential use

of the plants selected could easily be exploited.

5.6 Recommendations

Although this study provided an insight into thdfetient rhizospheric interactions
that can occur under different land use managematiter studies would be required
to take into account main biotic and abiotic fasttrat affect field trial analysis. In
addition, the time duration of this study limitedyapossible changes that may have
occurred in the interaction effects. It would tHere, be pertinent to conduct field
trials over periods of years with at least two grayseasons to enable differences in
bacterial rhizospheric numbers and structure toobserved (Yang and Crowley,
2000). Furthermore, the use of other culture dependechnigues such as CLPP

together with plate counts would provide more infation as to the active cultural
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populations in the rhizosphere. Similarly, the usfe other culture independent
techniques such as DGGE and T-RFLP would enable fthectional but

“unculturable” bacterial populations to be monitbre

This study has so far confirmed previous obseratihat land use management will
affect AM fungal population in soils, which is inved in several interactive

associations in the rhizosphere. The use of AM ifasgnoculants in agriculture and
environmental rehabilitation is becoming more wydatcepted as being the key to
maintaining soil health and vitality because of ititemate link they form between the
host plant and the soil environment. Analyses thi® interaction of AM fungi and

rhizospheric organisms using culture dependent imdependent technique has
provided an insight into the more complex assommstithat may exist; thereby,
leading to enhancement of nutrient cycling processel development of sustainable

ecosystems.
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Appendices

APPENDIX A

Al. Organic Tea (Product of Guano Organic fertilise)
Constituents
N —1.42%

P - 0.5%
K- 0.3%
Ca-0.54%
Mg — 0.16%
Na — 1.30%
Fe —0.5%
Cu-0.82mg
Zn — 1.54mg
B —1.82mg

APPENDIX B
Selective media

B1. Nitrogen-free medium (N;A) (Paustian, 2006)

Component Gram / Litre
Glucose 10.0
CaCQ 1.0
KH2PO, 1.0

MgSOu. 7H,O 0.2
FeSQ.7H,O 0.3

NaCl 0.2
NaMos.2H20 0.05

Agar 15.0

Autoclave at 121°C for 15 mins and allow to codidoe dispensing into Petri dishes.
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B2. National Botanical Research Institute’s Phospha growth medium (NBRIP)
(Mehta and Nautiyal, 2001).

Component Gram / Litre
Glucose 10.0
Ca(PQy)2 5.0

MgCl,. 6H,0 5.0

MgSO.. 7H,O 0.25

KCI 0.2
(NH4)2SOy 0.1

Agar 15.0

Autoclave at 121°C for 15 mins and allow to codidoe dispensing into Petri dishes.

B3. Benette’s Modification of Lindenbein’s Medium BLM) (Porter et al., 1960)

Component Gram/ Litre
Glycerol 10.0

L- arginine

NaCl 0.2

CaCQ 1.0
FeSQ.7H,0O 0.3

MgSQO,. 7H,0O 0.2

Agar 15.0

Autoclave at 121°C for 15 mins and allow to codidoe dispensing into Petri dishes.
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B4. Nutrient Agar (Biolab, laboratories)

Component Gram / Litre
Meat extract 1.0
Peptone 5.0

Yeast extract 2.0
Sodium Chloride 8.0

Agar 15.0

Full strength: 31g in 1000ml distilled water. Aulee at 121°C for 15 mins and allow to

cool before dispensing into Petri dishes. pH 7.1.

B5. Tryptone Soy Agar (Biolab, Laboratories)

Component Gram / Litre
Tryptone 15.0
Soy peptone 5.0
Sodium Chloride 5.0
Agar 15.0

Full strength: 38g in 1000ml distilled water. Aulee at 121°C for 15 mins and allow to

cool before dispensing into Petri dishes. pH 7.3.

APPENDIX C

Recipes for Gram staining

C1. Gram crystal violet solution
To make a crystal violet stock solution, 20g ofstay violet was dissolved in 100ml

ethanol. Similarly, 1g of ammonium oxalate was aligsd in 100ml of water to make a
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stock solution. A working solution of crystal vibleas the prepared by mixing 1ml of
the crystal violet stock with 10ml of water and 4@hthe oxalate stock solution.

C2. Gram iodine solution
1g iodine

2g potassium iodide

3g sodium biocarbonate

Make up to 300ml with sterile water.

C3. Gram decoloriser solution
95% ethanol
95% acetone

Mix equal volumes of each to make up the solution.

C4. Gram safranin solution
To make a stock solution, 2.5g of Safranin O wasalved in 95% ethanol. A working

solution was obtained by diluting one part of tteck with five parts of water.

C5. Gram staining procedure

Bacterial colony to be stained was picked witheailt wire loop and smeared thinly on a
microscope slide. Smear was heat fixed by passueg ftame. Slide was stained with
crystal violet for 60 sec and washed with waterXonin. After washing, iodine solution
which acts as a mordant was added and left to $tar@D sec; this was also washed for 1
min. To decolorise the crystal violet and allowlgdb be stained with the subsequent
dye, acetone solution was dropped on smear untilaoe of crystal violet dye was seen.
This was further rinsed with water and then stainéth safranin solution for 60 secs;
which was then rinsed with water for 1 min and \wbid to air dry before examining
under the microscope. Gram-positive cells retaitedcrystal violet dye (purple) while

Gram-negative cells stained pink or red (retairadcagin dye).
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APPENDIX D

Competent cell preparation

A colony of DH% bacteria was inoculated into a test tube contgi®iml Luria Broth.
The culture was grown overnight with shaking (200ypat 37°C. Overnight cultures
(500ul) were inoculated into 50ml Luria Broth which wpkced at 37°C with shaking
until the OQyoonm Was between 0.6-0.8. Cultures were chilled onaicd centrifuged at
50009 for 5mins at 4°C. The supernatant was remawedthe pellet re-suspended with
50ml 0.1M MgC} which was further incubated on ice for 2 mins.|€elere centrifuged
(5000 rpm) for 5 mins at 4°C and the resultantgpek-suspended in 25ml 0.1M CaCl
Tubes were incubated on ice for 1hr. After inculratcells were centrifuged at 5000 rpm
and the pellet re-suspended in 2.5ml 0.1M CaCl2 arwinl 30% glycerol on ice.
Competent cells were then stored in lGfliquots at -70°C.

APPENDIX E

Cloning recipes (Promega, 2005)
E1l. Isopropyl-beta-D-thiogalactopyranoside solutior(0.1M)



1.29 IPTG
Make up with water to a 50ml final volume. Filtéeslise and store at 4°C.

E2. 5-bromo-4-chloro-3-indolyl-b-D-galactoside (2m)l
100mg X-Gal
Dissolved in 2ml N, N’-dimethylformamide. Protecdin sunlight and store at -20°C.

E3. Luria Bertani Broth

10g Tryptone

59 Yeast Extract

5g NaCl

Adjust pH to 7.0 with NaOH.

To solidify, add 15g Agar powder.

E4. LB plates with ampicillin/IPTG/X-Gal

Agar (15g) was added to LB medium. This was aut@daand allowed to cool to 50°C
before adding filter sterilised ampicillin to a &in concentration of 1Q@/ml.
Subsequently, 0.5mM IPTG and &ml X-Gal was added. Medium was stirred on a
magnetic stirrer using sterile magnetic bars andrgub into sterile Petri-dishes. Upon

solidification agar was stored at 4°C for less thanonth.

E5. SOC medium

2g Tryptone

0.5g Yeast Extract

1ml, 1IMNaCl

0.25ml, 1M KCI

1ml, 2M M¢f* stock (filter-sterilised)
1ml, 2M glucose (filter-sterilised).



The Tryptone, Yeast Extract, NaCl and KCI were aligsd in 97ml distilled water by
stirring. The solution was autoclaved and cooledomm temperature. The Mgstock
and 2M glucose was added to a final concentrati@®mM. The final volume was made

up to 100ml with sterile distilled water.

E6. 2M Mg®* stock
20.33g MgC}.6H,0
24.659 MgSQ.7H,O
Make up to 100ml with distilled water. Filter stese

APPENDIX F

F1. Bacterial aligned nucleotide sequences

CLUSTAL W (1.83) multiple sequence alignment

DQ1442127_Actinomycetales_  --------------- CTCAG ACGAACGCTGGCGGCGTGBATACATG 34
DQ663172_Streptomyces AGAGTTTARATCCTGGCTRGGRACRAACGCTGGCGGCGTGBATACATG50
Actc29 e e

ActC31 e e
AY154378_Burkholderia =~ ------mm-moemeeeee- - ATTGAACGCTGGCGBUGCCTRCACATG 30
DQ490307_Burkholdericeae AGAGTTTARATCCTGGCTRGATTGAACGCTGGCGBUGCCTRCACATG50
DQ904608_Bacillus = - e CTGGGCGGCGTGBABTACATG 23
DQ464386_Pseudomonas =~ ----m--mme-mmeeee-
AM161143 Pseudomonas = ------mmmmemmeeee-
PSAC41 = eeeeeeeeeee e
PSAAL e e
BLHF6 e e
IMBT7  emmeeeeemeeee e
BLHF5 e e
BLHF3 e e
ALHF2 e e
2MBT4 e e
4LHF1 s e
BLHF e e
ALHF4 e e
ALHF3 e e
N2AA52 e e




NBPC31 ~  eeeeeeeeeeeeeeeeeee
N2AA53 e
NBPC33  eeeeeeeeeeececeeee

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

ACtc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae
DQ9Y04608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 e
psaAl e
3LHF6 e
1IMBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33 e

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 -
PSAAL e
3LHF6 e
IMBT7 e
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33 e

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29 0 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 e
psaAl 0 e
3LHF6 e

CAAGTCBAACGATGAACCTCCTTCG--- GRAGGGABTTAGTGGCEAT78
CAAGTCAACGATGAACCACTTG------- GGTGGGEITAGTGGCEA 92

CAAGTCBAACGG CAGAACGGBGT-- AATCCTGGTGGBGTGGCEAT76
CAAGTCBAACGG CAGAACGGGGGE AACCCTGGTGGBGTGGCEA 96
CAAGTCANCRACTATTAGAAGCTTGNTTCTNTABIGTIAGCGGCGGI3

