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Summary 
 

The soil environment is thought to contain a lot of the earth’s undiscovered 

biodiversity.  The aim of this study was to understand the extent of microbial diversity 

in the unique ecosystem of the Western Cape’s fynbos biome.  It is known that many 

processes give rise to this immense microbial diversity in soil.  In addition the aim 

was to link microbial diversity with the soils physio-chemical properties as well as the 

plant community’s structure.  Molecular methods especially automated ribosomal 

intergenic spacer analysis (ARISA) was used in the study. 

The most important property of environmental DNA intended for molecular ecology 

studies and other downstream applications is purity from humic acids and phenolic 

compounds.  These compounds act as PCR inhibitors and need to be removed 

during the DNA extraction protocol.  The fist goal in the study was to develop  an 

effective DNA extraction protocol by using cationic flocculation of humic acids.  The 

combination of cationic flocculation with CuCl2 and the addition of PVPP and KCl 

resulted in a high yield of DNA, suitable for PCR amplification with bacterial and 

fungal specific primers. 

Determining the reproducibility and accuracy of ARISA and ARISA-PCR was 

important because these factors have an important influence on the results and 

effectiveness of these techniques.  Primer sets for automated ribosomal intergenic 

spacer analysis, ITS4/ITS5, were assessed for the characterization of the fungal 

communities in the fynbos soil.  The primer set delivered reproducible ARISA profiles 

for the fungal community composition with little variation observed between ARISA-

PCR’s.  ARISA proved useful for the assessment and comparison of fungal diversity 

in ecological samples. 

The soil community composition of both fungal and bacterial groups in the Sand 

fynbos was characterized.  Soil from 4 different Sand fynbos sites was compared to 

investigate diversity of eubacterial and fungal groups at the local as well as a the 

landscape scale.  A molecular approach was used for the isolation of total soil 

genetic DNA.  The 16S-23S intergenic spacer region from the bacterial rRNA operon 

was amplified when performing bacterial ARISA from total soil community DNA (B-

ARISA). Correspondingly, the internal transcribed spacers, ITS1, ITS2 and the 5.8S 

rRNA gene from the fungal rRNA operon were amplified when undertaking fungal 



ARISA (F-ARISA).    The community structure from different samples and sites were 

statistically analysed.  ARISA data was used to evaluate different species 

accumulation and estimation models for fungal and bacterial communities and to 

predict the total community richness.  Diversity, evenness and dominance were the 

microbial communities were used to describe the extent of microbial diversity of the 

fynbos soils.  The spatial ordination of the bacterial and fungal species richness and 

diversity was considered by determining the species area relationship and beta 

diversity of both communities.  The correlation between the soil physio-chemical 

properties was determined.  The plant community structure data was correlated with 

the fungal and the bacterial community structure.  The results indicated that bacterial 

species numbers and diversity were continually higher at the local scale.  Fungi 

however showed higher species turnover at the landscape scale.  Bacterial 

community structure showed stronger links to the plant community structure whereas 

the fungi community structure conformed to spatial separation patterns.     

To further investigate the diversity of soil microbes the potential of genus specific 

primes was investigated. The genus Penicillium is widespread in the soil environment 

and the extent of its diversity and distribution is however not.  For this reason 

Penicillium was chosen as a model organism.  To expand the insight into the 

diversity of Penicillium species in the fynbos soil ecosystem, a rapid group specific 

molecular approach would be useful.  Penicillium specific primers targeting the 18S 

rRNA ITS gene region were evaluated.  Fungal specific primers ITS4 and ITS5, 

targeting the internal transcribed region (ITS) were used to target Penicillium specific 

in the soil sample.  Nested PCR, using primer Pen-10 and ITS5, was then utilized to 

target Penicillium species specifically.  The discrimination of Penicillium species was 

possible due to length heterogeneity of this gene region.  Eight different peaks was 

detected in the soil sample with ARISA and eight different species could be isolated 

on growth media.  The technique proved useful for the detection and quantification of 

Penicillium species in the soil. 

 

 

 



Opsomming 

Grond word tans beskou as die setel van meeste van die aarde se onontdekte 

biodiversiteit.  Die doel van die studie was om die omvang van mikrobiese diversiteit 

in die unieke fynbos bioom van die Wes-Kaap te bepaal.  Daar word aanvaar dat 

heelwat prosesse verantwoordelik is vir die aansienlike mikrobiese diversiteit in die 

grond.  Addisioneel is gepoog om te bepaal of daar ‘n verband tussen mikrobiese 

diversiteit, fisio-chemiese eienskappe en die struktuur van die plant gemeenskap 

bestaan.  Die studie het gebruik gemaak van molekulêre tegnieke om mikrobiese 

gemeenskappe te klassifiseer, veral geoutomatiseerde ribosomale intergeniese 

afstand ontleding (ARISA)  

Die belangrikste eienskap van grond deoksiribonukleïensuur DNS wat gebruik word 

in molekulêre tegnieke is suiwerheid van humiensuur en fenoliese komponente.  

Hierdie komponente tree op as PKR inhibitore en moet verwyder word tydens die 

DNS ekstraksie prosedure.  Die eerste doelwit van die studie was dus die 

ontwikkeling van ‘n effektiewe DNS ekstraksie protokol deur gebruik te maak van 

kationies sedimentasie van humiensuur.  Die kombinasie van kationies sedimentasie 

en die bevoeging van PVPP en KCl lewer DNS geskik vir PKR met bakteriese en 

fungi spesifieke inleiers. 

Die herhaalbaarheid en akkuraatheid van ARISA en ARISA-PKR was bepaal omdat 

hierdie twee faktore ‘n belangrike invloed het op die resultate wat verkry word met die 

tegniek.  Die universele inleier stel, ITS4 en ITS5, was getoets vir die karakterisering 

van fungi gemeenskappe in fynbos grond.  Die inleiers het herhaalbare ARISA 

profiele gelewer met geringe variasie tussen ARISA-PKR reaksies.   

Die gemeenskapsamestelling van beide die fungus en bakteriese populasies in die 

Sand fynbos was gekarakteriseer.  Grond van 4 verskillende liggings is vergelyk om 

die diversiteit van fungi en bakterieë op ‘n lokale sowel as ‘n landskap skaal te 

ondersoek.  ‘n Molekulêre benadering was gebruik om die totale grond DNS te 

isoleer.  Die 16S-23S intergeniese spasiëring gebied van die bakteriese rRNA 

operon was geamplifiseer om die bakteriese gemeenskaps profiel in die grond te 

verkry (B-ARISA).  Ooreenstemmend is die interne getranskribeerde spasieerder 

area, ITS1, ITS2 en die 5.8S rRNA geen van die fungus rRNA operon ge-amplifiseer 

vir fungus ARISA (F-ARISA).  Die gemeenskaps samestelling van die verskillende 



monsters is statisties ontleed.  ARISA data is gebruik om verskillende spesie 

teenwoordigheid en beramings modelle te evalueer en die aantal bakteriese en 

fungus spesies te bepaal.  Diversiteit, gelykheid en dominansie van die mikrobiese 

gemeenskappe was bepaal en gebruik om die mikrobiese diversiteit van die Sand 

fynbos te beskryf.  Die spasiëring oriëntasie van die bakteriese en fungus spesie 

rykheid en diversiteit is ondersoek deur gebruik te maak van die spesie-area-

verhouding en die beta diversiteit van die twee gemeenskappe.   Die korrelasie 

tussen die grond eienskappe en die fungus en bakteriese gemeenskapstruktuur 

sowel as die korrelasie tussen fungus en bakteriese gemeenskapstruktuur en die 

plant gemeenskapstruktuur was bepaal.  Die resultate toon dat die aantal bakteriese 

spesies sowel as bakteriese diversiteit hoër was op ‘n lokale skaal.  Fungi aan die 

ander kant toon ‘n hoër spesies diversiteit op ‘n groter skaal.  Bakteriese 

gemeenskapstruktuur toon ‘n nouer verband met die plant gemeenskap, waar die 

fungi weer ooreenstem met verwyderings patrone.  

Die gebruik van genus spesifieke inleiers vir die toepassing op diversiteit studies was 

getoets.  Die genus Penicillium is wydverspreid in grond habitatte, hoewel die 

omvang van hul diversiteit nie bekend is nie.  Die ontwikkeling van ‘n groep 

spesifieke molekulêre tegnieke sal dus handig wees om verdere kennis oor die 

diversiteit van Penicillium te bekom.  Vir hierdie rede is Penicillium as model 

organisme gekies.  Penicillium spesifieke inleiers wat die 18S rRNA ITS geen area 

teiken, was ge-evalueer.  Die fungus spesifieke inleiers ITS4 en ITS5 was gebruik 

om grond Penicillium te teiken.  Addisioneel is nested PKR gebruik met behulp van 

die inleiers Pen-10 en ITS5 om spesifiek Penicillium spesies te teiken.  Die 

uitsondering  van Penicillium  spesies was moontlik as gevolg van die lengte verskille 

in die geen area.  Agt verskillende pieke kon in die grond monster gevind word met 

ARISA en agt verskillende spesies kon ook met behulp van uitplaat tegnieke op 

groeimedia gevind word.  Die tegniek kan dus suksesvol gebruik word om Penicillium  

in die grond waar te neem en te kwantifiseer.  

 
 
 
 
 
 



 
 
 
 

 
Chapter 1 

 
 

Current advances in microbial 
ecology 

 
 
 
 
 
 
 

 

 

 

 



1. Microbial soil abundance and diversity  

The soil environment is thought to contain a large proportion of the earth’s 

undiscovered biodiversity.  The number of fungal species currently described is 

approximately 77000 of the estimated 1.5 million species in the world (Hawksworth 

2001).  The number of bacterial species describe is approximately 5422 (Euzeby 

2004).  The current estimate of bacterial species, however, is anywhere from 

400 000 (Groombridge and Jenkins 2002) to 106 species (Hawksworth and Kalin-

Arroyo 1995).   This means that about 3 % of both fungal and bacterial species have 

been described.  The goal of microbial ecology is to understand the extent of 

microbial diversity and the processes that give rise to this diversity (Torsvik et al. 

1990, Zhou et al. 2004).  In addition, microbial ecologists aim to link microbial 

diversity to ecosystem function (Torsvik and Wardle 2002, Nannipieri et al. 2003, 

Coleman and Whitman 2005, Gutknecht et al. 2006, Urich et al. 2008).                                            

The soil environment and the microbes living within, present an ideal opportunity to 

test ecological theories and to develop new ones (Lynch et al. 2004).  Studying the 

microbial diversity and processes has positively contributed to the understanding of 

ecological theory and the understanding of ecosystems. However, researchers for 

the most part, focused on macro-ecological systems and thus, much more is known 

about these systems (Dale and Beyeler 2001).  This is despite the importance of the 

soil microbial communities in all the biochemical cycles such as the nitrogen and 

carbon cycle (Germida 2002, Hayatsu et al. 2008).   

The inherent difficulties in studying microbial ecological systems is the main reason 

for the limitation in our understanding of these habitats (Kirk et al. 2004).  The 

microscopic nature of microorganisms make the enumeration and identification of 

these organisms in environmental samples more complex.  The growth requirements 

of microorganisms are also very diverse and most microbial species are non-

culturable (Thorn 1997, Van Elsas et al. 2000, Jacobs et al. 2005, Leckie 2005).  It is 

thought that less than 1 % of all soil microbes can be cultured by traditional culturing 

methods.  Results from both, culturing and nucleic acid-based approaches indicate 

that soil microbial richness is even higher than previously imagined (Thorn 1997, Van 

Elsas 2000, Torsvik 2001).  

 



2. Current ecological theories applying to soil microbial communities 

Microbial communities are affected by spatial and temporal habitat heterogeneity, 

variations in soil chemical composition and habitat disturbances, as is the case with 

above ground communities.  The habitat heterogeneity is also influenced by the 

heterogeneity and diversity of other organisms, especially that of plants.   Stress, 

such as desiccation, has a negative effect on diversity.  Factors which have a 

positive effect on diversity are resource diversity and biological interactions.  The 

result of increased diversity is increased ecosystem stability (Griffiths et al. 1997, 

Nannipieri et al. 2003).   

The idea that a diverse ecosystem is more resilient and stable was first proposed by 

MacArther (1955).  He stated that within an ecosystem with many energy pathways, 

changes in the numbers of one species would affect other species less dramatically 

than would be the case if fewer energy pathways existed.  High biodiversity is also 

associated with high functional redundancy (Yin et al. 2000, Nannipieri et al. 2003).  

The loss of species in high diversity soils due to disturbances does not necessarily 

result in the loss in soil function.   

Another aspect of current ecological theory applies to the dispersal patterns of 

microorganisms.  The species-area relationship power-law is one of the few laws that 

exists in ecological theory.  The power-law describes the linear logarithmic 

relationship between the log number of species and the log of the scale of the area 

(Kilpatrick and Ives 2003).  Although the species-area relationship for 

microorganisms have not been studied extensively, indications are that soil 

microorganisms also comply to the power-law (Lawton 1999, Green et al. 2004, 

Honer-Devine et al. 2004, Martin and Goldenfeld 2006, Zhou et al. 2008).            

 

3. History of soil diversity studies of soil microorganisms    

The history of soil microbial ecology started in the 1900’s at which time, only culture 

dependant techniques were used to quantify the major groups of microorganisms 

(Wall et al. 2005).  The number of microbial groups which are culturable are limited. 

The planctomycetes for example are non-culturable and can only be detected with 

molecular techniques (Kowalchuk and Stephen 2001).  Culture-based techniques 

also results in an underestimate of the number and diversity of bacteria and fungi.  



The ecology of soil microorganisms in natural systems was, however, not a priority of 

any research focus during this era.  Initial research conducted in the field of soil 

microbiology focused mainly on agricultural systems with the emphasis on 

quantification of plant pathogens (Cutler and Crump 1920).  When looking at natural 

systems, the focus was mainly on the taxonomy and abundance of microorganisms 

(Hammond 1938).  This happened as a result of the development of microscopy 

techniques which enabled researchers to study the micro-morphology of organisms 

(Sieracki et al. 1985).   

Research during the 1960’s and 1970’s lead to the development of the concept of 

biodiversity and advancement in the knowledge of the role that species diversity 

plays in the ecosystem (Hariston et al. 1968, Swift et al. 1979).  The focus of 

researchers in this era was on nutrient cycling in arable and non-arable land (Lie and 

Mulder 1971).  Before widely-used molecular tools became available, numerous 

studies were conducted on the cycling of nutrients such as carbon and nitrogen in the 

soil ecosystem (MacDonald et al. 1989).  These studies were made possible by the 

development of isotopic tracers (Schoenheimer and Rittenberg 1935, Verschoor et 

al. 2005).  With the aid of laboratory systems, an improved understanding of the role 

of microbes in the soil food web was established (Turpeinen et al. 2002).   

Techniques using culture media improved with the development of more specialized 

isolation media that contain specific substrates, and the addition of metabolic 

inhibitors like antibiotics (Janssen et al. 2002).  The development of molecular 

techniques led to further developments in ecosystem science and to a new 

understanding of the species concepts.  The field of soil ecology was now able to 

address various issues such as species loss and global climate change (Ingram and 

Freckman 1998, Heal 1999, Ruess et al. 2001).  The introduction of bioinformatics, 

together with molecular techniques, resulted in a shift of focus to the question of 

biodiversity and the role of biodiversity in the function of ecosystems (Hawksworth 

and Colwell 1992, Sugawara 1996).  The more fundamental ecological questions 

such as the spatial and temporal patterning of soil microorganisms also received 

considerable attention in diversity studies (Fisher and Triplett 1999, Green et al. 

2004, Mummey and Stahl 2006,  Carrino-Kyker and Swanson 2008, Dimitriu 2008).  

Current research still aims to determine the extent of microbial diversity in the soil 

environment (Torsvik and Øvreås 2002, Grüter et al. 2006, Koeppel et al. 2008).   



4. Alpha diversity of microbial communities 

Alpha diversity can be defined as the diversity of a specific group of organisms or 

communities within a specific area.  The most important issue concerning diversity is 

the way in which it is measured (Lozupone 2008).  The development of robust 

indicators was a problem particularly due to the different scales at which diversity 

was measured.  Some indices take into account not only the number of species but 

also the evenness of the species distribution.  In order to describe α-diversity, a 

number of indices are used.  These include the Simpson index (Simpson 1949), 

which is essentially a dominance index, and the Shannon-Weaver index (Shannon 

1948), which is a measure of chaos or entropy of the community.  The Shannon-

Weaver is now commonly used to express the level of microbial diversity in a 

particular habitat or niche (Nübel et al. 1999, Rodríguez et al. 2007, Srivastava et al. 

2007).  The species richness of especially bacterial communities in soil has received 

particular attention.   

The soil environment is reported to contain up to 5000 species and 109 bacteria cells 

per gram of soil (Schloss and Handelsman, 2006).  Determining the exact number of 

species over larger areas is not practical due to the high number of samples 

required.  For this reason existing ecological species accumulation and species 

estimations models are applied.  These species accumulation models include the 

Power model, Monod function, Negative exponential model, exponential model, 

Asymptotic regression, Rational function, Chapman-Richards, Weibull and Beta-P 

model (Arrhenius 1921, Monad 1950, Mielke and Johnson 1974, Ratkowski 1983, 

Brown and Mayer 1988, Miller and Weigert 1989, Ratkowski 1990).  The fitting of  

specific models to data allows for the direct comparison of species accumulation 

curves between samples.  Other species estimation models are nonparametric and 

include 1ste Order Jackknife (Burnham and Overton 1979), Chao (Chao 1984), 

Bootstrap (Smith and Van Bell 1984) and Michaelis-Menten (Raaijmakers 1987).  

There is no clear indication which method is superior and these methods seem to 

give different results within different systems.   

The species-area relationship is a good measure of the number of species one can 

expect in a specific sized area.  The number of species is plotted against the size of 

the area on a logarithmic scale.  The gradient of the species area curve is called the 

z-value.  The larger the z-value, the steeper the curve and subsequently the higher 



the number of species that can be expected in an area.  Numerous studies inferred 

the z-value for species including plants (Usher et al. 1973), protozoa (Hillebrand et al. 

2000), nematodes (Azovsky 2002), fungi (Green et al. 2006) and bacteria (Horner-

Devine et al. 2004).  Some studies reported on bacterial z-values as low as 0.05 

(Horner-Devine, 2006) in salt marsh soil while, a high value of 0.47 (Noguez et al. 

2005) was observed in tropical deciduous forest.  Z-values as high as 0.2 to 0.23 

were reported for fungal species area relationships (Peay et al. 2007).  The z-value 

for microbial communities, although believed by some authors to be much lower than 

that of plants and animals seem to be of a similar range (Noguez et al. 2005, Green 

et al. 2006, Horner-Devine 2006, Peay et al. 2007).   The z-value is expected to be 

higher when the ecosystems occur as discreet islands, than would be the case for 

continuous ecosystems (Usher 1979). The same high species area relationship 

observed in island ecosystems, is also a feature of isolated managed nature reserves 

(Miller and Harris 1977, Bell et al. 2005, Peay et al. 2007).      

 

5. Beta diversity of microbial communities 

Beta-diversity is defined as the variation of species composition over space and time 

(Anderson et al. 2006).  The measure of beta diversity is usually determined by pair 

wise comparison of sites.  The different similarity indices used include the Jaccard, 

Sørensen, and Whittaker index (Jaccard 1908, Sørensen, 1948, Whittaker 1952, 

Real and Vargas 1996, Hewson and Fuhrman 2006).  The Jaccard- and Sørensen 

indices are based on the presence or absence of species and are particularly useful 

in cases where the relative abundance of species is not known.  The Whittaker index, 

on the other hand, is useful when the relative abundance of species is known within a 

sample.  The Whittaker index makes use of species ratios which means no 

standardization is necessary before samples are compared.   This index can thus be 

effectively used with techniques such as ARISA and T-RFLP, where the relative 

abundance of species is shown by the fluorescent intensities and standardization 

between samples is difficult (Steele et al. 2005, Hewson and Furman 2006, Hewson 

et al. 2007).  The number of studies evaluating the alpha diversity of soil microbial 

communities especially on a small scale is numerous, but little has been done on the 

spatial distribution or beta diversity of soil microorganisms.   



Previous studies published on soil microbial diversity suggested that the dispersal of 

soil microorganisms is fairly homogenous, with the exception of variations occurring 

due to large differences in physico-chemical properties.  The origin of microbial beta 

diversity has been a contentious issue (Lozupone et al. 2006).  Firstly, it is accepted 

that the environment selects for organisms to a certain extent and is only partly 

responsible for spatial variation patterns.  It can thus be said that environmental 

factors in itself is spatially variable.  Environmental factors found to be most important 

in the regulation of microbial communities and diversity are pH, organic matter, 

nitrogen, oxygen, carbon, phosphorus,  Na, Mg, Cu,  and Ca content (Brady 1984, 

Bending et al. 2002, Denton 2007, Nieder and Benbi 2008).   

The dispersal history and the subsequent deposited heterogeneity of microorganisms 

play an important role in the community structure.  Dispersal history arises from 

random dispersal of organisms and the local dynamics of speciation and extinction 

(Hubble 2001).  The balance is seen as a trade-off between the environmental 

factors and dispersal history.  This spatial patterning is typically presented as a 

distance decay relationship and is now believed to observe the power-law of distance 

decay.  This in essence implies that regardless of the similarity index used to 

compare samples, the similarity should decrease with the increase in spatial 

separation.  In general, this distance decay relationship was much steeper for soil 

bacteria than for soil fungi (Green et al. 2004).   

 

6. Soil as microbial habitat 

Soil is a consolidated mineral or organic substance on the earth’s surface that 

provides a natural medium for growth of land plants and the support of that which live 

and function within. Soil is a heterogeneous system that is generally relatively poor in 

nutrients when compared with the nutrient levels found in the rhizophere of plant 

roots (Davison 1988). 

The properties of soil are the result of biotic and abiotic components and the 

interactions between these components (Aon et al. 2001).  Most of the soils found on 

earth are mineral soils primarily composed of mineral particles.  The physical 

properties of the soils are mostly the result of the physical properties of the mineral 

fraction it contains (Ugolini et al. 1996).  Sandy mineral soils generally contain 



between 2 to 7 % organic matter (Christensen and Sørensen 2006).  The organic 

matter includes humic substances and other decomposing or partially decomposing 

material, for example plant roots and dead animals.  The various soil gasses, eg. 

CO2, N2, O2 and CH4, water and dissolved solutes make up the rest of the soil habitat 

(Fu et al. 2005).   

The microbial community has the ability to alter the physical properties of the soil 

(Bond and Harris 1964).  Soil determines plant productivity of terrestrial ecosystems 

and it maintains biogeochemical cycling due to the inhabiting microorganisms.  All 

substances in the soil are degraded over time including organic compounds such as 

persistent xenobiotics and naturally occurring polyphenolic compounds (Gadd 2004). 

The living population inhabiting soil includes animals, plants, fungi, protista and 

bacteria. 

 

7. The mechanisms that determine community structure  

The study of soil microbial communities mainly concentrated on for the factors which 

influence soil microbial diversity (Weiner and Keddy 1999).  There are, however, no 

single rule which govern microbial diversity and community structure.  All factors 

appear to have an influence to a greater or smaller extent depending on the 

ecosystem or group of organisms studied.  In short, these factors are space, time, 

physical soil properties, chemical properties and interactions with other organisms. 

 

7.1 Spatial distribution 

The spatial patterns of some organisms, for example plants and macro fauna can 

easily be studied compared to the spatial variance of soil microorganisms which are 

more cryptic in nature (Hernandez-Stefanoni and Ponce-Hernandez 2005, Prasad et 

al. 2006). For this reason the effect of spatial patterns on species interactions and the 

distribution of soil microorganisms are still in question. Most studies, focusing on 

spatial patterns in soil, were designed to determine the distribution of abiotic factors 

for example pH and nutrients (Huston and DeAngelis 1994, Glazebrook and 

Robertson 1999). Studies in microbial soil ecology also tend to focus on total 

microbial biomass and other collective parameters such as their capacity to degrade 



organic matter.  Few studies were conducted that have also considered the 

variations in the microbial community structures.  Designing field experiments to 

examine the spatial distribution of microorganisms remains difficult due to the large 

number of samples required to be representative.  It was found that using samples of 

1 to 5 g of soil will bias the results and favour dominant species (Grundmann and 

Gourbiere 1999). 

The principles of spatial distribution in ecology is well known (Tilman and Kareiva 

1997) and more recently the importance of spatial distribution in microbial ecology 

was studied (Saetre and Bååth 2000, Green et al. 2004, Kang and Mills 2005).  The 

concept of space in ecology is important in order to understand the distribution and 

diversity of species.  Despite this, the importance of spatial patterns in soil ecology 

studies have focused on the aboveground biota.  The low degree of resource 

specialization by microorganism in the soil seems to be contradictory when looking at 

the exceptionally high degree of soil microbial diversity (Ekschmitt and Griffiths 

1998).  Spatial heterogeneity is an important contributor in the maintenance of 

microbial diversity.  The soil environment is generally discontinues and largely 

heterogeneous and spatial effects may form within a community even if the soil 

environment is completely homogenous.   

Gradients of resources and physical and chemical conditions exist in the soil over 

space.  This heterogeneity allows for the co-existence of competing microorganisms 

due to the partitioning of the niche.  The few studies that determined the spatial 

patterns of soil biota clearly indicated spatially predictable patterns at various scales.  

The spatial variability of soil biota, in the past were seen as a problem when studying 

soil biodiversity, but now is thought to be one of the main driving forces for this 

biodiversity.  This spatial variability can be described as patches, or areas of similar 

species composition.   The scale of the biodiversity is highly variable and studies 

showed highly similar patches of 1 to 3m (Ettema and Wardle 2002).  On a finer 

scale, patches were as little as 5cm (Ettema and Wardle 2002).  Studies have 

measured spatial variance at a single analytical scale and observed autocorrelation 

ranging from μm’s to km’s (Peay et al. 2007).  The autocorrelation observed 

depended on the scale and the focus of the study.  These studies revealed a spatial 

dependency of 1m and less (Ettema and Wardle 2002, Green and Bohannan 2006).  

This spatial pattern was also nested within a larger scale nested within a larger scale 

(Ettema and Wardle 2002, Green and Bohannan 2006).        



Studies have shown that many species may co-exist on a single resource when they 

have relative low mobility (King and Hastings 2003).  The spatial separation of 

microorganisms in a homogenous system may still occur.  Intrinsic population 

processes such as reproduction and limitation on dispersal capabilities leads to 

spatial patterning and aggregation. The relative immobility of soil microorganisms 

and the complex soil matrix, limits competition as a community structuring cause.  

Resource heterogeneity leads to the formation of microhabitats and these different 

microhabitats enables spatial separation of organisms that may potentially compete.        

Soil studies in simplified laboratory conditions indicated limited overlapping between 

species after certain time periods.  This was due to the limited heterogeneity in the 

system (Smith et al. 1996). 

Species richness is a function of microhabitat diversity.  Microbial communities are 

exposed to environmental gradients which influence their abundance, composition 

and activity. The abiotic factors that influence microbial community structure and 

spatial scaling are for example pH, temperature, nutrients and biotic predation and 

competition.  Some of the biotic and abiotic factors may be of microscopic scale. Soil 

practical size and soil structure are examples of this.  Other factors may influence 

microbial scaling over the larger landscape scale for example vegetation and climatic 

conditions.   

The differences in scale of influence that arise from the various environmental and 

soil factors results in nested scales of variability and thus promotes diversity. The 

spatial patterns observed when studying microorganisms can be described as a 

species-area relationship.  The positive power-law relationship is observed between 

the number of species in an area and the magnitude of the area during studies 

observing animal and plant spatial patterns.  The species-area relationship is 

important for the understanding of landscape and global biodiversity.  It was 

demonstrated that communities between samples taken closer together are more 

similar in composition than those taken further apart (Green et al. 2004, Green and 

Bohannan 2006, Noguez 2005, Horner-Devine et al. 2004).   

 

 

 



7.2 Physico-chemical factors that influence soil as a microbial habitat  

7.2.1 Soil organic compounds 

Most microorganisms are found in the top layers of the soil profile, usually the top 10 

centimetres, since this is typically the location of the major concentrations of organic 

matter (Barness et al. 2008). Organisms may however occur at depths of several 

kilometres below the soil surface, but the types of organisms that occur this far down 

are not the same as those close to the surface (Fang 2005). Many organisms in soil 

are commonly found close to root surfaces in the rhizosphere, within living and dead 

roots, on soil particles, or amongst aggregates of soil particles (Smalla et al. 2001).   

Organic carbon compounds, from plant residues and soil organic matter, are used as 

energy and carbon sources by the heterotrophic microorganisms in soil. The quality 

of the plant litter reflects the biochemical composition of the substrates and the 

physical availability of the substrates to the microorganisms (Wardle and Giller 1996, 

Bending et al. 2002). Bacteria tend to respond rapidly to additions of simple carbon 

compounds such as starch, sugars, and amino acids, while fungi and actinomycetes 

dominate if complex carbon compounds such as cellulose and more resistant lignin 

materials are available (Nieder and Benbi 2008). When organic residues are 

deposited on the soil surface, microbial activity is dominated by fungi (Doran 1980, 

Hendrix et al. 1986, Sá et al. 2001).  The adsorption of organic compounds by soil 

colloids retards their microbial degradation and the location of potential substrates 

inside pores or micro aggregates reduces their accessibility to soil microorganisms 

(Ladd et al. 1996). 

  

7.2.2 Soil texture  

The various fractions of the soils are classified according to their size into clay, silt 

and sand (Naime 2001).  The various fractions of the soil provide a surface for the 

development of the soil microbial communities.  Clay and colloid material have the 

smallest diameter and, therefore, as a whole have the largest overall area for 

interaction with microbes.  The soil texture also determines the levels of aeration in 

the soil.  Finely textured clay soils hamper the movement of air in the soil and these 

result in higher levels of carbon dioxide due the metabolic activity.  Low oxygen 

levels generally favour the anaerobic and micro-aerophilic organisms (Ferrara-
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Guerrero 2007).  Soil containing a higher sand fraction on the other hand tends to be 

better aerated and drained and thus favour the obligate aerobic microorganism 

(McGechan et al. 2005).  

 

7.2.3 Soil atmosphere  

Due to the slow aeration of the soil atmosphere and microbial metabolic processes, 

the main characteristic is the CO2 component which is on average 100x that of the 

atmosphere (Zuberer and Wollum 2005). The oxygen available in the soil correlates 

strongly to the soil moisture content and the level of microbial activity (Schjonning et 

al. 2003).  When the soil aggregates are saturated with water, local patches of 

prevailing anaerobic conditions occur in the soil (Skopp et al. 1990).  This contributes 

to habitat heterogeneity.  Anaerobic conditions result in a decrease in the redox 

potential in the soil.  This lower redox potential causes anaerobic processes to occur 

in the soil for example denitrification and iron reduction (Knowles 1982, Korom 1992). 

 

7.2.4 Soil water 

The soil water is necessary for life in the soil.  Soil water acts as a solvent for the 

nutrients in the soil, making them accessible for uptake by living organisms.   Soil 

water is also the medium in which many soil biota live and move, for example 

nematodes, protozoa and bacterial communities.  The amount of water that is 

available to microbes depends on the concentration of solutes, temperature, and the 

soil texture. Finer textured clay has higher water holding capacity but less water is 

available for microbes due to adsorption (Voroney 2007).  Generally, the soil pores 

will contain water as well as air.  Most of the water is held in pores as films and are 

adsorbed onto the soil particles (Alexander 1964).  After heavy rains, the soil pores 

are filled with water and the soil is considered to be saturated.  The percentage soil 

water, thus, determines the aeration status of the soil which in turn affects the soil 

microbial population.   

