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Abstract 

The Mediterranean heathland (Fynbos) is world renowned for its levels of plant diversity, 

endemism, and structure, but also for its mild Pleistocene and poor soils. Majority of 

microbial studies from the Fynbos have only examined soil sampled from one or two Fynbos 

vegetation types. In this study, soils were sampled from five Fynbos vegetation types to 

examine the overall microbial community structure, diversity, and assembly processes. Using 

454 Pyrosequencing platform (18S rRNA gene marker for soil nematodes) and. the Illumina 

HiSeq platform (16S rRNA gene marker for bacteria and ITS 1 region for fungi). A Non-

metric dimensional scaling (NMDS) drawn from the environmental Euclidian distance 

showed that soils from the different Fynbos vegetation types were significantly different. 

Firstly, this study looked at the nematode community structure, diversity, and which 

assembly processes were important. The detected phylogenetic signal showed that nematodes 

in the Fynbos were ecologically coherent (tend to co-occur more than by chance when 

sampled at random), and the community based on the Bray-Curtis matrix revealed that both 

SO4
- and K+ were delimiting the community structure in the Fynbos. The most abundant 

feeding group of nematode was the bacteria feeding (BF), however, only the abundance of 

plant feeding group (PF) was influenced by NH4 .Nearest taxon index (NTI) revealed that the 

community was phylogenetically clustered and that ses.MNTD showed that at the local scale 

deterministic processes are important in assembling the nematode community.  Both UniFrac 

and MNTD matrix were highly influenced by geographical distance and NH4
 respectively. 

We conclude that in the Fynbos there is niche overlap of nematodes, the phylogenetic 

community structure also corroborates this, and deterministic processes are important in 

delimiting the community assembly. A regression analysis showed that OTU richness was 

significantly influenced by K concentration in Fynbos soil. A look at the fungal community 

revealed that unlike the nematode community, the NMDS was clustered significantly by 
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Fynbos vegetation type. A Mantel and partial Mantel tests performed on the Bray-Curtis 

matrix showed that the fungal community in the fynbos was significantly influenced and 

delimited by both environment and elevation. Furthermore; elevation, N, pH, and NH4
+ were 

shown to be significantly delimiting the community structure. To further capture the 

community composition, the most dominant phyla were Ascomycota, Basidiomycota, and 

Zygomycota, with only Ascomycote and Zygomycota showing significant difference across 

the sites. Conversely, the EcM community in the Fynbos also to an extend clustered by 

Fynbos vegetation type, however pairwise comparison showed that some Fynbos vegetation 

were indistinguishable overall there was a significant difference. In the Fynbos the 

environment is important in delimiting fungal community structure and abundance. This 

corroborates previous studies on fungi and our study further sheds more light on importance 

of fungi in ecological process that occur in the soil.  

The eukaryote community in Fynbos seems to show some predictability in their community 

structure and diversity. However, the prokaryote community revealed unique patterns. Firstly, 

this study looked at what were the diversity patterns before unrevealing the assembly 

processes. A NMDS of the bacterial community drawn from Bray Curtis distance did not 

cluster by Fynbos soils. Although, there was no clustering of the bacterial community, Ca was 

the only edaphic variable that influenced community structure, this is in accordance with 

previous studies that showed that divalent cations dictate bacterial community structure in 

Fynbos soils. Mantel and partial Mantel test revealed that both environment and geographic 

distance influenced bacterial community structure. However, NMDS of the bacterial 

community drawn from Bray Curtis distance did not cluster by Fynbos soils type. Ca was the 

only edaphic variable that influenced community structure at the OTU level .Regression 

analysis revealed that both silt and clay content together with Ca were highly correlated with 

OTU richness and 16S rRNA gene copy numbers. Of the three most dominant bacterial phyla, 
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only the relative abundance of Acidobacteria differed significantly across all Fynbos soil 

types, whilst, Actinobacteria and Proteobacteria did not. Multiple regression on matrices 

showed that relative abundance of Bacteroidetes, Chloroflexi, Gemmatimonadetes, and 

Protebacteria were significantly correlated with total organic Carbon (TOC), silt and clay, 

SO4
 and Ca respectively. Interestingly, at class level members of Acidobacteria and 

Gemmatimonadetes relative abundance was influenced by Ca and silt and clay. Overall, this 

study identifies the edaphic variables that influence and shape the bacterial community at 

different taxonomic levels in the Fynbos. Next, this study looked at community assembly 

processes that were delimiting the bacterial community in the Fynbos. It was shown by the 

UniFrac analysis that the community clustered strongly by vegetation types, suggesting a 

history of evolutionary specialisation into certain vegetation types. The standardised beta 

mean nearest taxon distance (ses. 𝛽MNTD) index, showed no association with vegetation 

type. However, the overall phylogenetic signal indicates distantly related OTUs tend to co-

occur and only a small proportion of closely related OTUs were ecologically coherent. Both 

NTI (nearest taxon index) and ses.𝛽MNTD significantly deviated from the null models, 

indicating that deterministic processes governed phylogenetic community structure assembly. 

Furthermore, ses.𝛽MNTD was significantly higher than null expectations, indicating that 

over-dispersion in phylogenetic beta diversity is explicable by the differences in 

environmental conditions across the sites. The community was over-dispersed, attributable to 

the differences in environmental conditions across sites, even though only weak correlation 

soil texture could be proved. 

Overall, our study indicates that microbial ecology of the Fynbos system is similar to other 

ecological systems, where both deterministic and stochastic factors govern community 

structure and assembly.  
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CHAPTER 1. Mediterranean Soil Microbial Diversity and 

Recent trends in Microbial Ecology: An introduction 
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1.1 High levels of endemism and biodiversity 

Mediterranean ecosystems are unique with their characteristic climate regimes of mild wet 

winters, and, hot and dry summers; only occurring in five regions of the world: Cape region 

of South Africa, the Mediterranean Basin, State of California in the United States of America, 

central Chile and South to South-western Australia. These regions have conspicuously 

unusual high levels of plant diversity and endemism that has rendered these regions as 

‘biodiversity hotspots’, with the Cape region of South Africa housing the smallest plant kind 

floristic kingdom (Cowling 1992; Cuttelod et al. 2009; Mucina and Rutherford 2006; Ojeda 

et al. 2001). 

The coexistence of ecologically equivalent plant species in these regions has been of great 

interest to ecologists, and, identifying what ecological drivers maintain this coexistence has 

been a major challenge. Fire and geological stability have been shown to be drivers that 

maintain these high levels of biodiversity and endemism, paradoxically, factors that are most 

common thought to be correlated with biodiversity in these ecosystems; regional topography 

and climate heterogeneity are poor predications of diversity (Allsopp 2014; Cuttelod et al. 

2009). Natural disturbance have been accredited with playing a crucial role in maintaining 

biodiversity in these Mediterranean ecosystems. 

 

Although these regions share similar environmental characteristics, they have different 

disturbance regimes. All five Mediterranean regions experience drought during the summer 

months, however, the northern regions (California, Mediterranean Basin and Chile) 

experience far more severe drought and prolonged drought than the southern regions (Cape 

region of South African and South to South-western Australia)(Colwell and Huq 1999; 

Cowling et al. 2003; Mucina and Rutherford 2006). The southern regions lie on stable and 
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ancient landscapes, which have highly leached soils that are relatively nutrient poor, and they 

experience far more frequent fires (10-15 years) (Allsopp 2014; Mucina and Rutherford 

2006). The combination of the periodic droughts, geologically stable and nutrient poor soils 

and fire frequency have apparently kept the plant extinction rates low. These factors have 

also promoted a higher community turnover and diversification in the southern region, 

furthermore, they have evolved species-rich landscapes in topographically homogenous areas. 

Natural selection has allowed fine-scale discrimination of habitats and niches under stable 

and predictable frequent fires, and, this makes the southern regions far more diverse than 

their northern counterparts (Cowling et al. 2009; Etienne et al. 2006; K. E. Marais et al. 2014; 

Ojeda et al. 2001). 
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2  Microbial diversity and analysis 

2.1  Initial sequence processing and quality control 

Initial sequence processing and sequence quality began with raw sequence files (fastaq and 

sff formats) obtained from HiSeq and 454 pyrosequencing respectively, and metadata (which 

contain primer/barcode information as well as the sample identification code). The 

pyrosequencing samples are initially de-mutliplexed according to the unique primer 

information and subsequent removal of the adaptors/linker/primer sequences. For both 

formats, low quality sequence (i.e. maximum homopolymer at 9bp, minimum ambiguous 

base of 1, and, minimum quality score of 25) are trimmed off. These steps ensure minimum 

level of nucleotide degeneracy and sequencing errors when sorting out barcode and primer 

sequences (i.e. to allow one mismatch in barcode and two mismatches in primer sequences). 

 

2.2 Sequence alignment, pre-clustering, chimera removal and 

classification 

 

The sequences are then aligned against a reference alignment database (SILVA with 51,000 

column), using a combination of k-mer and pair-wise alignment in Mothur (Schloss et al. 

2009). The aligned sequences are then de-noised with ‘pre.cluster’ command, which applies a 

pseudo-single linkages algorithm with the goal of removing sequences that are linked to 

sequencing errors (Huse et al. 2010). Putative chimeric sequences ( generated during the PCR 

which are artificial recombinants between two or more parental sequnences) are detected and 

removed using the Chimera Uchime algorithm(Edgar et al. 2011) imbedded in the Mothur 

program. Thereafter, the aligned sequences are classified against a reference taxonomy file 

using the naïve Bayesian algorithm. Both SILVA (eukaryote) and EzTaxon-e database 
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provides a representative sequence information (type sequence) as well as strain sequence 

information from validly published species (Chun et al. 2007; O. S. Kim et al. 2012). Then, 

closely related sequences are clustered together based on phylogeny and pair-wise sequence 

similarity. This provides more taxonomically meaningful information than similarity-based 

OTU clustering. After the sequences are aligned and all the erroneous sequences are removed, 

a distance matrix is calculated and clustering process generates OTUs at different cutoff 

levels. 

 

2.3 OTU, Phylotype and phylogenetic analysis 

 

Once an OTU table and species/sample matrix are generated, a myriad of diversity analysis 

can be performed using various diversity indices. To compare levels of diversity between 

samples, a standardised number is sequences is used. The aligned sequences then can be used 

to build a phylogenetic tree, which then can be used to infer phylogenetic diversity, extend of 

over-dispersion or clustering of lineages, a community distance matrix of the samples, and, to 

infer community assembly processes. Using the OTU community matrix and the matrix 

generated from the phylogeny has given rise to the field of phylogenetic community ecology 

(Webb et al. 2002). The analysis of sequences and further analysis is depicted in Figure 1. 
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Figure 2 A community analysis procedure and protocol using 454-pyrosequencing, ITS1 

region, 16S rRNA and 18s rRNA data. 
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2.4 Objectives of this study 

The Mediterranean ecosystem is recognised as one of the biological hotspots; with its high 

levels of plant species diversity and endemism, the system is characterised by nutrient poor 

soils and mild Pleistocene climate (Wintle et al. 2011). The Fynbos and Marquis are the 

major vegetation type of the Mediterranean ecosystem in South Africa and Israel respectively. 

Many of the plant species of the system are obligate seeders and rely on fire for regeneration, 

climate change is likely to increase the frequency of fires in the system (Allsopp 2014; 

Cowling 1992; Keith et al. 2008; Wintle et al. 2011). The Fynbos and Marquis have been 

widely studied, and the causes of the very high plant diversity have been widely discussed 

(Cowling 1992; Cowling et al. 2003; K. E. Marais et al. 2014; Mucina and Rutherford 2006; 

Ojeda et al. 2001). However, little is known about Fynbos and Marquis microbial community 

structure, diversity and processes. Some efforts have been made to try and fill this knowledge 

gap (Bachar et al. 2010; D'Ascoli et al. 2005; J. Fourie et al. 2011; Slabbert et al. 2009; 

Slabbert et al. 2010b; Stafford et al. 2005). The few studies that exist in these areas have only 

looked at a specific aspect of soil microbiota; bacteria, archaea, fungi or metazoan. As 

invaluable are these studies are they do not provide a clear and concise description of the 

status of soil biota in these systems. Here we investigate the community structure of the soil 

biota that play an ecologically imperative role in soil biochemistry and processes (bacteria, 

fungi and nematode) and the roles of niche-based and neutral processes in delimiting these 

communities. Using the 16S rRNA gene, ITS1 region and 18S rRNA gene datasets that was 

compiled from the Cape region of South Africa and Mediterranean Basin (Israel). The present 

study will provide an in-depth understanding of microbial ecology in these two ecosystems, 

but, also shed more light on what ecological processes are important in assembling microbial 

communities in Mediterranean ecosystems. This study will fundamentally answer the 

following questions: 
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 What is the nature of the microbial community in Mediterranean soils, what 

environmental variable influence the structure, and, diversity of these microbial 

communities? Are there any environmental variable that are linked to the 

differences in microbial community structure in these both Mediterranean 

regions? 

 What is the phylogenetic nature of changes in community structure of microbes 

in space and locality in Mediterranean soils? Are there distinct phylogenetic 

signals that reveal the true nature of the microbial communities? 

 What ecological community assembly processes act to assemble communities, 

and, to what extend are deterministic or neutral processes important in 

Mediterranean ecosystems.  