CGGGTAGTAACACGTGGGEATCTGCCCTAECTCTGGACAAGCCCTAZ28
CGGGTSGTAACACGTGGGEATCTGCCCTGETCTGGACAAGCCCTA42

CGGGTAGTAATACATCGGAACGTGTCCTGIGTGGGGEIAGCCCGGI25
CGGGTSGTAATACATCGGAACGTGTCCT®TGGGEIAGCCCGGIAS
CGGGTSGTAACACGTGGGEACCTGCCTGAAGACTGGATAACTTCGA23

------------------------- CGTTCG
GAAACGGGGTQVATACCGBTACTGACG------ CGCTTGGGTCMA 171
GAAACGGGGTGVATACCGBTACTGAT G- ATCTTGGGATCCT185

GAAAGCCGBTTAATACCGBTACGATCT-- ACGRAGA- AAGC166

GAAAGCCGBTTAATACCGABTACGCTCE------ AGAGAGG\- AAGC186
GAAACCRAGCTAATACCGBTAGAATCTTCTCCTTBTGGAGATGATT 173
GAAACGAACGCRATACCGBTACGTCCH------ ACGGBGA- AAGC47




IMBT7 e
3LHF5 s
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143_Pseudomonas ------------
PSAC41 e
PSAAL
3LHF6
1MBT7
3LHF5
3LHF3 s
4LHF2 e
2MBT4 e
4LHF1L -
3LHF e
ALHF4 -
4LHF3 e
N2AA52
NBPC31 -
N2AA53 e
NBPC33 e

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

ACtc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae
DQ9Y04608_Bacillus
DQ464386_Pseudomonas

AM161143 Pseudomonas = -----m--e-e-
PSAC41 e
PSAA1
3LHF6
IMBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

AGCGGTTCAAAGCTCCGGCGGTEEATGANCCCGCGGCATCAGCT221
TGGTATCAAAGCTCCGGCGCCTRHATCAGCCCGCGGCAICAGCT235

GGGGASICGAAGACCTCGCGAITAGGGGCGGCRTEGAGATTAGCT216
GGGGAICTTCGBCCTCGCGCPAGGGGCGGCATEGGCGATTAGCT236
GAAAGATGGTTTCGG@ITCACTTACAGATGGGCCCGCGGPRGTAGCT223
AGGGBCCTTCGGGCCTTGCRTTAGATGAGCCRGGTCGATTAGCTI?

TGTTGGTABGGRPATGGCTBCCAAGGCBCAACGGGAGCCGGCCRG 271
TGTTGGTABGGRATGGCTBCCAAGGCBCGACGGGAGCCGGCCHG 285

AGTTGGTGGGBAAGGCCACCAAGGCBCAATCTGAGCTGGTCTAE 266
AGTTGGTGGGBAAGGCCACCAAGGCBCCATCCGRGCTGGTCTAE 286
AGTTGGTBGGRACGGCTACCAAGGAACCATGAATAGCCBCCTAG 273
AGTTGGTEGGRPATGGCTBCCAAGGCBCGATCCGRACTGGTCTAG 147

AGGGCARCCGGCACACTGGBCTGAGACACGGCCACACTCCACGGE 321

AGGGCRCCGGCARCACTGGBCTGAGACACGGCCAGACTCCRCGGE 335



Actc29 e e

ActC3l e e ACGG® 6
AY154378_Burkholderia AGGA\CCACCAGCACACTGGBCTGAGACACGGCCECACTCCACGGE 316
DQ490307_Burkholdericeae AGRACGACCAGCACACTGGBCTGAGACACGGCCAGACTCCRCGGE 336
DQ904608_Bacillus AGGGTATCGGCACACTGGBCTGAGACACGGCCAGACTCCRCGGE 323
DQ464386_Pseudomonas AGRATGATCAGTAACACTGAACTGAGACACGGTCAGACTCCRCGGE 197
AM161143_Pseudomonas = -----m-me-meme-mee

PSAC41 e CNCCTCCTNCGBGGAGAGTGGGH28
PSAAL e

3LHF6 -

imMBT7 e

3LHF5 e

3LHF3 -

4LHF2 -

2MBT4

4LHF1 e

3LHF e

4LHF4

4LHF3

N2AA52

NBPC31 s

N2AAS3 e e

NBPC33 e e
DQ1442127_Actinomycetales_ GGAGAGTGGGRATATTGAAC- AATGGGCBAAGCCTB- TGCAAGCGE368
DQ663172_Streptomyces GGAGAGTGGGRATATTGAAC- AATGGGCBRAAGCCTB- TGAAGCE382
Actc29 e G- CATGGGCEA- GCCTB- TGAAGCR4
ActC31 GGAGAGTGGGRATATTGACAGNTGGGCHAAGCCTAB- TGAAGCEH5
AY154378_Burkholderia GGAGAGTGGGRATTTTGRC- AATGGGGRAACCCT®- TCCAGAA 363
DQ490307_Burkholdericeae GGAGAGTGGGRATTTTGRC- AATGGGGGACCCT®- TCCAGA 383
DQ9Y04608_Bacillus GGAGAGTAGGBATCTTCCGE AATGRCGAAGTCT@- CGAGMA 370
DQ464386_Pseudomonas GGAGAGTGGGRATATTGRC- AATGGGCBAAGCCT®- TCCAGCC244
AM161143_Pseudomonas = ----memmmemmeeeeee- eeeeees TGGGCEA GCCTB- TCAAGC21
PSAC41 ATATNNNNNNNNNNNNGIGNG AATGGGCRAAGCCT®@- TCCAGCCT5
PSAAL e GAAGG- NATGGGCEA- GCCT@- TCCAGCC28
3LHF6 - CNGG NATGGGCGE GCCT@- TCAAGCC27
wvBT?7 - TAGATGGGCGRAGCCTB- TGAAGAA 27
3LHF5 - TNCGBTGGGCRAAGCCTBACGAGCR9
3LHF3 - TACCAGGGCEA- GCCT@B- CG@NG 24
4LHF2 e GGGTGATGGGCGES GCCT@- TCCAGG 27
2mMBT4 - TGATGGGCEAGCCTAB- TGAAGG 25
4LHF1 - TNCATGGGCGA GCCTB- TGAANG 24
3LHF e GGATGGGCGEE GCCTAB- TCAAGCC25
ALHF4 s e

4LHF3 CTANCATNTTGGNNA- CCCTGBTGAAGCG30
N2AA52 TCGCCCGCCGGCGCCCCGCGCCCGTCRICGCC
NBPC31 s e

N2AA53 s e

NBPC33 s e
DQ1442127_Actinomycetales_ ACGCEGCGTSAGGATGAC- GGCCTTCGGGH GTAAACCTCTTT(A12
DQ663172_Streptomyces ACGCEGCGTEGAGGBTGAC- GGCCTTCGGGH GTAAACCTCTTT(A26
Actc29 ACGCEGCGTEGAGGBTGAC- GGCCTTCGNNTFTGTAAACCTCTTT(9
ActC31 ACACAAGCGTGAGGBTGAC- GGCCTTCGGGTCTN@GBFCCTCGARA 103
AY154378_Burkholderia ATGCC GCGTSTGTRAGAA GGCCTTCGGET-- GTAAAGAACTTTT407
DQ490307_Burkholdericeae ATGCC GCGTETGTRAGAA- GGCCTTCGGET-- GTAAAGAACTTTT427
DQ9Y04608_Bacillus ACGCEGCGTGAGTARATGAA GGCTTTCGGGC- GTAAAACTCTGTT414
DQ464386_Pseudomonas ATGCC GCGTETGTRAGAA GGTCTTCGS TT-- GTAAAGGACTTTA 288
AM161143_Pseudomonas ATGCC GCGTSTGTRAGAA GGTCTTCGA TT-- GTAAAGCACTTTA 65
PSAC41 ATGCC GCGTETGTRAGAA GGTCTTCGETT-- GTAAAGAACTTTA 120
PSAA1 ATGCC GCGTETGTRAGAA- GGTCTTCGNCNFTGTAAAGAACGAAAT3
3LHF6 ATGCC GCGTGAGTARATGAA GGCCTTCGGET-- GTAAAACTCTTTT71
1MBT7 ACGCEGCGTETGGABTGAACGGCCTTCGGGTTGTAAACCGCTTTA3
3LHF5 ACGCEGCGTEGAGGBCEAA GGCCTTCGGGFE GTAAACCTCTTTC3
3LHF3 ACGCEGCGTGCGGEB- GAA- GGTCTTCGGGTFS TAAACCGCTTT®7
4LHF2 ACGCEGCGTEGAGGATGAC- GGCCTTCGGGNNC NAAACCTCTTTC(L
2MBT4 ACGCEGCGTGCGGBTGAC- GGCCTTCGGGTFN TAAACCGCTTT®9
4LHF1 ACGCEGCGTGCGGBTGAC- GGCCTTCGGGTFS TAAACCGCTTT®8

3LHF ATGCGC GCGTEGAGTAATGAA- GGCCCAGGGTTEe- TAAAGCTCTTTT69
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GACCTCMAA1O
ACGCCGCCGTBGCRATNAA- CCCCTTCNCGGGNAMNGCTCTTTA9
GCCCCCGCCCGCCGAGMTAACTTTGAGAATT-- ACCAGTCTTGCS79
GMTCNAGNNMANTT- GAGNMANN- ANCAGTCTTGCS 36
GMTGNNGEBCCCTBATNNNN- NATAATCTTGC@ 34
GMINGNNNACCCTABTNANN- AATAATCTTGC@ 34