Water is an important medium for microbial movement in the soil and a lack of water 

will cause a decrease in the movement of microorganisms and a sharp increase in 

predation on microbes by protozoa (Van Veen and Kuikman 1990).  The available 
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soil water is a more important factor influencing microorganisms than the total soil 

water.  Filamentous fungi are generally capable to withstand much lower water 

activities than the bacteria, protozoa and the algae (Wollenzien et al. 1995).  Some 

bacteria, for example the Streptomycetes, tolerate water activity as low as aw = 0.90 

(Berrocol et al. 1996).  Filamentous actinomycetes and some fungi tolerate a water 

activitie as low as aw = 0.62 (Goodfellow and Williams 1983).   The process of 

nitrogen fixation is completely inhibited at water potentials below -2.1 MPa (Kuo and 

Boersma 1971).  Soil water also has a marked influence on the available carbon and 

the microbial activity in the soil (Balesdent et al. 2000). The amount of organic matter 

also has a positive influence on the water holding capacity and availability of the soil 

nutrients (Williams and Rice 2006). 

 

7.2.5 Soil pH 

The largest proportion of the earth’s soils can be described as acidic. The major base 

cations that occur in soil are K+, Mg+, Ca+ and Na+ and any reduction in the 

concentration of these cations will cause a reduction in the pH (Elias and Cresser 

1995, McLaughlin and Wimmer 1998).  The base cations may leach out of the soil 

due to their replacement on cation exchange sites by H+ and Al3+ (McLaughlin and 

Wimmer 1998).  Some of the various sources of soil acidity are carbonic acid, 

microbial oxidation of NH4+ to NO3-, atmospheric pollution for example acid rain and 

the decomposition of organic matter (Wherry 1920).   

Carbonic acid is formed when CO2 dissolves in water which dissociates to form H+ 

ions (Wherry 1920).  The pH of the soil is an important feature that determines the 

nutrient availability the soil (Elias and Cresser 1995, McLaughlin and Wimmer 1998).  

Acidic soils are characterised by higher amounts of heavy metals for example Al3+ 

(Dijkshoorn et al. 2005).  At a very low pH the amount of soluble heavy metals may 

reach toxic levels for plants and microbes (Denton 2007).  The available phosphorus 

also reduces with the decrease in pH due to the formation of ion and aluminium 

phosphate (Jongbloed et al. 1991).  Phosphorus is only released when the pH 

increases.  The availability of mineral nitrogen is also depended on the soil pH. 

Nitrification is impaired by acid pH while the volatilization of NH4+ to NH3 is promoted 

by alkaline pH conditions (Miller and Cramer 2004, Nordin et al. 2004).  Soil pH 

correlates positively with nitrogen mineralization rates (Giesler et al. 1998). In 
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addition, soil pH may influence the composition of the water-soluble soil amino acid 

pool (Kielland 1994).    

The effect of pH on soil organisms is well documented.  Most soil microbes prefer a 

soil pH of between 6 and 7.5, but the acidophiles may grow in a pH as low as 1 and 

the alkalophiles have the ability to grow in a pH above 9 (Krulwich and Guffanti 1989, 

Hartel 2005).  The pH of the soil is an important factor for the repression of plant 

pathogens (Haas and Défago 2005).  Any change in the pH of the soil may lead to 

favourable conditions for a different set of soil microorganisms which may lead to a 

change in the composition of the soil microbial community (Bååth and Anderson 

2003).   

 

7.2.6 Soil temperature 

The soil temperature is largely a function of the climate. The activity of soil microbes 

are generally optimal within the temperatures 20–40°C (Roper 1985).  The warmer 

temperatures tend to favour bacteria while colder temperatures are beneficial to fungi 

(Bassio et al. 1998, Lipson et al. 2002).  The soil temperature influences the rate at 

which soil chemical and metabolic processes take place.  Within a limited range the 

metabolic rate doubles for every 10°C increase in soil temperature (Price and Sowers 

2004).  This increase in temperature also corresponds to an increase in microbial 

biomass and respiration rates when the soil moisture conditions are favourable 

(Rastogi et al. 2002, Wang et al. 2003).  The soil temperature and the soil moisture 

levels are thus unavoidably linked.  Due to the high amount of energy needed to 

raise the temperature of water by 1°C, the addition of water has a large influence on 

the soil temperature (Visher 1923).  Soil water also releases its energy far slower 

than air.   Soil depth has a stabilizing effect on the soil temperature, with less 

fluctuation being observed with an increase in soil depth (Chacko and Renuka 2002).      

 

7.3 The influence of plant diversity on the soil microbial communities 

The variety and quantity of components introduced by plants into the soil vary greatly 

among plant species.  The abundance of the plants themselves may differ in different 
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ecosystems.  The differences between plant species has a direct effect on the quality 

and quantity of soil organic matter and exudates added to the soil.    

The carbon from plants and plant residues increases the biodiversity in the soil. The 

aboveground differences in the plant community type and density can cause 

variations in soil microbial communities.  Thus, plant communities and soil properties 

are important in shaping the soil microbial community.  The indirect effect of a plant 

community on the composition and structure of the soil microbial community, is 

manifested by the effect of plant residues.  Soil moisture, temperature, and pH may 

play a role in the decay of plant material (Choi 2006).  At the interface between the 

soil and plant litter, the soil microbial communities become very active.  It is reported 

that the bulk of the residue may be actively under attack by soil microbes.  During the 

decay process, some of the litter may be transported by the soil fauna beneath the 

soil and mixed with the upper horizon of the soil (Choi 2006).   

The total amount of the plant residues play a major role with regards to the microbial 

community.  The total amount of plant residues include plant litter, as well as the root 

exudates (Kögel-Knabner 2002). The composition of these plant residues has a 

direct influence on the microbial soil community (Yang et al. 2007).  Plant residues 

are comprised of complex polymers like lignin, cellulose and hemicelluloses (Kögel-

Knabner 2002, Albrecht et al. 2008).  The simpler compounds for example, sugars 

extruded by roots, are more easily decomposed.  Generally, the compounds with 

high energy value are not very resistant to enzymatic degradation (Kögel-Knabner 

2002, Albrecht et al. 2008).  Generally, complex compounds promote microbial 

diversity because large consortiums of organisms are needed to decompose these 

compounds (Boopathy 2001). Each organism has a specific niche in the processes in 

the soil environment.            

 

7.4 Ecological trade-offs  

Ecological trade-offs are introduced in many ecological theories to be a driving force 

for the maintenance of biological diversity (Horn and MacArthur 1972, Armstrong 

1976, Hastings 1980, Tilman 1994, Pacala and Rees 1998).  Ecological trade-off 

implies a trade-off between an attribute which may be advantagous and at the same 

time resulting in a disadvantage to another function.  Organisms may have an 



increased capacity to utilize one nutrient source but a reduced capacity to use 

another.  Ecological trade-offs are common in nature because there are limited 

resources for all possible cellular functions (Bohannan et al. 2002).  The ability to 

perform all possible cell functions would require a huge genome, which could not be 

efficiently replicated.  The result of ecological trade-offs are populations of organisms 

with diverse growth requirements.  The occurrence of ecological trade-offs in soil 

ecosystems limits competitive exclusion. This allows organisms competing for the 

same resource to coexist.  The existence of ecological trade-offs has an important 

effect on the community structure and function (Bohannan et al. 2002, Bonsall et al. 

2002, Walker 2003).   

Ecological trade-offs may also be observed when microorganisms in the soil 

experience periods of adverse conditions.  Numerous studies have demonstrated the 

occurrence of ecological trade-offs in natural ecosystems (Bohannan et al. 2002, 

Arnold and Herre 2003, Grandy et al. 2006, Prosser et al. 2007 Gudelj et al. 2007).   

The trade-off is made between the organism’s ability to effectively and quickly utilize 

resources and the organism’s ability to survive adverse conditions.    

 

7.5 Temporal changes in soil communities 

Soil microbial communities are not stagnant but their composition is changing 

constantly over various timeframes.  These changes in the microbial communities 

may be seasonal and, therefore, dependant on short term climatic conditions.  

Changes in the plant communities result in changes in microbial community structure 

(Smit et al. 2003).  Community structure can also change over a longer timeframe.  

Succession of plant communities towards maximum plant biomass, results in 

succession of microbial communities.  This succession is around 25 to 30 years for 

fynbos plots.  Disturbances, such as regular fire events, will again change the 

structure of the soil microbial community (Hart et al. 2005, Díaz-Raviña et al. 2006, 

Janzen and Tobin-Janzen 2007). 

 

 

 



8. The soil biota 

Soil microbes can either follow the r or K selection strategy (MacArther and Wilson 

1967, Liebich et al. 2006).  K-strategists select for traits which result in persistence in 

the soil under conditions of low nutrient levels or other unfavourable conditions 

(Fontaine et al. 2003).  These organisms are slow-growing and utilize substances 

that are persistent in the soil.  These organisms are referred to as oligotrophes, do 

not perform well on isolation media in the lab and are often not culturable.   R-

strategists, in contrast, select for traits which make them more competitive under high 

nutrient conditions (Liebich et al. 2006).  For example, conditions prevailing after the 

addition of fertilizers to the soil.   

 

8.1 Fungi 

Fungi can form hyphal mats, which can extend centimetres or even meters through 

the soil (Griffiths et al. 1991). They can also form a network of hyphae inside soil 

aggregates (Tisdall et al. 1991). Fungi are generally much more efficient at 

assimilating and storing nutrients than bacteria (Six et al. 2006). One reason for this 

higher nutrient storage by fungi lies in the chemical composition of their cell walls. 

Fungal cell walls consist of polymers of chitin and melanin and are very resistant to 

degradation (Alexander 2004). Bacterial membranes, in comparison, are 

phospholipids, which are energy-rich and far less recalcitrant (Jastrow et al. 2007). 

They degrade easily and quickly and function as a food source for a wide range of 

microorganisms. The C: N ratios of fungal biomass is between 7:1 and 25:1.  Fungi 

need a large amount of carbon to grow and reproduce. Fungal biomass may be as 

much as several hundred meters of hyphae per gram dry weight of soil (Miller 1982).    

Fungi are the most energy-efficient organisms in the soil environment (Adu 1978).  

Filamentous soil fungi bridge across open areas between soil particles.  This type of 

growth exposes the fungi to high levels of oxygen.  The hyphae of these fungi tend to 

darken and form oxygen-impermeable structures including sclerotia and hyphal 

cords. Terrestrial soil fungi fall pray to insects and a wide variety of animals that are 

contained in the soil for example earth worms (Polypheretima elongata) (Lattaud et 

al. 1998).  Predation is an important factor in the reduction of fungal biomass (Kardol 

et al. 2005).  Although fungi usually occur in smaller numbers than bacteria, fungi 
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dominate the biomass and metabolic activity in many soils because of their relatively 

large size and branching (Ananyeva et al. 2006).  

 

8.1.1 Zygomycota 

Zygomycetes include common soil born genera Mucor and Rhizopus (Griffin 1972).   

Zygomycetes are unique from the other fungi in possessing haploid nuclei and lacks 

septa between different cells.  Zygomycetes are characterized by the composition of 

its cell wall which contains chitin, chitosan and polyglucuronic acid (Guarro et al. 

1999).  Zygomycetes are specifically adapted for survival in soil and produces thick 

walled survival spores.  These zygospores are formed sexually after the fusion of 

hyphae of different mating types.  When the conditions are favorable, the zygospores 

germinate to form a sporangiophore which produces sporangiospores asexually 

(Barnett and Lilly 1956).  These spores are easily dispersed by the wind and water.  

Zygomycetes are important saprophytes in the soil, on animal dung and 

decomposing fruit (Jackson 1965, Bååth and Söderström 1980, Domsch 1980, Van 

Elsas 2007).  

    

8.1.2 Glomeromycota 

The Glomeromycota is the second oldest phylum of fungi.  Thus far about 150 

species of the Glomeromycota have been described (Schϋbler et al. 2001).  

Taxonomy of the group was based on spore structure to describe species, but new 

molecular techniques may reveal many more species, both culturable and 

unculturalble (Schϋbler et al. 2001).    The Glomeromycota include all the fungi that 

form arbuscular mycorrhiza with plants and the species Geosiphon pyrifomis which 

has an endosymbiotic relationship with cyanobacteria (Schϋβler et al. 2001, 

(Schϋβler et al. 1996, Schϋβler and Kluge 2001).  Arbuscular mycorrhizal fungi are 

obligate symbiotes of plant roots and may grow either inter- or intracellular.     

 

8.1.3 Ascomycota 

The ascomycetes are the largest and most diverse phylum of fungi on earth.  The 
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phylum Ascomycetes contains over 50000 species (Van Elsas et al. 2007).  The 

Ascomycetes are different from other fungi because they do not have multiple 

haploid nuclei but one haploid nucleus per cell in their primary mycelium and they are 

dihaploid.  The phylum includes the common soil colonizing genera Aspergillus, 

Fusarium and Penicillium which dominate soil fungal communities (Griffin 1972).  

Penicillium are typically the dominant species in temperate soil and Aspergillus 

species were shown to dominate in tropical regions (Domsch et al. 1980, Christensen 

1981).   In soil, the Ascomycetes tend to form only asexual spores.    Due to the high 

diversity of ascomycete species in the soil, various species have proved to be 

important for nutrient cycling in the soil (Osono et al. 2003).  The soil Asomycetes 

also include important plant pathogens (Vakalounakis and Fragkiadakis 2003).          

 

8.1.4 Basidiomycota   

The Basidiomycetes form the second largest phylum with about 9000 terrestrial 

species described (Lynch and Thorn 2006).  They are characterized by separated 

mycelium with two haploid nuclei in each cell.  The Basidiomycetes include various 

saprophytes that have the ability to degrade complex polymers such as cellulose, 

hemicelluloses and lignin (Hibbett and Thorn 2001).  They, therefore, play an 

important role in the degradation of leaf litter and woody debris.  The basidiomycetes 

contains various significant plant pathogens of which most are rusts (Littlefield and 

Heath 1979, McLaughlin et al. 1995) and smuts (Wennström 1999).  The phylum also 

includes some ectomycorrhizal fungi which form symbiotic relationships with plants 

(Hibbett and Thorn 2001). 

 

8.2 Bacteria 

Soil bacteria may reach numbers as high as 108 to 109 cells per gram of dry weight, 

with a biomass density of 300 – 30000 kg/ha (Rosello-Mora and Amann 2001).  They 

are perhaps the most complex and diverse group of soil microorganisms with about 

500 to 5000 different species per gram of soil and are adapted to most environments 

(Borneman and Triplett. 1997, Torsvik et al.1990, Schloss and Handelsman 2006). 

Bacteria tend to accumulate inside soil aggregates because they are less likely to be 

preyed upon by soil macro-organisms such as protozoa and mites in this 
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environment (Sessitsch et al. 2001, Zhang et al. 2007). Bacteria can be carried down 

further into the soil with percolating water, but generally they do not move over large 

distances. Most bacteria are unable to self propel and hence their dispersion is 

dependent on water movement, root growth or the activity of soil and other 

organisms (Lavelle and Spain 2001).  

Water and nutrients must be located in their immediate vicinity.  The different 

proportions of C and N of bacteria and fungi might also play a role in the 

mineralization and immobilization processes of nutrients in the soil.  Bacteria, 

however, have a lower C:N ratio, between 5:1 and 7:1, and a higher nitrogen 

requirement and take more nitrogen from the soil for their own requirements (Swift et 

al. 1979, Bloem et al. 1997).   

Soil particles with smaller pore sizes (2 to 6 μm) are generally more suitable for 

bacteria (Sessitsch et al. 2001, Zhang et al. 2007).  The small pores leave the 

bacteria less vulnerable to predation from protozoa. Bacteria that are located on the 

exposed outer surfaces of sand and organic matter fall prey to protozoa very easily.  

Some bacterial cells produce extracellular polysaccharides interacting with clay 

particles and these clay–polysaccharide complexes can persist even after the death 

of the microbes (Chen 1998, Huang and Bollag 1998).  The use of traditional and 

more recent electron microscopy techniques with staining procedures has allowed 

the visualization of the microbial groups, and inorganic and organic colloids in the soil 

matrix (Forster 1994, Assmus et al. 1995, Assmus et al. 1997, Bakken 1997). All 

bacteria are aquatic and they live free or attached to surfaces, in water films 

surrounding solid particles, and inside aggregates (Stotzky 1997).  

 

8.2.1 Actinomycetes 

Bacteria from this group are characteristically Gram-positive with a high genomic G + 

C content of usually more than 60 %.  Similar to fungi, Actinomycetes are filamentous 

and often have profusely branched cells, although their mycelia threads are generally 

much smaller than those of fungi. Actinomycetes were previously classified as fungi 

but are classified as bacteria (Waksman 1932). They have no nuclear membrane and 

separate into spores that closely resemble bacterial cells (Stuart 1959).  This phylum 

includes most bacteria that are able to grow under low nutrient conditions.  They, 
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however, have a low growth rate but have a constant presence in the soil.  They are, 

therefore, classified as K-strategists.  Actinomycetes usually grow best in moist, 

warm, well-aerated soils, and are functionally important in arid-, salt-affected soils 

(Zenova et al. 2007).  Members of the phylum Actinomycetes which are present in 

soil include the genera Rhodococcus, Arthrobacter and Micrococcus. 

 

8.2.2 Proteobacteria 

The Proteobateria in the soil is a highly diverse group in terms of their metabolism 

and environment which they are able to inhabit (Liesack and Stackebrandt 1992,  Ng 

et al. 2005, Roesch et al. 2007, Zhang et al. 2007, Lesaulnier et al. 2008). The 

proteobacteria are divided into subclasses α, β, γ, δ and ε (Woese et al. 1985, De 

Ley 1992, Woese et al. 1992,).   

 

8.2.2.1 α-Proteobacteria 

The α-Proteobacteria incorporates the majority of the oligotrophic proteobacteria, of 

which some are capable of growing in nutrient poor soils (Farelly et al. 1995).  

Rhodobacter spp. are known to be able to fix CO2 in the soil (Wang et al. 1993).  

Some species of α-proteobacteria have the metabolic capacity to acquire energy 

from the single carbon compounds (Sy et al. 2001, Holmes et al. 1997).  α-

Protobacteria are capable of forming symbiotic as well as pathogenic relationships 

with plants.  Rhizobium spp. is capable of forming nitrogen fixing nodules in 

association with plant roots (Yanni et al. 1997), while  Rhizobium tumefaciens causes 

crown gall disease (Tarbah and Goodman 1987, Zoina et al. 2001). 

 

8.2.2.2  β- and γ-Proteobacteria  

β- and γ-Proteobacteria include many r-strategists (Lebaron et al. 2006).  These 

bacteria are abundant in various soils but especially in very fertile soil (Hugenholtz et 

al. 1998). They are capable of effectively colonizing plant roots and grow well in the 

rhizosphere (Tesar et al. 2002, Roesch et al. 2008).  The subclass ß-Proteobacteria 

includes some well known plant pathogens for example Erwinia carotovora (Boureau 



et al. 2006). Many of these bacteria produce antibiotics and are antagonistic towards 

other bacteria and fungi in the soil.  Members of the genus Burkholderia are known to 

interact with soil fungi by living as intercellular symbionts (Johansson et al. 2004).  

The β-Proteobacteria subclass includes nitrifying bacteria for example Nitrosomonas 

and Nitrosospira (Purkhold et al. 2003).  β-proteobacteria are also well known for 

their ability to degrade xenobiotic compounds (Pallud et al. 2001).   

 

8.2.3 Phylum Firmicutes 

Some very common soil bacteria are included in this phylum such as the genera 

Bacillus, Paenibacillus and Clostridium (Gibbons and Murray 1978).  These genera 

are Gram-positive and have a low genomic G+C content (Gibbons and Murray 1978). 

Bacillus and Paenibacillus have the ability to produce endospores that may survive 

for a long period in the soil (Cano and Borucki 1995, Petras and Casida 1985, 

Vreeland et al. 2000).  Members of this phylum are r-strategists (Klappenbach et al. 

2000).  They occur at high numbers in the rhizosphere of plant roots and on the 

surface of plant residues (Roesch et al. 2007).  

 

9. The study of soil microbial ecology in laboratory and natural environments. 

Understanding microbial ecology involves the use of laboratory systems as well as 

field studies (Bohannan 1999).  Most of the soil microorganisms cannot be cultured 

using simple culturing methods (Thorn 1997, Van Elsas et al. 2000, Leckie 2005, 

Jacobs et al. 2005).  This may give a distorted image of microbial diversity and the 

interactions in the soil.  Due to numerous unknown factors, it is difficult to observe 

specific interactions in the soil for example when organisms are introduced (Van 

Elsas 1998).  In natural field studies it is also very difficult to manipulate the physical 

conditions such as moisture conditions.  Furthermore, field studies are not easily 

reproducible.  Due to the heterogeneity of natural environments it is also difficult to 

quantify resources and environmental parameters.   

The use of laboratory experiments can largely overcome the complexity and 

uncontrollable parameters of natural ecosystems (Seidl and Tisdell 1999).  An 

artificial laboratory system, however, has various drawbacks.  The dispersal of 



microorganisms causes difficulties in maintaining heterogeneity at a small scale 

(Ettema and Wardle 2002, Jessup et al. 2004) which is critical for ecological 

dynamics and rapid evolution can lead to changes in the population dynamics.  The 

large population size of microorganisms in model systems are often clonal, which 

does not reflect the diversity of the natural environment were the population of 

specific species may be small and in equilibrium (Carpenter 1996).  This is also due 

to the differences in scale from the small laboratory system to vast natural soil 

ecosystems.  The relative simplicity of artificial models makes it difficult to extrapolate 

the behaviour of a specific organism to the more complex natural ecosystems. 

 

10. Molecular approaches designed for studying soil microbial communities. 

Limitations of culture based techniques can largely be overcome by the development 

numerous molecular DNA based techniques (Kirk et al. 2004).  Over a number of 

years numerous studies on soil diversity were conducted using small subunit rDNA 

(Borneman and Triplett 1997, Brown et al. 2005, Fierer et al. 2007). There are 

numerous advantages in using rDNA in diversity studies.    The 16S region is present 

in all prokaryotes and the 18S rRNA in all eukaryotes which include the fungi.  The 

rDNA regions have well defined regions used in taxonomic classification, which 

allows for universal primer design with group specificity.       

Non-culturing techniques include the extraction of total DNA and amplification with 

specific primers.  These amplicons are then used in techniques such as Terminal 

Restriction Fragment Length Polymorphism analysis (T-RFLP), Denaturing Gradient 

Gel Electrophoresis (DGGE), and Automated Ribosomal Intergenic Spacer Analysis. 

(ARISA) (Liu et al. 1997, Fisher and Triplett 1999, Torzilli 2006).  Although these 

methods provide little direct evidence to the function of organisms in the soil, it has 

become invaluable to the understanding of soil microbial diversity.  Molecular data 

can be used to determine the community structure which includes the diversity and 

the evenness of these communities.  The direct extraction of total DNA from soil 

samples also allows for the preparation of clone libraries of and the subsequent 

identification of these sequences (Brown et al. 2005).   

The molecular techniques, however, all have their own specific limitations.  The DNA 

extraction method used may result in variation in diversity (Wintzingerode et al. 



1997).  Various methods may also result in different yields.  Bias may result form the 

different lysis properties of cells.  Different types of cells found in soil have different 

lyses efficiencies (Prosser 2002).  Gram-negative cells lyse more easily than Gram-

positive cells and fungal mycelia more readily than spores.  PCR bias can also 

influence the relative abundance of certain fragments in the product when conducting 

diversity studies (Wintzingerode et al. 1997).  This is especially problematic where 

ecological samples are compared.  Soil generally contains high concentrations of 

humic acids.  Humic acids act as inhibitors of PCR and is often co-extracted during 

DNA isolation.  The removal of humic acids necessitates various purification steps 

and this often results in DNA loss (Moreira 1998, Dong et al. 2006).   

The most common technique currently used, is rRNA intergenic spacer analysis 

(RISA).  It provides a method for the estimation of the community diversity and 

community composition.  The technique was first applied to examine microbial 

diversity in soil from the Eastern Amazonian rainforest (Borneman and Triplett, 

1997).   The RISA method allows one to estimate the microbial diversity without the 

need to culture organisms.  The bias in favour of fast growing organisms and against 

slow-growing organisms is largely eliminated with the RISA technique.   

The technique requires that the total community DNA must be extracted from the 

environmental sample.  The method involves the amplification of the total extracted 

DNA and the subsequent electrophoreses on a polyacrylamide gel.    The RISA 

technique has been enhanced by the addition of an automated component to the 

technique (Fisher and Triplett 1999).  PCR, when utilizing ARISA, is performed with 

fluorescently labelled oligonucleotide primers.  Commonly used fluorescent markers 

are ROX and FAM (Fisher and Triplett 1999, Hewson and Fuhrman 2004).  The 

electrophoresis of the total amplified DNA is performed on an automated system for 

example the ABI 310 genetic analyzer which detects the fluorescent labelled DNA 

fragments with the aid of a laser.  The ARISA method is an effective and rapid 

method for estimating the diversity and composition of microbial communities.  This 

is especially useful in ecological studies were a large number of samples need to be 

processed and diversity determined at spatial and temporal scale.   

F-ARISA targets the total fungal community DNA of the intergenic spacer region 1, 

the 5.8S small subunit and the intergenic spacer region 2.  This region, especially 

within the intergenic spacer regions 1 and 2, displays significant heterogeneity in 



length and nucleotide sequence between species.  B-ARISA targets the total 

bacterial community DNA of the intergenic region between the 16S and the 23S 

subunits of the rDNA genes in the rRNA operon.  This region also displays size and 

sequence heterogeneity between species.  In general, the ARISA profile is highly 

reproducible and requires very low concentrations of PCR product in comparison to 

terminal restriction fragment length polymorphism (T-RFLP) analysis (Jones et al. 

2007). 

The operational taxonomic units revealed by the ARISA technique are substantially 

more than revealed by (DGGE) and T-RFLP.  In a study published by Jones and 

Thies (2008) an identical sample showed an 3.6 to 4.2  fold increase in operational 

taxonomic units  when using the T-RFLP compared to DGGE for replicate samples. 

The ARISA technique revealed 60 to 140 OTU’s compared to T-RFLP (Jones et al. 

2007).  The current methods, however, do not fully reveal diversity because total 

bacterial communities are too complex.  Re-annealing kinetics, however, shows 

extremely high species diversity with up to 5000 species per gram of soil (Tosvik et 

al. 1990).  Current research is starting to focus on different functional and taxonomic 

groups instead of total diversity studies (Wellington 2003).  This approach will enable 

better resolution of especially bacterial diversity but also allow better understanding 

of the function of diversity in the soil.   

 

11. Definition of fynbos and classification Sand Fynbos 

Numerous definitions for fynbos have been used over the years, but the most recent 

definition was described in 2006 (Mucina and Rutherford 2006).  The fynbos biome 

reseive high amounts of winter rain, periodic fire at intervals of 5 to 50 years.        

Fynbos can be defined by the dominance of low to medium-height shrubland 

including the fire prone true fynbos and the renosterveld as well as the non-fire-prone 

strandveld.  The area extends from Port Elizabeth and Clanwilliam.    Shrubs have 

isobilateral picophyllous or microphyllous to mesophyllous leaves.  Shurbs are 

evergreen aphyllous and/or narrow-leaved sclerophyllous hemicryptophytes.  The 

soils have various origins and are generally oligotrophic (Mitchell et al. 1984, Holmes 

and Cowling 1997).   



The Cape Floristic Region (CFR) is well-known for being the richest and smallest of 

the six floral kingdoms in the world (Goldblatt 1978, Cowling and Hilton-Taylor 1994, 

Linder 2003).  The CFR includes a land area of 90 000 km2 and is the only one of the 

six floral kingdoms that is entirely contained within a single country (Low and Rebelo 

1996, Linder 2003).  This is less than 6 % of the total land area of South Africa.  

Despite the small size of the CFR, it has one of the richest plant species diversities 

on earth and contains approximately one third of South Africa’s plant biodiversity 

(Bond and Goldblatt 1984).  An estimate of the number of plant species was 

calculated to be approximately 9030 vascular plants of which 8920 are flowering 

plants (Rebelo and Low 1996).  The number of endemic plants is high and estimated 

to be around 68.7 % of the total number of plants (Cowling and Hilton-Taylor 1994, 

Goldblatt and Manning 2000).  This number of endemic plant species is comparable 

to endemic levels of the wet neotropics (Cowling and Hilton-Taylor 1994, Low and 

Rebelo 1996, Linder 2003).  The species area relationship in this region is also 

substantial (Cowling et al. 1992). The number of species that can be found per 

square kilometre in the area is similar when compared to the wet tropics, even 

though the climate is temperate and best described as Mediterranean (Huntley 1984, 

Gentry 1986, Low and Rebelo 1996).      

The Cape fynbos biome is located in the Western Cape, South Africa from Van 

Rhynsdorp to the Cape Peninsula and Mountains of the Boland.  From the Boland 

area, the region extends east towards Grahamstown (Low and Rebelo 1996).  The 

fynbos region is characterized by a temperate climate with wet winters and warm dry 

summers with strong prevailing south easterly winds (Lindesay 1998).  The Sand 

fynbos is the second larges area of fynbos and it covers 15 % of the total fynbos 

area.   

 

11.1 Plant community structure of the Sand fynbos 

The Sand fynbos has a large number of restiodes and proteas, with asteraceous 

fynbos and patches of ericaceous fynbos.  Trees are rare in this area but the white 

milkwood and low candlewood does occur sporadically (Moll et al. 1984). Some of 

the important species are, Erica mammosa, Leucospermum parile, Phylica 

cephalantha, Staberhoa distachya and Thamnochortus punctatus (Rebelo and Low 

1996). 
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 11.2 Soil of the Sand fynbos region 

The soil of the Cape Floristic Region consists of a mixture of sandstone and shale 

substrata with local areas of limestone (Kruger and Taylor 1979). It has a highly 

dissected, rugged topography (Kruger and Taylor 1979) and a diversity of climates 

with rainfall mostly falling in the winter months and varying from 2000 mm locally to 

less than 100 mm (Goldblatt and Manning 2002).  Rainfall is usually associated with 

frontal conditions in the winter (Deacon 1992).  Summer drought is pronounced in the 

western parts of the fynbos region.   

Ecological gradients are steep as a result of abrupt differences in soil, altitude and 

precipitation (Colwing 1990). These factors combine to form an unusually large 

number of local habitats for plants. The soil type observed in the Atlantis Sand fynbos 

is sandy with an aeolian origin.  Soils of the Atlantis Sand fynbos ranges from very 

shallow to extremely deep (Rebelo 1996, Mucina and Rutherford 2006).   

The soils of the study sites, however, are all on average 2m in depth.  The pH of the 

soil in the Atlantis Sand fynbos ranges from 3.6 to 4.7.  The soil typically has an 

organic matter content of between 1-3 % and an available carbon content of less 

than 1 % (Low 1983, Mitchell and Allsopp 1984).  This sandy soil is especially poor in 

phosphorus due to the low amounts of P2O5 found in the parental palaeozoic rocks, 

sandstones, shales, schists and granites, and is characteristically below 1 %  of the 

total soils constitutes (Marchant and Moore 1978).      

 

11.3 Conservation status of the Sand fynbos 

The conservation status of the CFR is very sensitive, with approximately three-

quarters of all the plants in the South African Red Data Book occurring in the area 

(Rebelo 1992).  There are about 1700 plant species threatened with extinction which 

is very high considering the area only compromises 6 % of the total area of the 

country.  This highly threatened state of many plants is in part due the localized 

distribution patterns forming centres of endemism which include a high number of 

fynbos species found nowhere else (Cowling 1991).  Urban expansion is a major 

threat to the continuous existences of certain centres of endemism (Cowling et al. 

1994) and other threats include the invasion of alien plant species into large areas of 

mountains and flats.   



The biggest threat to the lowland fynbos is the increase of agricultural farmlands.  

Incorrect fire management practices, for example the burning of fynbos in spring 

instead of late summer.  Burning fynbos frequently prevent plants form seeding which 

may eliminate certain species (van Wilgen and Richardson 1985).  The Sand fynbos 

is one of the most critically endangered, poorly conserved vegetation types in South 

Africa (Rebelo and Low 1996).  The main factors that threaten its survival is the 

establishment of alien vegetation and habitat loss due to agriculture and urban 

development.  The vegetation is currently classified by the National Spatial 

Biodiversity Assessment (NSBA) of 2005 as endangered (Rouget et al. 2004).  Only 

2 % of this vegetation type is currently conserved, but a conservation target of 38 % 

was set by the NSBA. 