 

 

. 
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CHAPTER 2. Sampling, DNA extractions, and soil 

Analysis 
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Sampling and site description 

 
Samples were collected from pristine sampling sites within the Table Mountain National Park 

and Cape Nature Conservation network that are not easily accessible to the public, with the 

exception of one site which was located within the City of Cape Town Metropolitan area The 

soil samples were taken from four Fynbos vegetation types: 1) Alluvial (S 33° 58’ 39.65”,E 

18° 56’ 39.39”) from its position at the foot mountains and associated with high elevations, it 

is much wetter with courser sediments and consequently higher levels of leaching. Soils are 

duplex and dystrophic plinthic catenas and grey rigid sands. Typically referred to as an 

Entisol, Alluvial soils have slight development where their properties are determined by the 

parent material (Manning and Goldblatt 2012; Wilding et al. 1983). 2) Limestone (S 34° 37’ 

56.19”, E 19° 34’ 41.15”) is found in low hills with plains, with shallow alkaline bedrock, 

and grey rigid sands on limestone formations. 3) Sand (S 33° 57’ 14.26”, E 18° 29’ 05.30”) is 

the largest unit sampled found on Quaternary and Tertiary sands of aeolin origin. The soils 

are generally acidic with deep grey regic sands that are often white (Manning and Goldblatt 

2012).  4) Shale (S 33° 56’ 54.99”, E 18° 27’ 19.0002”) with gentle to steep slopes, the soils 

are mostly clay and clayey loams derived from shale. Like Alluvial , the area is linked to 

more fog precipitation and orographic rain (Manning and Goldblatt 2012). Finally, 5) 

Sandstone (S 34° 4’ 55”, E 18° 23’ 55”; S 33° 58’ 39.65”, E 18° 56’ 39.39”) which is the bed 

stone on which the Fynbos evolved. 

Mediterranean soils are by definition soils from Mediterranean climate zones- which 

alternates between cool moist winters and hot dry summers. Samples were taken in early 

August of 2013, which is in the winter season when the soils were at field capacity. As, 

pedogenetic processes occur during the rainy winter season when evapotranspiration is at its 

lowest, when conditions are perfect for effective dissolution and leaching of soluble elements, 

and migration of clay particles (Verheyen and De la Rosa 2005). 
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At each sampling site, sets of five samples were taken within a hectare square; four corners, 

and geometric centre of the hectare square. At each sample point, five subsamples were taken 

within a 1m2 quadrat, taking a scoop of about 100 g of 0-5 cm depth. The five subsamples 

were pooled together to make one sample for that 1m2. Genomic DNA was extracted within 

hours of sampling (1-3 hours depending on site location) using the MOBIO Power Soil DNA 

extraction kit (MOBIO Laboratories, Carslbad, Ca, USA) and to serve as controls random 

empty vials were chosen and were run following manufacturer’s instructions. The isolated 

DNA was stored at -80°C prior to PCR.  

 

DNA extractions and PCR  

 

Nematodes 

 
To assess the entire nematode community in the fynbos, 100g of fresh soil samples was 

loaded onto the Baermann funnel for 24 hours. The live nematodes that had migrated down 

were collected into Falcon tube as described in Viglierchio and Schmitt (1983). Furthermore, 

nematodes that were less active were captured by sugar floatation (40% w/v solution) and 

centrifugation (Jenkins 1980). DNA was extracted using the MoBio Power Soil DNA 

isolation kit (MoBio Laboratories, Carlsbad, CA, USA), also to serve as a control empty vials 

were chosen and were run according to manufacturer’s instructions. The isolated DNA was 

stored -80°. 

The extracted nematode DNA from both extraction methods were combined prior to PCR 

amplication. The extracted DNA was amplified using primers NF1 (C.elgans 1226-1250 bp 

position) and 18Sr2b (C.elgans 1567-1588 bp position) towards the 3’ end of 18S rDNA with 

PCR described in (Porazinska et al. 2009; Porazinska et al. 2010). PCR amplification was 
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performed in 50 µl reactions using the following cycle settings: 95 ºC for 2 min s; 30 cycles 

of 95 ºC for 1 min, 50 ºC for 45 s, 72 ºC for 3 min, and 72 ºC for 10 min. 

Targeting a ~400bp region of the 18S rRNA gene. The PCR products were visualised by 

electrophoresis in 1% agarose gel and were purified using the QIAquick PCR Purification Kit 

(Qiagen) and quantified using PicoGreen (Invitrogen) spectrofluorometrically (TBS 380, 

Turner Biosystems, Inc., Sunnyvale, CA, USA). 250 nanograms of purified PCR product of 

each sample were combined in a single tube and sent for sequencing. The amplified product 

was pyrosequenced using a 454 GS-FLX Titanium systems (Roche). Control samples showed 

no presence of genomic DNA when visualised by electrophoresis in 1% agarose gel. 

 

Fungi and Bacteria 

 
Inter transcribed spacer region 1 (ITS1) was amplified using primer pairs ITS1F 

(5’GAACCWGCGGARGGATCA -3’) and ITS2R (5’ GCTGCGTTCTTCATGATGC 3’) for 

fungi. PCR reactions were carried as previously reported. QIAquick PCR purification 

kit(Qiagen) was used to purify the PCR product and PicoGreen (Invitrgen) 

spectroflourometrically (TBS 380, Turner Biosystems, Inc., Sunnyvale, CA, USA) for 

quantification. The paired end sequencing was performed at Celemics (Seoul, South Korea) 

using 2X150bp HiSeq2000 (Illumina) according to manufacturer’s instructions. Library and 

initial quality filtering were performed as previously reported (Zhou et al. 2011).Control 

samples showed no presence of genomic DNA and when visualised by electrophoresis in 1% 

agarose gel 

Small subunit ribosomal genes were amplified using primers 338F(5’-XXXXXXXX-

GTACTCCTACGGGAGGCAGCAG -3’) and 553R(5’TTACCGCGG CTGCTGGCAC-3’) 

for the bacterial 16S rRNA gene; where “X” represents the barcode sequence . PCR reactions 

were carried as previously reported (Zhou et al. 2011). QIAquick PCR purification kit 
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(Qiagen) was used to purify the PCR product and PicoGreen (Invitrgen) 

spectroflourometrically (TBS 380, Turner Biosystems, Inc., Sunnyvale, CA, USA) for 

quantification. The paired end sequencing was performed at Celemics (Seoul, South Korea) 

using 2X150bp HiSeq2000 (Illumina) according to manufacturer’s instructions. Library and 

initial quality filtering were performed as previously reported (Zhou et al. 2011).Control 

samples showed no presence of genomic DNA and when visualised by electrophoresis in 1% 

agarose gel.  

The relative abundance of the 16S rRNA gene copy numbers of bacteria were measured by 

quantitative PCR (qPCR) using primers and PCR conditions as described in (Fierer et al. 

2005; Lauber et al. 2008). Standard curves to estimate the 16S rRNA gene abundance were 

generated using a 10-fold dilution of plasmid containing a full length copy of E.coli 16S 

rRNA gene. The 10μl qPCR mixture contained 5μl of ABgene SYBR Master Mix (ABgene, 

Rochester, NY, USA), 0.25μl (10pmol μl-1) of both forward and reverse primers, 3.5μl sterile 

DNA-free water, and 1μl of template DNA (1ng). The reaction was carried out using Eco 

Real-time PCR system (Illumina, San Diego, CA, USA). 
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3 Community Structure and Assembly processes of 

Nematoda in a Mediterranean heathland (Fynbos) 

of South Africa 

Introduction 

The ubiquitous nature of nematodes makes them an important component of the soil biota, 

and, they play an integral role in primary production and ecosystem functioning. Recent 

studies indicate that soil biota may have similar biogeographical patterns as the above-ground 

biota (Nielsen et al. 2014; Nunan et al. 2003; Wu et al. 2011). Local diversity and assemblage 

structure of nematodes has been widely documented, however, larger scale patterns and 

ecological processes of nematode are still poorly understood, especially from the point of 

view of using modern molecular techniques (Nielsen et al. 2014; Procter 1984; G. Yeates and 

Boag 2004) 

The use of the 18S rRNA gene in documenting metazoan and nematode community richness 

and structure has in recent years become a useful tool for ecologists (Behnke et al. 2006; 

Nakacwa et al. 2013; Porazinska et al. 2007; Porazinska et al. 2009; Porazinska et al. 2010; 

Richards and Bass 2005). The relatively conserved nature of the gene allows for detailed 

phylogenetic analysis, and in recent years there has been a growing body of work, trying to 

resolve the discrepancies that exist in the phylogeny of Nematoda (Edgecombe et al. 2011; 

Holterman et al. 2006; van Megen et al. 2009; Zrzavy et al. 1998). 

In this study I used partial 18S rRNA sequences to shed more light on the overall diversity, 

community structure and community assembly processes of phylum Nematoda in the fynbos. 

Previous studies that have compared the effectiveness of using multiple genes and single 

gene have shown that the use of single 18S rRNA sufficed to reproduce the true phylogeny of 

the phylum (Holterman et al. 2006; Mallatt and Giribet 2006; Nosenko et al. 2013; van 
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Megen et al. 2009). Using phylogenies and coupling these with community ecology 

principles has led to the field of phylogenetic community ecology (Webb et al. 2002). To 

understand the relative influence of stochastic and deterministic processes, ecologist use null 

models. In particular null models that couple phylogenetic community composition and 

randomisations has become common practice (Graham and Fine 2008; Stegen et al. 2012; 

Binu M Tripathi et al. 2015; Webb 2000; Webb et al. 2002).There are only few studies that 

have looked at the processes governing phylogenetic community structure assembly in 

Mediterranean climate system. 

 

Here I investigate the community structure, functional diversity and roles of both 

deterministic (niche-based) and neutral process play in delimiting the nematode phylogenetic 

community structure in Fynbos soils. Using an 18S rRNA gene dataset that was compiled 

from sample sets in five different Fynbos vegetation types, we examined the community 

structure and phylogeny of nematode communities in these five habitats. The present study 

aims not only to gain a better understanding of nematology in the Fynbos, but also to discern 

what underlying ecological processes are important in assembling the community. 

We hypothesise that: 

1. Each Fynbos vegetation type will harbour distinct nematode communities and have 

evolved distinct nematode lineages, and the phylogenetic signal (likelihood of related 

species resembling one another ecologically one another more than they are chosen at 

random from a phylogenetic tree (Blomberg and Garland 2002)) from the Fynbos will 

indicate that closely related Operational Taxonomic Unit (OTUs) occupy similar 

niches, due to conservatism in their ability to adapt and exploit the environment. 
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2. Nematode community structure will be suited to each Fynbos vegetation type and 

nematode functional diversity will be greatly influenced by the edaphic variables in 

each vegetation type. 

3. Nematode community assembly in the Fynbos will be influenced by deterministic 

rather than the neutral processes, just is the case for other microbes (Ofiteru et al. 

2010; Stegen et al. 2013; Binu M Tripathi et al. 2015; Wang et al. 2013b)  

 

Statistical analysis 

 

The sequence data obtained was processed following the 454 SOP in Mothur (Schloss et al. 

2009). Sequences were aligned using Mothur (default settings: kmer searching with 8mers 

and the Needleman–Wunsch pairwise alignment method). The sequences were then aligned 

against the SILVA 115 eukaryotic database, and further filtered to remove gaps. The 

sequences were then pre-clustered using the Mothur implementation of pseudo-single linkage 

pre-clustering algorithm 176 from Huse and colleagues(Huse et al. 2010). Putative chimeric 

sequences were detected and removed via the Chimera Uchime algorithm contained within 

Mothur (Edgar et al. 2011) in de novo mode, which first splits sequences into groups and then 

checks each sequence within a group using the more abundant groups as reference. .All 

trimmed quality sequences were classified using SILVA-ARB (database containing aligned 

18S rRNA sequences; http://arb-silva.de/download/arb-files/ , September 23, 2013) and using 

SILVA SSU database for alignment.  

All statistical analyses were performed using the R program (R Development Core Team, 

2007) and both non-metric multidimensional scaling (NMDS) and analysis of similarity using 

(PERMANOVA) with 999 permutations (M. J. Anderson 2001) were performed using R 

http://arb-silva.de/download/arb-files/
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‘Vegan’ package Dixon (2003) and Oksanen et al. (2013). Further analysis were conducted 

using the Picante v1.4 (Kembel et al. 2010) package in R. The number of reads was 

standardised for cross-comparison between samples. Diversity indices such as Faith’s 

phylogenetic diversity (PD) and OTU richness were estimated on the basis of sequence 

similarity. A Principal Component Analysis (PCA) was created from calculating the 

Euclidian distance of environmental variables to visualise the difference in soil physical and 

chemical properties of the each fynbos type. 

 

Phylogenetic signal 

A maximum likelihood tree was inferred from all aligned sequences using Fast Tree 2 (Price 

et al. 2010) under the GTR substitution model as previously assessed by (Nosenko et al. 

2013) . A maximum likelihood tree was inferred from all aligned sequences using Fast Tree 2 

under the Jukes and Cantor model (Price et al. 2010). Using the resultant tree, Mantel 

correlograms were used to evaluate the phylogenetic signal in the 18S rRNA gene across a 

range of phylogenetic depths and significance was drawn from 999 permutations (Diniz et al. 