AAAGTRCGGA- 439
AAAGTRCGGA- 453
AAAGTGRCGGTTO7
AAAGTGRACGGRAC 131
G TCCGBAAGAAAACTTCTGCCCAATAC- GGTGGEGATGACGGR- 454
G TCCGBAAGAAATCCTCTGGGWATAC- CTCGGGGBBGACGGR- 474
G TTAGGBAGAACAAGTACGAGAGTAACT- GCTCGACCTTACGGHR- 461
A- GTTGGBGCRAAGGGTTGAGATTAATAC- TCTGAATTTTGACGTA- 335
A- GTTGGBGCRAAGGGTTGAGATTAATAC- TCTGAATTTTGACGTA- 112
A- GTTGGBGCRAAGGGTTGAGATTAATTCCTCTGBATTTTGACGTA- 168
AAGTTGGBGCRAGGGTTGAGATTA- TTCNCCTGRATTTTGAAGAAA 121
G GCGGGREGATAA TGACGGRA- 93
GCCTGTBCAAGCG------mmmmmmmmmmmm TGAGTGRCGGRA- 100
AGAGGGHNAGAAGCG-----mmmmmmmmmmmme- AAAGTG\CGGA- 101
ACCAGGGHNCRAAGGAACTGGGTAATAG- CCAGAAGTTARACGGA- 114
AN- AACAGACGAAGCTACTCACGTGTGN TTCCGGEG TGACGGA- 115

G CCTGTBCARAAGCGT------mmmmmmmmmem GAGTAACGGRA97
G CCTGTBCRAAGCGF-----mmmmmmmmmmmmmn GAGTRACGGRA96
G TGCGGGAGA: TAATGACGGRC 92
A-- AAAGRACRAAGNGE------=m=mmmmmmmmee AGTGRCGGTT35
TNCAGGGCNNGATNA: NGACGAGTN104
CCGRCTCCCBGGTNCGETGCH------------ TAATGAAGTTAG 116
CCGRCTCCCBGG CNNRAGTGCH--- TAATGG GTTAG71
CCGRCTCCCBGGTCNTTBRACTT---- CACGAGAATAGT71
CCGRCTCCCBGG CTCNAACTT---- CACGG GAATAG 69

*

CCTGBGAAGAAGCGCCG- GCRACTAC GTG CAAGAAG CCGCG@82
CCTGBGAAGAAGCGCCG- GCRACTAC GTG CCAAGAAG CCGCGB96
CCTGBGAAGAAGCGCCGE- GCRACTAC GTG CCAGAAG CCGCG®40
CCTGBGAAGAAGCGCCRAAAGCTAACTAC- GTG CCAGAAG CCGCGGE78
CCGBAGAATAAGAACCG-- GCTRACTAC- GTG CCAAGAAG CCGCG@97
CCGBAGAATAAGAACCG--- GCRACTAC- GTG CAAGAAG CCGCGBl7
CCTAACCAGAAAGC@ACG--- GCRACTAC- GTG CCAGQAG CCGCGGBo4
CCQACAGAATAAGAACCG--- GCRACTCT GTG CCAGQAG CCGCGBT78
CCRCAGAATAAGAACCG—-- GCRACTCT GTG CAAGAG CCGCGE55
CCQACAGAATAAGAACCG-- CCTAACTCT GTG CAAGAAG CCGCGR1l
CCQACAGAATAAGAACCG--- GCRACTCT GTG CCAGQAG CCGCGE64
CCCGBGAATAAGCTCCE-- GCRACTTG GTG CCAGAAG CCGCGG36
ATGGGRAACAAGAACCG--- GCTRACTAC GTG CCAGAAG CCGCG®43
CCTGBGAAGAAGAACCG—-- GCRACTAC GTG CAAGAG CCGCG®44
CTTGAGAAGAAGGTCCG- GCRACTAC GTG CAAGAG CCGCGE57
TGTGMGAAGAAGAACCG-- GCAACTAC- GTG CCAGAAG CCGCGG58
TGGGA- AAGAAGAACCG--- GCTAACTAC- GTG CCAGAAG CCGCGG39
TGGGRA- AAGAAGAACCG--- GCTRACTAC- GTG CCAGAAG CCGCGG38
CGQAAGTAATAAGCCCCG- GCRACTTG GTG CCAAGAAG CCGCG@35
TTTCCCMACANGNGTE--- GAAAANTACCATG CCACCNGCCNCG@9

CCTGTNNAACCAGTCTGCGNCTAACTACGGTBCCNGBGACCGCE 153
CTGAGACTAAAGGGCGS AAACCCTCRACACTTAGAACTCATCGT163
CTGAGACTAAAGGGCGS AAANTCNCRACACTTAGAACTCATCGT118
CTACGTACTAAGRAATG-- AA- TNTCQRACAACTAGTTRCATCGT116
CTTCGTRCTAAGRAATG-- AA- TNNTCCNEACTAGNT@CANCGNL14

* *%

TAATACG TAG-- GGCGCE5CGTTGTCCGRATTATTGGGCGA 524
TAATACG TAG-- GGCGCE5CGTTGTCCGRATTATTGGGCGA 538
TAATACG TAG-- GGCGCE5CGTTGTCC GRATTATTGGGCGA 182
TAATACG TAG-- GGCGCE5CGTTGTCC GRATTATTGGGCGEA 220
TAATACG TAG-- GGTGCBGCGTTAATCG GRAATTACTGGGCGN539
TAATACG TAG-- GGTGCBGCGTTAATC GRAATTACTGGGCGN559
TAATACG TAG-- GTGGBAGCGTTATCG GRATTATTGGGCGA 546
TAATACA- GAG-- GGTGBAGCGTTAATG GARAATTACTGGGCGV420
TAATACA- GAG-- GGTGBAGCGTTAATCG GARAATTACTGGGCGN197
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TAATACA- GAG-- GGTGBAGCGTTNATCGCBATTACTGGGCGN254
TAATACA- GAG-- GGTGBAGCGTTTNTG CCAATTACTGGGCGN206
TAATACG AAG-- GGGGCAGCGTTGTTG GARATTACTGGGCGV178
TCGATACG TAG-- GGTGCAGCGETGTCEGATTTATTGGGCEA185
TAATACG TAG-- GGTGBAGCGTTGTCCGRATTATTGGGCGA186
TAATACG TAG-- GARACCARGCGTTGTCEC GRATCATTGGGCEA199
TAATACG TAG-- GGTGCAGCGTTGTCCE GRATTATTGGGCGA 200
TCGATACG TAG-- GGTGCAGCGTTGTCCGATTTATTGGGCEA181
TGATACG TAG-- GGTGCAGCGTTGTCCGATTTATTGGGCGA180
TAATACG AAG-- GGGGCAGCGTTGCTC GARATCACTGGGCGN177
A- TNAGANG TAGG- GGCGCEBECGTCTGACCNATNTATTGGGNGAL25
GATNNTACGGRGACNGCGAGACGATNNTTCGNAGTTACTGNGBNTA 203
T- TACGGCGTGG-- ACTACCAGGGT ATCTAATCCTGTTTGCTCCQD6
T- TACGGCGIGG-- ACTACCAGGGT ATCTAATCCTGTTTGCTCCCB1
T- TAGGGCGIGG-- ACTACCAGGGT ATCTAATCCTGTTTGCTCCCKE9
T- TAGGGCGIGG-- ACTACCAGGGT ATCTAATCCTGTTTGCTCCOG7

* * * *k

AAGAGCTCE GTAGGCGGCTIGTAACGTCGGTTGPAAGCCCGGGGCHT2
AACGAGCTC GTAGGCGGCTIGTAACGTCGGTTGPAAGCCCGGGGCHB6
AAGAGCTCG GTAGGCGGCTFIGTAACGTCGGTTGPAAGCCCGGGGC?30
AAGAGCTC GTAGGCGGCTFIGTAACGTCGGTTGPAAGCCCGGGGC?BE8
AAGCGTGOCAGGCGGT G TTAAGACAGATGTRAATCCCCGGGCBBY
AAGCGTGOGAGGCGGTTFGCTAAGACCRATGTRAATCCCCGGGCTD7
AAGCGCGEGAGGCGGTFICTTAAGTCTATGTRAAAGCCBCGGCTE9%4
AAGCGCGGTAGGTGGTTGGTTAAGTTGATGTRAAAGCCCCGGGCHES
AAGCGCGGTAGGTGGTTIGTTAAGTTGATGTRAAAGCCCCGGGCPE5
AAGCGCGCCBGGTGGTTCCGARGTTGABTGTARAAGCCCCGGGCBO4
AAGAGCGEGTAGGTGGTTIGTTAAGTTGABTGTRAAGCCCCGGGCRE4
AAGCGTGOGAAGGCGGCTFLCTAAAGTAGGGGTRAAGCCBGAGCTT226
AAGGGCTOGTAGGTGGTTATCGCGTCGRAGTGRATCTTGGGGCTA33
AACGAGCTC GTAGGCGGCTIGTACGTCTGCTGRAAALTCGGGGC@A34
AAGAGCGTGTAGGCGGCTGCRAGTCTTGCGTAAATCTCGGGGCT2A7
AAGGGCTOGTAGGCGGTFIGTCGCGTCGBGTARAATCCACTGGCTR48
AAGGGCTOGTAGGTGGTTATCGCGTCGRAGTGRATCTTGGGGCTA29
AAGGGCTOGTAGGTGGTTATCGCGTCGRAGTGRATCTTGGGGCTA28
AAGGGTGOGTAGGCGGGTFATTAAGTAAGGGGTRAATCCTGBGCTC225
AANAGCTC GATGCCGNTIGTCNCGTNACCGTGNNACTTGNGGCTL?3
AACGGTGTGNGGCGGNTGTTANGTNTGGNGRABATCTCCCCGCCES1
ACGCTTTG--- GCGCCTESCGTBGTTACAGACCAAAAASCCGCCTZ51
ACGCTTTG--- GCGCCTESGCNTBGTTACAGACCAAAAASCCGCCTZ06
ACGCTTTG--- GNGCNTBSCGTBGTATTGGCEAGGGGGNTGCCZU3
ACGCTTTG--- GNGBTGAGCGTTNNTNGECCBGGGGGCTGCCZU2