 

11.4 Topography and geology of fynbos and the Sand Fynbos 

The topography of the fynbos region is rugged with numerous features like 

mountains and valleys.  The landscape of the fynbos biome is dominated by 

mountain formation named the Cape Folded Belt (Lambrechts 1979).  The mountains 

consist mainly of the hard quartzitic rocks of the Table Mountain and Witteberg 

groups.  Shales phyllites, slates, conglomerates and granites are restricted to the 

valleys between the mountains. The coastal foreland is the zone between the Cape 

Folded Belt and the ocean.  The lowland fynbos occurs on the western forland and is 

a plain underlain by phyllites and covered by Aeolian sand of a clovelly form 

(MacVicar et al. 1977).  The Sand fynbos which include the Atlantis Sand Fynbos is 

on average 150 m above sea level, which mean no disenable rain shadows occur in 

the area, although a decrease from the coast to inland can be observed (Cowley 

1983). The soil Sand fynbos can be distinguished from the Renosterveld which 

consists of fine-textured soils derived from Cretaceous mudstone and conglomerates 

(Witkowski and Mitchell 1987).  

 

11.5 The Ecology of Sand fynbos 

The two major vegetation groupings in fynbos are quite distinct and have contrasting 

ecological systems. Essentially, Renosterveld used to contain the large animals in 

the CFR, but these are now extinct or else have been reintroduced into conservation 



areas. In contrast, fynbos is much richer in plant species, but has such poor soils that 

it cannot support even low densities of big game. However, most of the endemic 

amphibian, bird and mammal species in the region occur in fynbos vegetation types 

(Bond and Goldblatt 1984, Hall and Veldhuis 1985, Cowling 1992, Rebelo 1992, 

Cowling and Richardson 1995) 

Plants in the fynbos ecosystem have made special adaptations to thrive in nutrient 

poor soil environments (Richardson et al. 2007). In general, carbon is not the limiting 

factor in fynbos ecosystems, but other nutrients, usually nitrogen.  Plants thus posses 

an excess carbon that cannot be utilized for the new plant growth or the development 

of new tissue or the maintenance of existing tissue.  According to studies (Baas 

1989) the excess carbon in the system is utilized as various secondary metabolites 

and mechanical structures.  These compounds have important effects on the other 

biotic and abiotic factors in the above and subsoil systems.    

Studies at Pella have shown the largest reserves of nitrogen and phosphorus is in 

the soil and not in the foliage (O’Callaghan 1981).  The process of nutrient cycling is 

driven by litter fall and the decomposition thereof.  The litter fall increases with the 

increase in biomass and increase in age of the fynbos plant communities due to an 

increase in senescence of leafs.  In general the litter production of the coastal fynbos 

communities are in the region of 451.0g.m-2 which is low compared to other systems 

in Mediterranean climates.  Studies at Pella by O’Callaghan (1981) on a 20 year old 

plot indicated a litter mass of 792.0 g/m in the soil and a study conducted by Mitchell 

et al. (1986) on an eight year old plot revealed a litter mass of 451.0 g/m.  The 

average age of the vegetation has a strong effect on the litter mass in the soil and 

thus also on the cycling of nutrients in the ecosystem.  Indirectly, the age of the 

vegetation has a real effect on all living organisms in the ecosystem and this includes 

the soil microbial communities, which are also the primary decomposers in the soil.  

Studies conducted on soil microorganisms in fynbos has however mainly focused on 

a specific group, namely the mycorrhizas (Allsopp and Stock 1993, Allsopp and 

Holmes 2001).  

The global trend for patterns of diversity is high species diversity at the tropical 

equatorial regions with a decline in species richness and diversity with a decline in 

latitude (Rahbek 2006).  The CFR is an exception to the longitudinal pattern with one 

of the highest diversity levels on earth (Cowling et al. 2004).  The Cape floral region 



also possesses high species densities and high numbers of endemic species.  To 

understand the processes that drive the microbial diversity in the fynbos region it is 

important to understand what processes are involved in creating the plant diversity 

(Ehrenfeld et al. 2005).  Niche differentiation is an important factor which states that 

the niches of the coexisting plant species are different enough so that competitive 

exclusion does not occur (Darlington 1972, Shmida and Ellner 1984).  The limit to the 

number of species in the community is limited to the number of niches. 

The rainfall and the soil plays an important combined role in defining the plant 

community composition of fynbos (Wright and Samways 1999).    The rainfall may 

include or exclude the growth of fynbos species in specific areas.  Fynbos growing in 

mountainous areas generally need a rainfall above 700mm/yr and in other vegetation 

types, such as the Lowland fynbos a minimum annual rainfall of 400mm/yr is needed 

for the inclusion of fynbos (O’Conner and Bredenkamp 1997).  Both soil nutrient and 

soil moisture are important factors determining the distribution of fynbos (Lechmere-

Oertel and Cowling 2001). The rainfall in the lowland fynbos is typically around 

between 300 mm and 750 mm (Deacon 1992).  Due to the plain like nature of the 

area the environmental gradient in terms of rainfall is not steep.  The main contributor 

to diversity in this area may thus be the subtle change in soil chemistry and 

geographical distance.  These same factors could also have an effect on the 

distribution of microbial communities associated with fynbos.   

The richness of an area is defined as the interactions between the alpha, beta and 

gamma diversity (Whittaker 1972).  The Cape Floristic Region has a relatively 

moderate alpha diversity even though the total species area ratio is extremely high 

(Cowling 1992).  The fynbos region has an average 66 species per 1000m2 on any 

plot and is relatively low compared to the 140 species per 1000m2 in the lowland 

areas of the neotropics (Cowling 1992).  The alpha diversity compares better with the 

South West botanical province of Australia with an alpha diversity of 69 species per 

1000m2 (Cowling 1992).  The alpha diversity of the fynbos ecosystem is thus not the 

main contributor to the high diversity, but the combination of the alpha diversity and 

the extremely high species turnover due to the beta and gamma diversity (Kruger 

and Laylor 1979, Campbell and Van Der Meulen 1980, Linder 1985, Cowling 1990).  

       

 



12. Objective of this study 

The current approach in microbial soil ecology is to place emphasis on the utilization 

of molecular non-culturing techniques when studying microbial diversity.  This study 

at the outset aimed to develop a protocol for the extraction of total soil DNA.  The 

properties of an adequate DNA extraction protocol for soil is firstly efficient lyses of 

cells and subsequent high DNA yield and secondly purity of the sample form PCR 

inhibitors mainly humic acids.  The study also aimed to standardise the automated 

ribosomal intergenic spacer analysis protocol used to evaluate microbial diversity.  

The standardization of ARISA included the evaluation of its reproducibility and 

sensitivity, evaluation of the group specific primer sets used and testing different 

binning protocols available.  The study further aimed to use the ARISA protocols to 

evaluate the bacterial and fungal diversity in soils of the Sand fynbos (Figure 1).  The 

aim was to observe diversity over space and time by sampling 11 separate plots over 

4 seasons.  In conjunction with this, data was used to statistically test the link 

between, fungal community and bacterial community structures with plant community 

structure and soil physico-chemical properties.  Finally the study aimed to adapt the 

ARISA protocol to specifically target Penicillium groups in soil.  Penicillium was used 

as model organism due to its dominance in the soil and its potential as a bio-indicator 

species for fungal diversity in the soil.          

 
 
References 

Adu JK and Oades JM, 1978.  Utilization of organic materials in soil aggregates by 

bacteria and fungi. Soil Biology and Biochemistry 10, 117-122. 

Allsopp N and Stock W D 1993 Mycorrhizal status of plants growing in the Cape 

Floristic Region, South Africa. Bothalia 23, 91-104. 

Allsopp N and Holmes PM, 2001. The impact of alien plant invasion on mycorrhizas 

in mountain fynbos vegetation. South African Journal of Botany 67, 150-156. 

Ananyeva ND, Susyan EA, Chernova OV, Chernov IY and Makarova OL, 2006. The 

ratio of fungi and bacteria in the biomass of different types of soil determined 

by selective inhibition, Microbiology 75, 702-707. 

mailto:nallsopp@uwc.ac.za


Anderson MJ, Ellingsen KE, and McArdle BH. 2006. Multivariate dispersion as a 

measure of beta diversity. Ecology Letters 9, 683-693. 

Anderson TH, 2003.  Microbial eco-physiological indicators to asses soil quality.  

Agriculture, Ecosystems and Environment 98, 285-293. 

Aon MA, Sarena DE, Burgos JL and Cortassa S, 2001.  Interaction between gas 

exchange rates, physical and microbiological properties in soils recently 

subjected to agriculture. Soil and Tillage Research 60, 163-171. 

Armstrong RA, 1976. Fugitive species: experiments with fungi and some theoretical 

considerations. Ecology 57, 953-963. 

Arnold AE and Herre EA, 2003. Canopy cover and leaf age affect colonization by 

tropical fungal Endophytes: ecological pattern and process in Theobroma 

cacao (Malvaceae). Mycologia 95, 388-398. 

Arrhenius O, 1921. Species and area. Journal of Ecology 9, 95-99. 

Assmus  B, Hutzler P, Kirchhof G, Amman R, Lawrence JR and Hartmann A, 1995. 

In situ localization of Azospirillum brasilense in the rhizosphere of wheat with 

fluorescently labeled rRNA-targeted oligonucleotide probes and scanning 

confocal laser microscopy. Applied and Environmental Microbiology 61, 1013-

1019. 

Assmus B, Schloter M, Kirchhof G, Hutzler P and Hartmann A, 1997. Improved in situ 

tracking of rhizosphere bacteria using dualstaining with fluorescence-labeled 

antibodies and rRNA-targeted oligonucleotides. Microbial Ecology 33, 32-40. 

Azovsky AI, 2002.  Size-dependent species-area relationships in benthos: is the 

world more diverse for microbes? Ecography 25, 273-282. 

Bååth E and Anderson TH, 2003.  Comparison of soil fungal/bacterial ratios in a pH 

gradient using physiological and PLFA-based techniques. Soil Biology and 

Biochemistry 35, 955- 963. 

Bååth E and Söderström BE, 1980. Degradation of macromolecules by microfungi 

isolated from different podzolic soil horizons. Canadian Journal of Botany 58, 

422-425. 



Bakken LR, 1997. Culturable and nonculturable bacteria in soil. Modern Soil 

Microbiology. Marcel Dekker, New York. 

Balesdent J, Chenu C and Balabane M, 2000.  Relationship of soil organic matter 

dynamics to physical protection and tillage. Soil and Tillage Research 53, 215-

230. 

Bardgett RD, Freeman C and Ostle NJ, 2008.  Microbial contributions to climate 

change through carbon cycle feedbacks.  The ISME Journal  2, 805-814. 

Barnes EM, Sudduth KA, Hummel JW, Lesch SM, Corwin DL, Yang C, Daughtry 

CST and Bausch WC, 2003.  Remote- and ground-based sensor techniques 

to map soil properties.  Photogrammetric Engineering and Remote Sensing 

69, 619-630. 

Barnett HL and Lilly VG, 1956. Factors affecting the production of zygospores by 

Choanephora cucurbitarum.  Mycologia 48, 617-627. 

Bassio DA and Scow KM 1995. Impact of carbon and flooding on the metabolic 

diversity of microbial communities in soils.  Applied and Environmental 

Microbiology 61, 4043-4050. 

Bell T, Ager D, Song JI, Newman JA, Thompson IP, Lilley AK and Van der Gast CJ,  

2005.  Larger Islands House More Bacterial Taxa.  Science 24, 1884. 

Bending GD, Turner MK and Jones JE, 2002.  Interactions between crop residue and 

soil organic matter quality and the functional diversity of soil microbial 

communities.  Soil Biology and Biochemistry 34, 1073-1082. 

Berrocal M, Huerta S, Rodriguez J, Pérez-Leblic M and Arias ME, 1996.  Effect of 

water activity on cell growth and phenol oxidase production by Streptomyces 

cyneus var. viridochromogenes in surface culture.  World Journal of 

Microbiology and Biotechnology 12, 417-418. 

Bloem J, De Ruiter, PC and Bouwman, LA, 1997. Soil food webs and nutrient cycling 

in agroecosystems. Modern Soil Microbiology. Marcel Dekker, Inc., New York. 



Bohannan BJM , Kerr B, Jessup CM, Hughes JB and Sandvik G, 2002  Trade-offs 

and coexistence in microbial microcosms.  Antonie van Leeuwenhoek 81, 107-

115. 

Bond P and Goldblatt P, 1984.  Plants of the Cape flora. A descriptive catalogue. 

Journal of South African Botany 13, 1-455. 

Bonsall MB, Hassell MP and Asefa G, 2002.  Ecological trade-offs, resource 

partitioning and coexistence in a host-parasitoid assemblage. Ecology 83, 

925-934. 

Boopathy R, Beary T and Templet PJ, 2001.  Microbial decomposition of post-

harvest sugarcane residue.  Bioresource Technology 79, 29-33. 

Borneman J and Triplett EW, 1997.  Molecular microbial diversity in soils from 

eastern Amazonia: evidence for unusual microorganisms and microbial 

population shifts associated with deforestation. Applied and Environmental 

Microbiology 63, 2647-2653. 

Boureau T, ElMaarouf-Bouteau H, Garnier A, Brisset MN, Perino C, Pucheu I and 

Barny MA, 2006. DspA/E, a type III effector essential for Erwinia amylovora 

pathogenicity and growth in planta, induces cell death in host apple and 

nonhost tobacco plants. Molecular Plant-Microbe Interactions 19, 16-24. 

Brady NC and Macmillan C, 1984. The Nature and Property of Soils, Ninth Edition.  

Stockley Close, West Drayton, London. 

Brown MV,  Schwalbach MS,  Hewson I and Fuhrman JA, 2005.  Coupling 16S-ITS 

rDNA clone libraries and automated ribosomal intergenic spacer analysis to 

show marine microbial diversity: development and application to a time series.  

Environmental Microbiology 14, 1466-1479.  

Brown RF and Mayer DG, 1988.  Representing cumulative germination. 2. The use of 

the Weibull function and other empirically derived curves. Annals of Botany 

61, 127-138. 

Burnham KP and Overton WS, 1978. Estimation of the size of a closed population 

when capture probabilities vary among animals. Bio- metrika 65, 625-633. 



Cano RJ and Borucki MK, 1995.  Revival and identification of bacterial spores in 25- 

to 40-million-year-old dominican amber. Science 268, 1060-1064. 

Cardinale M, Brusetti L,Quatrini P, Borin S, Puglia AM, Rizzi A, Zanardini E, Sorlini 

C, Corselli C and Daffonchio D, 2004. Comparison of Different Primer Sets for 

Use in Automated Ribosomal Intergenic Spacer Analysis of Complex Bacterial 

Communities. Applied and Environmental Microbiology 70, 6147-6156.  

Carpenter SR, 1996.  Microcosm experiments have limited relevance for community 

and ecosystem ecology: comment.  Ecology 77, 677. 

Carrino-Kyker SR and Swanson AK, 2008.  Temporal and Spatial Patterns of 

Eukaryotic and Bacterial Communities Found in Vernal Pools.   Applied and 

Environmental Microbiology 74, 2554-2557. 

Chacko T and Renuka G, 2002.  Temperature mapping, thermal diffusivity and 

subsoil heat flux at Kariavattom of Kerala. Proceedings of the Indian Academy 

of Sciences (Earth Planet Science) 111, 79 - 85. 

Chao A, 1984. Nonparametric estimation of the number of classes in a population. 

Scandinavian Journal of Statistics 11, 265-270. 

Chen Y, 1998. Electron microscopy of soil structure and soil compo-nents.  Structure 

and Surface Reactions of Soil Particles. John Wiley & Sons,New York. 

Choi WI, Moorhead DL, Neher DA and Ryoo MI, 2006.  A modelling study of soil 

temperature and moisture effects on population dynamics of Paronychiurus 

kimi (Collembola: Onychiuridae).  Pedobiologia 46, 548-557. 

Christensen BT and Sørensen LH, 1985.  The distribution of native and labelled 

carbon between soil particle size fractions isolated from long-term incubation 

experiments.  Journal of Soil Science 36, 219-229. 

Coleman DC and Whitman WB, 2005. Linking species richness, biodiversity and 

ecosystem function in soil systems, Pedobiologia 49, 479-497. 

Colwell RK and Coddington JA, 1994. Estimating terrestrial biodiversity through 

extrapolation. Philosophical Transactions of the Royal Society (Series B) 345, 

101-118. 



Cowling RM and Hilton-Taylor C, 1994.  Patterns of plant diversity and endemism in 

southern Africa: an overview. Strelitzia 1, 31-52. 

Cowling RM and Hilton-Taylor C, 1994. Plant diversity and endemism in southern 

Africa an overview. Botanical diversity in southern Africa. National Botanical 

Institute, Kirstenbosch. 

Cowling RM, 1990.  Diversity components in a species-rich area of the cape Floristic 

Region. Journal of Vegetation Science 1, 699-710. 

Cowling RM, Holmes PM and Rebelo AG, 1992. Plant diversity and endemism.  The 

Ecology of Fynbos. Nutrients, Fire and Diversity. Oxford University Press, 

Cape Town. 

Cowling RM, Richardson DM, Schulze RJ, Hoffman MT, Midgley JJ and Hilton-Taylor 

C, 1997. Species diversity at the regional scale. Vegetation of southern Africa. 

Cambridge University Press, Cambridge. 

Cowling, R.M., and D.M. Richardson. 1995. Fynbos: South Africa's unique floral 

kingdom. Fernwood Press, Cape Town. 

Cutler DW and Crump LM, 1920. Daily periodicity in the number of active soil 

flagellates, with a brief note on the relationship of trophic amoebae and 

bacterial numbers.  Annals of Applied Biology 7, 11-24. 

Dale VH and Beyeler SC, 2001. Challenges in the development and use of ecological 

indicators. Ecological Indicators 1, 3-10. 

Darlington PJ jr, 1972.  Competition, Competitive Repulsion, and Coexistence. 

Proceedings of the National Academy of Sciences of the USA 69, 3151-3155. 

Davison J, 1988.  Plant beneficial bacteria.  Biotechnology 6, 282-286. 

De Ley J, 1992. The proteobacteria: ribosomal RNA cistron similarities and bacterial 

taxonomy. The Prokaryotes. Springer-Verlag, New York. 

Deacon HJ, 1992. Peopling of fynbos. In: Cowling, R. M. (ed) The ecology of fynbos: 

nutrients, fire and diversity. Oxford University Press, Cape Town. 



Deacon HJ, Jury MR and Ellis F, 1992.  Selective regime and time.  The Ecology of 

Fynbos. Nutrients, Fire and Diversity, Oxford University Press, Cape Town. 

Denton B, 2007. Advances in Phytoremediation of Heavy Metals Using Plant Growth 

Promoting Bacteria and Fungi.  Micobiology and Molecular Genetics 445 

Basic Biotechnology 3, 1-5. 

Díaz-Raviña M, Bååth E, Martin A, Carballas T, 2006. Microbial community structure 

in forest soils treated with a fire retardant. Biology and Fertility of Soils 42, 

465-471. 

Dijkshoorn W, Lampe JEM and Vanbroekhoven LW, 1981.  Influence of soil-pH on 

heavy-metals in ryegrass from sludge-amended soil.  Plant and Soil 61, 277-

284. 

Dimitriu PA, Pinkart HC, Peyton BM, Mormile MR, 2008. Spatial and Temporal 

Patterns in the Microbial Diversity of a Meromictic Soda Lake in Washington 

State. Applied and Environmental Microbiology 74, 4877-4888. 

Doaré-Lebrun E, El Arbi A, Charlet M, Guérin L, Pernelle JJ, Ogier JC and Bouix M, 

2006. Analysis of fungal diversity of grapes by application of temporal 

temperature gradient gel electrophoresis - potentialities and limits of the 

method. Journal of Applied Microbiology 101, 1340-1350. 

Domsch KH, Gams W and Anderson TH, 1980. Compendium of Soil Fungi. 

Academic Press, London. 

Dong D, Yana A, Liua H, Zhanga X and Xu Y, 2006.  Removal of humic substances 

from soil DNA using aluminium sulfate.  Journal of Microbiological Methods 

66, 217-222. 

Doran JW, Soil microbial and biochemical changes associated with reduced tillage, 

Soil Science Society of America Journal 44, 765-771. 

Ehrenfeld JG, 2005. Vegetation of forested wetlands in urban and suburban 

landscapes in New Jersey. Journal of the Torrey Botanical Society 132, 262-

279. 



Ekschmitt K and Griffiths BS, 1998.  Soil biodiversity and its implications for 

ecosystem functioning in a heterogeneous and variable environment.  Applied 

Soil Ecology 10, 201-215. 

Elias EA and Cresser MS, 1995.  Changes in soil pH and exchangeable base cations 

during moist soil storage, Analytical Proceedings including Analytical 

Communications  32, 467-470. 

Ettema CH and Wardle DA, 2002.  Spatial soil ecology.  Trends in Ecology and 

Evolution 17, 177-183. 

Euzeby JP, 2004. List of Prokaryotic names with Standing in Nomenclature.  

http://www.bacterio.cict.fr.   

Fang C and Moncrieff JB, 2005.  The variation of soil microbial respiration with depth 

in relation to soil carbon composition.  Plant and Soil 268, 243-253. 

Farelly V, Rainley FA. and Stackebrandt E, 1995. Effect of genome size and rrn gene 

copy number on PCR amplication of 16S rRNA genes from a mixture of 

bacterial species. Applied and Environmental Microbiology 61, 2798-2801. 

Fierer N, Breitbart M, Nulton J, Salamon P, Lozupone C, Jones R, Robeson M, 

Edwards RA, Felts B, Rayhawk S, Knight R, Rohwer F and Jackson RB, 2007. 

Metagenomic and Small-Subunit rRNA Analyses Reveal the Genetic Diversity 

of Bacteria, Archaea, Fungi, and Viruses in Soil. Applied and Environmental 

Microbiology 73, 7059-7066. 

Fisher MM and Triplett EW, 1999.  Automated Approach for Ribosomal Intergenic 

Spacer Analysis of Microbial Diversity and Its Application to Freshwater 

Bacterial Communities.  Applied and Environmental Microbiology 65, 4630-

4636. 

Fontaine S, Mariotti A and Abbadie L, 2003.  The priming effect of organic matter: a 

question of microbial competition?  Soil Biology and Biochemistry 35, 837-843. 

Forster RC, 1994. Microorganisms and soil aggregates. In: Soil Biota: Management 

in Sustainable Farming Systems CSIRO, East Melbourne, Australia. 

http://www.bacterio.cict.fr/


Fu CC, Yang TF, Walia V and Chen CH, 2005.  Reconnaissance of soil gas 

composition over the buried fault and fracture zone in southern Taiwan.  

Geochemical Journal 39, 427-439. 

Gutknecht JLM, Goodman RM and Balser TC, 2006. Linking soil process and 

microbial ecology in freshwater wetland ecosystems. Plant and Soil 289, 17. 

Gadd GM, 2004.  Mycotransformation of organic and inorganic substrates, 

Mycologist 18, 60-70. 

Gentry AH, 1986. Endemism in tropical vs temperate plant communities. 

Conservation Biology. The Science of Scarcity and Diversity.  Sinauer 

Associates, Sunderland, Massachusetts. 

Germida JJ, 2002.  Environmental Microbiology.  Soil Science 167, 416-420. 

Glazebrook HS and Robertson AI, 1999 The effect of flooding and flood timing on 

leaf litter breakdown rates and nutrient dynamics in a river red gum 

(Eucalyptus camaldulensis) forest, Australian Journal of Ecology 24, 625-635. 

Gibbons NE and Murray RGE, 1978.  Firmacutes.  International Journal of 

Systematic Bacteriology 28, 1-6. 

Giesler R, Högberg M and Högberg P, 1998.  Soil chemistry and plants in 

Fennoscandian boreal forest as exemplified by a local gradient. Ecology 79, 

119-137 

Goldblatt P and Manning P, 2000. Plants of the Cape flora. Strelitzia 9, 1-7. 

Goldblatt P, 1978.  An analysis of the flora of Southern Africa: Its characteristics, 

relationships and origins.  Annals of the Missouri Botanical Garden 65, 369-

436. 

Goodfellow M and Williams ST, 1983.  Ecology of actinomycetes, Annual Review of 

Microbiology 37, 189-216. 

Grandy AS, Robertson GP and Thelen KD. 2006.  Do Productivity and Environmental 

Trade-offs Justify Periodically Cultivating No-till Cropping Systems? Agronomy 

Journal  98, 1377-1383. 



Green J and Bohannan BJM, 2006. Spatial scaling of microbial biodiversity.  Trends 

in Ecology and Evolution 21, 501-507. 

Green JL, Holmes AJ, Westoby M, Oliver I, Briscoe D, Dangerfield M, Gillings M and 

Beattie AJ, 2004.  Spatial scaling of microbial eukaryote diversity.  Nature 432, 

747-750., 

Griffin DM, 1972. Ecology of soil fungi. Chapman and Hall, London, England 

Griffiths BS, Diaz-Ravina M, Ritz K., McNicol,JW, Ebblewhite,N, and Bååth E, 1997. 

Community DNA hybridisation and %G+C profiles of microbial communities 

from heavy metal polluted soils.  FEMS Microbiology Ecology 24, 103-112. 

Griffiths, R.P., Ingham, E.R., Caldwell, B.A., Castellano, M.A. and Cromack Jr., K., 

1991. Microbial characteristics of ectomycorrhizal mat communities in Oregon 

and California. Biology and Fertility of Soils 11, 196-202. 

Groombridge and Jenkins, 2002 World Atlas of Biodiversity: Earth's Living Resources 

in the 21st Century, University of California Press, Berkeley. 

Growth Promoting Bacteria and Fungi.  Micobiology and Molecular Genetics 445 

Basic Biotechnology 3, 1-5. 

Grundmann GL and Gourbière F, 1999.  A micro-sampling approach to improve the 

inventory of bacterial diversity in soil.   Applied Soil Ecology 387, 1-4. 

Grüter D, Schmid B and Brandl H, 2006. Influence of plant diversity and elevated 

atmospheric carbon dioxide levels on belowground bacterial diversity. BMC 

Microbiology 6, 68-74. 

Guarro J, Gené J, and Stchigel AM, 1999. Developments in Fungal Taxonomy.  

Clinical Microbiology Reviews 12, 454-500. 

Gudelj I, Beardmore RE, Arkin SS and MacLean RC, 2007.  Constraints on microbial 

metabolism drive evolutionary diversification in homogeneous environments. 

Journal of Evolutionary Biology 20, 1882-1889. 

Gutknecht JLM, Goodman RM and Balser TC, 2006.  Linking soil process and 

microbial ecology in freshwater wetland ecosystems.  Plant Soil 289, 17-34.  



Haas D and Defago G, 2005.  Biological control of soil-borne pathogens by 

fluorescent pseudomonads, Nature Reviews Microbiology 3, 307-319. 

Hairston NG, Allan JD, Colwell RK, Futuyma DJ, Howell J, Lubin MD, Mathias J and 

Vandermeer JH, 1968.  The Relationship between Species Diversity and 

Stability: An Experimental Approach with Protozoa and Bacteria.  Ecology 49, 

1091-1101. 

Hall AV and Veldhuis HA, 1985.  South African red data book. Plants: fynbos and 

karoo biomes, South African National Scientific Programmes Report 117, 1-

160. 

Hammond EC, I938. Biological effects of population density in lower organisms. 

Quarterly Reviews of Biology 13, 421-38. 

Hansgate AM, Schloss PD, Hay AG and Walker LP, 2005. Molecular characterization 

of fungal community dynamics in the initial stages of composting. FEMS 

Microbiology Ecology 51, 209-214. 

Hart SC, DeLuca TH, Newman GS, MacKenzie MD and Boyle SI, 2005. Post-fire 

vegetative dynamics as drivers of microbial community structure and function 

in forest soils. Forest Ecology Managment 220, 166-184. 

Hastings A, 1980. Disturbance, coexistence, history, and competition for space. 

Theoretical Population Biology 18, 363-373. 

Hawksworth DL and Colwell RR, 1992.  Microbial Diversity 21: biodiversity amongst 

microorganisms and its relevance.  Biodiversity and Conservation 1, 221-226. 

Hawksworth DL, 1991. The fungal dimension of biodiversity: magnitude, significance, 

and conservation. Mycological Research 95, 641-655. 

Hawksworth DL, 2001.  The magnitude of fungal diversity: the 1.5 million species 

estimate revisited. Mycological Research 105, 1422-1432. 

Hawksworth DL and Kalin-Arroyo MT, 1995. Magnitude and distribution of 

biodiversityGlobal Biodiversity Assessment. Cambridge (UK): Cambridge 

University Press. 



Hayatsu M, Tago K and Saito M, 2008. Various players in the nitrogen cycle: 

diversity and functions of the microorganisms involved in nitrification and 

denitrification. Soil Science of Plant Nutrition 54, 33-45. 

Heal OW, 1999. Collected papers on 'Current issues in Arctic soil ecology' arising 

from a workshop on global change and tundra biology. Applied Soil Ecology 

11, 107-187.  

Hendrix PF, Parmelee RW, D.A. Crossley DA Jr., Coleman DC, Odum EP and 

Groffman PM, 1986. Detritus food webs in conventional and no-tillage 

agroecosystems. BioScience 36, 374-380. 

Hernández-Stefanoni JL and Ponce-Hernandez R, 2004.  Mapping the spatial 

distribution of plant diversity indices using multi-spectral satellite image 

classification and field measurements. Biodiversity and Conservation 13, 

2599-2621. 

Hewson I and Fuhrman JA, 2004.  Richness and Diversity of Bacterioplankton 

Species along an Estuarine Gradient in Moreton Bay, Australia.  Applied and 

Environmental Microbiology 70, 3425-3433. 

Hewson I and Fuhrman JA, 2007.  Covariation of viral parameters with bacterial 

assemblage richness and diversity in the water column and sediments.   Deep 

Sea Research Part I: Oceanographic Research Papers 54, 811-830. 

Hibbett DS, Thorn RG, 2001. Basidiomycota: Homobasidiomycetes. In: McLaughlin 

D, McLaughlin EG, Lemke PA (eds) The Mycota. Springer-Verlag, New York. 

Hillebrand H, Watermann F, Karez R and Beminger UG, 2000. Differences in species 

richness patterns between unicellular and multicellular organisms.  Oecologia 

126, 114-124. 

Holmes JD, Richardson DJ, Saed S, Evans-Gowing R,  Rusell DA and Sodeau JR, 

1997. Cadmium-specific formation of metal sulfide `Quantum particles by 

Klebsiella pneumoniae. Microbiology 143, 2521-2530. 

Holmes PM and Cowling RM, 1997. The effects of invasion by Acacia saligna on the 

guild structure and regeneration capabilities of South African fynbos 

shrublands. Journal of Applied Ecology 34, 317-332. 



Horn HS, and RH MacArthur 1972. Competition among fugitive species in a 

harlequin environment. Ecology 53, 749-752. 

Horner-Devine MC, Lage M, Hughes JB, and Bohannan BJ, 2004. A taxa-area 20 

relationship for bacteria. Nature 432, 750-7533. 

Huang PM, 1990. Role of soil minerals in transformations of natural organics and 

xenobiotics in soil. Marcel Dekker, New York. 

Hubbell SP, 2001.  A Unified Neutral Theory of Biodiversity and Biogeography, 

Princeton University Press, Princeton. 

Hugenholtz P, Goebel BM and Pace NR, 1998.  Impact of culture-independent 

studies on the emerging phylogenetic view of bacterial diversity. Journal of 

Bacteriology 180, 4765-4774.  

Huntley BJ, 1984. Characteristics of South African Biomes. Ecological effects of fire 

in South African Ecosystems. Ecological Studies 48, 1-18. 