2010). Phylogenetic distances were portioned into classes (0.02 units) and the correlation 

coefficient was relating OTU phylogenetic distance to environmental-optimum distance 

(Diniz et al. 2010). An environmental-optimum for each OTU was calculated for each 

environmental variable as in Stegen et al. (2012), Wang et al. (2013b) and Binu M Tripathi et 

al. (2015). Between OTU optimum difference was calculated as Euclidean distances using 

optima for all environmental variables. Phylogenetic diversity Faith’s PD (Faith 1992) was 

also calculated using the phylogenetic tree, this index calculates the branch length of the 

community in each sample using the phylogeny. 
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Community composition and functional diversity 

To visualise the nematode community composition, a non-metric multidimensional scaling 

(NMDS) and analysis of similarity using (PERMANOVA) with 999 permutations (M. J. 

Anderson 2001) were performed using R ‘Vegan’ package. The community was visualised 

using the un-weighted UniFrac (Lozupone and Knight 2005),the ses.MNTD and Bray-Curtis 

matrix(Bray and Curtis 1957). A Canonical Correspondence Analysis of nematode 

community OTU matrix was used to visualise which environment were important in 

delimiting the community structure. 

Classified nematode families were binned into their respective functional feeding guilds 

using (Bongers and Bongers 1998; H. Fourie et al. 2001; Jordaan et al. 1992; M. Marais and 

Swart 2013; Ntidi et al. 2012; G. W. Yeates et al. 1993). The relative abundance of the 

different feeding guilds were visualised and then correlated with environmental variables.   

 

Community turnover and assembly processes 

Community turnover was quantified using the UniFrac and the mean nearest taxon distance 

(𝛽MNTD) (Fine and Kembel 2011; Stegen et al. 2012). 𝛽MNTD is the mean phylogenetic 

distance to closest relative in a paired community of taxa (Fine and Kembel 2011) and is 

sensitive to the changes of lineages close to the phylogenetic tips. Ses. MNTD was computed 

as the number of standard deviations that observed 𝛽MNTD depart from the mean null 

distribution (999 null iterations) based on random shuffling of OTU labels across the tips of 

the phylogeny (Fine and Kembel 2011; Stegen et al. 2012; Stegen et al. 2013; Wang et al. 

2013b). This randomisation hold constant observed species richness, occupancy, and turnover. 

Thus, it provides an expected level of 𝛽MNTD given observed species richness, occupancy, 

and turnover.  
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To understand and discern which assembly processes were important in delimiting nematode 

community, Mantel and partial Mantel tests were performed using the community matrices 

controlling for environment, geographical and elevation distance to determine their relative 

roles in explaining the phylogenetic community composition in the Fynbos (Wang et al. 

2013a; Wang et al. 2013b). A multiple regression on matrices (MRM) (UniFrac, ses. MNTD 

and OTU matrices) was performed on the (environmental, geographical and elevation) 

distance matrices (Legendre et al. 1994). Furthermore, a multiple regression on matrix using 

individual environmental variables made it possible to assess the relative importance of each 

variable, reverse selection (in which all the individual environmental matrices were regressed 

against the phylogenetic matrices, and those environmental matrices that were non-significant 

were the removed.) was performed. 

Finally, to infer the phylogenetic community composition, we used the nearest taxon index 

(NTI) to characterise the community composition within each sample point (Webb et al., 

2002). For each community NTI that is greater than two indicates phylogenetic clustering; 

whilst NTI less than two indicates phylogenetic over-dispersion. A mean NTI of all samples 

that is greater than 0 indicates clustering and NTI with a mean less that 0 indicates overall 

over-dispersion. 

 

Deposited 454 read accession numbers  

 

 The 18s rRNA data has been submitted to MG-RUST (Meyer et al. 2008)under the accession 

numbers from 4641277.3-4641300.3 
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Results 

From the 23 samples, at the 99% sequence similarity we obtained from 34,584 high quality 

sequences, and, after standardising the sequences between samples there were 1008 nematode 

OTUs identified.  

A PERMANOVA of the edaphic variable from each of the five Fynbos vegetation sites 

indicated that the all the soils had distinct physical chemical properties from one another and 

they clustered significantly by Fynbos vegetation type (p<0.05). The difference in edaphic 

variable was visualised on a PCA plot (Figure 2 ). Both Alluvial and Shale soils were the 

most nutrient rich when compared to soils from other Fynbos vegetation types, and, also had 

the highest soil texture. Interestingly, soils from Sand Fynbos vegetation type had the highest 

concentration of Ammonium (NH4
+). Limestone and Sandstone soils had similar lower pH 

and sand (%).  
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Figure 2. Principal component analysis of environmental variables based on Euclidean 

distance with “A”= Alluvial Fynbos, “SL”=Shale Fynbos, “LF”=Limestone Fynbos, “SS” 

and “SSFB”=Sandstone Fynbos, and, “SF”= Sand Fynbos 
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Phylogenetic signal 

The phylogenetic signal using the Mantel correlogram showed significant correlations over 

short phylogenetic distances (p<0.05, Figure 3).The signal indicated that in the five Fynbos 

vegetation types across short phylogenetic distance the nematodes were ecologically coherent, 

indicating that closely related OTUs occupy similar niches. At a broad scale phylogenetically 

closely related nematodes seem to occupy the same or similar niches. 

 

Community composition and functional diversity 

The non-metric multidimensional scaling from the UniFrac matrix revealed that samples did 

not cluster according to Fynbos vegetation type. The community structure based on the Bray-

Curtis matrix also revealed that each Fynbos vegetation type did not harbour a distinct 

nematode community. A community NMDS based on the MNTD matrix further reiterated a 

similar trend.  

A canonical correspondence analysis performed using the community data and the 

environmental variable revealed that Sulphate (SO4
-) and Potassium (K+) significantly 

influenced the nematode community in the Fynbos (Figure 4, p<0.05). The CCA showed that 

the nematode community in Alluvial Fynbos and Shale Fynbos were positively influenced by 

(SO4
-) and (K+). 

The functional diversity (feeding guilds) of nematode in the Fynbos (Figure 5) showed that 

there bacteria feeding nematodes (BF) were the most abundant group, followed by the 

omnivore/predator (OP) group with the fungi feeding (FF) group being the least abundant. 

Interestingly, only the plant feeding (PF) group was statistically different across all the 

Fynbos vegetation types. Overall, the abundance of BF and PF group were both significantly 

negatively correlated with NH4+ and only in PF was negatively correlated with Nitrogen in 

Sand Fynbos (Table 1.) 



- 24 - 

 

 

Figure 3. Mantel correlogram between the pairwise distance of OTU niche distance and 

phylogenetic distance. Significant correlation (p<0.05, solid squares) phylogenetic signal in 

species ecological niches. 
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Figure 4 Canonical correspondence analysis of nematode community based on 18S rRNA 

gene OTUs (99% sequence similarity) with significantly correlated environmental variables 
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Figure 5. Feeding categories of Nematode within the Fynbos with significant difference in 

abundance of PF across all sites (where BF= Bacteria Feeding, FF=Fungi Feeding, 

OP=Omnivorous/Predator and PF=Plant Feeding) (*=p<0.05). 
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Table1. Spearman correlation coefficients between the different feeding groups and environmental variable within the fynbos where(* p≤0.05, 

** P≤0.001 , *** p≤0.0001 and BF=bacteria feeding, FF=Fungi Feeding, OP=Omnivore/predator and PF= Plant Feeder) 

 

 

 

 

BF FF OP PF  

NH4
+ 

 

-0.46*   -0.46**  
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Community turnover and assembly processes 

A T-test revealed that the overall NTI index mean significantly deviated from zero, indicating 

that the phylogenetic community composition was clustered (t23 = 6.9416, P≪ 0,0001). 

Although, not all communities exhibited the overwhelming clustering phenomenon, only 5% 

of the samples did not significantly deviate from zero (Figure 6). 

To infer the underlying processes that govern community turnover and assembly, we found 

that phylogenetic turnover rates in the Fynbos to be higher than expected And, ses.MNTD 

mean was significantly different from the expected value of zero (T-test, t253 = -958.2552,  

P≪ 0,0001,) , indicating that at the local scale deterministic processes governed phylogenetic 

community assembly in the Fynbos.  

The Mantel tests showed that only UniFrac was significantly correlated with geographical 

distance, and, when controlling for the effects of both elevation and environmental distance, 

geographical distance was also correlated with of UniFrac matrix (Figure 7). 

MRM analysis performed on the MNTD matrix with individual environmental matrices 

indicated that NH4
+ was the most important identifiable environmental variable that 

influenced community assembly in the Fynbos (Table 2). A similar analysis using the Bray-

Curtis matrix revealed that, Potassium (K), total Nitrogen (N), and, Calcium (Ca2+) were 

important 

 (Table 2). 
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 Figure 6.Frequency estimates for distribution of Nearest Taxon Index (NTI, 

mean=2.43).Each observation is the number of null model standard deviations the observed 

value is from the mean of its associated null distribution.  Ses.NTI values  <-2 indicate less 

than expected turnover; values >+2  indicate greater than expected turnover at the local scale. 

Ses.NTI significantly different from expected value of zero for random data (P<0.0001, t-test) 
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Figure 7. The relationship between unweighted UniFrac and geographical distance for 

nematode community in the Fynbos based on 18S rRNA gene dataset. The regression slope 

of the slopes is based on the Gausssian generalised model is shown with dashed line 

(statistically significant, Mantel test, 999 permutation, p<0.05) 
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Table2. Multiple regression on matrix (MRM) of phylogenetic matrices and the explanatory edaphic variables) with significance levels. 

Community Matrix  Edaphic variable  P-Value  

UniFrac 

 

MNTD 

 

Bray-Curtis  

 Geographical Distance 

 

NH4
+ 

 

Calcium 

Nitrogen 

Potassium 

 0.09 

 

0.03* 

 

0.05* 

0.04* 

0.02* 
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Discussion 

This study is the first of its kind to investigate the nematode phylogenetic signal within a 

Mediterranean ecosystem. The use of phylogenetic signals has been widely documented in 

other microbial studies in order to infer ecological processes (L. C. Anderson et al. 2010; 

Cavender-Bares and Holbrook 2001; Pontarp et al. 2012; Stegen et al. 2012; Stegen et al. 

2013; Wang et al. 2013b). There is overwhelming evidence to suggest that there is a clear 

relationship between ecological niches and the phylogenetic signal. In this study we found 

that over short phylogenetic distances nematodes were ecologically coherent. From this 

signal we can also infer that in the Fynbos the nematode community is phylogenetically 

conserved, and, phylogenetic niche conservatism seem to play a role within the nematode 

community. This phylogenetic clustering of closely related nematode in the Fynbos indicates 

that there niche overlap, in the absence of competitive exclusion of closely related taxa the 

results will be phylogenetic clustering due to habitat filtering and competition (Horner-

Devine and Bohannan 2006). 

The nematode community was significantly influenced by sulphate and potassium ions, it has 

been shown that in agricultural fields were K rich fertilisers were used there was an increase 

in root-associated nematode (Oteifa 1952; Pettigrew et al. 2005). Both Alluvial and Shale 

Fynbos vegetation types had the highest nutrient soils when compared to the other sites. It is 

then not surprisingly that they nematodes communities in these two site were influenced by 

Potassium. Conversely, SO4
- fertiliser have been shown to be negatively associated to 

nematodes populations (Vincent 1979). Interestingly, the relative abundance of plant feeding 

nematodes was not influenced by neither SO4
- nor K+, but, by NH4

+. Higher levels of NH4
+ in 

soils are indicative of higher decomposition rates in the soil (Jenny et al. 1949; Pérez-

Harguindeguy et al. 2000). Higher rates of decomposition would in part increase the relative 

abundance of bacteria feeding groups as there will a higher abundance of bacteria as they are 
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the primary agents of soil decomposition. However, bacterial feeding nematodes are in most 

systems always in higher abundance, and complexity of nematode community (presence of 

other higher trophic groups) has in in the past used as an indicator of soil health and 

productivity (H Ferris and Matute 2003; H. Ferris et al. 2012; Van Veen and Kuikman 1990). 

It possible to infer that in the Fynbos, the soils are matured and well developed as there a 

‘healthy’ proportion of higher trophic (PF, FF and OP) across all soils.  

The UniFrac matrix is sensitive towards the nodes of the phylogenetic tree and thus can be 

used to infer deeper evolutionary trends. The phylogenetic community structure based on the 

UniFrac matrix revealed that the community was not clustered by Fynbos vegetation type, 

indicating that all the lineages found in the Fynbos co-occurred. This is further corroborated 

by the MNTD matrix which also revealed a similar trend, MNTD unlike the UniFrac is more 

sensitive towards the tips of the phylogenetic trees. This clearly shows that in the Fynbos the 

different lineages have a long evolutionary history of co-occurrence. The ses.MNTD 

indicated that at the local scale (local scale= each sampling point) deterministic assembly 

processes (environmental selection) were important, whilst, ses.NTI also indicated that the 

nematode community in Fynbos was phylogenetically clustered. A mean NTI value greater 

than two indicates greater than expected turnover (turnover of clades between communities 

beyond the one expected if species turnover was independent of phylogeny (Olivier J Hardy 

et al. 2012b)). 