A- ACCCCGGGTCTBGTCATACGGGAGGCRGAGTTCGGAGGGBG621
A- ACCCCGGGTCTBGTCATACGGGAGGCRGAGTTCGGAGGGBG 635
A- ACCCCGGGTCTBGTCATACGGGAGGCRGAGTTCGGAGGGBG 279
A- ACCCCGGGTCTBGTCATACGGGAGGCRGAGTGCGCAGGGBG 317
A- ACCTGGBACTGATTTGTACTGGCAGCTACGAGTATGGAGAGGG®36
A- ACCTGGBACTGATTGGTABCTGGCAGCTAGAGTGTGGEGAGGG®56
A- ACCGTGBGGGTBTTGRAACTGGGRACTTGAGTGAGAAGAGAAAGA3
A- ACCTGGEBACTGATTCAAAACTGTCBGCTRGAGTATGG RGAGGG 17
A- ACCTGGBACTGATCCAAALCTGGBAGCTAGAGTACGGRGAGGGT294
ACACCTGGBACTGATTCAAAACTGTCBGCTAGAGTATGGRGAGGGT354
A- ACCTGGBACTGATCCAAAACTGGBAGCTAGAGTACGGRGAGGGT303
A- ACTCTGBATTGCCTTTBGACTGGGTGGCTAGTACGGBGAGGTR75
A- ACCCTBGCGTGCTTTGGACGGGTTACTTGRAGRAGGARTGGABG 282
A- ACCCCBGCCTGAGTGATACGGGCAGCTAGAGTGCGCAGGGBG 283
A- ACCCCBGCGGTCGRGAAACTGGCGGGBNAGTGCGGGRGGG 296
A- ACTGGTGGCTTGCTTTERMCGGGARCGACTGAGGRTGAAGGGHA 297
A- ACCCTBGCGTGCTTTGGACGGGTTACTTRAGRAGGCRTGGABG 278
A- ACCCTAGCGTGCTTTGGACGGGTTACTTGRAGRAGGRTGGABG 277
A- ACTCAGAACTGCCTTTATACTGRAGATCTTGAAGTTCGGEGAGGTR74
A- ACNCCNNGCCTGCNNKNTEBCGNNBGGCTNAGTNAGTANGGEBG 222
A- ACTGGBGGGTGCGCBANTACTGANTGACTCRAGTGNNNANAGG TG00
CGCBCTGGTGTTCCTACATCTCTACGATTTCACCGCRCACGTGE 301
CGCBCTGGNGTTCCTBCATCTCTACGATTTCACCGCRCACGTG® 256
CGNATCGGRTTCCTCACATCTCTACGATTTCACTGNRCACGTG®A 253
CGNATCGGRTTCCTCACATCTCTACGATTTCACTGNRCACGTG@ 252
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3LHF6

1MBT7

3LHF5
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4LHF2

ATCGAATTCCTGGTAAGCGGTEAATGCGBGATATCAGARAGRACAC 671
ATCGAATTCCTGGTAAGCGGTRAATGCGBCGATATCAGARAGRACAC 685
ATCGAATTCCTGGTAAGCGGTRAATGCGBCGATATCAGRAGGACAC 329
ATCGAATTCCTGGTAAGCGGTEAATGCGBGATATCAGRAGRACAC 367
GGRGAATTCACGTGRAGAGTARAATGCGRGAGATGTGBGRATAC 686
GGRGAATTCACGTGRGAGTRAATGCGRGAGATGTGBGRATAC 706
AGCGBATTCCACGTGRGCGGTRAATGCGRGAGATGTGBAGRACAC 693
GGTGBATTTCCTGTGAGCGGTRAATGCGRGATATAGRAGRACAC 567
GGTGBATTTCCTGTGAGCGGTRAATGCGRGATATAGRAGGRACAC 344
GGTGBATTTCCTGTGAGCGGTRAATGCGRGATATAGRAGGACAC 404
GGTGBATTTCCTGTGAGCGGTRAATGCGRGATATAGRAGGACAC 353
AGTGBATTCCAGTGRGAAGTRAATTCGTAGATATTGGBAGAACAC 325
AATGRATTCCTGGTGESCGGTGRATGCGBGATATCAGRGGACAC 332
ACTGAATTCCTGGTAAGCGGTRAATGCGBCGATATCAGARAGRACAC 333
AGTGBATTCCTGGTAAGCGGTRAATGCGBNATATCAGRAGAACAC 346
AACGRAATTCCTGGNGIGCGGNEAATGCGBAATTTCNGGGRBACC347
AATGRATTCCTGGTGESCGGTGRATGCGBGATATCAGRAGGRACAC 328
AATGRATTCCTGGTGESCGGTGAATGCGBCGATATCAGARAGGACAC 327
AGTGBACTGCBGTGRGAGGTBAATTCGTAGATATTCGAAGAACAC 324
GCTGBATTCCTGGTGAGCGGTRAACGCGAGATATCAAGANGAACAC 272
ANTNMATTCCTGGNGYECGGNSNATGCCTNETNTCATGAGRACAC 350
ATTCCGCTTTTCTCTTCTBCTAAGTTCCCBGTTTCAATGACCCTC351
ATTCCGCTTTTCTCTTCTBCTCAAGTTCCCBGTTTCAATGACCCTC306
ATTCTACCCCCCTCTREANACTCTANNCTGCAGN@CAAATGMGNTN303
ATTCTACCCCCCTCTGRRACTCTANNTCGCAGTAACNAATGGAGTTC302

CGGTGGCBAGGCECGATCTCTGGGGE GATACTGACGCTBGARGCGr17
CGGTGGCBAGGCECGATCTCTGGGGE GATACTGACGCTBGARGCGr31
CGGTGGCBAGGCECGATCTCTGGGGE GATACTGACGCTBGARGCE75
CGGTGGCBAGGCECGATCTCTGGGGE GATACTGACGCTBGARGCHAL3
CGA- TGGCBAGGEG- GCCCCCTGGGERATACTGACGCTBTGAACGT732
CGA\- TGGCBAGGG- GCCCCCTGGGETAACACTGACGCTBTGAACGT752
CAG TGGCBAGGCESGCTTTTTGGTGT GTAACTGACGCTBGGCGCE@E39

CAG TGGCBAGGCGACCACCTGABCT--
CAG TGGCBAGGCGACCACCTGABCT--
CAG TGGCBAGGCGACCACCTG@ACT--
CAG TGGCBAGGCGACCACCTG@ACT--

GATACTGACACTGAGGTGC®13
GATACTGACACTGAGGTGC@B90
GATACTGACACTGAGGTGC@50
GATACTGACACTGAGGTGC@99

CGGTGGCBAGGCEGCTACTGGCCE GTAACTGACGCTABTGMAACG371
CAG TGGCBAGGCEGTTCTCTGGGGCTTTCCTACGCTBGRAGCG378
CGGTGGCBAGGCEGGTCTCTGC G- GATACTGACGCTBAGAGCG379
CCGTGGCBAGGCEGCTCTCTGRAC-- GAACTGACNCTBAACGCG91
CGGGNGBRAGGGSGTTTNCTNGGBNGNCCNNECCCRAAAAAALZ9G
CAG TGGCBAGGCEGTTCTCTGGGGCTTTCCTACGCTBGRAGCG374
CAG TGGCBAGGCEGTTCTCTGGGECTTTCCTACGCTBGRGCGE373
CAG TGGCBAGGCEGCTACTGGCCE GATACTAACGCTBGGE®CG370
CGGTGGCBANGCTCGGTCTCTGGFCCGATACTGACGCTRAGAGCG319
CNCGNGGTBTACG NCTCNCNGKBIG- ATNACTGACGCTBTACACC397

CAC-- GGTT@AGCCGTGGGCTTACAT--
CAC-- GGTT@AGCCGTGGGCTTACAT--
CCA-- GGTRAGCCCGGRGTTCACAT--

CAGACTTAAGAAACCGCCT@97
CAGACTTAAGAAACCGCCT@52
CGNTCTAGAAAAANGCCT@49

CCA-- GGTRAGCCCGGR@GTTCACAT-- CGNNCTAGCMANCGNCT@B48
* *% *

*

AAAGCGTGGRGCRAA- CAGG-
AAAGCGTGGRGCRAA- CAGG-
AAAGCGTGGRGCRAA- CAGG-
AAAGCGTGGRGCRAA- CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
AAAGCGTGGRGAAA CAGG-
ACAGCGTGGRGCAAA CAGG-
AAAGCGTGGRGCRA- CAGG-
AAAGCGTGGRGCRAAACAGG-
AAAGCGTGGRGAAACAGG--

ATTAGATACCCTGGAGTC@ACGCCG64
ATTAGATACCCTGGAGTC@ACGCCG78
ATTAGATACCCTGGAGTC@ACGCCE22
ATTAGATACCCTGGAGTC@ACGCCE60
ATTAGATACCCTGGAGTC@ACGCCTT9
ATTAGATACCCTGGAGTC@ACGCC@99
ATTAGATACCCTGGAGTC@ACGCCGE86
ATTAGATACCCTGGAGTC@ACGCC®60
ATTAGATACCCTGGAGTC@ACGCC@E37
ATTAGATACCCTGGAGTC@ACGCCEI7
ATTAGATACCCTGGAGTC@ACGCCE46
ATTAGATACCCTGGAGTC@ACGCC@E18
CTTAGATACCCTGGAGTC@ACGCTGH25
ATTAGATACCCTGGAGTC@ACGCCE27
ATTANATACCCTGGAGTCCCCCCCAB8

AAAANTNGGGGBIANAANAGATNTTAAAACCCCGGGGNNNCCCCC@#BC
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AAAGCGTGGRGCRA- CAGG- CTTAGATACCCTGGAGTC@ACGCTGI21
AAAGCGTGGRGCRA- CAGG- CTTAGATACCCTGGAGTC@ACGCTGH20
AAAGCGTGGRGAAA CAGG- ATTAGATACCCTGGAGTC@ACGCCAE17
AAAGCGNGGBGC@A- CAGG- ATTACANACCCTGGAGTCACNCTG366
NNAGCGNGNTTNMEA- CAGG- ATTAGATACCCT@CAGTCCNCGCGAa4
CGCGCGCTRCGCCBATAATTCGCGBAA/CGCTTGCRCCTACGTAT 447
CGCGCGCTRCGCCBATAATTG CGATAACGCTTGCARCCTACGTAT 401
CGACGNTTRCGCCBGTRATTCCATTAACGCTCGACCCRACGTAT 399
CG@ACGCTTRCGCCBGT AATTCCMTTAANGCTCGARCCCRCGTAT 397