Huston MA and DeAngelis DL, 1994.  American Naturalist 144, 954-977.  

Ingram J and Wall-Freckman D, 1998. Soil biota and global change. Special issue, 

preface. Global Change Biology 4, 699-701. 

Jaccard P, 1908. Nouvelles recherches sur la distribution florale.  Bulletin Société 

Vaudoise des Sciences Naturelles 44, 223-270. 

Jacobs K, Wingfield MJ and Wingfield BD, 2001. Phylogenetic relationship in 

Leptographium based on morphological and molecular characters. Canadian 

Journal of Botany 79, 719-732. 

Janssen PH, Yates PS, Grinton BE, Taylor PM, and Sait M, 2002. Improved 

culturability of soil bacteria and isolation in pure culture of novel members of 

the divisions Acidobacteria, Actinobacteria, Proteobacteria, and 

Verrucomicrobia. Applied and Environmental Microbiology 68, 2391-2396. 

Jastrow J, Amonette J and  Bailey V.  Mechanisms controlling soil carbon turnover 

and their potential application for enhancing carbon sequestration.  Climatic 

Change 80, 5-23. 



Johansson JF, Paul LR and Finlay RD, 2004.  Microbial interactions in the 

mycorrhizosphere and their significance for sustainable agriculture.  FEMS 

Microbiology Ecology 48, 1-13. 

Jones SE, Shade AL, McMahon KD and Kent AD, 2007. Comparison of Primer Sets 

for Use in Automated Ribosomal Intergenic Spacer Analysis of Aquatic 

Bacterial Communities: an Ecological Perspective.  Applied and 

Environmental Microbiology 73, 659-662. 

Kang S and Mills AL, 2006.  The effect of sample size in studies of soil microbial 

community structure.  Journal of Microbiological Methods 66, 242-250. 

Kardol P, Bezemer TM, Van der Wal A and Van der Putten WH, 2005.  Successional 

trajectories of soil nematode and plant communities in a chronosequence of 

ex-arable lands, Biological Conservation. 126, 317-327. 

Kennedy N and Clipson N, 2003. Fingerprinting the fungal community.  Mycologist 7, 

158. 

Kielland K, 1994.  Amino acid absorption by arctic plants: implications for plant 

nutrition and nitrogen cycling. Ecology 75, 2373-2383. 

Kilpatrick AM and Ives AR, 2003.  Species interactions can explain Taylor's power 

law for ecological time series.  Nature 422, 65-68. 

King AA and Hastings A, 2003. Spatial mechanisms for coexistence of species 

sharing a common natural enemy. Theoretical Population Biology 64,431-438. 

Kirk JL, Lee A, Beaudette MH, Peter M, John NK, Hung L and Jack TT, 2004.  

Methods of studying soil microbial diversity.  Journal of Microbiological 

Methods 58, 169-188. 

Klappenbach JA, Dunbar JM and Schmidt TM, 2000. rRNA operon copy number 

reflects ecological strategies of bacteria. Applied Environmental Microbiology 

66, 1328-1333. 

Knowles R, 1982.  Denitrification.  Microbiology and Molecular Biology Reviews 46, 

43-70.  



Koeppel A, Perry EB, Sikorski J, Krizanc D, Warner A, Ward DM, Rooney AP, 

Brambilla E, Connor N, Ratcliff RM, Nevo E, and Cohan FM, 2008.  Identifying 

the fundamental units of bacterial diversity: A paradigm shift to incorporate 

ecology into bacterial systematics.  Proceedings of the National Academy of 

Sciences of the USA 105, 2504-2509. 

Kögel-Knabner I, 2002.  The macromolecular organic composition of plant and 

microbial residues as inputs to soil organic matter.  Soil Biology and 

Biochemistry 34, 139-162. 

Korom SF, 1992. Natural denitrification in the saturated zone: A review. Water 

Resources Research 28, 1657-1668. 

Kowalchuk GA and Stephen JR, 2001.  Ammonia-oxidizing bacteria: a model for 

molecular microbial ecological research. Annual Review in Microbiology 55, 

485-529. 

Kruger FJ and Taylor HC, 1979.  Plant species diversity in Cape fynbos: gamma and 

delta diversity. Vegetalio 47, 85-93. 

Krulwich TA and Guffanti AA, 1989. Alkalophilic bacteria. Annual Review of 

Microbiology 43, 435-463. 

Kuo T and Boersma L, 1971. Soil water suction and root temperature effects on 

nitrogen fixation in soybeans. Agronomical Journal 63, 901-904.  

Kuske CR, Barns SM and Busch JD, 1997. Diverse uncultivated bacterial groups 

from soils of the arid southwestern United States that are present in many 

geographic regions. Applied and Environmental Microbiology 63, 3614-3621. 

Ladd JN, Foster RC, Nannipieri P, and Oades MJ. 1996. Soil structure and biological 

Activity. p. 23-77. In J.M. Bollag and G. Stotzky (ed.) Soil biochemistry. Vol. 9. 

Dekker, New York. 

Lattaud C, Mora P, Garvin M, Locati S and Rouland C, 1999. Enzymatic digestive 

capabilities in geophagous earthworms - origin and activities of cellulolytic 

enzymes.  Pedobiologia 43, 842-850.  

Lavelle P and Spain AV, 2001. Soil ecology,  Kluwer, Amsterdam. 



Lawton JH, 1999. Are there general laws in ecology? Oikos 84,177-192. 

Lebaron P, Servais P, Troussellier M, Courties C, Muyzer G, Bernard L, Schafer H, 

Pukall R, Stackebrandt E, Guindulain T, and Vives-Rego J. 2001. Microbial 

community dynamics in Mediterranean nutrient-enriched seawater 

mesocosms: changes in abundances, activity and composition. FEMS 

Microbiology Ecology 34, 255-266. 

Lechmere-Oerte RG and Cowling RM, 2001.  Abiotic determinants of the fynbos / 

succulent karoo boundary.  South Africa Journal of Vegetation Science 12, 75-

80. 

Leckie SE, 2005. Method of microbial community profiling and their application to 

forest soils. Forest Ecology and Management 220, 88-106. 

Lerner A, Herschkovitz Y, Baudoin E, Nazaret S, Moenne-Loccoz Y, Okon Y and 

Jurkevitch E, 2006.  Effect of Azospirillum brasilense inoculation on 

rhizobacterial communities analyzed by denaturing gradient gel 

electrophoresis and automated ribosomal intergenic spacer analysis. Soil 

Biology and Biochemistry 38, 1212-1218. 

Lesaulnier C, Papamichail D, McCorkle S, Ollivier B, Skiena S, Taghavi S, Zak D and 

Van der Lelie D, 2008. Elevated atmospheric CO2 affects soil microbial 

diversity associated with trembling aspen. Environmental Microbiology 10, 

926-941. 

Lie TA and Mulder EG, 1971. Biological Nitrogen Fixation in Natural and Agricultural 

Habitats. Plant and Soil  590,  12-19. 

Liebich J, Schloter M, Schäffer A, Vereecken H and Burauel P, 2007.  Degradation 

and humification of maize straw in soil microcosms inoculated with simple and 

complex microbial communities. European Journal of Soil Science 58, 141-

151. 

Liesack W and Stackebrandt E, 1992.  Occurrence of novel groups of the domain 

Bacteria as revealed by analysis of genetic material isolated from an 

Australian terrestrial environment. Journal of Bacteriology 174, 5072-5078. 



Linder HP, 2003.  The radiation of the Cape flora, southern Africa. Biological Reviews 

78, 597-638. 

Lindesay J, 1988.  Past climates of Southern Africa. Climates of the Southern 

Continents, Present, Past, and Future, Wiley, New York. 

Lipson DA, Schadt CW and Schmidt SK, 2002. Changes in soil microbial community 

structure and function in an alpine dry meadow following spring snow melt, 

Microbial Ecology 43, 307-314. 

Littlefield LJ and Heath M, 1979.  Ultrastructure of rust fungi. New York , San 

Francisco , London Academic Press. 

Liu WT, Marsh TL, Cheng H and Forney LJ, 1997.  Characterization of microbial 

diversity by determining terminal restriction fragment length polymorphisms of 

genes encoding 16S rRNA.  Applied and Environmental Microbiology 63, 

4516-4522. 

Low AB and Rebelo AG, 1996. Vegetation of South Africa, Lesotho and Swaziland, 

Department of Environmental Affairs and Tourism, Pretoria. 

Low AB, 1983.  Phytomass and major nutrient pools in a 11 year post-fire fynbos 

community. South African Journal of Botany 49, 98-104. 

Lozupone CA and Knight R, 2007. Global patterns in bacterial diversity.  Proceedings 

of the National Academy of Sciences of the USA. 104, 11436-11440. 

Lozupone CA, Hamady M, Kelley ST and Knight R, 2007.  Quantitative and 

Qualitative ß Diversity Measures Lead to Different Insights into Factors That 

Structure Microbial Communities.  Applied and Environmental Microbiology 

73, 1576-1585. 

Lynch JM,  Benedetti A, Insam H, Nuti MP, Smalla K, Torsvik V and Nannipieri P, 

2004.  Microbial diversity in soil: ecological theories, the contribution of 

molecular techniques and the impact of transgenic plants and transgenic 

microorganisms. Biological Fertility Soils 40, 363-385. 

Lynch MDJ and Thorn RG, 2006. Diversity of basidiomycetes in Michigan agricultural 

soils. Applied and Environmental Microbiology 72, 7050-7056 



MacArthur RH and Wilson EO, 1967. The Theory of Island Biogeography. Princeton 

University Press, Princeton. 

MacArthur RH, 1955.  Fluctuations of animal populations and a measure of 

community stability.  Ecology 36, 533-536. 

MacDonald AJ, Powlson DS, Poulton PR and Jenkinson DS, 1989. Unused fertilizer 

nitrogen in arable soils - its contribution to nitrate leaching. Journal of the 

Science of Food and Agriculture 46, 407-419. 

MacVicar CN, De Villiers JM, Loxton RF, Verster E, Lambrechts JJN, Merryweather 

FR, Le Roux J, Van Rooyen TH, and Harmse HJ, 1977.  Soil Classification. A 

Binominal System for South Africa. Department of Agricultural Technical 

Services, Pretoria.  

Marchant JW and Moore AE, 1978.  Geochemistry of the Table Mountain Group 2.  

Analysis of two suitsof Western Graafwater rockes.  Tranactions of the 

Geological Society of South Africa 81, 353-357. 

Martin HG and Goldenfeld N, 2006.  On the origin and robustness of power-law 

species-area relationships in ecology. Proceedings of the National Academy 

of Sciences USA 103, 10310-10315.   

Matthew S. Payne MS, Hall MR, Sly L, and Bourne DG, 2007.  Microbial Diversity 

within Early-Stage Cultured Panulirus ornatus Phyllosomas. Applied and 

Environmental Microbiology 73, 1940-1951. 

May RM, 1973. Stability and complexity in model ecosystems. Princeton: Princeton 

University Press. New Jersey. 

McGechan MB, Moir SE, Sym G and Castle K, 2005.  Estimating Inorganic and 

Organic Nitrogen Transformation Rates in a Model of a Constructed Wetland 

Purification System for Dilute Farm Effluents.  Biosystems Engineering 91, 61-

75. 

McLaughlin DJ, Berres ME and Szabo LJ, 1995. Molecules and morphology in 

basidiomycete phylogeny. Canadian Journal of Botany 73 (Suppl. 1): S684-

S692. 



McLaughlin SB and Wimmer R, 1999.  Calcium physiology and terrestrial ecosystem 

processes. New Phytologist 142, 373-417. 

Mielke PWJ and Johnson ES, 1974. Some generalized distributions of the second 

kind having desirable application features in hydrology and meteorology. 

Water Resources Research, 10, 223-226.  

Miller AJ and Cramer MD, 2004. Root nitrogen acquisition and assimilation (review). 

Plant and Soil 274, 1-36. 

Miller OK, 1982. Taxonomy of ecto- and endomycorrhizal fungi. Methods and 

principles of mycorrhizal research. American Phytolpathol Society Press, St. 

Paul, Minnesota, U.S.A. 

Miller RI and Harris LD, 1977.  Isolation and extirpations in wildlife reserves. 

Biological Conservation 12, 311-315. 

Miller RI and Wiegert RG, 1989 Documenting completeness, species-area relations, 

and the species-abundance distribution of a regional flora. Ecology 70, 16-22. 

Mills DK, Entry JA, Gillevet PM and Mathee K, 2007. Molecular-based approaches to 

soil microbiology Assessing Microbial Community Diversity Using Amplicon 

Length Heterogeneity Polymerase Chain Reaction. Soil Science Society of 

America Journal 71, 572-578.  

Mitchell DT and Allsopp N, 1984.  Changes in the phosphorus composition of seeds 

of Hakea sericea (Proteaceae) during germination under low phosphorus 

conditions. New Phytologist 96, 239-47. 

Mitchell DT, Brown G and Jongens-Roberts SM, 1984. Variation of forms of 

phosphorus in the sandy soils of coastal fynbos, South Western Cape. Journal 

of Ecology 72, 575-584 

Moll EJ and Jarman ML, 1984. Clarification of the term fynbos. South African Journal 

of Science 80, 351-352. 

Moll EJ, Cambell BM, Cowling RM, Bossi L, Jarman ML and Boucher C, 1984.  A 

description of major vegetation categories in and adjacent to the Fynbos 

Biome, South African National Scientific Programmes Report 83, 1-29. 



Monod J, 1950. La technique de culture continue, théorie et applications. Annales de 

l'Institut Pasteur 79, 390-410. 

Moreira D, 1998.  Efficient removal of PCR inhibitors using agarose-embedded DNA 

preparations.  Nucleic Acids Research 26, 3309-3310. 

Morris SJ, 1999.  Spatial distribution of fungal and bacterial biomass in southern Ohio 

hardwood forest soils: fine scale variability and microscale patterns. Soil 

Biology and Biochemistry 31, 1375-1386. 

Mucina L and Rutherford MC 2006: The Vegetation Map of South Africa, Lesotho 

and Swaziland. SANBI, Pretoria. 

Mummey DL and Stahl PD, 2004.  Analysis of soil whole- and inner-microaggregate 

bacterial community structures. Microbial Ecology 48, 41-50. 

Naime JM, Vaz CMP and Macedo A, 2001.  Automated soil particle size analyzer 

based on gamma-ray attenuation.  Computers and electronics in agriculture 

31, 295-304. 

Nannipieri P, Ascher J, Ceccherini MT, Landi L, Pietramellara G and Renella G, 

2003. Microbial diversity and soil functions, European Journal of Soil Science 

54, 655-670. 

Ng KM, Kazmierczak GT, Gilmour RR and Winkler ME, 2003. Transcriptional 

regulation and signature patterns revealed by microarray analyses of 

Streptococcus pneumoniae R6 challenged with sublethal concentrations of 

translation inhibitors, Journal of Bacteriology 185, 359-370. 

Nieder R and Benbi DK, 2008. Carbon and Nitrogen In The Terrestrial Environment. 

Kluwer Academic Publishers Group (Netherlands). 

Noguez AM, Arita HT, Escalante AE, Forney LJ, García-Oliva F and Souza V, 2005.  

Microbial macroecology: highly structured prokaryotic soil assemblages in a 

tropical deciduous forest.  Global Ecology and Biogeography 14, 241-248. 

Nordin A, Schmidt I and Shaver GR, 2004. Nitrogen uptake by arctic soil microbes 

and plants in relation to soil nitrogen supply. Ecology 85, 955-962. 



Nübel, U., F. Garcia-Pichel, M. Kühl, and G. Muyzer. 1999. Quantifying microbial 

diversity: Morphotypes, 16S rRNA genes, and carotenoids of oxygenic 

phototrophs in microbial mats. Applied Environmental Microbiology 65, 422-

430. 

O'Connor TG and Bredenkamp GJ, 1997.  Grassland. Vegetation of South Africa, 

Cambridge Univ. Press, Cambridge. 

Osono T, 2003. Effects of prior decomposition of beech leaf litter by phyllosphere 

fungi on substrate utilization by fungal decomposers. Mycoscience 44, 41-45. 

Pacala SW and Rees M, 1998. Field experiments that test alternative hypotheses 

explaining successional diversity. American Naturalist 152, 729-737. 

Palluda C, Viallardb V, Balandreaub J, Normand P and Grundmann G, 2001. 

Combined use of a specific probe and PCAT medium to study Burkholderia in 

soil.   Journal of Microbiological Methods 47, 25-34. 

Peay KG, Bruns TD, Kennedy PG, Bergemann SE and Garbelotto M, 2007.  A strong 

species-area relationship for eukaryotic soil microbes: island size matters for 

ectomycorrhizal fungi. Ecology Letters 10, 470-480. 

Peay KG, Bruns TD, Kennedy PG, Bergemann SE and Garbelotto M, 2007.  A strong 

species-area relationship for eukaryotic soil microbes: Island size matters for 

ectomycorrhizal fungi. Ecology Letters 10, 470-480. 

Persson T, Bååth E, Clarholm M, Lundkvist H, Söderstõrm BE and Sohlenius B, 

1980.  Trophic structure, biomass dynamics and carbon metabolism of soil 

organisms in a Scots pine forest.  Ecological Bulletins (Stockholm) 32, 419-

459. 

Petras SF and Casida LEJ, 1985.  Survival of Bacillus thuringiensis spores in soil.  

Applied and Environmental Microbiology 50, 1496-1501. 

Prasad VK,  Badarinath KVS and Eaturuv A, 2006.  Spatial patterns of vegetation 

phenology metrics and related climatic controls of eight contrasting forest 

types in India - analysis from remote sensing datasets.  Theoretical and 

Applied Climatology 89, 95-107. 



Price PB and Sowers T, 2004.  Temperature dependence of metabolic rates for 

microbial growth, maintenance, and survival.  The Proceedings of the National 

Academy of Sciences of the USA 101, 4631-4636. 

Prosser JI, 2002. Molecular and functional diversity in soil micro-organisms. Plant 

and Soil 244, 9-17.  

Prosser JI, Bohannan BJM, Curtis TP, Ellis RJ, Firestone MK, Freckleton RP, CJ and 

Young JPW, 2007. The role of ecological theory in microbial ecology. Nature 

Reviews in Microbiology 5, 384-392. 

Purkhold U, Wagner M, Timmermann G, Pommerening-Roser A and Koops HP, 

2003. 16S rRNA and amoA-based phylogeny of 12 novel betaproteobacterial 

ammonia-oxidizing isolates: extension of the dataset and proposal of a new 

lineage within the nitrosomonads. International Journal of Systematic and 

Evolutionary Microbiology 53, 1485-1494. 

Raaijmakers JGW, 1987. Statistical analysis of the Michaelis-Menten equation. 

Biometrics 43, 793-803. 

Rahbek C, 2004.  The role of spatial scale and the perception of large-scale species-

richness patterns.  Ecology Letters 8, 224-239. 

Ranjard L, Poly F, Lata JC, Mougel C, Thioulouse J, and Nazaret S, 2001. 

Characterization of Bacterial and Fungal Soil Communities by Automated 

Ribosomal Intergenic Spacer Analysis Fingerprints: Biological and 

Methodological Variability. Applied and Environmental Microbiology 67, 4479-

4487. 

Rastogi M, Singh S and Pathak H, Emission of carbon dioxide from soil.  Current 

Science 82, 510-517. 

Ratkowsky DA, 1990. Handbook of nonlinear regression models. Marcel Dekker, 

New York. 

Real R and Vargas JM, 1996.  The probabilistic basis of Jaccard's index of similarity.  

Systematic biology 45, 380-385. 



Rebelo AG, 1992. Preservation of biotic diversity.  The Ecology of Fynbos. Nutrients, 

Fire and Diversity, Oxford University Press, Cape Town.   

Richardson DM, Holmes PM, Esler KJ, Galatowitsch SM, Stromberg JC,  Kirkman 

SP, Pyšek P and Hobbs RJ, 2007.  Riparian vegetation: degradation, alien 

plant invasions and restoration prospects, Diversity and Distributions 13, 126-

139. 

Richaume A, Steinberg C, Jocteur-Monrozier L and Faurie G, 1993. Differences 

between direct and indirect enumeration of soil bacteria: the influence of soil 

structure and cell location. Soil Biology and Biochemistry 25, 641-643. 

Rodriguez C, Lang L, Wang A, Altendorf K, Garcia F and Lipski A, 2006. Lettuce for 

Human Consumption Collected in Costa Rica Contains Complex Communities 

of Culturable Oxytetracycline- and Gentamicin-Resistant Bacteria. Applied and 

Environmental Microbiology 72, 5870-5876. 

Roesch LF, Fulthorpe RR, Riva A, Casella G, Hadwin AKM, Kent AD, Daroub SH, 

Camargo FAO, Farmerie WG and Triplett EW, 2007.  Pyrosequencing 

enumerates and contrasts soil microbial diversity.  ISME Journal 1, 283-290. 

Roper MM, 1985.  Straw decomposition and nitrogenase activity (C2H2 reduction): 

effects of soil moisture and temperature. Soil Biology and Biochemistry 17, 65-

71. 

Roselló-Mora R and Amann R, 2001. The species concept for prokaryotes. FEMS 

Microbiology Reviews 25, 36-67. 

Rouget M, Reyers B, Jonas Z, Desmet P, Driver A, Maze K, Egoh B and Cowling 

RM, 2004. South African National Spatial Biodiversity Assessment 2004: 

Technical report. Volume 1: terrestrial component. South African National 

Biodiversity Institute, Pretoria. 

Ruan Q, Steele JA, Schwalbach MS, Fuhrman JA and Sun F, 2006. A dynamic 

programming algorithm for binning microbial community profiles. 

Bioinformatics 22, 1508-1514. 



Ruess L, Schmidt IK, Michelsen A and Jonasson S, 2001.  Manipulations of a 

microbial based soil food web at two arctic sites - evidence of species 

redundancy among the nematode fauna? Applied Soil Ecology 17, 19-30. 

Sá JCDM, Cerri CC, Dick WA, Lal R, Filho SPV , Piccolo MC and Feigl BE, 2001.  

Organic Matter Dynamics and Carbon Sequestration Rates for a Tillage 

Chronosequence in a Brazilian Oxisol.  Science Society of America Journal 

65, 1486-1499. 

Saetre P and Bååth E, 2000.  Spatial variation and patterns of soil microbial 

community structure in a mixed spruce-birch stand.  Soil Biology and 

Biochemistry 32, 909-917. 

Schjønning P, Thomsen IK, Moldrup P and Christensen BT, 2003.  Linking Soil 

Microbial Activity to Water- and Air-Phase Contents and Diffusivities.  Soil 

Science Society of America Journal 67, 156-165. 

Schloss PD and Handelsman J, 2006. Toward a census of bacteria in soil. PLOS 

Computational Biology 2, 786-793.  

Schoenheimer IR and Rittenberg D, 1935.  Deuterium as an Indicator in the Study of 

Intermediary Metabolism.    Journal of Biological Chememistry 111, 163-168. 

SchüBler A, Schwarzott HD and Walker C, 2001.  A new fungal phylum, the 

Glomeromycota: phylogeny and evolution. Mycological Research 105, 1413-

1421. 

Schüßler A, Bonfante P, Schnepf E, Mullenhauer D and Kluge M, 1996. 

Characterization of the Geosiphon pyriforme symbiosome by affinity 

techniques: confocal laser scanning microscopy (CLSM) and electron 

microscopy. Protoplasma 190, 53-67.  

Schüssler A and Kluge M, 2001. Geosiphon pyriforme, and endocytosymbiosis 

between fungus and cyanobacteria, and its meaning as a model system for 

arbuscular mycorrhizal research. In The Mycota IX. Hock, B. Berlin, Germany: 

Springer Verlag. 



Seidl I and Tisdell CA, 1999.  Carrying capacity reconsidered: from Malthus' 

population theory to cultural carrying capacity.  Ecological Economics 31, 395-

408. 

Sessitsch A, Weilharter A, Gerzabek MH, Kirchmann H and Kandeler E, 2001.  

Microbial population structures in soil particle size fractions of a long-term 

fertilizer field experiment. Applied and Environtal Microbiology 67, 4215-4224. 

Shannon CE, 1948. A mathematical theory of communication.  Bell System Technical 

Journal 27, 379-423 and 623-656. 

Shmida A and S. Ellner, 1984.  Coexistence of plant species with similar niches.  

Vegetatio 58, 29-55. 

Sieracki ME, Johnson PW and Sieburth J McN, 1985. Detection, enumeration, and 

sizing of planktonic bacteria by image-analysed epifluorescence microscopy. 

Applied and Environmental Microbiology 49, 799-810. 

Simpson EH, 1949.  Measurement of Diversity. Nature 163, 688-688. 

Six J, Frey SD, Thiet RK and Batten KM, 2006. Bacterial and fungal contributions to 

carbon sequestration in agroecosystems. Soil Science Society of America 

Journal  70, 555-569.  

Skopp J, Dawson MD and Doran JW, 1990. Steady-state aerobic microbial activity as 

a function of soil water content.  Soil Science Society of America Journal 54, 

1619-1625. 

Smalla K, Wieland G, Buchner A, Zock A, Parzy J, Kaiser S, Roskot N, Heuer H and 

Berg G, 2001. Bulk and rhizosphere soil bacterial communities studied by 

denaturing gradient gel electrophoresis: plant-dependent enrichment and 

seasonal shifts revealed. Applied and Environmental Microbiology 67, 4742-

4751. 

Smit E, Veenman C and Baar J, 2003.  Molecular analysis of ectomycorrhizal 

basidiomycete communities in a Pinus sylvestris L. stand reveals long-term 

increased diversity after removal of litter and humus layers, FEMS 

Microbiology Ecology 45, 49-57. 



Smith EP and Van Belle G, 1984.  Nonparametric estimation of species richness. 

Biometrics.  Biometrics 40, 119-129.    

Sørensen T, 1948. A method of establishing groups of equal amplitude in plant 

sociology based on similarity of species and its application to analyses of the 

vegetation on Danish commons. Biologiske Skrifter / Kongelige Danske 

Videnskabernes Selskab 5, 1-34. 

Srivastava R, Roseti D and Sharma AK, 2007. The evaluation of microbial diversity in 

a vegetable based cropping system under organic farming practices. Applied 

Soil Ecology 36, 116-123. 

Steele JA, Ozis F, Fuhrman JA and Devinny JS, 2005.  Structure of microbial 

communities in ethanol biofilters. Chemical Engineering Journal 113, 135-143.   

Stotzky, G. 1997. Modern Soil Microbiology Marcel Dekker, New York. 

Stuart DC, 1959. Fine structure of the nucleoid and internal membrane systems of 

Streptomyces, Journal of  Bacteriology 78, 272. 

Sugawara H, Miyazaki S, Shimura J and Ichiyanagi Y, 1996.  Bioinformatics tools for 

the study of microbial diversity.  Journal of Industrial Microbiology 17, 490-497. 

Swift MJ, Heal OW and Anderson JM, 1979. Decomposition in Terrestrial 

Ecosystems. Blackwell Scientific Publications, Oxford. 

Sy A, Giraud E, Jourand P, Garcia N, Willems A, de Lajudie P, Prin Y, Neyra M, Gillis 

M, Boivin-Masson C and Dreyfus B, 2001.  Journal of Bacteriology 183, 214-

220. 

Tarbah F and Goodman N, 1987.  Systemic spread of Agrobacterium tumefaciens 

biovar 3 in the vascular system of grapes.  Phytopathology 77, 915-920. 

Tesar M, Reichenauer TG and Sessitsch A, 2002.  Bacterial rhizosphere populations 

of black poplar and herbal plants to be used for phytoremediation of diesel 

fuel, Soil Biology and Biochemistry  34, 1883-1892. 

Thorn G, 1997. The fungi in soil. Modern Soil Microbiology. Marcel Dekker, New 

York. 



Tilman D, 1994. Competition and biodiversity in spatially structured habitats. Ecology 

75, 2-16. 

Tilman D and Kareiva PM, 1997.  Spatial Ecology: The Role of Space in Population 

Dynamics and Interspecific Interactions.   Monographs in Population Biology, 

30. Princeton University Press. New Jersey. 

Tisdall  JM, 1991. Fungal hyphae and structural stability of soil. Australian Journal of 

Soil Research 29, 729-743. 

Torsvik V and Øvreås L, 2002. Microbial diversity and function in soil: from genes to 

ecosystems. Current Opinion in Microbiology 5, 240-245. 

Torsvik V, Daae FL, Sandaa RA, Øvreås L, 2008. Journal of  Biotechnology 64, 53. 

Torsvik V, Goksøyr J and Daae FL, 1990.  High diversity in DNA of soil bacteria. 

Applied and Environmental Microbiology 56, 782-787. 

Torsvik V, Øvreås L and Thingstad TF, 2001.  Prokaryotic Diversity-Magnitude, 

Dynamics, and Controlling Factors.  Science 296, 1064-1066.  

Torzilli AP,  Sikaroodi M, Chalkley D and Gillevet PM,  2006.  A comparison of fungal 

communities from four salt marsh plants using automated ribosomal intergenic 

spacer analysis (ARISA).  Mycologia  98, 690-698. 

Tsuji T, Kawasaki Y, Takeshima S, Sekiya T and Tanaka SA, 1995. New 

fluorescence staining assay for visualizing living microorganisms in soil. 

Applied and Environmental Microbiology 61, 3415-3421. 

Turpeinen R, Pantsar-Kallio M and Kairesalo T, 2002.  Role of microbes in controlling 

the speciation of arsenic and production of arsines in contaminated soils.  The 

science of the total environment 285, 133-145. 

Ugolini FC, Corti G, Agnelli A, and Piccardi F, 1996. Mineralogical, physical and 

chemical properties of rock fragments in soil. Soil Science 161, 521-542. 

Usher MB, 1973.  Biological Management and Conservation: Ecological Theory, 

Application and Planning. 394 Chapman and Hall; London. 



Urich T, Lanzén A, Qi J, Huson DH, Schleper C and Schuster SC, 2008. 

Simultaneous Assessment of Soil Microbial Community Structure and 

Function through Analysis of the Meta-Transcriptome.  PLoS ONE  3, e2527. 

Usher MB, 1979. Changes in the species-area relations of higher plants on nature 

reserves. Journal of Applied Ecology 16, 213-215. 

Vakalounakis DJ, 1996. Root and stem rot of cucumber caused by Fusarium 

oxysporum f.sp. radicis-cucumerinum f. sp. nov. Plant Disease  80, 313-316. 

Van Elsas JD, Jansson JK and Trevors JT,  1998.Modern Soil Microbiology, Second 

Edition (Books in Soils, Plants, and the Environment.   

Van Elsas JD, Duarte GF, Keijzer-Wolters A and Smit E, 2000. Analysis of the 

dynamics of fungal communities in soil via fungal-specific PCR of soil DNA 

followed by denaturing gradient gel electrophoresis. Journal of Microbiological 

Methods 43, 133-151.  

Van Veen JA and Kuikman PJ, 1990. Soil structural aspects of decomposition of 

organic matter by microbes.  Biogeochemistry 11, 213 233. 

Van Wilgen BW and Richardson DM, 1985. The effects of alien shrub invasions on 

vegetation structure and fire behaviour in South African fynbos shrublands: a 

simulation study. Journal of Applied Ecology 22, 955-966. 

Verschoor AM, Boonstra H and Meijer T, 2005.  Application of Stable Isotope Tracers 

to Studies of Zooplankton Feeding, using the Rotifer Brachionus calyciflorus 

as an Example.  Hydrobiologia 546, 535-549. 

Visher SS, 1923.  Tropical Climates from an Ecological Viewpoint. Ecology 4, 1-10. 

Vitousek P, 1982.  Nutrient cycling and nutrient use efficiency.  American Naturalist 

119, 553-572.  

Volossiouk T, Robb ER and Nazar RN, 1995. Direct DNA Extraction for PCR-

Mediated Assays of Soil Organisms. Applied and Environmental Microbiology 

61, 3972-3976. 