To further discern which environmental variable were delimiting the phylogenetic 

community structure in the Fynbos, Mantel and MRM analysis were performed. Only 

geographical distance was able to explain the variation in the UniFrac matrix. A distance-

decay relationship exists between these two matrices. The MRM showed that NH4
+ greatly 

influenced the nematode phylogenetic community structure, whereas, Bray-Curtis matrix 

revealed that the community composition based on the taxonomic classification was 
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influences by Ca2+, N, and K+ respectively. Overall, this is the first study to incorporate the 

assembly mechanisms of nematodes. The phylogenetic nematode community structure is 

clustered with closely related taxa occupying similar niches. It seems to be that in the Fynbos 

there has been very little phylogenetic divergence (ecological and genetic drift) of nematode 

lineages, this, further shown by both the UniFrac, MNTD, and Bray-Curtis matrices. All 

these indicating that there is no distinct nematode community that is adjusted to each of the 

five Fynbos vegetation types. Though, we know that deterministic processes govern 

nematode phylogenetic community assembly in the Fynbos, there was no environmental 

variable was correlated with the phylogenetic index. However, we propose that the 

geographical distance was important in the initial species sorting as it is the correlated with 

UniFfrac. This indicated initially neutral processes played a role in assembling communities, 

but do not seem to play a significant role now. This is in congruence with many community 

assembly studies that found similar patterns (Langenheder and Szekely 2011; Ren et al. 2015; 

Wang et al. 2012; Wang et al. 2013a) 
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3.1 Distinct Fungal Community in Fynbos Soils 

Introduction 

Edaphic variables and pedogenesis that control the distribution and abundance of plants 

across Mediterranean ecosystems have been studied for decades, however those that edaphic 

variable that control the distribution and abundance of micro-organism are still fairly poorly 

understood. In recent years studies using modern molecular and biomedical approaches have 

started exploring the soil microbial communities, and the edaphic variable that driving the 

diversity patterns observed (M. Kim et al. 2013; Martiny et al. 2006; Martiny et al. 2011; 

Ranjard et al. 2010; B. M. Tripathi et al. 2012; B. M. Tripathi et al. 2014; Binu M Tripathi et 

al. 2015). 

 

Fungi are as ubiquitous in soil as other micro-organism in the soil matrix, and fungi play an 

essential role in maintain proper soil health and function. Together with other micro-

organism they play an integral role in decomposition and nutrient cycling, but fungi also act 

as pathogens and their relationships with plants are well known (Rousk et al. 2010). A large 

portion of the fungal studies have come from tropics, agricultural pastures, and marine 

environment (Lauber et al. 2008; Rousk et al. 2010). There have been few studies that have 

attempted to categorise the fungal diversity and patterns in Mediterranean ecosystems.  

In other Mediterranean systems De Marco et al., (2005) found that fire changes the soil 

biochemistry and this led to an increase in microbial biomass and soil metabolic quotient 

(qCO2). Similarly, Goberna et al.,(2012) found that immediately after a fire, there were shifts 

in bacterial communities and these shifts were correlated to increased microbial biomass, 

activity, soil desiccation and increased macronutrients concentrations. However, Docherty et 

al.,(2012) indicated that these effects seem to be indiscernible 33 months post a fire. 
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The objectives for this study were 1) to determine the abundance, taxonomic diversity and 

composition of fungi in the Fynobs, 2) to determine the community structure of 

Ectomycorrhizal (EcM) fungi in the Fynbos, and 3) to test whether the fungal community in 

the Fynbos was affected by any edaphic variable, as suggested by (Fierer et al. 2009). 

 

Sequence analysis and taxonomic analysis 

 

The sequence data obtained was processed following the MiSeq SOP in Mothur (Schloss et al. 

2009). All trimmed quality sequences were classified using UNITE database (Abarenkov et 

al. 2010), and EcM lineages were determined by recent phylogenetic and stable isotope data 

(Tedersoo et al. 2010). 

 

Statistical analysis 

 

All sampled were standardised by subsampling at randomly to 20,359 sequences per sample 

for cross-comparison between samples from 3, 036, 010 quality sequences. 

The relationship between microbial community Bray Curtis distance and edaphic factors was 

assessed using the ‘Vegan’ package in R (R Development Core Team, 2007). Furthermore, a 

non-metric multidimensional scaling (NMDS) was used to visualise the microbial community 

structure,  the Euclidean distance of edaphic variables and analysis of similarity using 

(PERMANOVA) with 999 permutations (PERMANOVA) was performed to assess the 

significance of the relationship (M. J. Anderson 2001).  
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Operational Taxonomic Units (OTUs; at 97% sequence similarity) and rarefaction values 

were calculated using the Mothur platform (Schloss et al. 2009). Regression analysis between 

diversity indices , abundance , and edaphic factors were visualised using SigmaPlot program 

(Systat Software, San Jose, CA, USA). 

To determine which edaphic factors were more important in governing community 

composition, Mantel and partial Mantel tests were performed using the Bray Curtis matrices 

controlling for environment, geographical and elevation distance.. Furthermore, a multiple 

regression on matrix (MRM) was performed on the relative abundance of most dominant 

bacterial phyla regressing these against the individual edaphic variable matrices. 

 

Deposited ITS1 region accession numbers 

 

The ITS1 region sequence data has been submitted to MG-RUST (Meyer et al. 2008) under 

the accession numbers from 4641301.3-4641329.3 

 

 

 Results 

 

A NMDS of the environmental variables indicated that the all the Fynbos vegetation types 

had distinct physical chemical properties from one another and they clustered significantly by 

Fynbos vegetation type (Figure 8, p<0.05) .All the edaphic variables were normalised prior to 

generating the NMDS, and the NMDS is generated using the Euclidean distance. 

PERMANOVA results indicated each Fynbos vegetation type was distinct.  
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Figure 8 NMDS of normalised Euclidean distance of edaphic variables from the Fynbos, R2= 

0.57 and p<0.01. Pairwise comparison revealed that each Fynbos vegetation type was distinct 

(p<0.05). 
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A regression analysis showed that OTU richness was significantly influenced by Potassium 

(K+) concentration in Fynbos soil (Figure 9 p<0.05). 

The NMDS of pairwise Bray Curtis dissimilarity revealed that fungal communities were 

clustered significantly by Fynbos vegetation type (PERMANOVA: R2=0.63, p<0.01; Figure 

9). Also, Figure 9 illustrates all the environmental variable that were significantly delimiting 

the fungal community in the Fynbos. A Mantel and partial Mantel tests performed on the 

Bray-Curtis matrix showed that the fungal community in the fynbos was significantly 

influenced and delimited by both environment and elevation (Table 3). 

To further capture the community composition, the relative abundance of the most dominant 

phyla was calculated (Figure 10). The most dominant phyla were Ascomycota, Basidiomycota, 

and Zygomycota, with only Ascomycote and Zygomycota showing significant difference 

across the sites (Figure 3). 

The EcM community in the Fynbos also to an extend clustered by Fynbos vegetation type, 

however pairwise comparison showed that some Fynbos vegetation were indistinguishable 

overall there was a significant difference (Figure 13). 
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Figure 9. Regression analysis of the OTU richness against Potassium (K) in the Fynbos. 
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 Figure 10 NMDS of fungal community structure in the Fynbos with edaphic variables that delimit community composition (p<0.05). 



42 

 

Table 3. Mantel and partial Mantel tests for the correlation between Bray Curtis and the 

explanatory distances (geographic, environment and elevation) using Spearman’s rho in the 

Fynbos. 

Significant level:***<0.001; **<0.01;*,0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of Controlling for Fynbos 

Geographic  0.1340* 

Environment  0.3598*** 

Elevation  0.2322** 

Geographic Environment and Elevation 0.1134 

Environment  Geographic and Elevation 0.3500*** 

Elevation  Geographic and 

Environment 

0.2422** 
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Figure 11. Percentage abundance of the dominant fungal phyla across the different Fynbos 

vegetation types. 
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Figure 12 Regression analysis of Zygomycota abundance and environmental variables that significantly influence its’ abundance.  
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Figure 13 NMDS of the EcM community composition in the Fynbos, PERMANOVA: 

R2=0.55, p<0.01.  
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Discussion 

The results showed that in the Fynbos the fungal community is overall adjusted to each 

Fynbos vegetation type, and that these communities are delimited in their structure by certain 

edaphic variables  

In this study we found that overall OTU richness varied across the different Fynbos 

vegetation types, and Potassium was positively correlated with richness as seen in figure 9. 

The role that edaphic variable play on fungal abundance and richness is widely documented 

(Fierer et al. 2009; Lauber et al. 2008; Rousk et al. 2010). Previously, Jones and Jennings 

(1965)showed that cations directly affected fungal growth and development, and that K+ 

stimulates faster growth and increased biomass accumulation. Although, fungal biomass was 

not measured in this study, it is possible to infer that sites that have higher K+ concentration 

will according to (Jones and Jennings 1965) have higher biomass. 

The overall community composition of the fungal community was determined using the Bray 

Curtis distance matrix, and it showed that the each Fynbos vegetation type had its own 

distinct community structure (Figure 10). In figure 10 it is possible to notice which edaphic 

variable directly influenced community composition. Another cation that not influences the 

abundance but also the community structure is NH4
+, and NH4

+ has been linked to increased 

levels of soil decomposition (Jenny et al. 1949; Pérez-Harguindeguy et al. 2000; Porazinska 

et al. 2003; Van Veen and Kuikman 1990). Similarly, total Nitrogen was found to influence 

the community structure within the Fynbos. Expectedly, pH significantly structured the 

community. The role of pH is widely documented (Dolan 2006; Dong et al. 2015; Fierer and 

Jackson 2006; Fierer et al. 2009; Jagersten 1956; Kennedy and Papendick 1995; Lauber et al. 

2008; Martiny et al. 2006; Rousk et al. 2010; B. M. Tripathi et al. 2012; B. M. Tripathi et al. 

2014; Binu M Tripathi et al. 2015; Vreulink et al. 2007; Zavarzin 1994). Previous studies 

have used environment as a proxy for environment showing that even within the same 
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landscape, elevation seemed to delimit the total community structure (D. Singh et al. 2013; D. 

Singh et al. 2014; Wang et al. 2012). It is therefore not surprising that in this study we find 

that elevation strongly influenced fungal community, however in this study we have distinct 

multiple landscapes (Fynbos vegetation types) and the two ( edaphic variable and elevation) 

are entangled . Further corroborated by the Mantel and partial Mantel test which showed that 

that environmental distance (calculated as the Euclidean distance of all edaphic variables) and 

elevation were significantly influencing the community structure (Table 3).  

There was a distinct difference in the abundance of the dominant phyla (Figure 11), with only 

Ascomycota and Zygomycota varying significantly across all Fynbos vegetation types 

respectively. Only the variation in abundance of Zygomycota was significantly influenced by 

edaphic variables ( SO4
- and NH4

+ ) as seen in figure 12.  

The total EcM community in the Fynbos also to an extend clustered by Fynbos vegetation 

type, however pairwise comparison showed that some Fynbos vegetation were 

indistinguishable overall there was a significant difference (Figure 13).  

 

Overall, our study showed that in the Fynbos the environment is important in delimiting 

community structure and abundance. This corroborates previous studies on fungi and our 

study further sheds more light on importance of fungi in ecological process that occur in the 

soil.  
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CHAPTER 3. Bacterial Community Structure and 

Assembly Processes in Fynbos Soils. 
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3 Influence of Edaphic Variable on Bacterial Community 

Structure and Diversity in Fynbos soils 

 

Introduction 

 
The complexity of the soil matrix is often credited with structuring and delimiting microbial 

composition and diversity (Fierer and Jackson 2006; M. Kim et al. 2013; Lauber et al. 2008; 

B. M. Tripathi et al. 2012).Understanding horizontal and vertical distribution of bacteria and 

how it is influenced by soils has been extensively studied (Chu 2011; Cycon et al. 2013; 

Fierer et al. 2005; Fierer and Jackson 2006; Hanson et al. 2012; Hossain and Sugiyama 2011; 

Landa et al. 2014; Lauber et al. 2008; Martiny et al. 2006; Rousk et al. 2010; D. Singh et al. 

2014). However, within the Mediterranean climate zones most studies have often investigated 

how different agricultural management practices influence microbial community composition 

and structure (Garcia-Orenes et al. 2013; Sofo et al. 2010).  

The Mediterranean region of South Africa is characterised by a mild Pleistocene climate with 

a patchy landscape that is a mixture of nutrient poor and nutrient rich soils (Allsopp 2014; 

Wintle et al. 2011). The Cape Floral Region (CFR) has very high plant diversity, endemism, 

and the drivers for this high diversity is widely reported (Allsopp 2014; Cowling et al. 2003; 

Mucina and Rutherford 2006). However, only a few studies have investigated bacterial 

processes and patterns (Slabbert et al. 2010b; Slabbert et al. 2010a; Slabbert et al. 2014; 

Stafford et al. 2005). These studies as invaluable as they are, only investigate soils from 

certain Fynbos vegetation types (Alluvial and Sand Fynbos), this study will investigate 

bacterial communities from multiple soil samples from difference Fynbos vegetation types. 

Many of the plants species of the CFR are obligate seeders and rely on fire for regeneration, 

and it is reported that climate change will increase the frequency of fires in the Fynbos 
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(Allsopp 2014; Bond and Keeley 2005; Dell et al. 1986; Keith et al. 2008; K. E. Marais et al. 

2014; Wintle et al. 2011).  

In other Mediterranean systems De Marco et al., (2005) found that fire changes the soil 

biochemistry and this led to an increase in microbial biomass and soil metabolic quotient 

(qCO2). Similarly, Goberna et al.,(2012) found that immediately after a fire, there were shifts 

in bacterial communities and these shifts were correlated to increased microbial biomass, 

activity, soil desiccation and increased macronutrients concentrations. However, Docherty et 

al.,(2012) indicated that these effects seem to be indiscernible 33 months post a fire. 