TAAACGGT GGGBCTAGGTGTGGGGACATTCCACGTCG-- TCCG807
TAAACGGT GGGBCTAGGTGTGGGGACATTCCACGTCG-- TCCG821
TAAACGGT GGGBCTAGGTGTGGGGACATTCCACGTCG-- TCCHA465
TAAACGGGE GGBAACTAGGTGTGGRCGACATTCAACGTTG-- TCCG504
TAAACGAT-- GTAAACTAGTTGTTGGG GA-- TTCATTTCG--- TTAG819
TAAACGAT-- GTAAACTAGTTGTTGGE GA-- TTCATTTCG--- TTAG839
TAAACGAT-- GAGTGCRAGTGTRGA-- GGGTTTCCGCC&F TTAGS828
TAAACGAT-- GTAAACTAGCCGTTGGGAGCCTTBGCTG--- TTAG701

TAAACGAT-- GTAAACTAGCCGTTGS- ATCCTT@GATT----- TTAG478
TAAACGAT-- GTAAACTAGCCGTTGS- AGCCTTBGCTG---  TTAGS538
TAAACGAT-- GTAAACTAGCCGTTGS- ATCCTT@RGATT----- TTAG487

TAAACTAT-- GAACGCRGCCGTTGGGTAGCTF- GCTAT---- TCAG458
TAAACGGT GGGRCTAGGTGTGGGEBCCATTCAACGGGF-- TCCG468
TAAACGTTF- GGGCGCTCGGTGTBGRCCCTTCBCGGGF-- TCCE470
TAAACAAT-- GAACCCRAGGNGNGGGNGGGGWINECNNCCGNGEONI86
CAAAAANTTNGGGGNCCGGNGGGGEFRBEI TCNCCCCGGGGGNHOR
TAAACGGT GGGRCTAGGTGTGGGEBCAATTCAACGGGF-- TCCG464
TAAACGGT GGGRCTAGGTGTGGGEBCAATTCAACGGGF-- TCCG463
TAAACGAT-- GAATGCAGCCGTAGT GGGTTACTCA------- CTAG 457
TAAACGTTF- GGGCGAWGGTGTGGCNBGCTCTCCGTGTH: TCTG411
TNNACGAT-- GAANATTTNGTGTGNNF- AGNT@ANTCCN-- NCCGi84
T-- ACCGG GGCTGCTGBCGRGTTAGCCGTGGCTTTGF GGTT489
T-- ACCGE& GGCTGCTGBCGIGTTAGCCGTGGCTTTEF+ GGTT443
T-- ACCGE GGCTGCTQ@RACNTATTTAGCNGGNGCATT---- CTTC441
T-- ACCGG GGCTGCTGBCGTINTTAGCNGGTGCRIT---- CTTC439

TGCCGBGCRA- CGATTAAGTGCCECGCCTGGGEBGTACGGCCGC854
TGCCGAGCTRA CGATTAAGTGCCE GCCTGGGBGTACGGCCG867
TGCCGAGCTRA CGATTAAGTGCCECCGCCTGGGEBGTACGGCCG512
TGCCGAGCRA- CGATTAAGTGCBGCGCCTGGE/MGTACGGCCGE52
TAACGTAGCTAA- CGCGTBAGTTRCCG CCTGGGARGTACGGTCGEB66
TAACGTAGCTAA- CGCGTBAGTTRACCG CCTGGGAGTACGGTCGL886
TGCTGBGCTRA- C- CATTAAGAACTCCGCCTGGGAGTACGGTCGE874
TGGCGAGCTRA- CGATTAAGTTRACCG CCTGGGARGTACGGCCGCT748
TGGCGAGCTRA- CGATTAAGTTRACCG CCTGGGARGTACGGCCG525
TGGCGAGCTRATCGATTAAGTTRCCRCCTGGGRAGTACGGCCGS87
TGGCGAGCTRA CGATTAAGTTRACCG CCTGGGAGTACGGCCG534
TGGCGAGCTRA CGATTAAGCGTTCCINCCTGGGAGTACNGCCNES05
TGCCGAGCTRA- CGCTTRAGTACCCCGCCTGGGAGTACGGCCGCa15
TGCCGEBNCTAA- CGCGTAAGCGCCCNCCTGGGRGTACGGCCNG16
ANTAACNATTAAC 499

NGGGGNGHREBAAAAAAAAARNATANACCCCCCCGCCCGGGGBNAS45
TGCCGAGCTRA- CGCTTRAGTACCCCGCCTGGE AGTACGGCCGCH1
TGCCGAGCTRA- CGCTTRAGTACCCCGCCTGGGAGTACGGCCGCaI0
TGGCGAGCTRA- CGCTTRAGAATTCCG CCTGGGAGTACGGTCGES504
TGNCGAGCTRA CGATTAAGCTGCCCCNCCTGGBGICGGCCGMNG0
NNCCNBGCTAA- CGNGNTNNNNNTGCCGTGBTGAGTACANTCG@ 532
AGGRACCGTCBAGGRCAAGAAATACTCTCGACTTGTTCTTCCCA539
AGGRACCGTEAAGGRCG- GAAGTTACTCTCGACTTGTTCTTCCCN 491
CGGRCCGTBTCCACACNNCGATTANGNCNNGNGTFTTCTTTCCG@89
CGGRCCGTBTCCCCCCHGMTTAACCRAGAGGATT-- TCTTTCCG@87

TAAA/C- TCAAAGRAATTG- ACGGGGGEB4
TAAA/C- TCAAAGRAATTG- ACGGGGGED7
TAAA/C- TCAAAGRAATTG- ACGGCGHBA41

AGG@NTTTTemmmeeee TTNTTTN TCAAAGRAATTG- ACGGCG®88
JYc/NS— TTAAALC- TCAAAGGAATTG- ACGGGAC 896
J\c —— TTAAAAC- TCAAAGGAATTG- ACGGGAC 916



DQ904608_Bacillus

DQ464386_Pseudomonas
AM161143_Pseudomonas

PSAC41
PSAA1
3LHF6
1MBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29
ActC31

AY154378_Burkholderia
DQ490307_Burkholdericeae

DQ9Y04608_Bacillus

DQ464386_Pseudomonas
AM161143 Pseudomonas

PSAC41
PSAAL
3LHF6
1MBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29
ActC31

AY154378_Burkholderia
DQ490307_Burkholdericeae

DQ904608_Bacillus

DQ464386_Pseudomonas =~ ------------
AM161143_Pseudomonas

PSAC41
PSAA1
3LHF6
1IMBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31

AGA-------=-=m--m--- CTGAAAC- TCAAAGRATTG- ACGGG&902

AGG------m-mmmee- TTAAAAC- TCAAATGAATTG- ACGGGGGIT8
AGG----m-mmmmmmeee TTAAAAC- TCAAATGAATTG- ACGGGRA 555
AGGGTTNTNNNATCAAACTTNNNNETCCAAGRATTG- ACGGCGGE35
TTAAALC- TCAAAGRAATTG- ACGGCGGEB4
TTGAAAC- TCAAAGRAATTT-- ACCGCNGBB5
CTAAALC- TCAAAGARAATTG- ACGGCGGH15
NTNAAAC- TCAANG AATTN-- ACCGCCGBAS
AAANCCCCCCCNNTTTTTTTTTTTTTTARAAAAAAAAAA AAANNNNGO3
CTAAALC- TCAAAGRAATTG- ACGGCGGH1
CTAAALC- TCAAAGRAATTG- ACGGCGGHA0
TTAAALC- TCAAAGRAATTG- ACGGCGGE34
CTAAAAC- TCAAANGANTTNTF NNNGCGN4D1
CTGANACTCACACCTAATTGACTNTGGCGEB6

ACAACAGAGT--------- TTTACGAC- CCRAAAGCCTTBTCACTCACGS79
ACAACAGAG T--------- TTTACGAC- CCRAAAGCCTTBTCACTCACGS31
ACAAA/CTGMN-------- TTTACANG CCANGGGCTTCTRCACACG529
ACAAA/CTGG------- TTTACAAC- CCRAAGGCCTTCTTARCACACG527

CCGBCAAGCGGCR®GC ATGTGGCTAATTCGRACGAACGCBAGAAC 933
CCGBCAAGCGGCR®G ATGTGGCTAATTCGRACGAACGCBAGAAC 946
GCGGGGGCGGLCAGE-- GGCGCGGGGCGCCGGLEEEERB0
GCGGGGGCGGNBGE-- GGCGCGGGGNGCGGGER\----- 626
CCGECAAGCGGTGHE G ATGTGATTAATTCRATGAAACGCBAAAAC 944
CCGBCAAGCGGTGHE G ATGTGATTAATTCRATGAAACGCBAAAAC 965

CCGBCAAGCGGTGESG ATGTGGTTARATTCRAAGAAACGCBGAA-- 825
TCRAATTCCCGCGGCCAUGGCGGCCCRAEATGCACGTCGGGC®@DS
CGGGGGCGGCBGGGGCGCGGGGLENCCGGLCBsEEs--- 673
CGGGGGCGGCBGGGGCGCGGGGEGENGGGEE--------- 600
CNGGGNCCGCQGNGNCCCGGGNGCGCCGGNMTCNAATTCCC(83
CGGGGGCGGCBGGGGCGCGGGGEGGCGGGBABTCAATTCCCRY4
CCGGGGCCGCHMGNGGCCCNGGGECGCNGG@ANTCMNTTCCES93
GGGNGG6E 600
CGGGGGCGGCBGGGGCGC6RCGE GGCGGGBABTCACTAGTRASSS
CGGGGGCGGCBGGGGCGCGGGGEGGCGGGBABTCACTAGT@RAS89
CGGGGGCGGCBGRNGGCGCGGGGEGGCGGGBABTCACTAGT@RAS83
CCGGBCGGCCETGGNCCCGCGGABRTAACTNRATCACTAGT@RAS41
NAGTCNCGGCCHNTNNGCTCCCTGNGEACATTGCMTCACTACTGAA615
CGGCGTTGCTCCGYRACTTTCGTCATTGCGBAGATTCCCRCTGE 628
CGGCGTTGCTCCGYRACTTTCGTCATTGCGBAGATTCCCRACTGTGG81
AGGMTTGCTGBTCAGGGTTGCCCBTTGTCAAAATTCCCABCTGE 578
CAGAATTGCTGBTCAGGGTTGCCCBTTGTCAAAATTCCCACTGE 576