Vreeland RH, Rosenzweig WD, Powers DW, 2000. Isolation of a 250 million-year-old 

halotolerant bacterium from a primary salt crystal. Nature. 407, 844-845. 



Waksman SA, 1932. Principles of Soil Microbiology II Ed. The Williams & Wilkins Co., 

Baltimore, Md. 

Wall DH, Adams BJ, Barrett JE, Hopkins DW and Virginia RA, 2006.  A synthesis of 

soil biodiversity and ecosystem functioning in Victoria Land, Antarctica.  Soil 

Biology and Biochemistry 38, 3001-3002.  

Wang SL, Cheng CY, Tzou YM, Liaw RB, Chang TW and Chen JH, 2007.  

Phosphate removal from water using lithium intercalated gibbsite.  Journal of 

Hazardous Materials 147, 205-212. 

Wang WJ, Dalal RC, Moody PW and Smith CJ, 2003.  Relationships of soil 

respiration to microbial biomass, substrate availability and clay content.  Soil 

Biology and Biochemistry 35, 273-284. 

Wang X, Falcone DL and Tabita FR, 1993.  Reductive pentose phosphate-

independent CO2 fixation in Rhodobacter sphaeroides and evidence that 

ribulose bisphosphate carboxylase/oxygenase activity serves to maintain the 

redox balance of the cell.  Journal of Bacteriology 175, 3372-3379. 

Wardle DA and Giller KE, 1996.  The quest for a contemporary ecological dimension 

to soil biology. Soil Biology and Biochemistry 28, 1549-1554. 

Weiher E and Keddy PA. 1999. Relative abundance and evenness patterns along 

diversity and biomass gradients.  Oikos 87, 355-361. 

Wellington EMH, Berry A and Krsek M, 2003.  Resolving functional diversity in 

relation to microbial community structure in soil: exploiting genomics and 

stable isotope probing. Current Opinion in Microbiology 6, 295-301. 

Wennström A., 1999. The effect of systemic rusts and smuts on clonal plants in 

natural systems. Plant Ecology 141, 93-97.  

Wherry ET, 1920.  Soil Acidity and a Field Method for Its Measurement.  Ecology 1, 

160-173. 

Whittaker RH, 1952. A study of summer foliage insect communities in the Great 

Smoky Mountains. Ecological Monographs 22, 1-44. 

http://www.sciencedirect.com/science/journal/13695274


Whittaker, R. H. 1972. Evolution and measurement of species diversity. Taxon 21, 

213-251. 

Wintzingerode F, Gobel UB and Stackebrandt E, 1997. Phylogenetic Analysis of an 

Anaerobic, Trichlorobenzene-Transforming Microbial Consortium.  Applied 

and Environmental Microbiology 65, 283-286. 

Witkowski ETF and Mitchell DT, 1987.  Variations in Soil Phosphorus in the Fynbos 

Biome, South Africa.  The Journal of Ecology 75, 1159-1171. 

Woese CR, 1992. Prokaryote systematics: the evolution of a science.The 

Prokaryotes. Springer-Verlag, New York. 

Woese CR, Stackebrandt E, Macke RJ and Fox GE, 1985. A phylogenetic definition 

of the major eubacterial taxa. Systematic and Applied Microbiology 6, 143-

151. 

Wollenzien U, de Hoog GS, Krumbein WE, Urzi C, 1995. On the isolation of 

microcolonial fungi occurring on and in marble and other calcareous rocks. 

Science of the Total Environment 167, 287-294. 

Wright MG  and Samways MJ, 1999. Plant characteristics determine insect borer 

assemblages on Protea species in the Cape Fynbos, and importance for 

conservation management. Biodiversity and Conservation 8, 1089-1100. 

Yang H,  Su YH,  Zhu YG,  Chen MM,  Chen BD and Liu YX, 2007.  Influences of 

polycyclic aromatic hydrocarbons (PAHs) on soil microbial community 

composition with or without Vegetation.  Journal of Environmental Science and 

Health 42, 65-72. 

Yanni YG, Rizk RY, Corich V, Squartini A, Ninke K, Philip-Hollingsworth S, 

Orgambide G, de Bruijn F, Stoltzfus J, Buckley D, Schmidt TM, Mateos PF, 

Ladha JK, Dazzo FB, 1997.  Natural endophytic association between 

Rhizobium leguminosarum bv. trifolii and rice roots and assessment of its 

potential to promote rice growth. Plant and Soil 194, 99-114.  

Yin B, Crowley D, Sparovek G, De Melo WJ, and Borneman J, 2000.  Bacterial 

Functional Redundancy along a Soil Reclamation Gradient.  Applied and 

Environmental Microbiology 66, 4361-4365. 



Zenova GM, Gryadunova AA, Doroshenko EA, Likhacheva AA, Sudnitsyn II, 

Pochatkova TN and Zvyagintsev DG.  Influence of moisture on the vital activity 

of actinomycetes in a cultivated low-moor peat soil.  Eurasian Soil Science 40, 

560-564. 

Zhang B, Yao SH and Hu F, 2007.  Microbial biomass dynamics and soil wettability 

as affected by the intensity and frequency of wetting and drying during straw 

decomposition.  European Journal of Soil Science 58, 1482-1492. 

Zhou J, Xia B, Huang H, Palumbo AV and James Tiedje JM, 2004.  Microbial 

Diversity and Heterogeneity in Sandy Subsurface Soils. Applied and 

Environmental Microbiology 70, 1723-1734. 

Zoina A, Raio A, Peluso R and Spasiano A, 2001.  Characterization of agrobacteria 

from weeping fig (Ficus benjamina).  Plant Pathology 50, 620-627. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 1: Location of the Sandveld fynbos (red) and the study sites (blue). 
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The effective removal of PCR 
inhibitors from soil DNA by 

cationic flocculation 
 

 

 

 

 

 



 

Abstract  

The most important property of environmental DNA intended for molecular ecology 

studies and other downstream applications is purity from humic acids and phenolic 

compounds.  These compounds act as PCR inhibitors and need to be removed 

during the DNA extraction protocol.  Effective purification protocols include several 

types of exclusion columns as well as commercial kits.  Previously, aluminium 

sulphate was shown to effectively remove humic acids from environmental DNA.  In 

this study, the effectiveness of cationic flocculation of humic acids with different 

cations was evaluated as an aid in the purification method.  The combination of 

cationic flocculation with CuCl2 and the addition of PVPP and KCl resulted in a high 

yield of DNA, suitable for PCR amplification with bacterial and fungal specific 

primers. 
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Introduction 

Until recently, the study and estimation of microbial diversity in soils was largely 

dependant on the traditional culturing of microorganisms (Kirk et al. 2004).  This is 

especially true for the filamentous fungi.  However, these studies are flawed as 

significant numbers of taxa in the soil environment are not culturable using standard 

microbiological techniques (Thorn 1997, Van Elsas et al. 2000, Jacobs et al. 2005, 

Leckie 2005).  The use of modern culture-independent techniques makes the 

culturing of organisms obsolete, resulting in a more accurate estimate of soil 

biodiversity (Borneman et al. 1996, Dunbar et al. 2000).  

One of the prerequisites of doing molecular studies is the extraction of high quality 

DNA, free from PCR inhibitors.  DNA extractions from soil are particularly difficult, as 

the soil environment is characterized by many compounds that may inhibit or 

negatively influence PCR based techniques.  The most abundant PCR inhibitors in 

soil are humic acids and fulvic acids (Stach et al. 2001).  Even present in amounts as 

little as 1 ng per PCR reaction these compounds inhibit the Taq polymerase during 

PCR reactions. (Tsai et al. 1992, Yeates et al. 1997, Watson et al. 2000).   

Humic acids are particularly problematic since they have similar physical and 

chemical properties to those of DNA molecules and are, therefore, co-extracted using 

standard DNA extraction methods (Cheng et al. 2004).  In addition, the presence of 

humic acids also interferes with the quantification of DNA in spectrophotometric 

methods.  Humic acids show absorbance maxima at 230 nm and 260 nm, while DNA 

shows a maximum absorbance at 260 nm.  The absorbance reading at 230 nm is, 

therefore, useful for the estimation of DNA purity (Yeates et al. 1998) 

The ability of multivalent cationic compounds to precipitate humic acids has been 

extensively studied.  This interaction between multivalent cations and humic acids 

has established industrial applications in, for example, the removal of humic acid 

from water  and the removal of toxic cations such as Pb2+ (Escobar et al. 2006).  

Metal ions such as CuCl2 have the ability to bind to humic acid to form insoluble 

chelates (Tipping et al. 1995).  Studies by Dong et al. (2006) reported the successful 

isolation of soil DNA by the cationic flocculation of humic acid with Al2SO3 followed by 

precipitation of Al3+ by increasing the pH.  This study reports a relatively easy, 

effective and inexpensive method for the selective precipitation of humic acids with 



CuCl2 during the extraction of genomic DNA from soil without an adjustment to pH 

levels during the extraction protocol.  

 

Materials and methods 

 

Genomic DNA extraction 

All DNA isolation experiments were done in triplicate. A random soil sample 

consisting primarily of either sand or silt, was collected and excess debris removed 

by sieving through a 2 mm sieve (United wire test sieves, Nigel, South Africa), after 

which 0.3 g was used for each DNA extraction.  DNA isolations were performed 

without, or in the presence of either 1% Polyvinylpolypyrrolidone (PVPP) or PVPP 

(1%) and KCl (100 mM). The PVPP was added as a 1% suspension in water or 100 

mM KCl, and added to the soil samples prior to the addition of the extraction buffer. 

For all experimental procedures, 0.3 g of soil was mixed with 500 µl extraction buffer 

(100mM Tris, 10mM EDTA and 2% SDS; pH 8.5). The extraction buffer additionally 

contained different concentrations (20mM to 100mM) of cation producing salts 

(CuCl2, FeCl2, Al2(SO4)3 or MnCl2).  The samples were then vortexed at 2500 rpm for 

20 seconds and exposed to two cycles of freezing at -80°C and thawing in boiling 

water.  Five μg of proteinase K was added and the suspension was incubated for 60 

min at 60°C.  The salt concentration was adjusted by adding 140 μl NaCl (5M) after 

which 80 µl 10% CTAB (w/v) was added.  The suspension was further incubated for 

10 min at 65°C, and then extracted with 1 volume SEVAG (24:1 chloroform: 

isoamylalcohol) to precipitate proteins.  To obtain phase separation, the samples 

were centrifuged for 10 min at 13000 rpm with a Biofuge 13 centrifuge (Heraeus 

instruments, Germany) and 500 µl of the supernatant transferred to a clean 1.5 ml 

eppendorf tube.  The DNA was then precipitated with 710 μl cold isopropanol and 

centrifugation for 10 min at 13 000 rpm.  The supernatant was discarded and the 

pellet was washed twice with 500 μl 70% Ethanol.  The pellet was dried and 

dissolved in 100 μl MilliQ water.   

 



The extracted DNA was separated on a 1% agarose gel and visualized using ultra 

violet light. DNA concentrations were determined spectrofotometrically (Nanodrop, 

Thermo Fisher Scientific, USA) at 260 nm.  The A260/A280 and A260/A230 absorbance 

ratios were measured to determine the purity of the samples.  Different DNA isolation 

methodologies were compared with each other using the unpaired Student t-test to 

test for significant differences in purity. 

 

PCR amplification 

PCR reactions were performed on the DNA using a number of different primer sets to 

evaluate the suitability of the DNA for downstream applications.  Bacterial primers 

ForB and RevB specific for the 16 rDNA (Yeates et al. 1997) and fungal specific ITS4 

and ITS5 (White et al. 1990) were used in the reactions.  PCR reactions were done 

using a GeneAmp PCR System 2400 (AppliedBiosystems, USA).   The reaction 

mixture contained 1 μl of the purified genomic DNA (10-20 ng/μl) extracted from soil, 

1.75 mM MgCl2, 500 nM of each primer and 5U Taq (Kapa Taq) in a total volume of 

25 µl.  The PCR conditions consisted of an initial denaturing step of 3 min at 95 °C 

followed by 42 cycles of 95 °C for 30s, 51 °C for 30s and 72 °C for 30s. The reaction 

was completed with a final extension at 72 °C for 5 min and then cooled and held at 4 

°C. PCR samples were separated and visualized as described above. 

 

Results 

The use of PVPP is a well established procedure to remove humic substances and 

contaminating phenolics when isolating DNA from soil (Zaporozhenko 2006, Arbeli 

2007, Lakay 2007). The addition of PVPP alone, however, did not result in pure DNA 

based on the A260/A230 ratio (Table 1).  An increase in the ionic strength by the 

addition of KCl also did not improve the ability of PVPP to remove the impurities. The 

addition of KCl without PVPP to the extraction protocol actually lead to an increase in 

the amount of impurities as seen from the A260/A230 ratio, which decreased from 0.69 

to 0.4 in the presence of 100 mM KCl  (Table 1). As reported by LaMontagne et al. 

(2002), we did observe an increase in the yield of isolated DNA with higher amounts 



of KCl added, with an increase from 50 ng/μl without any KCl to 250 ng/ul when 100 

mM KCl was added.  

Next, the addition of cations as a means of improving the purity of the isolated DNA, 

was investigated. Extractions which included concentrations of 20 mM to 100 mM 

FeCl3, MnCl2 or Al2(SO4)3 yielded no or very low concentrations of DNA. However, the 

addition of CuCl2 resulted in substantial amounts of DNA.  The presence of PVPP 

and KCl were, however, found to be essential for increased yield and adequate purity 

of the isolated DNA. With an increase in CuCl2 concentration, there was a decrease 

in the DNA yield, accompanied with an increase in the purity of the isolated DNA 

(Table 1 and Figure 1). At higher concentrations of CuCl2 added, there were no 

significant differences in the yield and purity. This concentration effect also seems to 

be dependent on the amount of humic acid content in the soil sample. For the lower 

humic acid containing sand sample the yield and purity stabilized at a CuCl2 

concentration of 60 mM and higher, whereas the silt sample gave stable yield and 

purity at CuCl2 concentrations of 80 mM and higher (Table 1). 

For the sand sample only the genomic DNA isolated using 60, 80 and 100 mM CuCl2 

in the presence of 1% PVPP and 100 mM KCl were pure enough to obtain positive 

PCR products for both the bacterial and fungal specific primers. The silt sample gave 

PCR products for DNA isolated in the presence of 80 mM CuCl2 or higher. All other 

DNA extractions did not result in any amplification products.  The bacterial specific 

primers produced PCR products in the size range of 100 bp to 1500 bp, whereas the 

fungal specific primers produced PCR products in the size range 300 bp to 1500 bp. 

All the PCR reactions produced smears with the highest peak intensities in the region 

of 400 bp (Figure 2).  

The result of the Student-t test between the treatment including 1% PVPP and 1% 

PVPP + 100mM KCl shows a significant t value of 2.55 (p = 0.02).  The t value of the  

treatment including no PVPP or KCl and the treatment utilizing 1% PVPP + 100mM 

KCl  is 3.03 (p = 0.013). 

 

Discussion 

In this study we developed an improved method for isolating DNA from soil by 

exploiting the ability of metal cations to selectively remove humic acid soil 



contaminants. The use of CuCl2 in the presence of PVPP and 100 mM KCl was 

found to be best suited for extracting DNA from soil samples. This method resulted in 

DNA that could be used on downstream PCR reactions, without interference of 

contaminants. 

Humic acids can be precipitated by adsorption of metal cations, believed to occur 

through the binding of the cations with negative carboxyl and phenolic sites on the 

humic acids (Schmitt et al. 1996). Polyvalent cations generally have a higher affinity 

towards humic acids than monovalent cations. Of the divalent cations, Cu2+ has the 

highest affinity towards humic acids (Wrobel et al. 2003). This would explain why 

Cu2+ cations were more suitable for removing humic substances during the DNA 

isolation procedure than Mn2+.  The affinity and ability to form complexes of metal 

ions with humic acid increases with a rise in pH, although the solubility of the metal 

cations decrease (Chang et al. 2005, Crist et al. 2001, Liu et al. 2000). Therefore, an 

extraction buffer with pH 8.5 was used to cause substantial coagulation of humic 

acids (Guy et al. 1976), while keeping the Cu2+ cations in solution. Although an 

increase in ionic strength decreases the adsorption of Cu2+ to humic acid, the 

adsorption becomes less sensitive towards a change in ionic strength while still being 

sufficient for humic acid precipitation to occur (Liu et al. 2000).  

Condensation and precipitation of DNA was very efficient for trivalent metals, but 

monovalent and divalent cations were unable to condense DNA under normal 

circumstances (Flock et al. 1996). The precipitation of DNA by the trivalent Al3+ and 

Fe3+ cations is most probably the reason for the absence or very low levels of DNA, 

when using these cations to remove humic substances during DNA isolation.  

Although Dong et al. (2006) could effectively precipitate humic substances with 

Al2(SO4)3, they needed additional steps of pH adjustment to remove the Al3+ cations 

before SDS lysis of the microbes in their isolation protocol.  

Certain divalent cations such as Mn2+ and Cu2+, form metal complexes with DNA by 

binding to purine bases, mostly guanine (Kagawa 1991, Ma 1994, Gao 1993, 

Drevensek 2003, Hackl 2005).  The DNA precipitation by these divalent cations is 

believed to be mainly due to intermolecular cross-linking (Hackl 2005, Gao 1993, 

Drevensek 2003). Increasing the ionic strength decreased the binding of Cu2+ to DNA 

(Balan 2003, Hackl 2005). In our experiments the addition of 100 mM KCl resulted in 

higher DNA yield and a decrease in humic acid content. The results indicated an 



increased binding and precipitation of the humic substances with Cu2+ cations at a 

higher ionic strength, together with reduced Cu2+ binding and precipitation of the 

DNA. An additional advantage of higher salt concentrations in the extraction buffer 

was an increase in the concentration of DNA isolated from soil (LaMontagne 2002).  

In conclusion, in this study we developed a rapid and inexpensive method for 

isolating DNA from soil. The method uses the flocculation ability of Cu2+ cations in the 

presence of 1% PVPP and 100 mM KCl to remove humic substances, resulting in 

soil DNA suitable for downstream applications.  
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Table 1: Concentrations and A260/A230 absorbance ratios of DNA extracted from 

sandy soil and silt using different amounts of CuCl2 and with or without PVPP or 

PVPP and KCl. 

 Sand Silt 

 A260/A230, A260/A230, 
Sample DNA (ng/μl),mean (SD)  Mean (SD) DNA (ng/μl),mean (SD)  mean (SD) 

0mM CuCl2 34.6 (4.4) 0.64 (0.02) 155.4 (45.3) 0.61 (0.2) 

0mM CuCl2 + 1%PVPP 39.8 (4.9) 0.62 (0.021) 158.3 (34.6) 0.64 (0.02) 
0mM CuCl2 + 1%PVPP + 
100mM KCl 196.3 (39.3) 0.7 (0.03) 230.4 (55.5) 0.6 (0.02) 
      

20mM CuCl2  4.9 (1.2) 0.76 (0) 46.2 (9.77) 0.65 (0.02) 

20mM CuCl2 + 1%PVPP 38 (3.91) 0.77 (0.01) 34.6 (6.54) 0.68 (0.01) 
20mM CuCl2 + 1%PVPP + 
100mM KCl 110 (22.1) 0.77 (0.05) 90.7 (17.6) 0.69 (0.01) 
      

40mM CuCl2 4.3 (1.35) 0.74 (0.03) 15.4 (5.4) 0.75 (0.03) 

40mM CuCl2 + 1%PVPP 12 (2.55) 0.8 (0.03) 11.5 (3.6) 0.81 (0.04) 
40mM CuCl2 + 1%PVPP + 
100mM KCl 44.4 (6.42) 1.01 (0.05) 94.5 (22.3) 0.78 (0.04) 
      

60mM CuCl2 6.7 (2.1) 0.69 (0.02) 10.4 (3.2) 0.71 (0.03) 

60mM CuCl2 + 1%PVPP 15.7 (3.12) 0.73 (0.03) 8.2 (2.66) 0.78 (0.03) 
60mM CuCl2 + 1%PVPP + 
100mM KCl 30.6 (5.97) 1.22 (0.06) 20.2 (6.44) 1.01 (0.06) 
      

80mM CuCl2 5.4 (2.1) 0.74 (0.05) 4.3 (1.6) 0.79 (0.02) 

80mM CuCl2 + 1%PVPP 14.6 (4.2) 0.77 (0.02) 7.2 (2.1) 0.9 (0.04) 
80mM CuCl2 + 1%PVPP + 
100mM KCl 40.6 (7.89) 1.24 (0.1) 33.2 (5.2) 1.14 (0.07) 
      

100mM CuCl2 5.3 (1.55) 0.75 (0.04) 3.2 (1.4) 0.84 (0.04) 

100mM CuCl2 + 1%PVPP 16.8 (4.1) 0.87 (0.01) 2.4 (1.1) 0.87 (0.04) 

100mM CuCl2 + 1%PVPP 
+ 100mM KCl 33 (6.33) 1.26 (0.07) 21.3 (7.88) 1.12 (0.06) 
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Figure 1: Agarose gel electrophoreses of total DNA extracted from soil sample using 

different concentrations of CuCl2.  Lanes 1, 0mM CuCl2; 2, 0mM CuCl2 + 1%PVPP; 

3, 0mM CuCl2 + 1%PVPP 100mM KCl; 4, 20mM CuCl2; 5, 20mM CuCl2 + 1%PVPP; 

6, 20mM CuCl2 + 1%PVPP + 100mM KCl; 7, 40mM CuCl2; 8, 40mM CuCl2 + 

1%PVPP; 9, 40mM CuCl2 + 1%PVPP + 100mM KCl; 10, 60mM CuCl2; 11, 60mM 

CuCl2 + 1%PVPP; 12, 60mM CuCl2 + 1%PVPP 100mM KCl; 13, 80mM CuCl2; 14, 

80mM CuCl2 + 1%PVPP; 15, 80mM CuCl2 + 1%PVPP 100mM KCl; 16, 100mM 

CuCl2; 17, 100mM CuCl2 + 1%PVPP; 18, 100mM CuCl2 + 1%PVPP 100mM KCl; 19, 

HyperLadder I. 
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Figure 2: Agarose gel electrophoreses of PCR amplification of total extracted DNA 

from a sand soil sample.  Lane 1 to 3: PCR product using primers RevB and ForB of 

DNA extracted with 60mM, 80mM and 100mM CuCl2.  Lane 4 to 6: PCR product 

using primers ITS4 and ITS5 of DNA extracted with 60mM, 80mM and 100mM CuCl2. 

All DNA isolations were done in the presence of 1% PVPP and 100 mM KCl. 
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Abstract 

Automated Ribosomal Intergenic Spacer Analysis (ARISA) has become a commonly 

used molecular technique for the study of microbial populations in environmental 

samples.  The reproducibility and accuracy of ARISA and ARISA-PCR are important 

aspects that have an influence on the results and effectiveness of these techniques.  

Primer sets for ARISA, ITS4/ITS5, were assessed for the characterization of the 

fungal community composition of two sites situated in the Sand Fynbos.  The primer 

set proved to deliver reproducible ARISA profiles for the fungal community 

composition with little variation observed between ARISA-PCR’s.  Variation that 

occurred in samples due to repeated DNA extractions, were within limits for 

ecological studies.  This made ARISA a useful tool for the assessment and 

comparison of diversity in ecological samples.  Particular observations were made 

concerning the binning strategy for the analysis of ARISA profiles. 
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Introduction 

Over a number of years, numerous studies on soil diversity were conducted using 

small subunit rDNA (Borneman and Triplett 1997, Kuske et al. 1997, Brown et al. 

2005, Fierer et al. 2007). Although these methods provide little direct evidence to the 

function of organisms in the soil, they have become invaluable for the understanding 

of soil microbial diversity and community composition (Fisher and Triplett 1999, 

Ranjard et al. 2001, Lerner et al. 2006, Mills et al. 2007). Molecular techniques 

provide a good indication of the community structure, which include the diversity and 

the evenness of communities.  The method of rRNA intergenic spacer analysis 

(RISA) provides a technique for the estimation of the community diversity and 

community composition.  The technique was first applied to examine microbial 

diversity in soil from the Eastern Amazonian rainforest (Borneman and Triplett 1997).   

This method allows one to estimate the microbial diversity without the need to culture 

organisms.  Culturing methods were shown to reveal only about 1% of the total 

microbial diversity (Torsvik et al. 1990, Richaume et al. 1993, Tsuji et al. 1995).  In 

addition, the bias in favour of fast growing organisms against slow growing 

organisms is to a large extent eliminated with the RISA technique.  The RISA 

technique also includes the diversity from non-culturable organisms in the soil, which 

was lacking in studies using traditional culturing media (Kennedy and Clipson 2003).   

The RISA technique requires genomic DNA of the total population to be extracted 

from the environmental sample.  The method further involves the amplification of the 

selected DNA with universal primers, and the subsequent electrophoreses on a 

polyacrylamide gel.  The RISA technique has been enhanced by the addition of an 

automated component to the technique by including the automated genetic analyzer 

(Fisher and Triplett 1999). ARISA-PCR, involves the use of fluorescently labelled 

oligo-nucleotide primers commonly labelled with the fluorescent markers ROX and 

FAM (Fisher and Triplett 1999, Hewson and Fuhrman 2004).  The electrophoresis of 

the total amplified DNA is performed on an automated system, for example the ABI 

3010xl Genetic analyzer, which detects the fluorescent labelled DNA fragments with 

the aid of a laser and CCD camera. 

The ARISA method is an effective, rapid and fairly inexpensive method for estimating 

the diversity and composition of microbial communities without bias towards fast 

growing or dominant species (Ranjard et al. 2001).  This is especially useful in 



ecological studies were a large number of samples need to be processed and 

diversity needs to be determined at a spatial and temporal scale. The method can be 

denoted as F-ARISA, which targets the total fungal community DNA of the intergenic 

spacer region 1, the 5.8S small subunit and the intergenic spacer region 2.  This 

region, especially within the intergenic spacer regions 1 and 2, displays significant 

heterogeneity in length and nucleotide sequence between species.  The 

oligonucleotides primers target the conserved region of the 28S rDNA and the 18S 

rDNA region.   B-ARISA targets the total bacterial community DNA of the intergenic 

region between the 16S and the 23S subunits of the rDNA genes in the rRNA 

operon.  This region also displays size and sequence heterogeneity between 

species.  The primer targets the conserved 16S and 23S genes (Cardinale et al. 

2004).  

The ARISA-PCR, and subsequently the ARISA profiles, are highly reproducible, as 

demonstrated by Cardinale et al. (2004)  The reproducibility of the ARISA was 

assessed in terms of peak occurrence, peak height and peak size, and this feature 

allows direct comparisons between ARISA profiles, even between different studies 

(Hansgate 2005).  The standard deviation for fragments smaller than 1 kbp was 

shown to be between 1 and 2 base pairs (Fisher and Triplett 1999).  The 

reproducibility of the abundance of the ARISA fragments is also determined to be 

high, with the peaks with the largest contribution to the total fluorescence being the 

most reproducible.  Studies also showed that ARISA may be a measure of relative 

abundance of bacteria (Brown et al. 2005). The main advantage of ARISA is not the 

accurate estimation of the abundance of organisms but the reproducibility.  Variation 

in the number of cycles in PCR does not influence the overall ARISA pattern, but it 

influences the sensitivity of the assay, with more cycles producing more peaks 

(Cardinale et al. 2004). 

The sensitivity of ARISA is a function of both the DNA extraction and the ARISA-

PCR.  The detectable limits of an organism in the ARISA profile is firstly determined 

by the effective extraction of DNA from the sample (Volossiouk et al. 1995). Certain 

cells may be more resilient to lyses, thus have a higher minimum detection level i.e. 

fungal spores (Prosser 2002).  Secondly, the sensitivity of the PCR and the primer 

set determines the consistent detection of an organism with ARISA.  Low numbers of 

template is likely to result in variable detection and weak fluorescence.  The most 

abundant organisms present, result in the strongest and most reproducible peaks.  



DNA fragments that are in low abundance and near the lower detection limit of the 

ARISA profile have decreased reproducibility in the subsequent amplification 

reactions.  Some primer sets also exhibit some bias for certain species over others 

(Jones et al. 2007).  

The ARISA technique has a few sources of errors.  For this reason cut-off standards 

are in place for the fluorescent intensity of the ARISA profile.  The heterogeneity of 

the sampling environment and the randomness of the sampling procedure play a role 

in the standardization of the method.  The PCR amplification of the targeted DNA is 

subjected to low levels of error, and may introduce errors in length of the ITS region.  

In addition, the ABI system is very precise but not fully accurate.  The ABI system is 

also less accurate with the increase in the size of the fragments (Brown et al. 2005).  

The possibility exists that two fragments of the same size may be represented as one 

peak on the ARISA profile.  This problem with the ARISA method should be 

recognized and incorporated into a binning strategy (Ruan et al. 2006).   

The literature has proposed various empirical binning strategies.  Fisher and Triplett 

(1999) observed size variation across replicate ARISA profiles.  They observed size 

variation of 1-2 bp for fragment sizes below 1kb and 3-5 bp for fragments up to 1150 

bp and up to 13 bp for the largest size fragments.  Hewson and Fuhrman (2004) used 

a bin size of 3 for fragment lengths up to 500 bp and a bin size of 7 for fragments 

larger then 500 bp.  Brown et al. (2005) suggested that windows of 3 bp wide be used 

from 400 to 700 bp, windows of 5 bp wide from 700 to 1000 bp, and windows of 10 

bp wide from 1000 to 1200 bp.  Larger fragments do not, however, necessarily result 

in higher similarities between similar samples due to the splitting of peaks. between 

adjacent bin windows.  The aim of this study was thus to optimize and evaluate the 

ARISA protocol to determine microbial populations in fynbos soil. 

 

Material and methods 

Sensitivity of DNA extraction for ARISA 

The sensitivity of DNA extraction for ARISA was tested on a random soil sample 

collected at Kalbas Kraal, Western Cape (S 33.57061º, E 18.62861º), using the ZR 

Soil Microbial DNA kit (Zymo Research, USA).  Penicillium spores are more robust 

than vegetative cells and were used to provide a stringent test for the extraction 



method (Doaré-Lebrun 2006) and this was also found to be the dominant species in 

these soils.  Spores of a Penicillium sp. were suspended in phosphate buffered 

saline (pH 7) solution.  The concentration of the cells in the suspension was 

determined by direct microscope count using a haemocytometer (Superior Marienfeld 

laboratory glassware, Marienfeld, Germany).  Spores were used to prepare a dilution 

series of 104, 103, 102, 101, 1 spores per milliliter.  One milliliter of each diluted spore 

suspension was added to 1g of both autoclaved (121°C, 100kPa, 20min) soil 

samples and unsterilized soil samples.  Total DNA was extracted from the soil using 

ZR Soil Microbial DNA kit (Zymo research, USA) and quantified 

spectrophotometrically (Nanodrop).  PCR was performed using fungal specific 

primers ITS4 and FAM labeled ITS5.  The reaction mixture contained 1 μl of the 

purified genomic DNA, 500 nM of each primer and 23 µl of KapaTaq Readymix 

(Kapa Biosystems, South Africa) in a total volume of 25 µl.  The PCR conditions 

consisted of an initial denaturing step of 3 min at 95 °C followed by 40 cycles of 95 

°C, for 30 s, 51 °C for 30 s and 72 °C for 30 s. The reaction was completed with a 

final extension at 72 °C for 5 min and then cooled and held at 4 °C.  Samples were 

run on a 1% agarose gel stained with ethidium bromide and visualised under a UV 

light for the presence of amplified products. 

 

Sensitivity of ARISA-PCR 

Total genomic DNA was extracted for a soil sample collected at Kalbas Kraal as 

described earlier.  Spore suspensions from Penicillium spp. were quantified using a 

heamocytometer as described earlier.  The spore suspension was vortexed for 1 min 

at full speed after the addition of 2 mm steel beads.  The number of Penicillium 

spores lysed were determined by counting the spores after lyses.  The number of 

spores lysed, were diluted to 100, 80, 40, 20 and 10 spores per soil DNA extraction 

and added to the genomic DNA from soil.  The number of spores corresponded to 

the number of genome copies in the PCR.  ARISA-PCR was performed using fungal 

specific primers ITS4 and FAM labeled ITS5.   