Here we investigate the roles of elevation, geographical distance, and edaphic variables in 

delimiting the bacterial community structure and composition. Using 16S rRNA datasets 

from soils from four Fynbos vegetation types, we examined total bacterial community of 

Fynbos soils. This study aims to not only shed more light on bacterial ecology in 

Mediterranean climate zones, but, also discern which edaphic variables are important in 

structuring bacterial communities. Our objective was to look at Fynbos soils and to examine 

how the different edaphic variable delimit bacterial community structure and diversity. Also, 

to discern the relative importance of elevation, environment and geographic distance on 

influencing bacteria community structure and diversity. 
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Material and Methods 

 

Quantitative PCR analysis 

 
The relative abundance of the 16S rRNA gene copy numbers of bacteria were measured by 

quantitative PCR (qPCR) using primers and PCR conditions as described in (Fierer et al. 

2005; Lauber et al. 2008). Standard curves to estimate the 16S rRNA gene abundance were 

generated using a 10-fold dilution of plasmid containing a full length copy of E.coli 16S 

rRNA gene. The 10μl qPCR mixture contained 5μl of ABgene SYBR Master Mix (ABgene, 

Rochester, NY, USA), 0.25μl (10pmol μl-1) of both forward and reverse primers, 3.5μl sterile 

DNA-free water, and 1μl of template DNA (1ng).  The reaction was carried out using Eco 

Real-time PCR system (Illumina, San Diego, CA, USA). 

 

Statistical analysis 

 
The sequence data obtained was processed following the MiSeq SOP in Mothur (Schloss et al. 

2009). All trimmed quality sequences were classified using EzTaxon-e reference bacterial 

taxonomy (Chun et al. 2007).  

All sampled were standardised by subsampling at randomly to 3317 reads per sample for 

cross-comparison between samples. The relationship between microbial community Bray 

Curtis distance and edaphic factors was assessed using the ‘Vegan’ package in R (R 

Development Core Team, 2007). Furthermore, a non-metric multidimensional scaling 

(NMDS) was used to visualise the microbial community structure,  the Euclidean distance of 

edaphic variables and analysis of similarity using (PERMANOVA) with 999 permutations 
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(PERMANOVA) was performed to assess the significance of the relationship (M. J. 

Anderson 2001).  

Operational Taxonomic Units (OTUs; at 97% sequence similarity) and rarefaction values 

were calculated using the Mothur platform (Schloss et al. 2009). Regression analysis between 

OTU richness, 16S rRNA gene copy numbers, and edaphic factors were visualised using 

SigmaPlot program (Systat Software, San Jose, CA, USA). 

To determine which edaphic factors were more important in governing community 

composition, Mantel and partial Mantel tests were performed using the Bray Curtis matrices 

controlling for environment, geographical and elevation distance.. Furthermore, a multiple 

regression on matrix (MRM) was performed on the relative abundance of most dominant 

bacterial phyla regressing these against the individual edaphic variable matrices. 

 

Deposited 16S rRNA gene dataset accession numbers 

 
The 16S rRNA gene sequence data has been submitted under the NCBI SRA accession 

number SRP049314. 

Results 

 
From the 20 samples, at the 97% sequence similarity we obtained 15,627 OTUs from 

262,084 high quality sequences. Rarefaction curve of OTU distribution indicates that both 

Shale and Alluvial soils had the highest abundance respectively (Figure 14). 

The soils from the four Fynbos vegetation types were distinctly different from each other in 

both geology and composition (Mucina and Rutherford 2006). There was very little intra-

variability edaphic variable from each vegetation type.  
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Figure 14. Rarefaction Curve of OTU richness in the Fynbos. At the 97% identity level, the 

final OTU table consisted of 262 087 sequences distributed into 15 627 OTUs 
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The NMDS drawn from the Euclidean distance of the edaphic variables showed that there 

was a significant clustering of individual samples by vegetation type (Figure 2 and 8, p≤0.05).  

Environment and geographical distance at each Fynbos vegetation type significantly 

correlated with bacterial community structure using a Mantel and partial Mantel tests (Table  

4). Despite differences in edaphic properties, the bacterial community did not cluster by 

vegetation type, however, Calcium (Ca2+) was the only edaphic variable that significantly 

influenced the bacterial  community structure (Figure 15 , p≤0.05). Furthermore, Ca2+ was 

strongly correlated with OTU richness (R2=0.44, P≤0.001; Figure 16), and, 16S rRNA gene 

copy number (R2=0.65, P≤0.001; Figure 16). Soil texture (silt and clay %) was also strongly 

correlated with OTU richness (R2=0.41, P≤0.001; Figure 16), and, 16S rRNA gene copy 

number (R2=0.54, P≤0.001; Figure 16). 

There was an overall significant difference in the abundance of most dominant phyla across 

the different Fynbos soil, Acidobacteria, Chloroflexi, Bacteroidetes, Gemmatimonadetes and 

Verrucomicrobia (P≤0.05; Figure 17). Post-hoc pairwise comparison test (Tukey) showed 

that there were differences within the different soil types (Figure 17) 

However, Actinobacteria and Proteobacteria which were the most dominant were not 

significantly different across soil types (Figure 17). To determine which edaphic variable was 

important in delimiting the relative abundance, we used MRM. Of all the edaphic variables, 

total organic carbon (TOC) explained the relative abundance of Bacteroidetes (P≤0.05; Table 

5), Ca2+ only marginally for Gemmatimonadetes (P=0.061; Table 5) and  for Proteobacteria 

(P≤0.01; Table 1S), soil texture for Chloroflexi (P≤0.04; Table 5) and Gemmatimonadetes 

(P≤0.001; Table 5) and sulphate (SO4
-2) for Proteobacteria (P≤ 0.01Table 5). Interestingly, at 

the class level more edaphic variables seem to be influencing the relative abundance of 

certain taxa (Table S1).  
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Table 4. Measured edaphic variables for each sample and site, with (*) indicating variables that significantly varied across all sites (C/N= carbon: nitrogen, MAP=mean 

annual precipitation, and MAPE=mean annual potential evaporation) 

 

  

Sample Soil type Classification Clay* Silt* Sand* pH EC * P * Na * K* Ca* Mg* Cl* SO4 NH4* NO3* P Brayll* N* C* C/N* Silt & Clay* MAP* MAPE* Elevation*

ID ID ID  (%) (%) (%) (mS/m) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)  (mg/kg)  (%)  (%)  (%)  (%) (mm) (mm) (m)

A1 alluvial LmSa 6.4 8 85.6 6.5 4 0.22 3.44 4.78 3.19 0.99 30.84 2.22 1.32 0.93 19.47 0.02 0.86 43 14.4 400 2130 323

A2 alluvial Lm 20.4 28 51.6 5.9 8 0.64 9.36 6.37 6.2 3.23 17.62 8.5 1.66 0.69 15.39 0.03 1.79 59.66 48.4 400 2130 323

A3 alluvial SaLm 16.4 16 67.6 6.6 11 0.49 8.75 7.91 15.28 2.81 22.03 11.45 1.4 0.88 14.48 0.03 2.91 97 32.4 400 2130 323

A4 alluvial Lm 22.4 20 57.6 7 5 0.14 5.27 4.37 3.57 1.2 13.22 8.29 1.42 0.47 8.84 0.06 1.31 21.83 42.4 400 2130 323

A5 alluvial Lm 20.4 22 57.6 6.5 21 0.29 11.68 12.35 27.67 6.44 26.44 11.74 2.17 19.44 26.3 0.13 2.09 16.07 42.4 400 2130 323

L1 Limestone Sa 4.4 6 89.6 6.5 6 0.39 6.69 4.54 2.06 1.33 8.81 10.31 1.58 0.39 1.65 0.09 1.41 15.66 10.4 484 1761 236

L2 Limestone LmSa 6.4 8 85.6 6.3 5 0.34 7.28 3.55 1.59 1 13.22 4.31 1.16 0.97 0.68 0.01 1.48 148 14.4 484 1761 236

L3 Limestone Sa 4.4 6 89.6 6.5 3 0.52 5.28 3.01 0.67 0.46 13.22 2.68 1.39 0.58 0.23 0.2 1.77 8.85 10.4 484 1761 236

L4 Limestone Sa 4.4 4 91.6 6.4 4 0.59 6.88 3.37 0.97 0.69 8.81 3.04 1.21 0.57 0.27 0.1 1.66 16.6 8.4 484 1761 236

L5 Limestone Sa 4.4 4 91.6 6.4 3 0.5 5.9 3.12 0.89 0.66 8.81 3.47 1.29 0.54 1.65 0.05 1.33 26.6 8.4 484 1761 236

SF1 Sand Sa 4.4 0 95.6 6.4 5 0.6 3.78 3.29 1.31 0.79 13.22 2.89 2.47 0.48 4.02 0.27 0.27 1 4.4 565 2034 63

SF2 Sand Sa 4.4 0 95.6 6.7 5 0.76 4.19 3.53 0.52 0.44 8.81 2.41 2.54 2.09 5.23 0.28 0.25 0.89 4.4 565 2034 63

SF3 Sand Sa 4.4 0 95.6 6.8 5 0.89 4.82 3.95 1.42 0.84 13.22 2.16 1.71 2.92 7.68 0.01 0.44 44 4.4 565 2034 63

SF4 Sand Sa 4.4 2 93.6 6.6 8 0.79 10.12 6.05 1.51 0.81 22.03 6.52 2.6 0.62 51.43 0.02 0.86 43 6.4 565 2034 63

SF5 Sand Sa 4.4 2 93.6 6.6 7 0.66 5.42 4.16 1.81 1.13 8.81 2.82 3.19 5.02 11.94 0.01 0.43 43 6.4 565 2034 63

SL1 Shale Lm 23 28 49 6.7 12 0.23 15.96 7.81 7.61 3.11 26.44 9.4 0.79 3.51 10.27 0.51 4.11 8.05 51 717 1941 205

SL2 Shale Lm 24 27 49 6.8 16 0.5 15.44 17.32 11.81 5.35 17.62 9.88 1.39 10.76 11.31 0.57 2.68 4.7 51 717 1941 205

SL3 Shale Lm 24 27 49 6.8 11 0.3 14.72 10.12 5.95 2.85 30.84 7.58 0.81 4.14 10.05 0.61 1.81 2.97 51 717 1941 205

SL4 Shale Lm 21 22 57 6.6 21 0.6 20.59 20.84 16.32 8.08 35.25 11.1 1.27 1.26 66.09 0.95 5.44 5.7 43 717 1941 205

SL5 Shale SaLm 17 18 65 6.5 13 0.25 13.7 8.55 7.53 4.2 13.22 4.24 1.13 3.36 11.65 0.44 4.09 9.29 35 717 1941 205
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Table 5. Mantel and partial Mantel tests for the correlation between Bray-Curtis and the 

explanatory distances (geographic, environment and elevation) using Spearman’s rho in the 

Fynbos. 
 

Significant level:*** ≤0.001; **≤0.01;* ≤0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bray-Curtis Controlling for Fynbos 

   

Geographic  0.027 

Environment  -0.100 

Elevation  -0.040 

Geographic Environment and Elevation 4.765*** 

Environment  Geographic and Elevation 0.029* 

Elevation  Geographic and 

Environment 

0.114 
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Figure 15. NMDS of bacterial community composition (Bray-Curtis dissimilarity) between 

different Fynbos soils, the overlaid contour lines shows the Ca2+ concentration gradient and 

how the community composition is affected by Ca.  
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Figure 16 Relationship between OTU richness and soil texture (A) and between Ca 

concentrations (B), and relationship between 16S rRNA gene copy number and soil texture 

(C) and Ca concentrations (D). Adjusted R2 values are shown and the lines represent the best-

fit model to the data. Significant level :***P ≤0.001; **P ≤0.01 ;*P ≤0.05. 
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Figure 17 Relative abundance of (mean ± SD) the most abundant phyla in different vegetation types. Post-hoc Tukey pairwise comparisons 

are shown, different letters denote significant difference between the Fynbos soils. Significant level :***P ≤0.001; **P ≤0.01 ;*P ≤0.05. 
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Table 6. Multiple regression on matrix (MRM) of dominant phyla and the explanatory edaphic variables) with significance levels. 

 

Significant level:***P ≤0.001; **P≤0.01;* P ≤0.05. 

Dominant Phyla Edaphic variable P-Value 

Bacteriodetes 

Chloroflexi 

Gemmatimonadetes 

 

Proteobacteria 

Total Carbon (TOC) 

Soil Texture (Silt and Clay) 

Soil Texture (Silt and Clay) 

Calcium (Ca) 

Calcium (Ca) 

Sulphate (SO4
-2) 

0.04* 

0.04 * 

4.595e-05 *** 

0.06141 

0.006563 ** 

0.015608 ** 
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Discussion 
 

Our survey of bacterial community in the Fynbos, revealed that certain edaphic variables 

were more important in influencing the community structure and relative abundance of taxa. 

We attribute the documented diversity pattern and richness to the unique edaphic properties 

at each site. Edaphic properties have been shown in certain systems to be consistent across 

sites with little variation, even within similar land-use types (Girvan et al. 2003; Jesus et al. 

2009; Johnson et al. 2003; Lauber et al. 2008; Murty et al. 2002; D. Singh et al. 