CTTACCAAGGCTTBCATACACCGBAAGAATCAGA---- GATGGTGCCE79
CTTACCAAGGCTTBCATACACCGBAAACCCTGE--- GACAGGGTC@92

CTTACCTACCCTT@ACATGGTCGRACCCTGCTRAAGGTGGGGGTGCI%A
CTTACCTACCCTTACATGARACGRAATCCCGCTBCAGGTGGEETGCTA015

NGNCCCCCTNGGNGNE 599
CGGCCGRIGGCGGCCCMEATGCACGTCNGGCBBTTCGCCCA 644
CGGNECCCTNGGGGNCRBABATGNAANN CNGGCCENTCG CCCM 640

TTCGCGGCCGCGTG CAGGTCBCCATATGGACGAGCTCCBACGCGB35

TTCGCGGCCGCGHG CAGGTCBCCATATGGBGAGCTCCBACGCGTB36
TTCGCGGCCGCGHG CAGGTCBCCATATGGBGAGCTCCBACGCGB30
TTCNNGGNCGCGT@ATGTCACNATATGGMGAGCTCCEBANNCGTTMNO0
TTCGCGNCCNNGFG CAGGNCEBCCNRTGGAGAGCTCCCTNCGCEB2
TGCCTCCCGIGRGA 644

CCCCNCCNGGGN 595




N2AA53 TGCCTCCCRGARGGN 595

NBPC33 TGCCTCCCHEG 590
DQ1442127_Actinomycetales_ CCCTTGTGGTCGGTARRGGTGGTGIGGCTGTCGRGCTCGTGTCH29
DQ663172_Streptomyces CCCTTGTGGTCGGTARARGGTGGTGIGGCTGTCGRGCTCGTGTCA2
Actc29 s e

ActC31 e e
AY154378_Burkholderia GAAAGAGAACCRATACACAGGTGCTGO GGCTGTCGRGCTCGTGTC44
DQ490307_Burkholdericeae GAAAGAGAACCGTTGACAGGTGCTGO GGCTGTCGRGCTCGTGTCII65S

DQ9Y04608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas

PSAC41 -

PSAAL e

3LHF6 e

1IMBT7 TAGTRAGTCGARTTACAATTCACTGGCCGTCGTTATAACGTCGTECT 694
3LHF5 NNGGGGGEE 649

3LHF3 e e

ALHF2 e e

2MBT4 TCATGATAGCTTAGTATTCTATAGTGT@ACCTAAATAGCTGGGC@TB85
4LHF1 TGATGATAGCTTAGTATTCTATAGTGTACCTAAATAGCTTGGCGI686
3LHF TGATGATAGCTTAGTATTCTATAGTGTACCTAAATAGCTTGGCGI680
4LHF4 GAATGATANCTT@ANTATNCMNNAGANGTACCTAGATAGNTTGGCGY640
4LHF3 TNATGATAGCTTANNATTCTATANTGT@ACCTANNMCCTTGGCCGA12
N2AA52

NBPC31

N2AA53

NBPC33

DQ1442127_Actinomycetales_ TGAGATGTTGGGTAAGTCCCGRA- CAAGCGBACCCTTGTCCCGTGTOD78
DQ663172_Streptomyces TGAGATGTTGGGTAAGTCCCGRA- CAAGCGBACCCTTGTCCCGTGTD91
Actc29 s e

ACtC31 s e

AY154378_ Burkholderia TGAGATGTTGGGTAAGTCCCGRA- CAAGCGBACCCTTGTCCTAGTT1093
DQ490307_Burkholdericeae TGAGATGTTGGGTAAGTCCCGRA- CAAGCGBACCCTTGTCTCAGTT1114

DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41
PSAAL

3LHF6 s
1MBT7
3LHF5
3LHF3
ALHF2
2MBT4 ATCATGGT@TAGCTGTTTCCTGNGGAAANTGTATCCGCTEBNANTT 734
4LHF1 ATCATGGT@TAGCTGTTTCCTGFGGAAATTGTTATCCGCTBCAATT 735
3LHF ATCATGGT@TAGCTGTTTCCTGFGGAAATTGTTATCCGCTEBCAATT 729
4LHF4 ATCATGGGBTANCTGTTTCNTGTGGABATTGTMTCCGCTBCAATT 690
4LHF3 ATTCNTGGTATAAATGTNTCCTGNGBENNTGTATCNACTCACCNNT762
N2AA52
NBPC31
N2AA53 e
NBPC33

DQ1442127_Actinomycetales_ GCAGAGGCCCTTGTGCGTGLGGBCTACGGBCGACCGCCGGGGIT27
DQ663172_Streptomyces GCAGAGGCCCTTGTCGTGLGGBCTACGGBCGACCGCCGGGGITA0
AcCtc29 e e

AcCtC31 e e
AY154378_Burkholderia GCTACGQAA- GAGAACTCTAAGRAGACTGCCGGARE 1129
DQ490307_Burkholdericeae GCTACRAAA GGGBCTCTAGAGAGACTGCCGGARE 1150
DQ9Y04608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 -
PSAA1
3LHF6 e
1MBT7 TTTCGCBGCTGGCEHATAG CGAAAAGNCCGACCRTCGCCCTTCCRB2




BLHF5 e
BLHF3 e
ALHF2 e
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

Actc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae

DQ904608_Bacillus ~ ---e-emememeneeees

DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 s
PSAAL = e
3LHF6 e
IMBT7
3LHF5 = e
3LHF3 = e
4LHF2 e
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces

ACtc29 e
ActC31 e
AY154378_Burkholderia
DQ490307_Burkholdericeae

DQ904608_Bacillus ~  ------mmemeeeeeeee

DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41L e
PSAAL e
3LHF6 e
1MBT7
3LHF5 s
3LHF3 s
4LHF2 e
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_
DQ663172_Streptomyces
Actc29 e

CCCGECCAACATACNANCCN®E- AGG TNAANTGTAAANCCTGGGGNGCTaL
CCNG@CAACATACGAGCCGE- AGAATAAAGTGRAAGCCTGGGGGGCTBAR
CCC@CAACATACGAGCCNG- AGAATAAAGTGRAAGCCTGGGGTGCTB
CCACACAACNTACAANCCCBANG@ATAACCTGRANGCCTEGGTGCCT40
CCCCCBCATANGAGCCNNNG@ATAAGGGNANGTCNGNTTCGNANT 812

AACTCGBGRAGGTGGRERCCGTAAGTAATCATGCCCCTATGTCT1177
AACTCGBGCRAGGCTGGGRECACGTAAGTATCATGCCCCTATGTCT1190

AAACCGBGCRAGGTGGGE GACGTAAGTCCTBTGGCCCTATGGGT179
AAACCGBGCRAGGTGGGT GACGTAAGTCCTBTGGCCCTATGGGT1200

AATGAGTGNCTA- CTCNNTTANTTGNGTTEGCTCCCTGNEBINTTC827
AATGAGTRGCTA- CTCACATTAATTGCGTTGCGCRCTGCCECTTTC832
AATGAGTRAGCTRACTCCATTAATTGCGTTGCGCRCTGCCCGCTTTE28
AATGAANGACCTAACTCACATTAATTGCGTTGCCCNCNTGCCCGCTT/BIC
GATGRAGCTANNCNBTAATTGCGNTNGCTBNSCCCNNTTCNGINC@ 861

TGGGCTGALACGTGCACAATGGCCGRICAATGAGCTGCATACCGCA227
TGGGCTGALACGTGCACAATGGCCGRICAATGAGCTGCBTACCGCA240

AGGGCTTRCACGTATACAATGGTCGRACAGAGGGCTGRRACCCGTA229
AGGGCITCACACGTATACAATGGTCGRACAGAGGGTTGCAACCCGC@249

CNNTCGGMNACTT- 841
CAGTCGGBACCTGTCNTGGE 853
CAGTCGGEAACCTGTCNNG@ARICTGBTTAATGAATCNGCEBCCCNN@78
AANCNGGNACCTGNCTGGBRTGAATTAATAAACCGCBAANAACGG@B40
AACCTGTCTNGCCTCTNNCGATNATCG@ANACCCCCBAAAAAINGGNB11

AGGTGBGCAATCTAAAALCCGGTCRGTTCGATTGGGGTCT@A277
AGGTGBGCAATCTAAAALCCGGTCRGTTCGATTGGGGTCT@C1290



ACtC31 e s
AY154378_Burkholderia AGGGGEGCRATCCRGAAALCCATCGRGTCCGATCGTRGTCTGE 1279
DQ490307_Burkholdericeae AGGGGEGCPRPATCCRAGAAAALLCRATCGTAGTCCGATTGAACTCTG® 1299
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 -
PSAAL
3LHF6 -
IMBT7 -
3LHF5 e
3LHF3 e
4LHF2 e
2MBT4 —
T | ———
3LHF GRAAAGGCGGNTTGGNNNGGGGGCTNTTCCGNTTCCTC@NEE 928
4LHF4 AAAGNCNNTTNGNTTTTTGGGGTTNTTCCGGTANCKONATGAAATNCS890
4LHF3 NNAAATTGGCRNTTCCNNTCCEMAAANGACCNTTGCGGNCGTNTTE8Y
N2AA52
NBPC31
N2AA53
NBPC33 mmmmemmemmmeeeeees e