 

 



Automated Ribosomal Intergenic Spacer Analysis (ARISA) 

The PCR products of every sample were run on an ABI310xl Genetic analyzer to 

obtain an electropherogram of the different fragment lengths and fluorescent 

intensities.  ARISA-PCR samples were run with the size standard LIZZ 600 

containing sizes from 60 bp to 600 bp in length.  GeneMapper 4.1 software converted 

the fluorescence electropherogram data representing operational taxonomic units 

into peaks indicating the fluorescent intensity.  Peak heights were favoured over peak 

area for further analysis due to concerns that peak areas for larger peaks may be 

subjected to inaccuracies.  Variance of peak area values are higher than is the case 

for peak height.  This may be due to peak smoothing and height algorithms that are 

simpler and a more consistent measure of peak height.  Peaks which represented 

1% or more of the total fluorescence were considered for analysis.  Similarities 

between samples were represented by calculating the pair-wise Whittaker similarity 

index.   

 

Evaluating binning sizes for ARISA 

Different PCR reactions from a single DNA extraction were compared to determine 

the effect of different bin sizes on the similarity of the profiles.  Bin sizes ranging from 

of 1 to 7 were considered.  Similarities were compared by calculating the Whittaker 

similarity index.  The number of unique operational taxonomic units was determined 

for each binning protocol and the number of corresponding and conflicting 

operational taxonomic units was determined.  The test requires lenient peak selection 

criteria with no peaks under 0.5% of total fluorescent considered for analysis.  This 

was done to include the effect lower intensity peaks had on the binning strategy.  

Profile similarities increase due to high stringency of peak selection across all binning 

sizes and this phenomenon should be limited in order to observe the real effect bin 

size has on the similarities of the profiles.  Four different profiles were considered 

and data of all profiles were normalized to the mean values. 

 

 

 



Evaluating the use of ARISA to study environmental samples 

The significance of the variability of ARISA was evaluated when environmental 

samples with the primer set ITS5 and ITS4 were compared.  Soil samples were 

collected from Sandveld fynbos approximately 10 km outside the town of 

Malmesbury in the Western Cape.  Samples were collected in a range of plots on 

different sites.  Profile variability from two different sites at Camphill Village and 

Kalbas Kraal located approximately 6.5km apart was evaluated by calculating the 

Whittaker similarity index.  Two different profiles of two unique samples within the 

plot at Kalbas Kraal were compared to evaluated variability of different samples 

within the same plot.  The variability within the sample was compared by performing 

ARISA on different DNA extractions of the same sample.  The variably of PCR within 

the same DNA extraction was lastly evaluated. The distance relationship of the 

similarities at the different levels of sampling was illustrated be means of cluster 

analysis. Cluster analysis was performed by complete linkage of the Pearson-r 

correlation values of the Whittaker similarity indices between the sites. 

 

Constructing of ROX 1.1 

To enable the use of ARISA for species with peaks larger than 600 bp a size 

standard was created.  A ROX labeled M13 forward primer was used in conjunction 

with 6 other non-labeled primers to generate 6 ROX labeled DNA fragments using 

the plasmid pGEM-3zf as template.  The fragment sizes were calculated by counting 

the number of bases from the 5' end of the labeled primer to the 5' end of the 

unlabeled primer.  These PCR fragments were mixed with a standard ROX 500 size 

standard to create a size standard (Called ROX 1.1) ranging from 75 to 1121bps. 

 

Results and discussion 

Sensitivity of the DNA extraction on ARISA 

The results of the performed sensitivity test indicated that Penicillium spores could be 

detected in the DNA extractions from sterile soil at 40 spores per gram of soil 

according to the peaks observed in Figure 1.  The detection of the spores in the 



untreated soil samples with higher peak diversity, however, required a higher 

concentration of spores (100 spores/g) to distinguish between the spores and the 

background noise and to compensate for competitive binding to the environmental 

DNA (Figure 1).  This compared favorable to other studies, where, Van Elsas et al. 

(2000) were able to detect Trichoderma harzianum as low as 103 spores/g soil on an 

agarose gel, while Doaré-Lebrun et al. (2006) also found Aspergilus carbonarius to 

be detectable at levels of 103 cells in a mixed culture and Penicillium expansum in the 

range of 105 cells.  The detectable limit of fungal spores in a sample is generally 

higher than that of vegetative cells.      

 

Sensitivity of the ARISA-PCR 

The minimum number of spores that could be detected by PCR in a DNA sample 

was 40 spores per gram of soil (Figure 1, Table 1).  The higher dilution of 20 and 10 

were impossible to detect probably due to competitive binding by high concentrations 

of DNA templates.  Peaks that were detected at solutions of 10 to 20 spores per g 

soil were extremely variable with less then 1 in 4 PCR’s detecting the Penicillium spp. 

at very low levels.  The result indicates that DNA concentration should be at least the 

equivalent of 40 spores per gram of soil extracted, to produce a consistent peak on 

the electropherogram.  The sizing of the fragment varied between 479.32 and 480.02 

bp.  The peaks were thus sized with an error in precision of less then 1 bp. 

 

Evaluating binning sizes for ARISA 

The different binning sizes examined for the various samples indicate that the 

maximum similarity between identical samples was reached at a bin size of 4 bp.  

The Whittaker index value, however, did not show a significant difference between 

bin sizes 2, 3 and 4.  The bin size of 3 resulted in the highest number of peaks 

shared namely 23 with 2 peaks not shared.  The binning size of 5 bp results in an 

average of 9 operational taxonomic units that is not shared.  The Whittaker 

dissimilarity index increase at a bin size of 5 bp due to unwanted overlaps that occur 

at this bin size with 9 operational taxonomic units not shared.  Larger binning sizes 

do not necessarily result in a more analogous profile.  Furthermore, an increase in 

bin size, also result in a decrease of the total number of operational taxonomic units 



(Table 2)   The ideal binning protocol, thus, require maximum similarity between 

parallel samples with the maximum number of total and shared operational 

taxonomic units. 

 

Reproducibility ARISA profiles 

The Whittaker index revealed that the ARISA profiles were exceedingly reproducible 

when considering duplicate samples of ARISA from the same DNA extraction (Figure 

2).  The duplicate ARISA-PCR showed 98% similarity with a linkage distance of 0.01 

after cluster analysis with normalized data and analysed using a bin size of 3.  All 

peaks were reproduced in the ARISA profile and only differed in terms of their 

relative proportions of fluorescence intensity.  The Whittaker distance index revealed 

high similarity between repeated DNA extractions from the same soil sample.  ARISA 

profiles showed a percentage similarity of 93% with a linkage distance of 0.1.  The 

Whittaker index of similarity decreased when DNA extractions of different samples on 

the same plot were used for ARISA.  The linkage distance value increased to 0.7 with 

a percentage similarity of 78%.  The Whittaker similarity index again decreased when 

a sample for a different site for Camphill was compared in the cluster analysis.  The 

similarity of the ARISA profile after repeated PCR’s with the same sample and high 

similarity with repeated DNA extractions demonstrated that analysis was 

reproducible.  The findings confirmed those of Ranjard et al. (2006) who found 

greater variation between sites than within the site and greater variation between 

PCR reactions of DNA extractions from the same plot than from different plots. The 

method was found to be robust regardless of the primer set used and the specific 

ARISA conditions.  

The ARISA was also evaluated for bacterial specific primers. However, detected 

peaks with sizes up to 1000 bps in length were observed.  This required a sized 

standard which incorporated larger fragments.  ROX1.1 was constructed and 

included size fragments (75, 100, 139, 150, 160, 200, 300, 340, 350, 400, 450, 490, 

500, 583, 683, 782, 932, 991, 1121 bps).  The same binning strategy proved to be 

sufficient for bacterial ARISA. 

 

 



Conclusion 

The primer set ITS4/ITS5 has not been commonly used for the purpose of automated 

ribosomal intergenic spacer analysis.  The primer set performs well when testing the 

sensitivity and 40 templates per gram of soil would be sufficient to detect both 

dominate and minor species in environmental samples.  The DNA extraction method 

tested detected cells at 100 spores per gram of soil and as is the case with most 

studies looking at environmental samples, the DNA extraction method is the defining 

step which determines the sensitivity of the method.  The reproducibility of ARISA 

using the primer set ITS4 and ITS5 is very high with little variation even under lenient 

filtering conditions.   

The correct binning strategy is, however, necessary to eliminate inaccuracies in 

ARISA.  The samples evaluated demonstrated that a binning size of 3 was sufficient 

to confer maximum similarity between parallel samples with maximum detection of 

operational taxonomic units.  
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Table 1: Fluorescent intensities of different spore concentrations added.  

Number of 

Spores Size 

Fluorescent 

intensity 

10 _ _ 

20 _ _ 

40 480 286 

80 479.55 414 

100 480.08 889 

1000 479.34 7570 

 

 
 
 
 
 
 
Table 2: Evaluation of the bin sizes of the binning protocol between two different 

samples for the same plot. 

No of base 

pairs (bin size) 

Whittaker 

index 

Shared 

peaks Unique peaks 

Total 

peak 

number 

1 0.1484 20 7 27 

2 0.0923 21 4 25 

3 0.0925 23 2 25 

4 0.0921 20 2 22 

5 0.1919 17 9 26 

6 0.0997 16 3 19 

7 0.0934 18 1 19 
 
 
 
 
 
 
 



 

 

Figure 1: Fluorescent intensities of the various concentrations of Penicillium spores 

added to the DNA extraction 



 

 

 

 

 

 

 

Figure 2: Cluster analysis comparing the variability of ARISA PCR, ARSA from 

different DNA extractions, different samples and different sites (p < 0.05). 
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Abstract 

The soil community composition of both fungal and bacterial groups in the Atlantis 

sand fynbos was characterized over space and time.  Soil from 4 different sites was 

compared to resolve to diversity of eubacterial and fungal groups on a local (alpha 

diversity) as well as a landscape scale (beta diversity).  A molecular approach was 

used based on the isolation of total soil genetic DNA.  The 16S-23S intergenic spacer 

region from the bacterial rRNA operon was amplified when performing bacterial 

ARISA from total soil community DNA (B-ARISA). Correspondingly, the internal 

transcribed spacers, ITS1, ITS2 and the 5.8S rRNA gene from the fungal rRNA 

operon were amplified when undertaking fungal ARISA (F-ARISA).    The community 

structure from different samples and sites were compared with cluster analysis by 

considering the numbers and fluorescent intensities of peaks between ARISA 

profiles.  ARISA data was used to evaluate different species accumulation and 

estimation models for fungal and bacterial communities and predict the total 

community richness.  Diversity, evenness and dominance of the microbial 

communities were expressed by calculating the Shannon Weaver index, evenness 

and Simpson index.  The spatial ordination of the bacterial and fungal species 

richness and diversity was also considered by determining the species area 

relationship and beta diversity of both communities.   Correlations between microbial 

community structures and the soil physcio-chemical properties were determined by 

performing canonical correlation analysis.  The plant community structure data was 

correlated with the fungal and the bacterial community structure by performing a 

Mantel test and a Partial Mantel test.      

 

 

 

 

 



Introduction 

The Cape Floristic Region is the smallest and one of the richest of the six floral 

Kingdoms in the world with over 8700 species and 6252 of those endemic (Cowling 

1992).  Due to this immense plant diversity, the Cape Floristic Region is recognized 

as one of the world’s biodiversity hotspots and centres of endemism (Myers et al. 

2003).  The fynbos biome is subdivided into 60 vegetation types which include the 

Sand fynbos.  The Sand fynbos is among the most poorly conserved of all vegetation 

types in South Africa and has been classified as endangered according to the red 

data list (Cowling et al. 1992, Low and Rebelo 1996).  Almost 95% of this vegetation 

type has been transformed into agricultural land (Low and Rebelo 1996).  The result 

of this development is the fragmentation of the vegetation in the area which now only 

occurs in isolated pockets (Rebelo 1992, Heijnis et al. 1999).  Plant studies have 

shown that in fynbos, fragments have significantly fewer plant species than areas of 

the same size located inside a more extensive pristine area (Bond et al. 1988, 

Kemper et al. 1999).  The absences of fires in small fragments are one of the main 

reasons for species diversity loss along with the occurrence of invasive species.   

However, the occurrence of uncontrolled wild fires can have a devastating effect on 

these small fragmented areas (Bond et al. 1984).  Smaller fragments of land are also 

easily disturbed by outside factors compared to larger areas.  The effect and 

significance of the fragmentation of land on microbial populations has thus far not 

been completely clarified.  Specifically the influence on beta diversity in the microbial 

diversity structure has largely been ignored in diversity studies (Lozupone and Knigh 

2008).   

The soil environment possibly harbors a large proportion of the earth’s undiscovered 

biodiversity.  The diversity of soil micro-organisms is not well-studied and it is 

believed that only about 1% of the organisms that occurs in soil have been cultured, 

identified, and characterized (Torsvik et al. 1990, Hawksworth 2001).  Studying the 

microbial diversity and processes have also contributed to the understanding of 

ecological theory of ecosystems (Jessup et al. 2004, Bertin et al. 2008, Zhou et al. 

2008).    The soil microbial diversity and viability is known to be essential for the 

proper functioning of the ecosystem and soil health (Kennedy and Smith 1995).  The 

exact factors that are responsible for this diversity is, however, not well understood 

(Zhou et al. 2002).  



The general factors that influence microbial populations are the soil properties, which 

may be physical or chemical.  Physical properties include soil moisture, aeration, 

texture, structure and temperature (Gaur and Misra 1978, Fomsgaard and Kristensen 

1999, Chen et al. 2007).  Chemical properties include the nutrient characteristics and 

pH (Gaur and Misra 1978, Jonasson et al. 1999, Lipson et al. 1999, Turrión et al. 

2002).  The third set of factors influencing the microbial community is external factors 

which include the ambient temperature and levels of precipitation (Norris et al. 2002).  

Lastly, the above ground vegetation structure and makeup also influences the 

microbial population within the soil.     

The vegetation that can be observed in the Sand fynbos is predominantly fynbos 

shrubs with the characteristic species being, Erica mammosa, Leucospermum parile, 

Phylica cephalantha, Staberhoa distachya and Thamnochortus punctatus (Low and 

Rebelo 1996).  The Lowland coastal fynbos has significant numbers of heaths, 

restiods, numerous ericas and proteas.  More grass species occur in the lowland 

coastal fynbos compared to mountain fynbos as well as more annual plant species.  

The beta diversity in the fynbos biome is characteristically high (Cowling et al. 1992).  

This high species turnover results in a significant variation in the plant community 

structure between sites.  This species turnover may also drive variations in the 

microbial communities between different locations.  Most studies have focused on 

the effect of plant diversity on biological processes and ecosystem functioning 

(Richards et al. 1997).   

The diversity and variation of soil micro-organisms have been studied in a variety of 

ecosystems (Saetre and Baath 2000, Bhatnagar and Bhatnagar 2005, Bezemer et al. 

2006). This includes studies which looked at soil microbial diversity at a landscape 

scale and meso-scale (Green et al. 2004).  Many studies have, however, focused on 

the rhizosphere and diversity of mycorrhizal fungi (Allsopp and Stock 1995).  The 

effect of soil micro-organisms on ecological function and productivity of the fynbos 

biome has also drawn significant attention in previous studies (Spriggs et al. 2003).  

The indirect effect of a plant community on the composition and structure of the soil 

microbial communities is manifested by the effect of senescent plant residues which 

differ in quality, quantity and composition.   

The soil type observed in the Sand fynbos is sandy with an Aeolian origin.  Soil of the 

Sand fynbos ranges from very shallow to extremely deep (Lambrechts 1983, Rebelo 



1996).  The soils of the study sites are all on average 2m in depth.  The pH of the soil 

ranges from 3.6 to 4.7 (Brown et al. 1984).  The soil typically has an organic matter 

content of between 1-3% and available carbon content of less than 1% (Low 1983, 

Mitchell et al. 1984).  Soil derived form sandstone, as seen in the study areas of 

Riversland, Pella, Camphill and Kalbas Kraal, are characteristically low in nutrients 

(Kruger 1979, Richards et al. 1997).    This sandy soil is especially poor in 

phosphorus due to the low amounts of P2O5 found in the parental palaeozoic rocks, 

sandstones, shales, schists and granites, and is typically below 1 % (Marchant and 

Moore 1978, Low and Bristow 1983). 

A number of studies have correlated the species richness to the nutritional status of 

the soil (Van der Heijden et al. 2007).  Beta diversity is important when determining 

the regional species diversity.  Beta diversity may differ significantly within similar 

habitats (Cowling et al. 1992).  Studies conducted by Cowling et al. (1990) observed 

complete species turnover on different soil types.  High species turnover rates were 

also observed between sites with slight differences in the chemical composition of 

the soil and a turnover rate in the fynbos region (Rouget et al. 2003).  The similarity 

of the habitat and the high turnover rate suggest that a divergence in the evolution 

occurred between the specialists of the various niches.   

In this study the microbial community structure, similarities and relative diversity of 

fungal and eubacterial groups were investigated and compared with the 

fragmentation of the area and land use history.  The microbial community’s 

relationship with the plant community as well as the physico-chemical environment 

was evaluated.   

 

Materials and Methods 

Study area 

Soil samples were taken from four different sites in the Sand fynbos (Western Cape 

South Africa).  The area has a mean annual rainfall of 400 mm.  The fynbos region is 

characterized by a temperate climate with wet winters and warm dry summers with 

strong prevailing south easterly winds (Lindesay 1998).  The study sites were located 

between 160 and 220 m above sea level and only sloped slightly between 0 and 4 % 

(Witkowski and Mitchell 1987). The sites were located at Pella, Riverlands, Kalbas 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6R-4JHN09N-4&_user=613892&_coverDate=09%2F12%2F2006&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000032099&_version=1&_urlVersion=0&_userid=613892&md5=6dda91a9e72575ae40914e3a01ec9bcc#bbib35#bbib35


Kraal and Camphill Village (Table 1 and Figure1a -b). The sites at Pella and 

Riversland are part of a large conservation area administered by Cape Nature. The 

site at Kalbas Kraal is in the process of being rehabilitated from Port Jackson (Acacia 

saligna) infestation after its introduction to stabilize the sandy soil. The site at 

Camphill Village is surrounded by farmland and has not been burned for 20 years 

and can thus be considered neglected with many mature and senescing plants.  

Even slow growing fynbos has a lifespan of 12 to 20 years and fire is necessary for 

population succession and cycling of nutrients (Cowling 1992).    

 

Sampling 

On every site, 3 random plots of 10 m by 10 m were located inside an area of 100 m 

by 50 m.  The plots were selected and divided in four quadrants. Ten soil samples 

were taken randomly in each plot within the first 10 cm of the surface.  The ten 

samples from the quarters were homogenised and sieved using a 2 mm mesh sieve 

to produce a composite sample (Coutinho et al. 1999).  Sampling was conducted in 

February, March, July and September 2007 to acquire representative samples for 

each season.  

 

Soil chemistry and physical properties 

The homogenised samples were used to determine the average soil water content 

gravimetrically. Ten grams of each samples was oven dried at 105°C and weighed 

again after 24 hours.  Soil water content was expressed as a fraction of the total soil 

weight (p).  This faction is expressed as W Dp
D
−

= e W is the mass of the sample 

and D is the mass of the dried sample.   The physico-chemical properties of the 

homogenised samples were analysed (Bemlab, Somerset West, South Africa).  The 

soil pH was determined by the addition of 25 ml KCl to 5g soil followed by incubation 

at 36°C (McLean 1982).  The hydrometer method was used to determine the soil 

texture (Van der Watt 1966).  Soil organic carbon was determined by using the 

Walkey-Black method (Nelson and Sommers 1982).  The phosphate content was 

determined by the Bray-2 extract (Thomas and Peaslee 1973).  Di-ammonium EDTA 

extract was used to determine the copper zinc and manganese content of the soil 

 wer



and boron content was determined by using a hot water extract (Beyers and Coetzer 

1971).  A 1 mol/L ammonium acetate extract was used to determine the 

exchangeable ione content of calcium, magnesium, potassium and sodium.    

 

Vegetation structure 

The plant community structure of the different sites was compared by constructing a 

data matrix where the presence of a species was expressed by a 1 and the absence 

as a 0.  Fynbos communities at the different sites were compared by calculating the 

Jaccard’s similarity index Sj = W/ (a1 + a2 – W) (Fisher and Triplett 1999).  W is the 

number of plant species occurring in both populations 1 and 2 and a1 and a2 are total 

numbers of different plants in populations 1 and 2. 

 

DNA extraction 

DNA was extracted from 0.35 g of soil. DNA was extracted using the ZR Soil Microbe 

DNA kit (Zymo research USA). Extracted and purified DNA was separated on a 1% 

agarose gel stained with ethidium bromide and visualized using ultra violet light.   

 

PCR amplification 

PCR reactions were performed on the DNA using fungal and eubacteria specific 

primer sets to evaluate its application in automated ribosomal intergenic spacer 

analysis (ARISA) (Table 2).  Eubacterial specific primers ITSReub and FAM 

(carboxy-fluorescein) labelled ITSF specific for the 16 rDNA intergenic spacer region 

of the bacterial rRNA operon were used to determined to bacterial diversity with 

ARISA (Cardinale 2004).  The fungal diversity was determined by using fungal 

specific primers ITS4 and FAM labelled ITS5 (White et al. 1990) in the PCR 

reactions.  

PCR reactions were done using a GeneAmp PCR System 2400 (AppliedBiosystems, 

USA).   The reaction mixture contained 1 μl of the purified genomic DNA extracted 

from soil, 500 nM of each primer and 23 µl of KapaTaq readymix (KapaBiosystems, 



South Africa) in a total volume of 25 µl.  The PCR conditions consisted of an initial 

denaturing step of 3 min at 95 °C followed by 40 cycles of 95 °C, for 30 s, 51 °C for 

30 s and 72 °C for 30 s. The reaction was completed with a final extension at 72 °C 

for 5 min and then cooled and held at 4 °C. PCR for each sample was performed in 

triplicate and pooled to eliminate background noise form the ARISA profile and 

reduce the PCR variability occurring.  PCR samples were separated on a 1% 

agarose gel, stained with Ethidium Bromide and visualized using ultra violet light.     

 

Automated Ribosomal Intergenic Spacer Analysis (ARISA) 

The PCR product, using group specific (bacterial and fungi) fluorescently labelled 

rRNA primers, was used to determine the microbial community structure and diversity 

by means of automated ribosomal intergenic spacer analysis (ARISA).  The PCR 

products of every sample were run on a ABI 3010xl  Genetic analyser to obtain an 

electropherogram of the different fragments length and fluorescent intensity.  F-

ARISA PCR samples were run along with LIZZ 600 size standard which contained 

sizes from 60bp to 660bp in length.  B-ARISA samples were run with ROX 1.1 size 

standard which varied from 20 to 900 bp.  The GeneMapper 4.1 software converted 

fluorescence data to an electropherogram and the peaks which represented 

fragments of different sizes are termed operational taxonomic units (OTU).  The 

heights of the peaks indicate the relative abundance of the fragments.  The lengths 

was calculated using the size standards by plotting a best fit curve and extrapolating 

fragment sizes from the sample.   

 

Data analysis 

ARISA is an estimate of diversity but according to findings by Crosby and Criddle 

(2003) the Shannon-Weaver diversity may be inaccurate up to 0.3 index units due to 

the occurrence of multi-copy 16S fragments in a singular organisms and overlapping 

of same size fragments from different organisms.  This PCR based method is, 

however, very accurate in estimating diversity and evenness compared to all other 

high throughput methods available (Crosby and Criddle 2003).  

 



Data were analysed using Genemapper 4.1 software.  Only fragment sizes from 100 

to 1000 base pairs in length was considered for analysis.   The peak heights 

considered for analysis were 0.5% of the total fluorescents of the profile.  The peaks 

that were considered and counted as OTU’s were typically above 150 fluorescent 

units.  A binning strategy to minimise the inaccuracies in the ARISA profiles of was 

employed with a bin size of 3bp for fragment below 700bp and 5bp for fragment 

above 700bp’s (Brown et al. 2005, Slabbert et al. chapter 3). GeneMapper 4.1 

software converted the fluorescence electropherogram data representing operational 

taxonomic units into peaks indicating the fluorescent intensity.  Peak heights were 

favoured over peak area for further analysis due to inaccuracies of peak areas for 

larger fragments.  Peak area values tend to show more variation than is the case for 

peak height.  This may be due to peak smoothing and height algorithms that are 

simpler and a more consistent measure of peak height.  Peaks which represented 

0.5% or more of the total fluorescence were considered for analysis. 

 

Frequency of operational taxonomic units 

The frequency of both fungal and bacterial OTU’s throughout the year were 

determined.  The different sizes were represented as 1 or 0 based on the presence 

or absence of peaks.  All samples were summated in order to construct a histogram 

representation of the peak or OTU frequencies.  OTU frequencies are based on data 

observed on all 4 sampling dates.    

 

Species accumulation 

The species accumulation curves were plotted for fungi and bacteria for each of the 4 

sampling events during the year, by plotting the cumulative number of species 

against the number of samples taken in the area.  Each separate ARISA profile was 

treated as different sampling event.  The order in which the samples were added to 

the data set was randomized by re-sampling the data using Poptools 2.7 software.  

When a species accumulation curve is created, the most prevalent variation occurs in 

the initial samples and reduces towards the tail.  Bootstrapping methodology was 

applied by repeated re-sampling and analysis until the mean value was within 

acceptable limits of variation (p < 0.05).  



 

Twelve species-accumulation models which are commonly observed in literature 

were tested against the entire species accumulation curve for both bacteria and 

fungi.  All of the models fitted were asymptotic.  Species accumulation models were 

fitted with nonlinear regression using Statistica 8 software (Statsoft 2008) and the 

Guess Newton estimation method with the concept of generalized least squares.  

The performance of the models were evaluated by determining the coefficient of 

determination (R2), which gives an indication of the proportion of the variance that is 

accounted for as well as the residual sum of squares which indicate the discrepancy 

between the data and the fitted model.  A model with a higher R2 value and a lower 

sum of square value will identify the better fit models.  After the elimination of non-

useful models by graphical examination of the models the Akaike’s Information 

Criterion (AIC) was used to further evaluate the fit of the model.  The AIC determine 

which model is more likely to have generated the data compared to the others 

considered.  When different models performed similarly, the simpler model with the 

fewest parameters will generally be favoured by the AIC. The species accumulation 

curves of bacteria and fungi were transformed to 100% of the maximum value in 

order to visually inspect and compared the shape and curvature of the fungal and 

bacterial species accumulation curve.  The parametric value of the species 

accumulation models which determine the form of the curve was determined and 

compared.  The fungal and bacterial alpha and beta diversity for each sampling was 

correlated with the form of the curve by regression analysis. 

 

Species estimation 

The occurrence of many rare species causes estimates using species accumulation 

curves to be distorted (Colwell and Coddington 1994).  To determine the estimated 

number of species in the area, nonparametric methods was shown to be more 

accurate (Chazdon et al. 1998).  The estimation methods that were used included 

Chao (based on presence and absence data), 1ste order Jack-knife, Bootstrap and 

Michaelis-Menten models.  The performances of most richness estimators are, 

however, suspect and there are no clear indication which one is superior (Colwell 

and Coddington, 1995). The various estimators appear to perform different 

depending on the system.  The suitability of the richness estimators needed to be 



evaluated before any determination of species richness can be applied.  The 

estimators were tested by reducing each species accumulation data set, to include 

halve of the number of individuals sampled and comparing the estimators prediction 

with the known number of species observed (Bartels and Nelson 2007).  In the 

equations (Table 3), S is the number of species predicted, S(obs) is the number of 

species observed, G is the square of the number of species that only occur in one 

sample, M is the number of species that occur in two samples, p(j) is the proportion 

of the samples holding the j th species, L is the number of species only captured in 

one sample, n the number of samples and B is a parametric constant. 

 

Diversity 

The peak heights were used to calculate the diversity indices for each ARISA profile 

using Microsoft Excel software (Table 4).  The Shannon-Weaver (H) index was 

calculated for each sample and each plot to indicate the disorder in the species 

destitution of the community.  Pi represents the fraction of each peak of the total 

integrated area and S is the number of OTU’s of the profile.  The Shannon-Weaver is 

a good indication of diversity and evenness but is not a linear measure of diversity.  

By determining the effective number of species, the Shannon-Weaver value can be 

transformed into a linear measure of diversity and samples directly compared.  The 

Simpson index was calculated for each plot to indicate the influence of dominant 

species on diversity.  The higher the Simpson’s index the larger the chance that two 

species picked randomly will be the same species.  The Simpson’s index leans to the 

more abundant species in the sample and is not influenced dramatically by the 

presence or absence of minor species.  In addition to the Shannon-Weaver index the 

effective number of species was determined.   

 

Community structure  

The Whittaker similarity index was calculated between all plots.  In total there were 

1939 comparisons made between all plots on each sampling date.  These 

comparisons were done for the bacterial and fungal communities individually.   The 

distance relationship between the samples was illustrated by performing a complete 

linkage cluster analyses using the Pearson-R value of the Whittaker (Sw) similarity 



indices.  The bi value represents the fraction of the peak from the first and second 

sample being compared.  The special assemblage of the relationship between plots 

was illustrated by performing principal component analysis (PCA).  The PCA was 

based on the presence and absence data of the plot profiles.  The Whittaker 

similarity index present the similarities between samples which is expressed as a 

value between 0 and 1 with 0 being completely dissimilar and 1 being completely 

similar.     1 2
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Spatial scaling of species richness  

The species area relationship was determined by plotting the number of species 

against the logarithmic scale of the area.  The power law for the taxa-area 

relationship is estimated in the form  (Harte 1999).  OTUA and 

OTUa are the number of operational taxonomic units in the larger area A and the 

smaller area a.  The z-value is the value of the slope of the species area curve and 

remains constant. 

( z
a AOTU   OTU  A / a= )

 

Beta diversity 

The increase of beta diversity was determined over the different samples, plots and 

sites.  The Whittaker (βw) index for beta diversity was determined over all scales and 

comparisons made between samplings (Whittaker 1972).  The Whittaker index is 

calculated by βw = S/α – 1, where S is the total number of species sampled and α is 

the average number of species in a sample.  When determining the beta diversity in 

ecological samples it has been shown that the Whittaker (βw) index is generally 

superior (Wilson and Shmida 1984).  The Whittaker index relatively sensitive to 

changes in the community, while being independent of sample size, as well as alpha 

diversity, while allowing data from different samples to be added.  This is a useful 

feature when using data originating from ARISA because the need to standardize the 

data is eliminated. Studies which looked at beta diversity showed discrepancies 

between beta diversity values, on local scales compared to smaller scale.  Thus, the 

beta diversity of the study area was determined by calculating the βw over increasing 



areas and scale dependencies was demonstrated for many organisms (Mena and 

Vázquez-Domínguez 2005).   

 

Relationship between soil microbial richness, diversity and soil properties.  

The possible association between fungal species richness and diversity as well as 

bacterial species richness and diversity and soil characteristics was tested by 

canonical correlation analysis.  Canonical correlation analysis allows one to 

investigate the relationship between two sets of variables.  Canonical correlation 

analysis was performed using raw variables of all factors irrespective of the factor 

loading.  Canonical correlation analysis was performed on log transformed bacterial 

and fungal richness and diversity variables against the additive soil chemistry 

variables.  This was done in order to assess the influence of the environmental 

factors as a whole instead of using linear regression techniques.  The soil variables 

that were assessed by canonical correlation analysis were soil moisture, pH, 

resistance, as well as, P,  K, Cu, B, Mn, Zn concentrations,  exchangeable iones Na, 

K, Ca, Mg, carbon concentrations as well as base saturation Na, K, Mg, Ca and T-

value.  In each case, factor analysis was performed to extract the principal 

component which carries the most importance.  This was followed by addressing the 

effect each environmental factor has by means of multiple regression between 

bacterial and fungal richness and diversity against soil property variables.  The 

correlations were based on Pearson’s correlation analysis which was used to 

determine whether there was a significantly linear relationship between measured 

soil chemistry and observed richness and diversity.  