2013).However, our investigation revealed that the edaphic properties of soils from each 

Fynbos vegetation type were significantly different (Fig. 1). Vreulink et al.,(2007) also found 

similar trends when they investigated sandy Fynbos soils. Hopper (2009) described the 

landscape of the CFR as old, climatically buffered, infertile landscapes (OCBILs) and the 

region has a long history of leaching. However, the pedogenesis of Fynbos soils includes 

complex geomorphic processes, and unique vegetation that have resulted in a complex 

heterogeneous landscape that has a mixture of young fertile and old infertile soils (Allsopp 

2014; Cowling et al. 2009; Mucina and Rutherford 2006). Our findings further reiterate the 

nature and extend of heterogeneous landscapes that exists within the Fynbos. Allsopp (2014) 

succinctly summarised and surmised the pedogenesis of Fynbos soils, moreover, the 

influence of plant community structure and litter in influencing edaphic variable is well 

documented (R. D. Bardgett and Shine 1999; Richard D. Bardgett 2005; Ehrenfeld 2003; 

Jhonson and ebrary Inc. 2009; J. S. Singh et al. 1989). We propose that the combination of 

the documented different vegetation types (Mucina and Rutherford 2006) and unique 

geomorphic processes in the each of the Fynbos vegetation types are key ultimate factors for 

this observed difference. Furthermore, we suggest that this observed variation in our soils 

samples is a natural feature of the Fynbos. Interestingly, this difference in edaphic variables 
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did not produce a bacterial communities unique to soils from each of the four Fynbos 

vegetation types. Previous studies have found that environment and geographical distance are 

important in shaping microbial community, albeit at local scale (Martiny et al. 2011; Ramette 

and Tiedje 2007; B. M. Tripathi et al. 2014). The Mantel tests gives support that both 

environment and geographical distance are significantly correlated with community structure 

(Table 2).Though, we found no bacterial community unique to each of the four Fynbos soils, 

Ca was found to be a factor that influenced community structure. The role that Ca plays in 

maintaining prokaryote cell structure, motility and sporulation is widely documented 

(Dominguez 2004; Norris et al. 1996). Previous studies have also highlighted the role of Ca 

in soils and how it shapes bacterial community (Allison et al. 2007; Jesus et al. 2009; 

Vreulink et al. 2007; Zornoza et al. 2008).  

A highly heterogeneous soil environment has been shown at local scales to affect the 

distribution of bacteria, and, this fragmentation is known to cause the heterogeneous 

distribution of bacteria (Bent et al. 2003; Bundt et al. 2001; Grundmann and Debouzie 2000; 

Nunan et al. 2002; Nunan et al. 2003). Our results showed that in heterogeneous Fynbos soils, 

there was a significantly high correlation between OTU richness, 16S rRNA gene copy 

numbers, and silt and clay (Fig.3). Using modern DNA extractions methods, our results 

corroborate those of Chau et al.,(2011) found that relative sand %, and silt and clay content 

did not influence the amount of genomic DNA extracted, furthermore, they also showed that 

bacterial richness was positively correlated with silt and clay . 

 

 We suggest that the variation that was observed from soils across the different Fynbos 

vegetation types, is the key proximate factors that cause this strong correlation with bacteria 

richness and 16S rRNA gene copy abundance. Soils that consistently had the highest silt and 
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clay content (Alluvial and Shale) also had the highest OTU richness and 16S rRNA gene 

copy numbers 

Further investigation of the taxonomic breakdown of the three most dominant phyla, 

Protebacteria and Actinobacteria, did not differ significantly across all Fynbos soil samples, 

whereas Acidobacteria varied significantly in all Fynbos soils (Fig.4). Barnard et al.,(2013) 

and Felske et al., (2000)found that Acidobacteria relative abundance was insistently high in 

both dry and wet soils and it was the one of most dominant phyla in soils. This is not 

surprising as sampling was conducted during the wet season. Although, in this study 

elevation was not an explanatory variable it has been shown that Acidobacteria abundance 

was higher at lower elevations and mesic conditions (Van Horn et al. 2013; Zhang et al. 

2014). We found that Acidobacteria abundance was highest in the Sand Fynbos soils, which 

incidentally has the lowest elevation of all the other sites (Fig.4; Table 2S). Interestingly, the 

abundance of Proteobacteria was highly influenced by Ca concentration (Table S2). Previous 

culture based experiments have shown that bacteria (Proteobacteria) have an affinity to 

attach more easily to Calcium than Silica substrates (Rodriguez-Navarro et al. 2012). We 

suggest this is the reason that the soils of both Alluvia and Shale Fynbos vegetation types 

have such a high OTU richness and consequently high 16S rRNA gene copy numbers (Fig.3; 

Fig. S1).Soils that have been Ca enriched have been shown to favour certain bacterial phyla 

such as Bacteroidetes and Proteobacteria (Sridevi et al. 2012), in this study we found that 

only the abundance of Proteobacteria was influenced by Ca concentrations (Table S2). Of all 

the three most dominant phyla, Proteobacteria had the most abundance across all Fynbos 

soils. We propose that Proteobacteria could be driving the lack of a distinct bacterial 

community in Fynbos soils, as it is the most abundant taxa and shows no variation in 

abundance across all sites. 

5. Conclusion 
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As our soil analysis confirm, soils from across the Fynbos are chemically highly 

heterogeneous, variations that seem in part to be caused by both the unique pedogenesis 

processes and plant community in each soil type. Despite the strong differences in edaphic 

properties by Fynbos type the bacterial community structure was widespread and generalised 

across the Fynbos types. However, it was highly influenced by calcium, which was not 

related to soil type but instead varied between individual samples both within and between 

the Fynbos types. In addition, calcium and silt and clay content also influenced the abundance 

and richness of the bacterial taxa. Along with the unique geomorphic processes, we found 

that edaphic variables play a role in structuring the soil bacterial community. Further 

investigation is needed to discern the importance of these edaphic variables in delimiting 

bacterial community assemble processes in the Fynbos. 
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4.3 Deterministic Process Governing Bacterial 

Community Structure in Fynbos, South Africa 

 

Introduction 

 
The use of the 16S rRNA gene has become a very useful tool for microbial ecologists to 

study and survey soil microbial diversity (Dunbar et al. 2002; Torsvik et al. 1990; Torsvik 

and Ovreas 2002). More recent studies have focused not only on microbial diversity but also 

biogeography (Bryant et al. 2008; Fierer and Jackson 2006; Hanson et al. 2012; Martiny et al. 

2006) and this has shed more light on the factors influencing the structure of soil microbial 

communities. 

The soil matrix is immensely complex and its heterogeneous nature has often been 

considered to be one of the factors that could explain microbial diversity and biogeography 

(Chau et al. 2011; Ettema and Wardle 2002; Mcarthur et al. 1988; Ramette and Tiedje 2007). 

Spatial and temporal dynamics are also understood to influence microbial diversity and 

biogeography; their roles in significantly shaping microbial communities is widely reported 

(Cottenie 2005; Hanson et al. 2012; Martiny et al. 2011; Yergeau et al. 2010). 

The South African Cape region is recognised as one of the biological hotspots; with its high 

levels of plant species diversity and endemism, the region is characterised by highly 

heterogeneous soils and mild Pleistocene climate (Allsopp 2014; Wintle et al. 2011). The 

Fynbos (Mediterranean heathland) is the major vegetation type of the region. Many of the 

plant species of the Fynbos are obligate seeders and rely on fire for regeneration, climate 

change is likely to increase the frequency of fires in the Fynbos (Keith et al. 2008; Wintle et 

al. 2011). The South African Fynbos has been widely studied, and the causes of its very high 

plant diversity have been widely discussed (Allsopp 2014; Cowling 1992; Cowling et al. 

2003; Mucina and Rutherford 2006). However, little is known about Fynbos microbial 
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community patterns and processes. Some efforts have been made to try and fill this 

knowledge gap (Slabbert et al. 2010b; Slabbert et al. 2014; Stafford et al. 2005). The work 

that has been done invaluable though it is mostly based on describing overall similarities and 

differences in community composition.  

Community ecology not only focuses on patterns of diversity but also the processes 

governing these patterns. (Vellend 2010) succinctly revised and restated that there were four 

major processes that governed community assembly; speciation, dispersal, selection and 

ecological drift. In recent years there has been a growing body of work showing the relative 

importance of these processes in varying systems; microcosm experiments also found that 

species-sorting ( community assembly regulated by local environment/niche processes) and 

stochastic process interacted during bacterial assembly and their relative importance was 

dependent on species abundance (Langenheder and Szekely 2011). In stream biofilms and 

subsurface environments, a few studies have found that the role of probabilistic dispersal ergo 

neutral processes tend to be more important in structuring community (Besemer et al. 2012; 

Stegen et al. 2012), however, these studies do not forego the contribution of non-neutral 

assembly (deterministic) processes. Dumbrell et al. (2010) also found that arbuscular 

mychorrhizial fungi community was structured by both niche and neutral processes. Similarly, 

in a global study of extreme deserts, Caruso et al. (2011) found that in multi trophic system 

the use of single assembly rules (niche or neutral) was unrealistic.  

Initially proposed by Webb et al. (2002), the field of phylogenetic community ecology has 

grown substantially in recent years (Morlon et al. 2011; Stegen et al. 2012; Stegen et al. 2013; 

Wang et al. 2012; Wang et al. 2013a; Wang et al. 2013b; Zaneveld et al. 2011), and was first 

applied to plant and animal communities, including the Fynbos.(Morlon et al. 2011) 

Highlighted the importance of spatial patterns in phylogenetic diversity, and proposed the 

initial theoretical predictions of increased phylogenetic diversity with area and loss of 
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phylogenetic similarity with distance in the Fynbos. They also showed that in the Fynbos 

phylogenetic diversity depends less strongly on environment and more on geographical 

distance under a random assembly model, which is steeped in neutral theory (Chave 2004; 

Hubbell 2001; Nemergut et al. 2013). Furthermore,(Etienne et al. 2006; Latimer et al. 2005) 

when applying Hubble’s neutral models to plants in the Fynbos, found that the neutral model 

is appropriate for testing hypothesises about speciation and dispersal limitation. To discern 

the relative influence of stochastic and deterministic processes, ecologist use null models. In 

particular null models that couple phylogenetic community composition and randomisations 

has become common practice (Graham and Fine 2008; Stegen et al. 2012; Webb 2000; Webb 

et al. 2002).There are only few studies that have looked at the processes governing 

phylogenetic community structure assembly in Mediterranean climate system.  

Here we investigate the roles of both deterministic (niche-based) and neutral process play in 

delimiting the microbial phylogenetic community structure of Fynbos soils. Using a 16S 

rRNA gene dataset that was compiled from sample sets in four different Fynbos vegetation 

types, we examined the phylogeny of the microbial communities in these four habitats. The 

present study aims not only to gain a better understanding of microbial ecology in the Fynbos, 

but also to discern what underlying ecological processes are important in phylogenetic 

community structure assembly. 

We hypothesise that: 

4. Each Fynbos vegetation type will harbour distinct microbial communities and have 

evolved distinct microbial lineages, and , the phylogenetic signal (likelihood of 

related species to resemble one another more than they are chosen at random from a 

phylogenetic tree (Blomberg and Garland 2002)) from the Fynbos will indicate that 

closely related bacterial Operational Taxonomic Unit (OTUs) occupy similar niches, 

due to conservatism in their ability to adapt and exploit the environment. 
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5. Phylogenetic community structure assembly in the Fynbos will be greatly influenced 

by deterministic processes rather than neutral processes, parallel to most microbial 

community assembly studies (Ofiteru et al. 2010; Stegen et al. 2013; Wang et al. 

2013b)  

I used an array of phylogenetic diversity indices to infer differences in community 

composition between Fynbos vegetation types, and, analysed patterns in phylogenetic 

signalling in relation to apparent ecological niches of OTUs. Furthermore, we used 

phylogenetic turnover (‘turnover of clades between communities beyond the one expected if 

species turnover was independent of phylogeny’, (O. J. Hardy et al. 2012a)) to infer the 

relatives influences of community assembly processes on community structure. Finally, we 

compared the relative roles of environment, elevation, and geographical distance in 

delimiting phylogenetic community structure assembly. 
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Material and Methods 

Sequencing processing and analysis 

The sequence data obtained was processed following the MiSeq SOP in Mothur (Schloss et al. 

2009). All trimmed quality sequences were classified using EzTaxon-e reference bacterial 

taxonomy (Chun et al. 2007). 

Statistical analysis 

The number of sequences was standardised to 3317 per sample for cross-comparison between 

samples. All statistical analyses were performed using the Vegan (Oksanen et al. 2013), 

Picante v1.4 (Kembel et al. 2010),for the R program (R Development Core Team, 2007). A 

non-metric multidimensional scaling (NMDS) was created by calculating the Euclidian 

distance of environmental variables to visualise the difference in soil physical and chemical 

properties of the each Fynbos type. 

 

Phylogenetic community composition analysis 

 
A maximum likelihood tree was inferred from all aligned sequences using Fast Tree 2 under 

the Jukes and Cantor model (Price et al. 2010). Using the resultant tree, Mantel correlograms 

were used to evaluate the phylogenetic signal in the 16S rRNA gene across a range of 

phylogenetic depths and significance was drawn from 999 permutations (Diniz et al. 2010). 

Phylogenetic distances were portioned into classes (0.02 units) and the correlation coefficient 

was relating OTU phylogenetic distance to environmental-optimum distance (Diniz et al. 

2010). An environmental-optimum for each OTU was calculated for each environmental 

variable as in Stegen et al. (2012) and Wang et al. (2013b). Between OTU optimum 
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difference was calculated as Euclidean distances using optima for all environmental variables. 