DQ1442127_Actinomycetales_ ACTCRCCCATGAAGTCGBGTCGCAGTAATCGRGATCAGAATTGCT1327
DQ663172_Streptomyces ACTCR\CCCATGAAGTCGBGTCGCAGTAATCGAGATCAGAATTGCT1340
Actc29 e e

ACtC31 s e
AY154378_Burkholderia ACTCRCTACGTAAGCTGBATCGCRGTAATCGCGBTCAGAAT- GCC1328
DQ490307_Burkholdericeae ACTCRGTGATGAAGCTGBATCGCRGTAATCGCGBTCAGAAT- GCC1348
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 -
PSAAL e
3LHF6 -
imMBT7 e
3LHF5 -
3LHF3 -
4LHF2 e
2MBT4
4LHF1 e
3LHF ATCCCTGNNCTCGGNCNTTEGG 950

4LHF4 NTGNNTTCGGNNTTCNGGGGNAAANTTATCCAATNCCNBAAGNG®40
4LHF3 NANGCCNACCNTRACANNNTCNEAAGGCGAATCCGGTTTACG@ATC 1011
N2AA52
NBPC31
N2AA53
NBPC33 s e

DQ1442127_Actinomycetales_ GCGGTBATACGTTCCCGGGCCTRERCACCGCCCGRCGTACGAA 1377
DQ663172_Streptomyces GCGGTBATACGTTCCCGGGCCTRERCACCGCCCGRCGTACEA 1390
AcCtc29 e e

ACtC31 e s
AY154378_Burkholderia GCGGTBATACGTTCCCGGGTCTTEIACACCGCCCGRCACCATGGAEL378
DQ490307_Burkholdericeae GCGGTBATACGTTCCCGGGTCTTRIACACCGCCCGRCACCATGGGL398
DQ9Y04608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 e
PSAAL -
3LHF6 -
iwmBTt7 0 e-
3LHF5 -
3LHF3 -
ALHF2 -
2MBT4 —
A4LHF1T -
K 0 | ————
4LHF4 TNTCCCGNTNTCCCNGFBCNGGGGEMCCCNNEAAANANTGGNCCNI90




4LHF3 ANGNMAACGCNNNAAAAANTGGCTTNCCCCNSANGCCNANACCNT061
N2AA52 e

NBPC31 e
N2AA53
=] Yo < e ——

DQ1442127_Actinomycetales_ AGTCGGAACACCCBAGCCGGTGGCRACCCCTTGTGRGGAGCTGL427
DQ663172_Streptomyces AGTCGGAACACCCBAGCCGGTGGCARCCCCTTGTGRGGABGCTGL440
Actc29 -
ACtC31 e e
AY154378_Burkholderia AGTGGGTTTACCAGAAGTGGCAGTCTRACCGBAGRAGARCGGTBCC1428
DQ490307_Burkholdericeae AGTGGGTTTACCAGAAGTGGCAGTCAACCGBAGGRGRCGGTBCC1448
DQ904608_Bacillus ~  --------

DQ464386_Pseudomonas =~ -----m-m--memeeeee-
AM161143 Pseudomonas e
PSACA1L e e
PSAAL
3LHF6
1MBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
BLHE s e

4LHF4 AAGGCCCRAAANNCBAAAACCCCNANGNCNGNTTTTTNGGTTTTTTTI40
4LHF3 AAAGGNCCATCNTGNCNTTTTRAAANTTNCCCCCTTACATTTNAAAALLLL
N2AA52 s e

NBPC31 s
N2AA53
NBPC33 e

DQ1442127_Actinomycetales_ TCRAAGGTGGACTGGCATTGGBACGAGTCTRACCAAGGRGCC®-- 1475
DQ663172_Streptomyces TCRAAGGTGGACTGGCEBITGGBCARAAGTCGRACAAGGPGCCGA- 1489
Actc29
ActC31
AY154378_ Burkholderia ACGGRGATTCATCACTGGCGG F&G-----mnmmmmmmmmmmmmam
DQ490307_Burkholdericeae ACGGRGATTCATGACTGGGGTAANGTCGRACAAGGRPACCGT---- 1493
DQ9Y04608_Bacillus --

DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41 s e
PSAAL
3LHF6
1IMBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AAS2 s e
NBPC31 = s e
N2AA53
NBPC33 mmemmmmmeeeees e

DQ1442127_Actinomycetales_  -------------------
DQ663172_Streptomyces = ------------m-----
Actc29 e

ActC31 e

AY154378 Burkholderia =~ -----------emeeeee-
DQ490307_Burkholdericeae =~ -------===-=m-mm---
DQ904608_Bacillus ~  --------
DQ464386_Pseudomonas = -----mmemmmseeeeeee
AM161143 Pseudomonas = ------mmmmemmeeee-
PSACAL e




PSAAL
3LHF6
IMBT7
3LHF5
3LHF3
ALHF2
2MBT4
4LHF1
3LHF
ALHF4
4LHF3
N2AA52
NBPC31 e e
N2AAB3 e
NBPC33 e e

DQ1442127_Actinomycetales_  ---------mse-emoo-
DQ663172_Streptomyces ~  ------------moeeee-

¥ Yo (o721 H e ——

ActC31 e
AY154378_Burkholderia = ------memmmmeeeeees
DQ490307_Burkholdericeae =~ -------------------
DQ9Y04608_Bacillus
DQ464386_Pseudomonas
AM161143 Pseudomonas
PSAC41
PSAA1
3LHF6
IMBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AA52
NBPC31
N2AA53
NBPC33

DQ1442127_Actinomycetales_  -------------------
DQ663172_Streptomyces = ------------------
Actc29
ActC31
AY154378 Burkholderia =~ -----------eeeeeee-
DQ490307_Burkholdericeae =~ -------------------
DQ904608_Bacillus
DQ464386_Pseudomonas
AM161143_Pseudomonas ------mmmmmmemeeeee
PSAC41
PSAA1
3LHF6
1MBT7
3LHF5
3LHF3
4LHF2
2MBT4
4LHF1
3LHF
4LHF4
4LHF3
N2AAS2 e
NBPC31 e
N2AA53
NBPC33 e e




DQ1442127_Actinomycetales_  -------------------
DQ663172_Streptomyces =~ -----m--mm-mm-meee-
Actc29 = e e
ACtC3L e e
AY154378 Burkholderia ~  -------mmeemmeeee-
DQ490307_Burkholdericeae =~ ----------m---m----
DQ904608_Bacillus ~  -m--memmeemmeeeeee
DQ464386_Pseudomonas =~ ------mmmmemmeeee-
AM161143_Pseudomonas = -------mm--mmeoee-
PSAC41 e e

PSAAL e e

BLHF6 e e

IMBT7 e e

BLHF5 e e

3LHF3 e e

ALHF2 e e

2MBT4 e e

ALHFL e e

BLHF s e

4LHF4 AANNCCCNNNCCCNTTNNTTTTTNTNTTTTN AAABAAAAAANTTT 1290
4LHF3 e e

N2AA52 s e

NBPC31 = = = eemeeeememmemmeeeeeeee e

N2AAB3 = e e

NBPC33 = e e

DQ1442127_Actinomycetales_  ---------memmemeee- s
DQ663172_Streptomyces = -memmmmemmeemee- e
Actc29 e -
ActC31 e -
AY154378_Burkholderia ~  ---memmeemeeeeee- e
DQ490307_Burkholdericeae =~ ----------memeeee- s
DQ904608_Bacillus - s
DQ464386_Pseudomonas =~ ---memmeemeemeeeee- e
AM161143 Pseudomonas = ---meemeemeemeeeee- e

PSAC4l e — -
PSAAL - - -
11— -
IMBT7 e -
3LHF5 e -
<1 | =< S — -
ALHF2 e -
2MBT4 e -
ALHFT s -

T | = — -
ALHF4 CCCCRAAAAAAAAAAAAAANG G316
ALHF3 s -
N2AA52 e -

=] T U ———

N Y2 J e ——

=] =T < e —— -

F2. Fungal aligned nucleotide sequences

>Al Anpel onmyces sp.

AGNNANAGGTTTCAGTAGGNGANCTGCGGAAGGATCATTACCTAGGAGTT
GTAGGCNTTGCCTGCTATCTCTTACCCATGGTCTTTTGAGTACCTTACGT
TTCCTCGGTGGGTTCGCCCACCGATTGGACAAACTTAAACCCTTTGCAGT
TGAAATCAGCGTCTGAAAAAACTTAATANTTACNACTTTCAACAACGGAT
CTCTTGGNTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTG
TGAATTGCAGAATTCAGTGAATCATCNAATCTTTGANCGCACATTGCGCC



CCTTGGTATTCCATGGGGCATGCCTGTTCGAGCGTCATTTGTACCTTCAA
GCTCTGCTTGGTGTTGGGTGTNTGTCTCCTGTANACTCNCCTTAAAACAA
TTGGCAGCCGGCGTATNGATTTCGGAGCGCAGTACATCTCGCGCTTTGCA
CTCATAACGACGACATCCAANAGTACATTTTTACACTCTTGACCTCNGAT
CAGGTAGGGATACCCGCTGANCTTAGNCATACAAGNAAAANCGGAANGAA

>A4 Exserohiliumrostratum

GNGNCGGNTCTCAGCNAGGAGNACTGCGGAGGGATCATTACACAACAAAA
ATGTNNAGGGGTGTGGTNNGCTGGCNACAGCCGNCCGCCCCAAGTATTTN
TCACCCGTGTCNTTTGCGCACTTTGTGTTTACCTGGGCNAGTTCNCTCGC
CNCCANGACCNANCCATAAANCTTTTTTNATGCNGNNGCNATCAGCGTNA
NTANAATAATTNAANTTATNAAAACTTTNNACNACGGATCTCTTGGCTCT
GGCANCNATGAAGAACNNAGNNAAATGCGATACATAGNGTNAATTGCAGA
ATNCANTGAANCATCAAATCTTTGANCGCNCATTGCGCCCTTTGNTATTC
CNAAGGGCATGCCTGNTCTAGCNCCNTNTGTACCCNCAAGCTGTGNNTGG
TGTTGGGCGTCNTNNNNTCNCTCCCCTAGANGNGGGAGACTCGCCTTNNA
ACNATNGNNACCNGANCTACTGGTTTTCGGAGCNNATNACACATTTGCGC
CTTCCANTCCACGGGGCGNNATCNANNATGNCTNTGTTNTCTACANCNTA
TCCACATTTNGACCNCAGATCAAGCAGGNATACCCGCTGANCTNAGGCAT
ATAGGAAAACCGAAGAAA