 

Relationship between microbial and plant community structure. 

To relate fungal and bacterial community structures with plant community structure, 

the relationship between the structures of all three data matrices was determined.  

The bacterial and the fungal community profile data was expressed as a data matrix 

based on the presence or the absence of operational taxonomic units.    The plant 

data of the larger Whittaker plot was also expressed as a data matrix based on the 

presence or absence of a specific plant species in the plot.  Data was used to 

calculate the Sorenson similarities (Cn) between different sites for each sampling 



date and this resulted in a similarity matrix for each community type.  The relationship 

between the bacterial and fungal community similarity data and the plant community 

similarity was tested by using a non-parametric partial Mantle test.  The partial 

Mantel test eliminates the influence of spatial patterning on the community structure 

by controlling of this variable (Sokal and Rohlf 1981).  The partial mantel test was 

performed using ZT-software with a confidence level of 95% (Bonnet and Van der 

Peer 2002).          

 

Results and Discussion 

DNA extraction  

Visualization of electrophoresis gels showed substantial concentrations of DNA in all 

the samples extracted (Figure 2).  The DNA extractions proved to be constant with 

yields persistently above 200ng/μl.  Generally, 0.25 grams of soil were adequate to 

reveal the majority of fungal and bacterial diversity (Kang and Mills 2006).       

 

PCR amplification 

The bacterial specific primers produced PCR products in the size range of 100 bp to 

1000 bp (Figure 3), whereas the fungal specific primers produced PCR products in 

the size range 200 bp to 1000 bp (Figure 4). All the PCR reactions produced smears 

with the highest peak intensities in the region of 600 bp in the case of the fungal 

specific PCR and in the range of 400 to 600 for the bacterial specific primers. 

  

Automated Ribosomal Intergenic Spacer Analysis (ARISA) 

Bacterial ARISA electropherogram data produced peaks from 100 to 900 bp as 

extrapolated by Genemapper from the ROX 1.1 size standard.  The fungal ARISA 

electropherogram results show peaks ranging from 150 to 800bp as extrapolated 

using the LIZZ 600 size standard.  Genemapper detected approximately 150 peaks 

for F-ARISA and 250 for B-ARISA. The number and intensity of the peaks of the 



ARISA profiles were distinct enough to differentiate between sites.  The ARISA 

profiles did, however, demonstrate overlap when comparing plots from the same site.   

 

Frequency of bacterial and fungal OTU’s  

Figure 5 and 6 summarize all the size data and frequencies at which the specific 

bacterial and fungal OTU’s occurred.  Figure 5 indicates the dominance the 

fragments of between 150 and 500 bp in length for the bacterial population.  This size 

category constitutes 90.6% of the total operational taxonomic units observed for all 

the samples taken for February to September 2007. Generally a very small number 

of taxa with very low peak intensities were observed under 100 bp in length.  These 

were considered to be artefacts and not included in further analysis. (Fisher and 

Tripplett 1999).   This finding is consistent with previous work that was done on B-

ARISA, which found between 85 and 90% of OTU’s to occur in this region (Fisher 

and Tripplett 1999).  These smaller fragments are most likely Gram-positive bacteria, 

because most Gram-positive bacteria have no tRNA in its spacer region which 

results in shorter lengths (Gürtler and Stanisich 1996).  This would be expected due 

to the well recognized dominance of Gram-positive bacterial species in soil (Torsvik 

1990, Dunbar et al. 1999, Smalla 2001).    

The size data based on the frequency of fungal OTU’s indicate the dominance of 

peak length between 550bp and about 650bp in length (Figure 6).  This region of the 

histogram constitutes 45.6% of the total number of peaks observed.  The result is 

similar to findings by Ranjard et al. (2001) who found the majority of peaks in the 

range of 450 to 550 bp using the fungal specific primer set (2234C, 5'-

GTTTCCGTAGGTGAACCTGC-3' and 3126T, 5'-ATATGCTTAAGTTCAGCGGGT-3') 

which resulted in fragments which on average a 100bp shorter in length compared to 

fragments resulting from amplification with ITS4 and ITS5.    The results are also 

expected due to the well known dominance of the Ascomycetes in soils located in 

Mediterranean type climates.  Penicillium and Aspergillus is known to by to be the 

dominant soil born fungi in heathland vegetation similar to fynbos (Christensen 

1989).               

 

 



Species richness 

The number of bacterial OTU’s remained significantly higher than fungal OTU’s 

across all plots and was consistent from February to September.  The number of 

different bacterial species is thus higher than the number of fungal species in Sand 

fynbos soil.  The number of bacterial OTU’s in each sample in February ranged from 

42 to 68, April from 40 to 56, June from 40 to 51 and in September from 43 to 49.  

The species richness observed with ARISA in this study is very high when compared 

to studies using media culturing methods.  Other studies which explored soil bacteria 

in different agricultural soils only observed 9 to 22 different species (Silva and Nahas, 

2002).  Cardinale et al. (2004) found 41 OTU’s when investigating bacterial diversity 

of polluted soil.  Meier et al. (2007) detected 42 to 46 OTU’s from soil collected in a 

agricultural field.  Studies investigating the bacterial OTU richness in a variety of 

different ecosystems found scrubland to be the richest in species numbers with 35 to 

115 species commonly detected using DNA fingerprinting methods (Cardinale et al. 

2004, Fierer and Jackson 2006).     

The number of unique fungal OTU’s in each sample were consistently less than the 

number of bacterial OTU’s,  and varied between 12 and 34 in February, 21 to 37, in 

April, from 21 to 35 in June and from 27 to 36 in September.  This species diversity 

value is significantly lower when compared to the fungal in tropical rainforest 

ecosystems where an average number of fungal species in an observation has been 

observed to be about 56 (Persiani et al. 1998).   

The numbers of bacterial and fungal OTU’s were expressed as a percentage of the 

total number of unique OTU’s detected with ARISA.  This percentage is an indication 

of the contribution each subplot makes to the total species richness in the plot.  This 

percentage is also an indication of the similarity of the subplots and the heterogeneity 

of the species distribution.  The differences in species richness between the plots 

and the sites illustrate the effect that spatial scale has on the observed species 

richness.  The heterogeneity of both the bacterial and fungal communities was high 

with the lowest mean percentage for bacteria of 46.16 being observed in June and a 

high of 55.1 being observed in September.  The lowest percentage for the fungi was 

43.38 and a high of 54.79. These percentages are an indication of the high degree of 

patchiness in the dispersal of both fungal and bacterial communities.  The values 



observed for bacteria and fungi, however, showed no significant difference according 

to the T-test performed.             

The number of bacterial operational taxonomic units detected at each site was 

consistently higher than the number of fungi detected over all sites and samplings.  

The number of bacterial operational taxonomic units on the sampling in September 

2007 was significantly lower than during any other sampling month. The fungal: 

bacterial ratio also showed the highest values during the month of September.  The 

scale at which species richness is compared, has proved to be important.  The 

bacterial richness per plot did not appear to be significantly lower during September 

when observing species richness of plots (Figure 8) but did show a significant 

difference at the larger scale (Figure 9).  This lower species richness is also evident 

when examining the species area relationship (Figure 14).  The species 

accumulation models also confirmed that the least number of unique bacterial 

species was observed during the month of September (Figure 11).                          

The fungi: bacteria ratio ranged from a minimum of 0.37 for Kalbas Kraal in February 

2007 and as high as 0.82 for CampHill during September.  These values are typical 

for moderate heathland vegetation (Fierer et al. 2006).  The fungi: bacteria ratio at 

the CampHill site was statistically higher throughout the year in comparison to the 

other three sites (T-test, p< 0.05).  The moisture content of the site at CampHill was 

also significantly higher than that observed at the other sites.  The structure of the 

vegetation may also play a role in the fungal: bacterial ratio. The vegetation on the 

site was observed to be typically denser compared to the other sites in the study 

which leads to a lower mean soil temperature.  The denser vegetation results in an 

increase in the amount of plant input into the soil.  The increased canopy density and 

lower soil temperature presumably leads to the preservation of soil moisture.  The 

lowest fungal: bacterial ratios were observed at all the other sites and did not differ 

significantly form one another.  Sites where the plant cover is less dense will lead to 

lower input and quality of plant litter which causes the fungal: bacterial ratio to be 

lower.  Wet cool conditions also prevailed during sampling in the month of September 

and an increase in the fungal: bacterial ratio is seen for all sites in the month of 

September.  The colder conditions offer an advantage to soil fungi over that of 

eubacteria (Seiter et al. 1999).    

 



Species accumulation  

The species accumulation curves of bacteria and fungi have a tendency to become 

more asymptotic with an increase in the number of samples.  All the models differed 

in goodness to fit (R2).   Table 8 show the mean sum of square and R2 values of the 

species accumulation models evaluated, the sum of square, mean sum of square 

values as well as the AIC value.  The AIC value is an indication of the likeliness that 

the model evaluated is the right one, were the data from the correct model probably 

originating from the one with the lowest AIC value.  The performance of most of the 

bacterial species accumulation models varied significantly between sampling events.    

The 3 parametric Morgan–Mercer–Flodin model and the 4 parametric Beta-P model 

showed consistent good fit over all 4 sampling date with the lowest AIC value 

throughout all sampling events.  No significant difference was observed between the 

two models.  The data indicates that these models can thus be useful to describe 

bacterial species accumulation in the Sand fynbos.  In addition to the Morgan-Mecer-

Flodin model and the Beta-P, the 3 parametric Weibull also showed significant fit with 

fungal species accumulation data.     

None of the species accumulation curves for bacterial or fungal species plateaued 

completely.  This is expected since the study site does not comprise a closed system 

(Scheiner, 2004).  It is also evident from the fungal species accumulation curves that 

the number of species is still increasing relatively rapidly compared to the bacterial 

equivalents.  This relatively steep increase towards the tail of the curve reveals the 

occurrence of very rare fungal species which requires a more considerable sampling 

effort to detect.  The initial part of the fungal curve is less steep compared to bacterial 

species accumulation curves and this is an indication of the patchiness in the fungal 

species distribution and thus high beta diversity.  The diversity data are expected to 

reveal that bacteria are more evenly distributed than soil fungi.  The relatively steep 

increase of the initial part of the curve point towards the dominance of certain 

bacterial species.  The relative flatter tail of the curve on the other hand illustrates the 

lack of rare species.  The Beta-P model showed a good fit for both the fungal and 

bacterial accumulation curves.  The added advantage of the Beta-P model is the 

manner in which the variables are able to describe the shape of the curve.  The b 

value describe rate of increase in species accumulation and thus the degree that 

abundant species occur.  A high b-value indicates a steep initial rise in the curve.  

The d-value is the component of the equation which describes the curvature of the 



species accumulation curve.  This d-value was successfully correlated to the 

Shannon Weaver diversity index in a previous study (Thompson et al. 2003).  The 

fungal and bacterial diversity indices here also showed a significant correlation with 

the d-value (r2 = 0.8044, p = 0.006).  Some authors have proposed the use of species 

accumulation curves as an indicator of diversity, and the result of this study provide 

added evidence for this statement.                  

 

Species estimation 

The histograms in Figure 6 indicate that the Bootstrap method performed better than 

the other species estimation models tested.  The variation between the predicted 

value using half the number of individuals sampled, and the real value observed was 

constantly smallest when using the Bootstrap estimation model.   The different 

methods have been showed to be effective for specific applications and specific 

niches (Bartels and Nelson 2007), but the Bootstrap method proved most useful to 

estimate total soil microbial species (Figure 12).  The Bootstrap method was 

furthermore used to obtain the total number of predicted species for both fungi and 

bacteria.  The results predicted a detection level of around 90% to 92.6% for bacterial 

species and around 87.5% for fungi.  This indicates a relatively larger number of rarer 

species of fungi than would be the case for bacteria (de Boer 2005).  These levels 

hold true for both bacteria and fungi when using the data to directly evaluate 

ecological samples.  The predicated values for bacteria are higher than is the case 

for fungi and the fungi: bacteria ratio using predicted values are similar compared 

with ratios calculated from observed values.    

 

Species diversity 

The species diversity was calculated for all 4 sampling dates. The Shannon-Weaver 

index, Simpson index and the effective number of species of the fungal and bacterial 

communities of all four plots are expressed in Table 10.  Due to the relatively higher 

species number, the bacterial diversity is expected to be higher than the fungal 

diversity and that is in fact the case.  The variation in the bacterial diversity was less 

than was the case for the fungal community.  The Shannon-Weaver index for the 

bacterial communities remained very high throughout the year with a value of 3.60 



being the minimum value obtained and 4.4 the maximum.  These values of above 4 

are high since the Shannon-Weaver index for typical soil bacterial communities are in 

the range of 3.5 to 4.  The minimum fungal Shannon-Weaver value was at it lowest 

point at 2.9 at Kalbas Kraal and highest at 4.3 at Riverlands during the same 

sampling in February 2007.  Although diversity indices varied spatially and over time 

there was no clear significant difference between sites and over time.  The range of 

Shannon-Weaver values and thus the diversity of bacteria and fungi in Sand fynbos 

remained relatively constant within the indicated levels.  The exact factors influencing 

the high alpha diversity is, however, unclear.  The effective number of species 

compares the Shannon-Weaver on a linear scale and allows direct comparisons to 

be made.  These values indicated that bacterial diversity is 1.3 to 4.3 times higher 

than fungal diversity based on the Shannon-Weaver values.   

The Simpson index is primarily a dominance index.   The higher the Simpson index 

the higher the effect of dominance in the community.  Table 10 indicates that the  

Simpson index for bacteria is significantly higher than that of fungi.  The dominance 

of certain species of bacterial in a community is thus more pronounced than in the 

fungal community.  In other words, the likelihood that two random species from a 

bacterial community are the same, is higher compared to the fungal community.  This 

dominance of a few species is also apparent upon visual inspection of the fungal 

ARISA profiles. 

 

Species-area-relationship 

The species area relationship has proven to be an important characteristic, when 

considering microbial diversity especially on a landscape or meso-scale (1 to 100 m2) 

(Horner-Devine et al. 2004).  Only a few studies, however, have considered the 

species area relationship of bacteria or fungi (Horner-Devine et al. 2004, Green et al. 

2004).  The indication is, however, that the two groups abide by the power-law 

relationship between the number of species in an area and the size of that area.  The 

power-law for species area relationship has been observed for both plant and animal 

communities (Arhennius, 1921).   The nature of microbial species area relationships 

has, however, been an illusive characteristic.   

 



The species area relationship curve shows a logarithmic relationship between the 

number of species and the area. This is an indication that a power law for species 

accumulation is adhered to by both fungal and bacterial communities.  The gradient 

of the curve corresponds to the z-value of the species turnover.  The z-value of the 

bacterial community in the fynbos soil over the 4 sampling dates remained relatively 

stable and ranges from 0.1201 to 0.1292 for the first 3 samples. During sampling in 

September the z-value decreased to 0.0965.  This indicates a reduction in bacterial 

richness that could be detected during this sampling time.   

The z-value for both bacteria and fungi is expected to be low (< 0.1).  Bacteria, in 

fact, were thought have some of the lowest z-values of any organism which indicates 

homogenous distribution in the soil environment with a low turnover (Horner-Devine 

et al. 2004).  Many resent studies, however, has revealed much higher values in 

various ecosystems like forest soils where z-values as high as 0.47 was observed 

(Noguez et al. 2005). This study also supports the occurrence of high species 

turnover rate for bacteria in soil and contradicts studies which assigned definite z-

values for soil bacteria.   

The species area relationship is bound to the specific ecosystem.  The z-value of the 

fungal species richness against the area is lower than z-values of the bacterial 

communities.  This value is, however, high when compared to other ARISA studies 

where z-values in the region of 0.074 were observed in a desert soils (Green et al. 

2004).  During the first 3 sample events the z-value ranges between 0.1021 and 

0.1109.  The month of September shows a dramatic increase in the z-value with 

coincides with the decrease seen in the bacteria spatial turnover.  This indicates a 

high microbial diversity exhibited by the bacterial community as well as the fungal 

community.  The turnover for bacterial and fungal communities in the fynbos soil is 

higher than is generally the case for terrestrial ecosystems.   

 

Community structure 

Although the diversity between the plots in most cases did not differ considerably, the 

peak composition of the ARISA profiles did indicate large differences according to the 

Whitaker similarity indices.  The cluster analysis was performed to illustrate the 

similarity relationship between the intra-fungal and bacterial communities according 



to occurrence and abundance of operational taxonomic units.  The tree diagram for 

bacteria and fungal communities display high similarity between plots from the same 

sites.  This is expected when considering that regressions of communities are known 

to occur over distance.  This is especially the case when looking at the fungal 

community structure.  

There is a strong indication when observing the Mantel and Partial Mantel test that 

space plays an important role.  The indication is that although bacterial are more 

closely linked to plant communities, it does, however, follow a similar clustering 

pattern than the fungal communities during all four samplings.  The cluster analysis 

of fungal communities showed higher similarities between sites on the main reserve 

namely Pella and Riverlands, which is expected when the community structure leans 

heavily towards spatial patterns.  In contrast, the bacterial communities at Riverlands 

showed higher similarity within the communities.  It does, however, reflect a similar 

clustering pattern to fungal communities during all four samplings. The similarities 

between plots, as well as the ordination pattern remained constant for both bacterial 

and fungal species over all four sample events.  This is an indication that the 

relationship between communities remained relatively stable for both bacterial and 

fungal communities.   

The tree diagrams in figure 16 and 17 is also a confirmation that the distribution of 

microbial communities is not random and that strong spatial patterns exist even if 

environmental gradients are regarded as relatively insignificant.  The tree diagram 

also suggests that the fragmentation of land has an influence on the structure of both 

the bacterial and fungal communities due to the consistently strong grouping of plots 

within the same site.  The diagram does, however, not elucidate to the exact factors 

caused by the fragmentation of the area.  The two main factors which may play a role 

in soil microbial community structure is the variation of plant communities over the 

area or spatial separation due to the physical isolation of the sites.             

 

Beta diversity 

The particularly species turnover demonstrated by the ARISA profiles is an important 

primary factor which contributed to the diversity of fungal and bacterial species of the 

Sand fynbos.  Botanists have long recognized that the primary factor influencing 



fynbos diversity is not its alpha diversity at a specific site but the beta diversity which 

describe the number of species shared between sites.  The beta diversity of bacterial 

and fungal samples can be regarded as very high, with values above 4.0 being 

observed except for bacteria in the month of September when it only reach 3.6.  The 

beta diversity is influenced by the scale with a decline with increasing scales.  The 

beta diversity of both the fungal and bacterial communities’ decreases with an 

increase in scale due to the increase likelihood of species overlap occurring.  The 

spatial separation between sites and the scale at which beta diversity is observed 

proved to be important factors when looking at the beta diversity of bacteria and fungi 

in the Sand fynbos. When comparing  beta diversity at small scale the difference 

seems insignificant.  The comparative beta diversity for fungi is significantly higher at 

larger scales during each sampling event.  The trend is seen across all the larger 

scales considered.  The description of beta diversity just by determining the 

similarities between similar sized plots has thus proven not to be sufficient.    

The beta diversity of soil fungi in Sand fynbos soil is generally higher than that of the 

soil bacteria.  The data indicate that the fungi would be less evenly distributed in the 

area as would be the case for soil bacteria.  The beta diversity between sites 

indicates limitations in the dispersal between plots due to the physical isolation and 

fragmentation of the plots or as result of the diversity influence of above ground plant 

cover.  The influence of climatic or substrate differences are largely eliminated due to 

the uniformity of these factors over the study area.  The high beta diversity which is 

the main contributing factor resulting in the high biodiversity seen in fynbos, appear 

to play an important role in the biodiversity of bacterial and, especially the fungal 

communities. 

The fragmentation of Sand fynbos and the loss of land area have caused great loss 

in the diversity of plant species (Rouget et al. 2003).  The large species turnover 

seen in fynbos is of vital importance when considering the conservation of fynbos 

(Cowling et al.1990, Rouget et al. 2003).  Locally existing microbial species represent 

a large proportion of the total regional richness.  The sharp reduction in the beta 

diversity with an increase in scale is an indication of the rapid rate at which the most 

dominant species is detected and not necessarily due to extremely heterogeneous 

microbial community composition.   

 



The physical isolation of species does not play an important role in the diversity of 

microorganism in the Sand fynbos.  The role of spatial distribution is not as important 

on these scales.  However, the microbial communities are by no means 

homogenous.  The distinctive community structures are not due to the influence of 

space only but also due to other factors.  The fungal community has significantly 

higher beta diversity, even though its dispersal by aerial spores poses less of a 

limitation to dispersal than is the case for bacteria.  The environmental factors which 

determine the growth of fungi in the soil, other than the spatial dispersion plays a role 

in the higher beta diversity of fungi on a landscape level.  

 

Relationship between soil microbial richness, diversity and soil properties  

The Canonical correlation analysis depicted a weak relationship between the 

bacterial richness and the soil properties considered and between bacterial diversity 

and soil properties.  The variation in bacterial richness and diversity at these scales 

cannot be explained by the soil properties and other factors must have a superior 

influence at these scales.  Pearson’s correlation analysis also reveals little 

importance in the linear correlation between any specific factor and soil bacterial 

richness and diversity.    

The fungal species richness and diversity shows a strong relationship with the 

environmental factors considered in the multiple regression.  The specific 

combination of soil characteristics has a large influence on the fungal species 

richness as well as the diversity.  When considering the relationship between species 

diversity and soil properties the results suggest a fairly strong overall relationship 

between the variables in the two sets even thought the p-value suggest that the 

relationship between the two sets of data is marginally non-significant.  However,  

when considering the redundancy, the values can be interpreted such that, based on 

all canonical roots, the soil properties you can account for, 76.43% of the variance in 

the soil fungal diversity variable set.   

The fungal species numbers and diversity correlate positively with a decrease in the 

available potassium and thus the nutrient status in the soil (Pande and Tarafdar, 

2004).  Factor analysis indicated that potassium content and base saturation are the 

most important variables in the analysis.  Previous studies also have observed the 



negative correlation between fungal biomass and potassium concentrations (De 

Vries et al. 2007).  The relative insignificant movement of the other variables provide 

an opportunity to observe the relationship between fungal diversity and soil 

potassium concentrations.  The reason for the variation in potassium levels is 

undetermined but it is known that potassium leaches easily from sandy soils (Lodge 

et al. 1993).  Due to its importance in plant as well as fungal biomass, potassium 

immobilization may also play an important role (Lodge 1993).  Due to the largely 

positive correlation between biomass and diversity, the acquisition of potassium is 

most likely the reason for the negative correlation between potassium concentrations 

and fungal richness.  Sodium and carbon also showed significant negative correlation 

with fungal richness and diversity.  The model showed a positive correlation for 

copper, zinc and boron with the species richness but not with fungal diversity.  

Copper in contrast correlated negatively with bacterial richness.                

 

Relationship between plant and microbial communities 

The partial Mantel test showed a strong to very strong correlation between the 

bacterial community structures and the plant community.  The high beta diversity of 

the aboveground plant population can thus be expected to directly influence the 

diversity of soil bacteria.  The fungal community showed a strong relationship when 

performing the Mantel test.  When controlling for the influence of space on the 

relationship it is seems that the relationship becomes less evident.   

The structure of the cluster analysis of the fungal communities reflects the history 

and state of the different sites.  The plots on the main reserve showed more 

similarities to each other than those found at Kalbas Kraal and Camp Hill Village.  

The effect of Port Jackson’s on the fungal community is evident by its significant 

linkages distance from the other plots.  The relationships between the bacterial 

communities were also consistent but were different from the relationship exhibited 

by the fungal communities.  Riverlands which is located inside the main reserve is 

more similar over the entire year of sampling.  This relationship suggests that the 

relationship did not correlate with the plant community data.  The exact reason for the 

relationship between bacterial communities between the sites is unclear.                   

 



The correlation between plant and microbial communities exists but the exact causes 

of the relationship remains unclear.  A few possibilities may explain the linked 

community structure between plants and micro-organisms. The maintenance of 

biodiversity within a system is a dynamic feedback system. Both the plant and the 

microbial populations have an effect on the abiotic environment and directly towards 

each other.  The other possibility is that the same prevailing soil and environmental 

conditions that affects the species composition of the fynbos affect the microbial 

population structure and the two does not affect each other to a very high degree.  

The last possibility is a one-way interaction between the plant communities and the 

soil micro-organism where the plant litter and exudates is the main contributing factor 

and driver of microbial community structure.         

 

Conclusion 

The differences in communities where a plant population vary greatly, showed large 

variations in the microbial soil communities.  The study indicates that the more subtle 

differences like that seen within the Sand fynbos also reflect on the soil microbial 

population.  The effect of spatial distribution on microbial communities cannot be 

discounted and seem to play a bigger role in the fungal compared to the bacterial 

communities.  The fynbos areas considered had little or no differences in structure 

during the entire year of sampling.  Although bacterial communities correlated better 

with the plant communities and fungal community structure appeared linked with 

spatial regression and physico-chemical properties. No one characteristic appears to 

be the overriding factor which determines community structure.  The soil environment 

is too complex.  Factors which appear less important may become significant in 

another ecosystem if adequate variation occurs.  The species accumulation 

characteristics categorise these communities as having a high risk of local extinction 

since reduced levels of genetic variation will probably affect the species ability, 

particularly in the smaller populations, to adapt to changes in its habitat.            
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Table 1: Location of the study area. 

Site Location of site (GPS) 

Pella   

plot 1 S 33,51022 E 18,55236 

plot 2 S 33,50960 E 18,54925 

plot 3 S 33,52011 E 18,54766 

Riverlands  

plot 1 S 33,49795 E 18,58931 

plot 2 S 33,49788 E 18,58608 

plot 3 S 33,49608 E 18,58388 

Camphill Village  

plot 1 S 33,59701 E 18,56554 

plot 2 S 33,59787 E 18,56433 

plot 3 S 33,59774 E 18,56327 

Kalbas Kraal  

plot 1 S 33,57061 E 18,62861 

plot 2 S 33,57133 E 18,62773 
 

 

 

 

 

 

Table 2: The sequences of the bacterial and fungal specific primer sets.  

Primer Sequence of Oligo nucleotide 

Tm 

(ºC) 

Fungal specific primer   

ITS4 5' - TCCTCCGCTTATTGATATGC - 3' 57.2 

ITS5 5' - GGAAGTAAAAGTCGTAACAAGG - 3' 55.6 

Eubacterial specific primer  

ITSF 5' - GTCGTAACAAGGTAGCCGTA-3'  59.7 

ITSReub 5′-GCCAAGGCATCCACC-3′ 54.3 
 

 

 



 

 

Table3:  The species estimation models evaluated.   

Estimation Model Equation   

Chao - for presence - 

absence data 
( )S  S obs   G / 2M= +  Chao (1984) 

Bootstrap ( ) ( )S  S obs   Sum 1 p j= + −⎡ ⎤⎣ ⎦  Smith and Van Bell (1984) 

1ste Order Jackknife ( ) ( )( )S  S obs   L n 1 / n= + −  Burnham and Overton (1979) 

Michaelis-Menten ( ) ( ) ( )S n    Smax. n  /  B  n= + Raaijmakers (1987) 

 

 

 

 

 

 

 

 

Table 4: Equations representing the Shannon-Weaver index, Simpson index and 

Evenness of ecological communities. 

Index Equation  

Shannon-Weaver index 
1

log( )
n

i
H Pi P

=

= ∑ i  
Shannon, C.E, 1948 

Krebs C. J., 1989 

 

Effective number of species 

 

E = eH  

Simpson index 2

1

1 1
n

i
i

D P
=

=

∑
 

Simpson E. H., 1949 

 

 

 

 

 

 

 

 



Table 5: The mean number of bacterial OTU’s of each subplot expressed as a 

percentage of the total unique OTU’s in the plot. 

  Mean number of bacteria as a percentage of the total 

 Site February 2007 April 2007 June 2007 September 2007

Pella 1 43.81 38.22 48.56 57.53 

Pella 2 54.05 48.67 43.51 59.81 

Pella 3 44.02 36.95 47.8 63.96 

Riverlands 1 63.86 38.46 48.81 50.57 

Riverlands 2 50.82 57.01 40.69 54.76 

Riverlands 3 40.49 53.91 39.84 53.57 

Camp Hill 1 52.68 52.75 50.26 53.44 

Camp Hill 2 50.54 59.24 46.75 55 

Camp Hill 3 39.02 61.08 49.27 55.98 

Kalbas Kraal 1 46.5 45.12 47.99 51.06 

Kalbas Kraal 2 43.75 49.18 44.23 50.54 

Mean 48.14 49.14 46.16 55.11 

Max 63.86 61.08 50.26 63.96 

Min 39.02 36.95 39.84 50.54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 6: The mean number of fungal OTU’s of each subplot expressed as a 

percentage of the total unique OTU’s in the plot. 

  Mean number of fungi as a percentage of the total 

 Site February 2007 April 2007 June 2007 September 2007 

Pella 1 40.82 61.31 48.84 57.35 

Pella 2 52.38 62.96 46.43 62.79 

Pela 3 28.88 53.65 51.83 50.46 

Riverlands 1 38.81 58.51 52.59 58.33 

Riverlands 2 56.05 69.77 54.27 48.13 

Riverlands 3 45.96 56.4 48.11 49.65 

Camp Hill 1 41.15 46.15 51.49 47.06 

Camp Hill 2 48.02 40.56 34.48 51.54 

Camp Hill 3 43 49.62 52.65 49.66 

Kalbas Kraal 1 33.33 53.75 53.8 48.18 

Kalbas Kraal 2 48.75 50 43.4 46.88 

Mean 43.38 54.79 48.9 51.82 

Max 63.86 61.08 50.26 63.96 

Min 28.88 40.56 34.48 46.88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 7: The ratio of bacterial and fungal operational taxonomic units at each site. 

 

Ratio of fungal and bacterial operational taxonomic units
 

Date Pella Riverlands Camp Hill Kalbas Kraal 

February 2007 0.47 0.61 0.63 0.37 

April 2007 0.4 0.45 0.72 0.38 

June 2007 0.46 0.54 0.73 0.55 

September 2007 0.63 0.72 0.82 0.68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 8a: The sum of square, mean sum of square, coefficient of determination (R2) 

and AIC value for the different species accumulation models for bacteria and fungi for 

each sampling. 