Phylogenetic diversity Faith’s PD (Faith 1992) was also calculated using the phylogenetic 

tree, this index calculates the branch length of the community in each sample using the 

phylogeny. The resultant phylogenetic signal (see results) elicited the calculation of both un-

weighted UniFrac matrix (Lozupone and Knight 2005) which detects phylogenetic distance 

closer to branches, and, ses. 𝛽MNTD matrix which detects phylogenetic distance closer to 

leaves of the phylogenetic tree. To visualise the bacterial community composition, a non-

metric multidimensional scaling (NMDS) and analysis of similarity using (PERMANOVA) 

with 999 permutations (M. J. Anderson 2001) were performed using R ‘Vegan’ package. The 

community was visualised using the un-weighted UniFrac matrix and the ses.  𝛽 MNTD 

matrices. Furthermore, to infer the phylogenetic community structure, we used the nearest 

taxon index (NTI) to characterise the community composition within each sample point 

(Webb et al. 2002). For each community NTI that is greater than two indicates phylogenetic 

clustering; whilst NTI less than two indicates phylogenetic over-dispersion. A mean NTI of 

all samples that is greater than 0 indicates clustering and NTI with a mean less that 0 

indicates overall over-dispersion. 

 

Phylogenetic community turnover and assembly processes 

 
Phylogenetic turnover was quantified using the UniFrac and the mean nearest taxon distance 

(𝛽MNTD) (Fine and Kembel 2011; Stegen et al. 2012). 𝛽MNTD is the mean phylogenetic 

distance to closest relative in a paired community of taxa (Fine and Kembel 2011) and is 

sensitive to the changes of lineages close to the phylogenetic tips. Ses.  𝛽 MNTD was 

computed as the number of standard deviations that observed 𝛽MNTD depart from the mean 

null distribution (999 null iterations) based on random shuffling of OTU labels across the tips 
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of the phylogeny (Fine and Kembel 2011; Stegen et al. 2012; Stegen et al. 2013; Wang et al. 

2013b). This randomisation hold constant observed species richness, occupancy, and turnover. 

Thus, it provides an expected level of 𝛽MNTD given observed species richness, occupancy, 

and turnover.  

To understand and discern which assembly processes were important in delimiting bacterial 

community, Mantel and partial Mantel tests were performed using the phylogenetic matrices 

controlling for environment, geographical and elevation distance to determine their relative 

roles in explaining the phylogenetic community composition in the Fynbos (Wang et al. 

2013a; Wang et al. 2013b). A multiple regression on matrices (MRM) (UniFrac and ses. 

𝛽 MNTD) was performed on the (environmental, geographical and elevation) distance 

matrices (Legendre et al. 1994). Furthermore, a multiple regression on matrix using 

individual environmental variables made it possible to assess the relative importance of each 

variable, reverse selection (in which all the individual environmental matrices were regressed 

against the phylogenetic matrices, and those environmental matrices that were non-significant 

were the removed.) was performed. 

Finally, using the ses. 𝛽MNTD matrix, whose absolute magnitude reflects the influence of 

deterministic processes; the larger it is the greater the influence of niche-based processes. 

Using this it was possible to discern which assembly processes were important in delimiting 

bacterial phylogenetic community in the Fynbos. 
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 Results 

 
At the 97% identity level, the final OTU table consisted of 262,087 sequences distributed into 

15,627 OTUs, of which 5,113 were represented by more than one sequence. Rarefaction 

curves indicated that both alluvial and shale Fynbos had the highest number of OTUs when 

compared to limestone and sand Fynbos types.  

A NMDS of the environmental variables indicated that the all the Fynbos vegetation types 

had distinct physical chemical properties from one another and they clustered significantly by 

Fynbos vegetation type. 

 

Phylogenetic community composition analysis  

The phylogenetic signal using the Mantel correlogram showed significant correlations over 

short phylogenetic distances (p<0.05, Figure 18).The signal showed significantly both 

negative and positive correlations across short phylogenetic distances. Indicating that there 

are instances of ecological coherence (closely related OTUs occupying the same/similar 

niches) and ecological incoherence (distantly related OTUs occupied the same/similar niches). 

The phylogenetic diversity (Faith’s PD) index showed that Alluvial and Shale vegetation 

types had the highest phylogenetic diversity, whilst, Sand and Limestone vegetation types 

had intermediate and lowest diversity respectively (Figure 19). 

The non-metric multidimensional scaling from the UniFrac revealed that samples clustered 

according to Fynbos vegetation type, PERMANOVA results showed that clustering by 

Fynbos vegetation type was overall significant whilst ses 𝛽MNTD NMDS did not show any 

clustering by Fynbos vegetation types(p<0.05, Figure 20).  
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A T-test revealed that the overall NTI index mean significantly deviated from zero, indicating 

that the phylogenetic community composition was clustered (t20 = -58.034, P≪ 0,0001). 

Although, not all communities exhibited the overwhelming clustering phenomenon, only 15% 

of the samples did not significantly deviate from zero. 
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Figure 18 Mantel correlogram between the pairwise distance of OUT niche distance and 

phylogenetic distance. Significant correlation (p<0.05, solid circles) phylogenetic signal in 

species ecological niches 
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Figure 19 Faith’s PD showed that overall the four fynbos types were significantly different 

(P<0.05); further post-hoc Tukey’s test analysis revealed that both alluvial and shale sites 

were not significantly different from each other as was the case with sand and limestone also 

alluvial and sand .  

 

 

 

 

 



77 

 

 

Figure 20 Non-Metric Dimensional Scaling from a) UnFrac matrix which was significantly clustered (p<0.05) and b) ses .𝛽MNTD.  
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Phylogenetic community turnover and assembly processes 

To infer the underlying processes that govern community turnover and assembly, we found 

that phylogenetic turnover rates in the Fynbos to be higher than expected (Figure 21). And, 

ses.𝛽MNTD mean was significantly different from the expected value of zero (T-test, t190 = -

958.2552, P ≪ 0,0001 , Figure 21) , indicating that deterministic processes govern 

phylogenetic community assembly in the Fynbos.  

The Mantel tests showed that both 𝛽MNTD and UniFrac were significantly correlated with 

geographical distance, with UniFrac also being correlated with elevation and ses. 𝛽MNTD 

with elevation (Table 6). When controlling for the effects of both geographical and 

environmental distance, environmental distance was not correlated with any of the indices 

(UniFrac, 𝛽MNTD and ses. 𝛽MNTD). 

MRM analysis performed on the ses.𝛽MNTD matrix with individual environmental matrices 

indicated that soil texture was the most important identifiable environmental variable that 

influenced community assembly in the Fynbos (p<0.01). A similar analysis using the UniFrac 

matrix revealed that soil texture, Potassium (K) and Nitrate (NO3) were important (P<0.001). 
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Figure 21.Frequency estimates for distribution of Nearest Taxon Index (NTI, mean=3.01) and ses.Beta.MNTD (mean=2.95).Each observation 

is the number of null model standard deviations the observed value is from the mean of its associated null distribution.  Ses.Beta.MNTD 

values  <-2 indicate less than expected turnonver; values >+2  indicate greater than expected turnover. Both mean of NTI and Ses.Beta.MNTD 

were significantly different from expected value of zero for random data (P<0.01, t-test) 
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Table7. Mantel and partial Mantel tests for the correlation between Unifrac, 𝛽MNTD and 

ses.𝛽MNTD and the explanatory distances (geographic, environment and elevation) using 

Spearman’s rho in the fynbos. 

𝜷MNTD   

Geographic  0.2149* 

Environment  -0.0395 

Elevation  0.0810 

Geographic Environment and Elevation 0.2045* 

Environment  Geographic and Elevation -0.0434 

Elevation  Geographic and 

Environment 

0.0640 

ses.𝜷MNTD   

Geographic  0.0571 

Environment  0.1299 

Elevation  0.1702* 

Geographic Environment and Elevation 0.0440 

Environment  Geographic and Elevation 0.1042 

Elevation  Geographic and 

Environment 

0.1438 

Significant level:***<0.001; **<0.01;*,0.05. 

 

 

 

 

 

 

Effect of Controlling for Fynbos 

Unifrac   

Geographic  0.4043*** 

Environment  0.1828 

Elevation  0.3855*** 

Geographic Environment and Elevation 0.4024** 

Environment  Geographic and Elevation 0.1619 

Elevation  Geographic and 

Environment 

0.3444** 
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Discussion 

 
In this study we analysed the Mediterranean climate Fynbos ecosystem to understand soil 

bacterial phylogenetic community composition and assembly. Overall, we discovered from 

the NTI and ses. 𝛽MNTD indices that the bacterial community is phylogenetically clustered, 

and that environmental filtering delimits phylogenetic community structure assembly. 

Nevertheless, stochastic factors seem to play a role, albeit secondary. 

 

Phylogenetic community composition analysis  

To our knowledge this study is the first to investigate the microbial phylogenetic signal 

within a Mediterranean ecosystem. However, various other studies have used phylogenetic 

signals to infer ecological processes in other ecosystems and taxonomic groups (L. C. 

Anderson et al. 2010; Cavender-Bares and Holbrook 2001; Pontarp et al. 2012; Stegen et al. 

2012; Stegen et al. 2013; Wang et al. 2013b)These studies have shown that there is a clear 

relationship between phylogenetic signal and ecological niches. We observed that over short 

phylogenetic distances, there was a close relationship with ecological niche. This is in 

accordance with Brownian niche evolution (Ackerly et al. 2006; Diniz et al. 2010). 

We predicted that a clear relationship between phylogenetic signal and ecological niche 

would occur, with closely related OTUs being ecologically coherent. However, our results 

(Figure 18) showed that in the CCR system, the opposite was the case: with majority of 

distantly related OTUs in the Fynbos being ecologically coherent and co-occurred over short 

phylogenetic distance, conversely a small proportion of closely related OTUs did co-occur. 

Overall, these results indicate that at close phylogenetic distance the bacterial community is 

phylogenetically over-dispersed. At close phylogenetic distances related taxa were not 

ecologically coherent, and, these taxa were not phylogenetically conserved in their niches. 
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This over-dispersion of closely related OTUs in the Fynbos may be predicted to result from 

avoidance of niche overlap, Morlon et al. (2011)proposed that when competitive exclusion of 

close relatives operates at a local scale, the result is over-dispersion in relation to 

environmental factors. Competitive exclusion and habitat filtering both act to produce the 

observed community. However, the roles of competition and habitat filtering have been 

shown to be important in structuring bacterial communities (Horner-Devine and Bohannan 

2006). We propose that the heterogeneous nature of the Fynbos soils (Allsopp 2014), will 

result in a narrow range of bacterial ecotypes that will likely produces the observed 

ecological incoherence in the phylogenetic signal .The phylogenetic diversity was 

consistently lower in  soil samples from Limestone and Sand Fynbos vegetation types, and, 

highest in both Alluvial and Shale Fynbos soil samples (Figure 19). The influence of pH and 

edaphic properties on bacterial phylogenetic diversity is widely reported (Lauber and Fierer 

2009; Ren et al. 2015; D. Singh et al. 2014; B. M. Tripathi et al. 2012; Wang et al. 2012). 

However, in this present study we found distinction in edaphic variable across all Fynbos 

types. We suggest that the unique pedogenesis process in each Fynbos vegetation type could 

be producing this observed difference in phylogenetic diversity. These results prompted 

further investigation into the phylogenetic community composition within the fynbos. 

Previous studies that investigated bacterial communities in the Fynbos; Fynbos rhizospheres 

(Stafford et al. 2005), sand Fynbos (Slabbert et al. 2010b; Slabbert et al. 2010a) and riparian 

alluvial Fynbos (Slabbert et al. 2014) have indicated that microbial communities within the 

Fynbos are to some extent distinct between Fynbos vegetation types. Our prediction that each 

Fynbos vegetation type would have a distinct bacterial community was supported by the 

UniFrac result (Figure 20), clearly illustrating that the phylogenetic community is highly 

clustered by vegetation type. This clustering is much stronger than has been reported in other 

studies that investigated the phylogenetic community structure in Fynbos soils (Slabbert et al. 
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2014). The UniFrac is sensitive closer to the nodes, indicating that the distinctions in the soil 

microbial communities are ‘ancestral’ (i.e. relatively ancient) in nature. Ses. 𝛽MNTD results 

indicate that at species level there was no clustering by vegetation type (Figure 20), ses. 

𝛽MNTD, which is more sensitive towards the tips of the tree, suggesting that there had been 

rapid speciation events within the microbial community of each vegetation type. However, 

unlike previous studies that had investigated bacterial communities using these matrices, 

there was a discordance between the two matrices. A comprehensive study by Wang et al. 

(2013b) using UniFrac and ses. 𝛽 MNTD revealed that the community was significantly 

clustered by habitat type. To further infer phylogenetic local community composition (local 

community= each sampling point), we used the NTI index for each sampling point.. The 

mean NTI values for all the local communities was significantly positive (p<0.05, Figure 21), 

indicating that overall the local communities are phylogenetically clustered as result of 

deterministic processes (Kembel 2009; Stegen et al. 2012; Wang et al. 2013b; Webb 

2000) .Wang et al. (2012) argued that environmental heterogeneity is more important than 

spatial scale when studying local ecological processes. However, we found no correlation 

between NTI and elevation. Furthermore, the complexity of the soil matrix makes it 

challenging to discern with absolute confidence which environmental variable is driving this 

local ecological process in the Fynbos 

It is worth noting that 10% of samples were not significantly clustered (NTI < 2), and most of 

these were from Limestone Fynbos. Phylogenetic clustering is not only the result of 

environmental filtering but also of an adaptive radiation event (i.e. speciation) from 

adaptation to different environment (Graham and Fine 2008; Horner-Devine and Bohannan 

2006). There has no study that has investigated bacterial community structure in the 

Limestone Fynbos soils. We propose that the nature of Limestone Fynbos soils would create 

a bacterial community that has adapted to the elevated calcium carbonate concentrations. And, 
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very few bacterial lineages can adapt to such levels. This would decrease the phylogenetic 

diversity, as indicated by the phylogenetic signal (Figure 18) there were instances of closely 

related taxa co-occuring.  