>A52 Trichoderna harzi anum

NGGGANGGTCTCCGGAGGAGAACAGCGGAGGGATCATTACCGAGTTTACA
ACNCCCAAACCCAATGATGAACGTTACCAAACTGTTGCCTCGGTTGTCCN
TCTCTGCCCCGGGTGCGTCGCAGCCCCGGACCAAGGCGACCCGCCGGAGG
ACCAACCAAAACTCTTTTTGTATACCCCCTCGCGGGTTTTTTTATAATCT
GAGCCTTCTCGGCGCCTCTCGTAGGCGTTTCGAAAATGAATCAAAACTTT
CAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGC
NATAAGTANTGTGAATTGCAGAATTCAGTGAATCATCNAATCTTTGAACG
CACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATT
TCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCT
TAGCGGGTGGNCGTCTCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTC
NTGCGNAGTAGTTTGCACACTCGCATCGGGAGCGCGGCGCGTCCACAGNC
GTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACC
CGCTGANCTTAAGCATATCATNAAAGCGGAAGAAA

>B1 Fusari um oxysporum

GTTGGNGAANGGCGGNGGGANCATTACCGAGTTTACAACNCCGANACCCC
TGNGAACATACCACTTGTTGCCTCGGCGGATCNNCNCGCTCCCGGTAAAA
CGGGACGGCCCGCCAGAGGACCCCTAAACTCTGTTTCTATATGTAACTTC
TGAGTAAAACCATAAATANATCAAAACTTTCAACAACGGATCTCTTGGTT
CTGGCATCGATGAAGAACGCAGCAAAATGCGATAAGTANTGTGANTTGCA
GAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCNCCAGTAT
TCTGGCGGGCATGCCTGTTCNAGCGTCATTTCAACCCTCNAGCACAGCTT
GGTGTTGGGACTCGCGTTAATTCGCGTTCCTCNAATTGATTGGCGGTCAC
NTCGAGCTTCCATAGCGTAGNANTAAAACCCTCGTTACTGGTAATCGTCG
CGGCCACNCCGTTAAACCCCANCTTCTGAATGTTGACCTCNGATCAAGTA
GGAATACCCGCTGANCTTAAGCATATCAGNAAAGCGGGAGGAAA

>C31 Ampel omyces sp.

ANNNNNNNNNNNNNNNNNGNGACCNGCGGAAGGATCATTACCTAGAGTTG



TANNCTTTGCCTGCTATCTCTTACCCATGTCTTTTGAGTACCTTACGTTT
CCTCGGTGGGTTCGCCCACCGATTGGACAAACTTAAACCCTTTGCAGTTG
AAATCAGCGTCTGAAAAAACTTAATAGTTACNACTTTCAACAACGGATCT
CTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTG
AATTGCAGAATTCAGTGAATCATCNAATCTTTGAACGCACATTGCGCCCC
TTGGTATTCCNTGGGGCATGCCTGNTCGAGCGTCATTTGTACCTTCAAGC
TCTGCTTGGTGTTGGGTGTTTGTCTCCTGTAGACTCGCCTTAAAACAATT
GGCAGCCGGCGTATTGATTTCGGAGCGCAGTACATCTCGCGCTTTGCACT
CATAACGACGACATCCAAAAGTACATTTTTACACTCTTGACCTCNGATCA
GGTAGGGATACCCGCTGANCTTAGNCATACANNAAAAGGGGNAGAAAA

>C51 Fusari um sp.

CGGGGGGAGCTATCANAGGNGGAGGAACNGCGGAGGGATCATTACCGAGT
TTACAANNNCGAAACCCCNGAAGAAACATACCTATACGTTGCCTCGGCGG
TTCAGCNCGCGCCCCGNAAAAAGGGACGGCCCGCCCGAGGACCCCTAAAC
TCTGTTTTTAGTGGAACTTCTGAGTAAAACAAACANATAANTCAAAACTT
TCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATG
CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCNAATCTTTGAAC
GCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCAT
TTCAACCCTCAAGCTCAGCTTGGTGTTGGGACTCGCGGTAACCCGCGTTC
CCCAAATCGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAATCATAC
ACCTCGTTACTGGTAATCGTCGCGGNCACGCCGTAAAACCCCAACTTCTG
AATGTTGACCTCNGATCATTGTANGAATACCCGCTGANCTTAAGCATATC
AAGAAGCGGAGGAA

>D11 Ampel omyces sp.

ANNGTAAGGTTTCNGTAGGNGAACTGCGGAAGGATCATTACCTAGAGTTG
TACNGCTTTGCCTGCTATCTCTTACCCATGGTCTTTTGAGTACCTTACGT
TTCCTCGGTGGGTTCGCCCACCGATTGGACAAACTTAAACCCTTTGCAGT
TGAAATCAGCGTCTGAAAAAACTTAATANTTACNACTTTCAACAACGGAT
CTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTG
TGAATTGCAGAATTCAGTGAATCATCNAATCTTTGAACGCACATTGCGCC
CCTTGGTATTCCNTGGGGCATGCCTGTTCGAGCGTCATTTGTACCTTCAA
GCTCTGCTTGGTGTTGGGTGTNTGTCTCCTGTAGACTCGCCTTAAAACAA
TTGGCAGCCGGNGTATTGATTTCGGAGCGCAGTACATCTCGCGCTTTGCA
CTCATAACGACGACATCCAAAAGTACATTTTTACACTCTTGACCTCNGAT
CAGGTAGGGATACCCGCTGANCTTAAGCCATATCANNAAAAGCGGAAGNA
AA

>D31 Fusari um sp.

GGGGGAGCTATCAGTAGGAGGGAANGAACNGCGGNGGGATCATTACCGAG
TTTACAANCNCCNAAACCCNGGAAAAACATACCTATACGTTGCCTCGGCG
GTTCNGCNCGCGCCNNGAAAAAAGGGACGGCCCGCCCGAGGACCCCTAAA
CTCTGTTTTTAGTGGAACTTCTGAGTAAAACAAACANNTAANTCAAAACT
TTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAAT
GCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATNGAATCTTTGAA
CGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCA
TTTCAACCCTCAAGCTCAGCTTGGTGTTGGGACTCGCGGTAACCCGCGTT
CCCCAAATCGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAATCATA
CACCTCGTTACTGGTAATCGTCGCGGCCACGCCGTAAAACCCCAACTTCT



GAATGTTGACCTCGGATCNTGTNTNNTTACCCGCTGANCTTAAGCATATC
AATAAGCGGAGGAA

>D53 Fusari umsp.

AGGGNAGGGTCTCGTTGGAGNACAGCGGAGGGATCATTACCGAGTTTACA
ACTCCCAAACCCCTGTGAACATACCACTTGNTTGCCTCGGCGGATCNNCC
CGCTCCCGGTAAAACGGGACGGCCCGCCAGAGGACCCCTAAACTCTGTTT
CTATATGTAACTTCTGAGTAAAACCATAAATAAATCAAAACTTTCAACAA
CGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGATAAG
TAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATT
GCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACC
CTCAAGCACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCTCAAAT
TGATTGGCGGTCACNTCGAGCTTCCATAGCGTAGTAGTAAAACCCTCGTT
ACTGGTAATCGTCGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGA
CCTCNGATCAGGTAGGAATACCCGCTGANCTTAAGCATATCATNAAAGCG
NAAAGAA

APPENDIX G

Roots clearing and staining solutions (Smith and @kson, 1997).
G1. 50% ethanol

1000ml ethanol

1000ml distilled water

G2. 5% KOH
100g KOH
2L distilled water

G3. Alkaline Peroxide HO,
3ml NH;OH (Ammonia)
30ml 10% HO;

567ml distilled water

G4. 0.1M HCI (32% MW36.46)
22.79ml HCI
2L Distilld water



G.5 Lactoglycerol trypan blue stain
Lactic acid: Glycerol: Water (13:12:16)
520ml lactic acid

480ml Glycerol

640ml distilled water

0.82g Trypan blue

G6. Lactoglycerol Destain

Lactic acid: Glycerol: Water (13:12:16)
520ml lactic acid

480ml Glycerol

640ml distilled water

APPENDIX H

Bradford standards and Standard curve (Bradford, 199).

H1. BSA stock solution/standards

Step 1: Protein stock solution was prepared byotisgy 16mg of Bovine Serum

Albumin (BSA) in 10ml double distilled water.

Standards were prepared to a final volume ofullBOmicro-centrifuge tubes as follows:

Standard (mg/ml) Vol. BSA stock Vol. ddHO
0.1 10 150

0.2 20 140

0.4 40 120

0.6 60 100

0.8 80 80

1.0 100 60



1.2 120 40
1.4 140 20
1.6 160 0

Step 2: Using a 96 well titre platesyl ®f standards, blanks and samples were aliquoted
into the wells with replicates because of pipettngprs.
Step 3: Bradford’s reagent (24D were added to each well and left at room tenipeea

for 15 mins.

H2. Standard curve

y = 0.2233x +0.0097
R%=0.9831
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APPENDIX 1

Solutions and Buffers

I11. TE (Tris/EDTA) buffer pH 8.0
Tris/HCI pH 8.0 10mM
EDTA pH 8.0 10mM



2. 30% PEG/ 1.6M NacCl
30g PEG

9.369 NacCl

100ml distilled water

13. 10% SDS (sodium dodecyl sulphate)
10g SDS

100ml distilled water

Warm to 65°C to allow SDS to dissolve.