Bacteria                 

Parameters (n) Model   Feb April June Sept Average AIC Std. error 

 Number of species observed 276 240 262 215   
         

 Number of individuals observed 2064 2204 2089 2054   
         
         
2 Asymptotic regression SS 1554.64 867.24 1020.54 1306.69   
  Mean SS 37.9 20.17 23.73 31.87   
  R 2 0.99 0.99 0.99 0.98   
  AIC 0.03 -27.72 -20.56 -9.9 -14.54 12.17 
         
2 Negative exponential SS 6519 4467.92 4621.75 4808.53   
  Mean SS 155 101.54 105.04 114.49   
  R 2 0.95 0.95 0.97 0.93   
  AIC 59.7 41.09 42.58 46.37 47.43 8.47 
         
2 Clench SS 1818 687.06 845.89 1158.03   
  Mean SS 43 15.62 19.22 27.57   
  R 2 0.99 0.99 0.99 0.98   
  AIC 5.59 -38.98 -29.83 -13.96 -19.3 19.55 
         
2 Exponential SS 872.1 222.33 477.87 60.36   
  Mean SS 20.76 5.05 10.86 1.44   
  R 2 0.99 1 1 1   
  AIC -26.44 -88.62 -54.96 -143.95 -78.49 50.5 
         
2 Power SS 1883 2925.95 3314.57 1401.56   
  Mean SS 45 66.5 75.33 33.37   
  R 2 0.99 0.97 0.98 0.98   
  AIC 7.59 24.77 30.26 -5.57 14.26 16.37 
         
3 Weibull SS 267 74.91 134.9 254   
  Mean SS 6.5 1.74 3.14 6.2   
  R 2 1 1 1 1   
  AIC -75.12 -133.05 -107.17 -77.23 -98.14 27.49 
         
3 Morgan–Mercer–Flodin SS 195 36.03 98.92 170.08   
  Mean SS 4.7 0.84 2.3 4.15   
  R 2 1 1 1 1   
  AIC -89.39 -165.26 -120.82 -94.88 -117.59 34.61 
         
3 Chapman-Richards SS nf 166.08 nf nf   
  Mean SS nf 3.86 nf nf   
  R 2 nf 1 nf nf   
  AIC nf -98.02 nf nf   
         
3 Rational SS 625 145.84 259.54 506.96   
  Mean SS 15.2 3.39 6.04 12.36   
  R 2 1 1 1 0.99   
  AIC -37.74 -103.74 -78.38 -46.82 -66.67 30.23 



Bacteria                 
Parameters (n) Model   Feb April June Sept Average AIC Std. error 

3 Hill SS 1883.24 2925.95 3314.57 1401.56   
  Mean SS 45.93 68.05 77.08 34.18   
  R 2 0.99 0.97 0.98 0.98   
  AIC 10.92 28.21 33.7 -2.08 17.69 16.37 
         
3 Logarithmic B SS nf nf nf nf   
  Mean SS nf nf nf nf   
  R 2 nf nf nf nf   
  AIC nf nf nf nf   
         
3 Asymptote SS 1554.64 867.24 1020.54 1306.69   
  Mean SS 37.92 20.17 23.73 31.87   
  R 2 0.99 0.99 0.99 0.98   
  AIC 2.48 -25.3 -18.14 -5.16 -11.53 12.52 
         
4 Beta-P SS 107 35.13 96.58 84.95   
  Mean SS 2.7 0.84 2.3 2.12   

  R 2 1 1 1 1   

    AIC -111.22 -162.78 -118.29 -121.78 -128.52 23.26 
 

 

* nf – indicated that no fit could be established using the model 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 



Table 8b: The sum of square, mean sum of square, coefficient of determination (R2) 

and AIC value for the different species accumulation models for bacteria and fungi for 

each sampling. 

Fungi                 

Parameters (n) Model   Feb April June Sept Average AIC Std. error 

         
         
 Number of species observed 179 159 154 180    

        
 Number of individuals observed 845 1303 1156 1364    

        
         
2 Asymptotic regression SS 337 nf 307.82 380.64   
  Mean SS 8.6 nf 7.7 9.28   
  R 2 0.9953 nf 0.99 0.99   
  AIC -62.8012 nf -70.12 -61.86 -65.99 5.84 
         
2 Negative exponential SS 1231.9 2531.58 2371.8 3429.23   
  Mean SS 30.8 55.03 57.85 81.65   
  R 2 0.9829 0.96 0.94 0.94   
  AIC -6.66806 16.45 18.64 33.8 22.96 9.45 
         
2 Clench SS 371.5 1393.59 965.71 1486.52   
  Mean SS 9.3 30.3 23.55 35.39   
  R 2 0.9948 0.98 0.98 0.98   
  AIC -59.3581 -9.82 -20.9 -2.98 -11.23 9.04 
         
2 Exponential SS 1333.5 2835.25 848.77 1418.5   
  Mean SS 33.3 61.64 20.7 33.77   
  R 2 0.9815 0.96 0.98 0.98   
  AIC -5.65982 21.43 -26.57 -5.04 -3.39 24.04 
         
2 Power SS 830.3 200.06 148.65 138.17   
  Mean SS 20.8 4.35 3.63 3.29   
  R 2 0.9885 1 1 1   
  AIC -23.9408 -95.22 -103.23 -107.51 -82.4764 6.24 
         
3 Weibull SS 89 130.42 25.17 23.52   
  Mean SS 2.3 2.9 0.63 0.57   
  R 2 0.9988 1 1 1   
  AIC -120.831 -110.66 -177.86 -181.93 -147.82 40.03 
         
3 Morgan–Mercer–Flodin SS 77.3 134.27 22.04 21.37   
  Mean SS 2 2.98 0.55 0.52   
  R 2 0.9989 1 1 1   
  AIC -126.98 -109.38 -183.69 -186.15 -151.551 43.63 
         
3 Chapman-Richards SS nf nf nf nf   
  Mean SS nf nf nf nf   
  R 2 nf nf nf nf   
  AIC nf nf nf nf   
 
 
 
 
         



Fungi                 
Parameters (n) Model   Feb April June Sept Average AIC Std. error 

3 Rational SS 114.9 143.4 152.98 192.82   
  Mean SS 3.7 3.19 3.82 4.7   

R 2  
 

 
 AIC 

0.998 
-99.9121 

1 
-106.48 

1 
-98.46 

1 
-89.36 

 
-98.5518 

 
8.57 

         
         

3 Hill SS 830.3 200.06 148.65 138.17   
  Mean SS 21.3 4.45 3.72 3.37   
  R 2 0.9885 1 1 1   
  AIC -22.8956 -91.83 -99.72 -104.02 -79.6174 6.18 
         
3 Logarithmic B SS Nf Nf nf nf   
  Mean SS Nf Nf nf nf   
  R 2 Nf Nf nf nf   
  AIC Nf Nf nf nf   
         
3 Asymptote SS 337 175.09 307.82 380.64   
  Mean SS 8.6 3.89 7.7 9.28   
  R 2 0.9953 1 0.99 0.99   

  AIC -62.8012 -97.7 -67.69 -59.43 -71.9066 20.14 
         
4 Beta-P SS 73.3 135.8 20.18 19.09   

  Mean SS 1.9 3.09 0.52 0.5   

  R 2 0.999 1 1 1   

    AIC  -129.237 -105.34 -183.92 -185.07 -150.892 45.71 
 

 

* nf – indicated that no fit could be established using the model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
Table 9a:  The performances of the Bootstrap model based on halve the number 

individuals sampled, the estimated number of species and the percentage of the 

estimate observed with ARISA. 

 Bacteria      

 

Number of Samples 

used Model Number observed

Estimation using half

the individuals 

 Estimate number of

species 

 Percentage observed 

with ARISA 

Feb 21 Bootstrap 276 275.03 306 90.19608 

April 25 Bootstrap 240 242 259 92.66409 

June 23 Bootstrap 265 259 290 91.37931 

September 23 Bootstrap 215 214 239 89.95816 

 
 
 

 
 
 
 
 
 
 
Table 9b:  The performances of the Bootstrap model based on halve the number 

individuals sampled, the estimated number of species and the percentage of the 

estimate observed with ARISA. 

 Fungi      

 

Number of Samples 

used Model 

Number 

observed  

Estimation using half

the individuals   

 Estimate number of

species 

 Percentage observed with 

ARISA 

Feb 18 Bootstrap 179 168 205 87.31707 

April 24 Bootstrap 164 163.75 188 87.23404 

June 19 Bootstrap 154 145 176 87.5 

September 23 Bootstrap 180 177 205 87.80488 

 

 

 

 

 
 

 



Table 10: Summery of the Shannon-Weaver indices, Effective number of species 

and Simpson index for the months February to September 2007 for bacteria and 

fungi.     

    Shannon-Weaver Effective number of species Simpson  

 Date Site Bacteria Fungi Bacteria Fungi Bacteria Fungi 

Feb 2007 Pella site 1 3.136275 2.78745 23.01797 16.23956 13.078 10.412 

  Pella site2 3.8764 3.04275 48.2502 20.96281 49.942 14.356 

  Pella site3 3.73215 3.093863 41.76881 22.06213 58.088 9.5292 

  Riverlands site1 3.729375 2.802675 41.65307 16.4887 40.36 15.518 

  Riverlands site2 3.7441 3.003575 42.27095 20.15747 46.185 24.426 

  Riverlands site3 3.58495 3.253963 36.05156 25.89274 45.442 51.699 

  Camp Hill site1 3.513925 2.9366 33.57981 18.85164 36.302 21.254 

  Camp Hill site2 3.641725 3.232663 38.1576 25.34705 39.254 53.67 

  Camp Hill site3 3.335125 2.57435 28.08189 13.12278 42.262 3.6985 

  Kalbas Kraal site1 3.591 2.242025 36.27033 9.412372 40.96 3.7939 

  Kalbas Kraal site2 3.4058 2.7098 30.1384 15.02627 34.11 7.574 

         

April 2007 Pella site 1 3.50605 2.771575 33.31641 15.98379 37.245 13.1 

  Pella site2 3.739225 2.45855 42.06538 11.68785 24.068 8.1371 

  Pella site3 3.734375 2.48375 41.86185 11.98613 35.565 7.7451 

  Riverlands site1 3.2089 2.901025 24.75184 18.19278 55.813 15.191 

  Riverlands site2 3.49385 3.038975 32.91242 20.88383 29.746 16.53 

  Riverlands site3 3.451825 2.686125 31.55793 14.6747 48.505 17.542 

  Camp Hill site1 3.713975 3.011867 41.01652 20.32531 30.905 25.363 

  Camp Hill site2 3.42115 2.948733 30.60459 19.08177 30.021 24.457 

  Camp Hill site3 3.38006 2.969175 29.37253 19.47585 32.376 26.547 

  Kalbas Kraal site1 3.690375 2.23135 40.05987 9.312429 53.538 8.111 

  Kalbas Kraal site2 3.38644 2.308425 29.56053 10.05857 33.395 9.3333 

 

 
 
 



Table 10: Continue  
    Shannon-Weaver Effective number of species Simpson   

 Date Site Bacteria Fungi Bacteria Fungi Bacteria Fungi 

Jun-07 Pella site 1 3.66674 2.383475 39.12415 10.84252 42.258 8.3609 

  Pella site2 3.3153 2.345725 27.53065 10.44084 38.272 6.2765 

  Pella site3 3.346425 2.369125 28.40102 10.68804 22.287 8.8577 

  Riverlands site1 3.63625 3.008125 37.94926 20.2494 36.636 22.468 

  Riverlands site2 3.378725 2.253525 29.33335 9.521239 33.102 8.0235 

  Riverlands site3 3.27395 2.8496 26.41547 17.28087 29.161 13.928 

  Camp Hill site1 3.63628 3.052575 37.9504 21.16979 37.764 25.258 

  Camp Hill site2 3.527425 2.882167 34.03621 17.85291 39.811 29.813 

  Camp Hill site3 3.682 3.047025 39.72577 21.05262 36.09 15.341 

  Kalbas Kraal site1 3.40855 2.492775 30.22139 12.09479 26.974 13.084 

  Kalbas Kraal site2 3.3975 2.22745 29.88928 9.276182 32.798 6.9628 

         

Sep-07 Pella site 1 3.534825 2.383475 34.28901 10.84252 32.892 11.233 

  Pella site2 3.6124 2.345725 37.05488 10.44084 32.831 9.0395 

  Pella site3 3.65705 2.369125 38.74687 10.68804 33.347 8.7056 

  Riverlands site1 3.48235 3.008125 32.53609 20.2494 35.829 20.074 

  Riverlands site2 3.580025 2.253525 35.87444 9.521239 33.011 22.342 

  Riverlands site3 3.54075 2.8496 34.49278 17.28087 30.538 26.03 

  Camp Hill site1 3.333375 3.052575 28.03279 21.16979 22.448 29.863 

  Camp Hill site2 3.5789 2.882167 35.8341 17.85291 31.215 22.465 

  Camp Hill site3 3.642125 3.047025 38.17287 21.05262 30.8 24.419 

  Kalbas Kraal site1 3.5964 2.492775 36.46672 12.09479 38.764 16.93 

  Kalbas Kraal site2 3.5178 2.22745 33.71018 9.276182 40.711 28.039 

 

 
 
 
 



Table 11: The Z-value for bacterial and fungal communities 

 Z-Value 

  Bacteria Fungi 

February 2007 0.1292 0.1109

April 2007 0.1201 0.1099

Jun-07 0.126 0.1021

Sep-07 0.0965 0.1245
 

 

 

 

 

 

 

Table 12: Summery of the Whittaker beta diversity index over the three are sizes 

considered. 

 Whittaker (Bw)  

 Sample Plot Site 

Bacteria     

February 5.0965 1.7154 0.67683

April 4.0091 1.3848 0.43928

June 4.8353 1.6719 0.68521

September 3.6056 1.543 0.67315

Fungi    

February 5.647 2.1989 1.1232 

April 5.0414 2.2043 1.0892 

June 4.7284 1.7455 0.85542

September 4.8423 1.9685 0.87013

 

 
 
 
 

 

 



 

Table 13: Summery of canonical correlation analysis between soil properties, 

bacterial richness, bacterial diversity, fungal richness and fungal diversity. 

Community property Canonical R P value Redundancy 

Bacterial richness  0.72747 0.727 52.9217% 

Bacterial diversity  0.71285 0.78197 50.8157% 

     

Fungal richness  0.89419 0.02789 79.9585% 

Fungal diversity  0.87425 0.6446 76.4313% 

     

     

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 14: Multiple regression analysis between individual soil properties, bacterial 

richness, bacterial diversity, fungal richness and fungal diversity.  Highlighted values 

indicate significant R2 values (p < 0.05). 

 
Soil characteristic Bacterial richness Bacterial diversity Fungal richness Fungal diversity 

  Total   Total   

pH -0.001 -0.244 -0.146 -0.158 

Resistance (ohm) -0.376 -0.108 0.642 0.302 

H+ (cmol/kg) 0.001 -0.076 -0.154 -0.255 

P (mg/kg) 0.083 0.054 -0.086 -0.097 

K (mg/kg) 0.021 -0.116 -0.549 -0.386 

Na (cmol/kg) 0.325 0.015 -0.413 -0.317 

K (cmol/kg) 0.027 -0.087 -0.538 -0.367 

Ca (cmol/kg) -0.395 -0.256 0.285 0.108 

Mg (cmol/kg) -0.208 -0.205 -0.018 -0.167 
Cu (mg/kg) -0.321 -0.226 0.357 0.062 

Zn (mg/kg) -0.232 0.092 0.379 0.253 

Mn (mg/kg) -0.117 -0.035 0.036 -0.047 

B (mg/kg) -0.468 -0.138 0.349 -0.024 

C % -0.1 0.007 -0.368 -0.182 

Na % 0.401 0.072 -0.45 -0.288 

K % 0.158 -0.008 -0.63 -0.382 

Ca % -0.328 -0.179 0.427 0.282 

Mg % -0.126 -0.08 -0.068 -0.174 

T-value -0.308 -0.282 0.044 -0.147 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 



Table 15: Results for the Mantel test and Partial Mantel test.  

 Fungi Bacteria 

 Mantel test Partial Mantel test Mantel test Partial Mantel test 

Feb-07 0.706 0.212 0.59 0.6 

Apr-07 0.442 0.112 0.37 0.62 

Jun-07 0.398 0.091 0.24 0.57 

Sep-07 0.659 0.124 0.11 0.49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Figure 1a: Site at Pella. 
 
 
 
 

 
 
Figure 1b: Site at Riverlands. 
 



 
 
Figure 1c: Site at Camp Hill Village. 
  
 
 

 
 
Figure 1d: Site at Kalbas Kraal 
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Figure 2: Agarose gel electrophoreses total extracted DNA from Riverlands on Feb 2007.  Lane 1 and 

14: Hyper Ladder I, Lane 2-5: Riverlands plot1A - D, Lane 6-9: Riverlands plot A-D, Lane 10-13 

Riverlands plot A-D  PCR amplification. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

14 11 12 13 9 10 8 6 7 5 4 1 2 3 

Figure 3: Agarose gel electrophoreses of PCR amplification of total extracted DNA from Riverlands on 

Feb 2007 with fungal specific primer set ITS5 (FAM) and ITS4. Lane 1 and 14: Hyper Ladder I, Lane 

2-5: Riverlands plot1A - D, Lane 6-9: Riverlands plot A-D, Lane 10-13 Riverlands plot A-D  PCR 

amplification. 
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Figure 4: Agarose gel electrophoreses of PCR amplification of total extracted DNA from Riverlands on 

Feb 2007 with bacterial specific primer set ITSF (FAM) and ITSR. Lane 1 and 14: Hyper Ladder I, 

Lane 2-5: Riverlands plot1A - D, Lane 6-9: Riverlands plot A-D, Lane 10-13 Riverlands plot A-D  PCR 

amplification. 
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Figure 5: Summery of the number of bacterial operational taxonomic units detected of each size category.
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Figu
re 6: Summery of the number of fungal operational taxonomic units detected for each size category. 



Bacterial and fungal taxanomic units (February 2007)
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Figure 7a: The number of bacterial and fungal OTU’s detected in each plot during February 2007.   



Bacterial and Fungal taxanomic units (April 2007)
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Figure 7b: The number of bacterial and fungal OTU’s detected in each plot during April 2007.   



Bacterial and fungal taxanomic units (June 2007)
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Figure 7c: The number of bacterial and fungal OTU’s detected in each plot during June 2007



Bacterial and fungal taxanomic units (September 2007)
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Figure 7d: The number of bacterial and fungal OTU’s detected in each plot during September 2007.



Bacterial and fungal operational taxanomic units (February 2007)
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Figure 8a: The mean number of fungal and bacterial operational taxonomic units detected 

at each site during February 2007.  
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Figure 8b: The mean number of fungal and bacterial operational taxonomic units detected 

at each site during April 2007.  



Bacterial and fungal operational taxanomic units (June 2007)
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Figure 8c: The mean number of fungal and bacterial operational taxonomic units detected 

at each site during June 2007.  

Bacterial and Fungal operational taxanomic units (September 
2007)
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Figure 8d: The mean number of fungal and bacterial operational taxonomic units detected 

at each site during September 2007.  



Species accumulation Bacteria February 2007
Model: v2 = a*v1^c/(b + v1^c)

y = (430.321)*x^(.668409)/((7.02114) + x^(.668409))
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Figure 9a: The species accumulation curves of bacterial operational taxonomic units for 

February 2007.  

Species accumulation Bacteria April 2007
Model: v2 = a*v1^c/(b + v1^c)

y = (304.779)*x^(.762683)/((4.95861) + x^(.762683))
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Figure 9b: The species accumulation curves of bacterial operational taxonomic units for 

April 2007. 



Species accumulation Bacteria June 2007
Model: v2 = a*v1^c/(b + v1^c)
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Figure 9c: The species accumulation curves of bacterial operational taxonomic units for 

June 2007.  

Species accumulation Bacteria September 2007
Model: v2 = a + b*log(v1)

y = (37.94) + (46.4089)*log(x)
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Figure 9d: The species accumulation curves of bacterial operational taxonomic units for 

September 2007. 



Species accumulation Fungi February 2007
Model: v2 = a*(1-(1+(v1/c)^d)^(-b))
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Figure 10a: The accumulation curves of bacterial operational taxonomic units for February 

2007. 

Species accumulation Fungi April 2007
Model: v2 =a*(1 - exp( - b*v1^c))

y =(370.083)*(1 - exp( - (.075202)*x^(.535522)))
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Figure 10b: The accumulation curves of bacterial operational taxonomic units for April 

2007.  



Species accumulation Fungi June 2007
Model: v2 =a*(1 - exp( - b*v1^c))

y =(252.934)*(1 - exp( - (.133959)*x^(.51452)))
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Figure 10c: The accumulation curves of bacterial operational taxonomic units for June 

2007.  

Species accumulation Fungi September 2007
Model: v2 = a*v1^c/(b + v1^c)

y = (505.495)*x^(.514779)/((12.8322) + x^(.514779))
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Figure 10d: The accumulation curves of bacterial operational taxonomic units for 

September 2007.  



Species accumulation Bacteria vs. Fungi February 2007
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Figure 11a: The refraction curves of fungal and bacterial OTU’s for February 2007. 

 

Species accumulation Bacteria vs. Fungi April 2007
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Figure 11b: The refraction curves of fungal and bacterial OTU’s for April 2007. 



Species accumulation Bacteria vs. Fungi June 2007
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Figure 11c: The refraction curves of fungal and bacterial OTU’s for June 2007. 

 

Species accumulation Bacteria vs. Fungi September 2007
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Figure 11d: The refraction curves of fungal and bacterial OTU’s for September 2007. 
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Figure 12: Performance of the Bootstrap, Chao presence/absence, 1ste Order Jackknife 

and Michaelis-Menten estimation models based on the variation observed between 

observed and predicted values. 

 
 
 
 
 
 
 
 
 
 



 
 
 
 

Shannon-Weaver index
 (February 2007)
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 Figure 13a: Comparative Shannon-Weaver diversity between fungi and bacteria for February 2007



Shannon-Weaver index (April 2007)
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Figure 13b: Comparative Shannon-Weaver diversity between fungi and bacteria for April 2007. 



Shannon-Weaver index (June 2007)
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Figure 13c: Comparative Shannon-Weaver diversity between fungi and bacteria for June 2007. 



Shannon-Weaver index (September 2007)
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Figure 13d: Comparative Shannon-Weaver diversity between fungi and bacteria for September 2007
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Figure 14:  Species area relationship for bacterial species observed during each 

sampling. 

Species vs. area relationship (Fungi)
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Figure 15: Species area relationship for fungi species observed during each 

sampling. 
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Figure 16a: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the bacterial OTU’s during February 2007.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tree Diagram bacteria April 2007
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Figure 16b: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the bacterial OTU’s during April 2007.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tree Diagram bacteria September 2007
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Figure 16c: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the bacterial OTU’s during June 2007. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Tree Diagram bacteria June 2007
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Figure 16d: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the bacterial OTU’s during September 2007.  

 

 

 

 

 

 



Tree diagram fungi February 2007
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Figure 17a: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the fungal OTU’s during February 2007.  
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Figure 17b: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the fungal OTU’s during April 2007.  

 

 



Tree diagram fungi June 2007
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Figure 17c: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the fungal OTU’s during June 2007.  

 

 

 

 

 

 

 



Tree Diagram fungi September 2007
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Figure 17d: Tree diagrams of the Cluster analysis of the Whitaker similarity analysis 

for the fungal OTU’s during September 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Chapter 5 
 
 

Automated ribosomal intergenic 
spacer analysis (ARISA) as a 
screening tool for Penicillium 

species 
 

 

 
 
 
 
 

 



 

Abstract 

The genus Penicillium is widespread in the soil environment, but the full extent of its 

diversity and distribution is not known. To expand the insight into the diversity of 

Penicillium species in the fynbos soil ecosystem, a rapid group specific molecular 

approach would be useful.  Penicillium specific primers targeting the 18S rRNA ITS 

gene region were evaluated.  Fungal specific primers ITS4 and ITS5, targeting the 

internal transcribed region (ITS) were used to target Penicillium specific in the soil 

sample.  Nested PCR, using primer Pen-10 and ITS5, was then utilized to target 

Penicillium species, specifically.  The discrimination of Penicillium species was 

possible due to length heterogeneity of this gene region.  All culturable Pencillium 

proved to be detectable using ARISA.                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

Automated Ribosomal Intergenic Spacer Analysis (ARISA) is commonly used to 

analyze and characterize numerous fungal and bacterial communities from soil 

samples (Fisher and Triplett 1999, Ranjard et al. 2001, Brusetti et al. 2004, Jouquet 

et al. 2005, Ranjard et al. 2006).  ARISA is an automated system and this property 

makes it a suitable technique to analise and compare a large number of samples.  

ARISA is a relatively sensitive, reliable and reproducible.  The data obtained from 

ARISA are often complex especially when analyzing bacterial communities (Crossby 

and Criddle 2003).  Although ARISA performs better than other high throughput 

methods such as Terminal Ristriction Fragment Length Polymorphism (T-RFLP) and 

Denaturing Gradient Gel Electrophoresis (DGGE) when resolving diversity, it is still 

expected to be an underestimation of diversity (Jones and Thies 2007).   

Studies using re-association kinetics estimate the number of unique species in the 

soil to be at least 5000 while ARISA will reveal 38 to 232 unique peaks (Torsvik et al. 

1990, Cardinale et al. 2004).  This discrepancy is the result of a number of reasons. 

The sizes of peaks when using ARISA can only range from 100 to 1000 bp.  

Depending on the environment studied, a certain number of overlap of peaks can be 

expected.     The sensitivity of ARISA is also limited due to PCR bias as well as the 

ineffective amplification of minor species (Von Wintzingerode et al. 1997, Jones et al. 

2007).  ARISA data of total fungal or bacterial communities provide a good indication 

of the total diversity of communities, however, data cannot be related to soil function.  

To avoid the complexity of total community profiles, primers specific for taxonomic 

and functional groups are suggested (Thies et al. 2001).         

Fynbos soil, being acidic and containing limited amounts of carbon, nitrogen and 

phosphorous, is considered to be a low nutrient environment.  Soil, however, is not 

heterogeneous, varying in its physical and chemical properties and, therefore, also 

creating spatial differences in microbial communities (Ettema and Wardle 2002, 

Mummey et al. 2006, Slabbert and Jacobs 2008).  This creates a problem when 

searching for specific organisms and results in the need to screen through a large 

number of samples to detect them. Traditional culturing methods are labor intensive 

and time consuming and it would, therefore, be advantageous to have a fast and 

effective screening method for specific groups in the soil.  Penicillium is one of the 

dominant fungal genera in soil and was for this reason selected as the model 



organism for this study.  Penicillium is easy to culture and this allows for comparisons 

to be made between culturing methods and molecular detection techniques.  The aim 

of this study was to develop ARISA as a screening tool for Penicillium species in 

environmental samples.      

 

Materials and methods 

Soil samples were collected from a Sandveld Fynbos site at Kalbaskraal in the 

Western Cape, South Africa (S 33,57061º, E 18,62861°).  Penicillium spp. were 

isolated from soil dilution plates and single spore cultures incubated on Czapek 

Yeast Agar (CYA) and Malt Extract Agar (MEA), at 25°C for 7 days in the dark 

(Samson and Pitt 1985).  Isolates were characterized and placed into morphological 

groups.  Total DNA was extracted from the soil with the ZR Soil microbial DNA kit 

(Zymo Research, USA), while DNA was isolated from the Penicillium strains using 

the method of Möller et al. (1992). A nested PCR was performed on the soil sample 

using reaction mixture containing 0.5 μl of the purified genomic DNA extracted from 

the soil, 1.75 mM MgCl2, 1X PCR buffer, 500 nM of Penicillium specific primer Pen-

10 (Wu et al. 2003) and ITS5 (White et al. 1990) and 5U Taq. The step-up PCR 

conditions consisted of an initial denaturing step of 3 min at 95 °C followed by 15 

cycles of 95 °C, for 30 sec, 51 °C for 30 sec 72 °C for 30 sec and 25 cycles of 95 °C, 

for 30 sec, 51 °C for 30 sec 72 °C for 30 sec, 72 °C for 5 min and then cooled and 

held at 4 °C.  

The PCR product from the soil sample and that of the genomic DNA from the fungi 

were amplified for ARISA using the primer pair, ITS4 / FAM labelled ITS5 (White et 

al. 1990, Fisher et al. 1999).  The reaction volume of 15 μl contained 0.5 μl initial 

PCR product, 5U Taq 1.75 mM MgCl2, 1x PCR buffer, 500 nM of each primer. The 

PCR conditions consisted of an initial denaturing step of 3 min at 95 °C followed by 

38 cycles at 95 °C, for 30 sec, 54 °C for 30 sec 72 °C for 30 sec, 72 °C for 5 min and 

then cooled and held at 4 °C. ARISA was performed using the ABI 310 genetic 

analyser (Fisher and Triplett 1999) and run with ROX 1.1 size standard. ARISA 

profiles were analysed using Genemapper software.  Sensitivity of the ARISA-PCR 

was tested by preparing a dilution series of a known number of Penicillium spores 

and adding it to DNA extractions with the ARISA-PCR done as described above. The 



profiles were analyzed to determine the lowest number of spores per gram of soil 

needed for the ARISA-PCR to successfully detect the spores. 

 

Results  

Eleven Penicillium strains were isolated from a single Fynbos soil sample and 

grouped into 8 morphological groups (Table 1). The Penicillium specific ARISA 

profiles examined from DNA extracted directly from the soil sample also detected 8 

operational taxonomic units.  The PCR products that were obtained were of different 

lengths due to the heterogeneity of the ITS region of the Penicillium species 

evaluated.  The individual ARISA profiles (Figure 1a-h), obtained from DNA extracted 

from the 11 cultures, correlated with the peak-sizes of the ARISA performed from the 

extracted soil sample (Figure 2). The ARISA performed with the specific primer sets 

was, therefore, able to detect all of the culturable Penicillium species in the soil 

sample.   

 

Discussion 

The members of the genus Penicillium are generally accepted to be easily culturable 

on growth media.  The corresponding results using ARISA as well as culturing is an 

indication that all culturable species form the genus could be resolved with ARISA.  

The profiles of the individual isolates showed only one distinct band each.  This 

eliminates the overestimation of diversity due to the occurrence of multiple bands.  

The specificity of the primer for Penicillium resulted in a relative uncomplicated 

profile.  Focusing on specific genera or functional groups reduces the possibility of 

more than one species occurring on the same size fragment.  This allows for more 

accurate estimation of the diversity within groups than is the case when observing 

total fungal communities.  The length variation allowed the generation of fingerprints 

of Penicillium communities in the environmental samples.  The size fragment 

heterogeneity was also sufficient to discern between morphologically distinct species.    

This method allows for rapid comparisons of Penicillium communities and is thus a 

useful tool to study Penicillium communities in different soil and environmental 

samples. This technique may also be utilized as a screening tool for Penicillium 

species from a large number of environmental samples.   
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Table 1: The size fragments of the Penicillium species isolated for the soil sample 

according to electropherogram data. 

Isolate Fragment size (bp) Alleel size (bp) 

P. citrinum 562.94 563 

P. cumulacinatum*  isolate 1 591.87 592 

P. cumulacinatum*  isolate 2 593.55 593 

P. minioluteum 598.16 598 

P. canescens 600.38 600 

P. subturcoseum* 603.41 603 

Penicilium spp. 606.3 606 

P. occultum* 617.2 617 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure 1a: P. citrinum 

 

Figure 1b: P. cumulacinatum isolate 1 



Figure 1c: P. cumulacinatum isolate 2 

 

Figure 1d: P. minioluteum 

 

 



Figure 1e: P. caescenes 

 

Figure 1f: P. subturroseum 

 



Figure 1g: Penicilium spp. 

 

Figure 1h: P. occultum 

 



 

Figure 2: ARISA profile of the total DNA extracted for the sol sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Conclusion and future research  

 

Primer sets for automated ribosomal intergenic spacer analysis (ARISA), ITS4/ITS5, 

delivered reproducible ARISA profiles.  This proved useful for the assessment and 

comparison of fungal diversity in ecological samples.  The molecular profiles 

obtained by using ARISA showed that the number of bacterial operational taxanomic 

units were significantly higher than the number of fungi.  Although the number of 

OTU’s did not differ significantly over the sampling year or between samples.  The 

fungal and bacterial community structure within the soils did differ between the 

different sites.  The similarity between the sites differed in terms of the bacterial and 

the fungal communities.  The structure of both bacterial and fungal communities 

remained similar over the year.  The differences in communities where a plant 

population varied and showed differences in the microbial soil communities.  The 

study indicates that the more subtle differences like that seen within the Sand fynbos 

also reflect on the soil microbial population.  The effect of spatial distribution on 

microbial communities and seem to play a bigger role in the fungal compared to the 

bacterial communities.  Bacterial communities correlated better with the plant 

communities and fungal community structure appeared linked with spatial regression 

and physico-chemical properties. No one characteristic appears to be the overriding 

factor which determines community structure.  ARISA revealed that the effect of 

species dominance on the diversity was greater in the case of bacteria than fungi.   

With the use of Penicillium specific primers it was possible to detect all possible 

culturalble soil Penicillium.  Future research will aim to use this to determine the 

diversity of Penicillium specie in soil.  Group specific primers will not only be used to 

detect Penicillium groups but other phylogenetic microbial groups.  The focus will 

specifically fall on taxnomic groups performing a specific function in the soil, for 

example bacterial groups responsible for denitrification.  This will aim to link the 

diversity of certain groups of microorganism with the function they perform in the soil.      
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