The striking difference in both abiotic and biotic properties of each of the Fynbos sites is 

widely documented (Mucina and Rutherford 2006; Witkowski and Mitchell 1987). Allsopp 

(2014) succinctly summarised and surmised the pedogenesis of Fynbos soils, moreover, the 

influence of plant community structure and litter in influencing edaphic variable is well 

documented (R. D. Bardgett and Shine 1999; Richard D. Bardgett 2005; Ehrenfeld 2003; 

Jhonson and ebrary Inc. 2009; J. S. Singh et al. 1989). We propose that the combination of 

the documented different vegetation types (Cowling 1992; Cowling et al. 2009; Mucina and 

Rutherford 2006) and unique geomorphic processes in the each of the Fynbos vegetation 

types are key ultimate factors for this observed difference.  

Phylogenetic community turnover and assembly processes 

The NTI index revealed that the local community was phylogenetically clustered and that 

overall mean was greater than two. This indicates that though deterministic processes play a 

crucial role in delimiting community assembly at the local scale, some stochastic process still 

act in delimiting community assembly. Previous studies that used elevation as a proxy for 

environment (Singh et al.,2014). Wang et al.(2013) argued that environmental heterogeneity 

is more important than spatial scale when studying local ecological processes. However, we 

found no correlation between NTI and elevation. 

Furthermore, the complexity of the soil matrix makes it challenging to discern with absolute 

confidence which environmental variable is driving this local ecological process in the 

Fynbos. Though, deterministic processes were governing community assembly, role of 

neutral processes are also crucial in determining the overall community composition (Weiher 

et al. 2011). 
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Phylogenetic turnover and community dynamics  

To determine which ecological processes were delimiting composition within communities 

and turnover; we used the NTI and 𝑠𝑒𝑠. 𝛽 MNTD indices (Figure 21). The results also 

indicated that 𝑠𝑒𝑠. 𝛽 MNTD significantly deviated from zero. Interestingly, it was 

significantly different from zero to 65% of pairwise comparisons, proving that though within 

and overall deterministic processes govern phylogenetic turnover in the Fynbos, stochasticity 

also has an influence. Furthermore, the mean of the ses.  𝛽MNTD was greater than two, 

indicating that that though the community was over-dispersed, this over-dispersion is 

explained by the differences in environmental conditions across the sites (Wang et al. 2013a; 

Wang et al. 2013b). And, these results are in congruence with other similar studies (Fine and 

Kembel 2011; Stegen et al. 2012; Stegen et al. 2013).  

To understand which environmental variable was most important in delimiting phylogenetic 

turnover, regression on matrices revealed that soil texture (clay and silt %) was positively 

correlated to phylogenetic turnover (Figure 22), though weak in nature. A study by Vreulink 

et al. (2007), found that soil moisture was an important variable that delimited growth of 

heterotrophic microbes in Fynbos soils.A Mantel test performed on the 𝑠𝑒𝑠. 𝛽MNTD reveals 

that elevation may play a role in delimiting phylogenetic turnover (Table 5). Wang et al. 

(2012) found that elevation seems to play a crucial role in delimiting phylogenetic 

community composition, and they suggest that the difference in temperature could be key to 

this difference. We conducted the sampling during the winter rainy season; we propose that 

the combined environmental variables of each Fynbos type are more important. Similar to the 

other Mediterranean ecosystems, the Fynbos has wet winters and dry summers. Thus, the 

soils had higher moisture content (field capacity).  
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Figure 22. Regression analysis show that phylogenetic turnover (ses. 𝛽MNTD,) was 

positively correlated to soil texture (clay and silt). Significant level:***<0.001; 

**<0.01;*<0.05. 
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De Marco et al. (2005) found that after a fire had gone through a Mediterranean Marquis, 

there was a drastic change in the soil biochemistry and this led to increase change in 

microbial biomass and soil metabolic quotient (qCO2). Because of varying fire regimes in the 

different Fynbos vegetation types, we propose that this could be the reason for this difference 

in physical and chemical properties within the Fynbos, (Neary et al. 1999) found the fire 

intensity and regime affects belowground diversity. Our study sites were conducted in 

undisturbed nature parks, and the management plan for these areas includes prescribed 

burning. However, there had not been any fires in recent years, we suggest that this could be 

the reason for the decreased lack of a strong environmental correlation despite the 

environment playing such a crucial role in community assembly. We propose that there are 

unmeasured environmental variables that are delimiting community assembly within the 

Fynbos. 

Previous studies have shown that species sorting and neutral process play crucial role during 

the initial assembly of bacterial communities (Langenheder and Szekely 2011). The rapid 

speciation events that characterise the Fynbos (as characterised by the high turnover 

rate, 𝑠𝑒𝑠. 𝛽MNTD) are constantly changing the phylogenetic tips of the tree, and this could 

cause this influence of the neutral process as these process have been shown to be important 

in the beginning.  

 

A number of caveats to be considered with this study are that. Firstly we did not record the 

detailed plant community structure, although each sample was located within a known 

mapped area of a particular fynbos community type, and was determined during fieldwork to 

be broadly representative of that type in terms of taxonomic composition and vegetation 

structure (Allsopp 2014; Cowling et al. 2003; Mucina and Rutherford 2006). Secondly, 

although we measured a large array of different edaphic variables, it is always possible that 
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some other unmeasured variable that we did not measure is actually important in determining 

soil community structure. Indeed, the fact that we detected determinism in bacterial 

community structure without being able to explain most of it through our measured variables, 

suggests that there must be some other variable or set of variables that is important.  
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General Conclusions 

The results of this study reveal several interesting conclusions that may provide insight into 

the ecology of soil micro-organism in Mediterranean ecosystems. In the Fynbos, the 

pedogenesis processes that are unique to each vegetation type have led to an incredibly 

distinct edaphic properties. This distinction in soil properties it seems to be affecting the 

different soil micro-organisms differently. The mobile nematode community does not seem to 

show any habitat pretences and showing great species niche overlap of closely related taxa. 

And, this community seems in part to be influenced by the edaphic properties to a lesser 

extent than the fungi. The fungal community is highly specialised to each vegetation site, and 

this distribution is largely influenced by the unique edaphic conditions at each site. The 

prokaryote community seems to resemble the nematode community- in that there is no 

habitat preference and the community seems to be only delimited by divalent cations. 

Interestingly, the prokaryote community seems to show that only distantly related taxa tend to 

co-occur.  

Overall, this study sheds lights on the processes that govern microbial phylogenetic 

community in the Fynbos. There is clearly an important role of deterministic processes in 

microbial assembly within the Fynbos. However, as in many other natural systems, neutral 

processes also appear play some role. We found that a relatively large proportion of the taxa 

that tend to co-occur were distantly related and only a relatively small proportion of closely 

related taxa co-occurred. Further studies are needed to discern whether similar community 

assembly processes occur in other Mediterranean climate zones. It is proposed here that 

initially neutral processes played a role in assembling communities, but do not seem to play a 

significant role now. This is in congruence with many community assembly studies that 

found similar patterns.  

 



90 

 

References 

Abarenkov, K., et al. (2010), 'The UNITE database for molecular identification of fungi - 

recent updates and future perspectives', New Phytologist, 186 (2), 281-85. 

Ackerly, D. D., Schwilk, D. W., and Webb, C. O. (2006), 'Niche evolution and adaptive 

radiation: Testing the order of trait divergence', Ecology, 87 (7), S50-S61. 

Allison, V. J., et al. (2007), 'Using landscape and depth gradients to decouple the impact of 

correlated environmental variables on soil microbial community composition', Soil 

Biology & Biochemistry, 39 (2), 505-16. 

Allsopp, Nicky (2014), Fynbos : ecology, evolution, and conservation of a megadiverse 

region (First edition. edn.; Oxford: Oxford University Press) xiii, 382 pages. 

Anderson, L. C., Wesselingh, F. P., and Hartman, J. H. (2010), 'A phylogenetic and 

morphologic context for the radiation of an endemic fauna in a long-lived lake: 

Corbulidae (Bivalvia; Myoida) in the Miocene Pebas Formation of western 

Amazonia', Paleobiology, 36 (4), 534-54. 

Anderson, M. J. (2001), 'A new method for non-parametric multivariate analysis of variance', 

Austral Ecology, 26 (1), 32-46. 

Bachar, Ami, et al. (2010), 'Soil microbial abundance and diversity along a low precipitation 

gradient', Microbial Ecology, 60 (2), 453-61. 

Bardgett, R. D. and Shine, A. (1999), 'Linkages between plant litter diversity, soil microbial 

biomass and ecosystem function in temperate grasslands', Soil Biology & 

Biochemistry, 31 (2), 317-21. 

Bardgett, Richard D. (2005), The biology of soil : a community and ecosystem approach 

(Biology of habitats; New York: Oxford University Press) xi, 242 p. 

Barnard, R. L., Osborne, C. A., and Firestone, M. K. (2013), 'Responses of soil bacterial and 

fungal communities to extreme desiccation and rewetting', Isme Journal, 7 (11), 

2229-41. 

Behnke, A., et al. (2006), 'Microeukaryote community patterns along an O-2/H2S gradient in 

a supersulfidic anoxic Fjord (Framvaren, Norway)', Applied and Environmental 

Microbiology, 72 (5), 3626-36. 

Bent, S. J., et al. (2003), 'Spatial distribution of Rhodopseudomonas palustris ecotypes on a 

local scale', Applied and Environmental Microbiology, 69 (9), 5192-97. 

Besemer, K., et al. (2012), 'Unraveling assembly of stream biofilm communities', Isme 

Journal, 6 (8), 1459-68. 

Blomberg, S. P. and Garland, T. (2002), 'Tempo and mode in evolution: phylogenetic inertia, 

adaptation and comparative methods', Journal of Evolutionary Biology, 15 (6), 899-

910. 

Bond, W. J. and Keeley, J. E. (2005), 'Fire as a global 'herbivore': the ecology and evolution 

of flammable ecosystems', Trends in Ecology & Evolution, 20 (7), 387-94. 

Bongers, T. and Bongers, M. (1998), 'Functional diversity of nematodes', Applied Soil 

Ecology, 10 (3), 239-51. 

Bray, J. R. and Curtis, J. T. (1957), 'An Ordination of the Upland Forest Communities of 

Southern Wisconsin', Ecological Monographs, 27 (4), 326-49. 

Bryant, J. A., et al. (2008), 'Microbes on mountainsides: Contrasting elevational patterns of 

bacterial and plant diversity', Proceedings of the National Academy of Sciences of the 

United States of America, 105, 11505-11. 

Bundt, M., et al. (2001), 'Preferential flow paths: biological 'hot spots' in soils', Soil Biology 

& Biochemistry, 33 (6), 729-38. 



91 

 

Caruso, T., et al. (2011), 'Stochastic and deterministic processes interact in the assembly of 

desert microbial communities on a global scale', Isme Journal, 5 (9), 1406-13. 

Cavender-Bares, J. and Holbrook, N. M. (2001), 'Hydraulic properties and freezing-induced 

cavitation in sympatric evergreen and deciduous oaks with, contrasting habitats', 

Plant Cell and Environment, 24 (12), 1243-56. 

Chau, J. F., Bagtzoglou, A. C., and Willig, M. R. (2011), 'The Effect of Soil Texture on 

Richness and Diversity of Bacterial Communities', Environmental Forensics, 12 (4), 

333-41. 

Chave, J. (2004), 'Neutral theory and community ecology', Ecology Letters, 7 (3), 241-53. 

Chu, H. (2011), 'Soil bacterial diversity in the Arctic is not fundamentally different from that 

found in other biomes (vol 12, pg 2998, 2010)', Environmental Microbiology, 13 (3), 

833-33. 

Chun, J., et al. (2007), 'EzTaxon: a web-based tool for the identification of prokaryotes based 

on 16S ribosomal RNA gene sequences', International Journal of Systematic and 

Evolutionary Microbiology, 57, 2259-61. 

Colwell, R. R. and Huq, A. (1999), 'Global microbial ecology: biogeography and diversity of 

Vibrios as a model', Journal of Applied Microbiology, 85, 134s-37s. 

Cottenie, K. (2005), 'Integrating environmental and spatial processes in ecological 

community dynamics', Ecology Letters, 8 (11), 1175-82. 

Cowling, R. M. (1992), The ecology of fynbos : nutrients, fire and diversity (Cape Town: 

Oxford University Press) xi, 411 p. 

Cowling, R. M., Proches, S., and Partridge, T. C. (2009), 'Explaining the uniqueness of the 

Cape flora: Incorporating geomorphic evolution as a factor for explaining its 

diversification', Molecular Phylogenetics and Evolution, 51 (1), 64-74. 

Cowling, R. M., et al. (2003), 'A conservation plan for a global biodiversity hotspot - the 

Cape Floristic Region, South Africa', Biological Conservation, 112 (1-2), 191-216. 

Cuttelod, Annabelle, et al. (2009), 'The Mediterranean: a biodiversity hotspot under threat', 

Wildlife in a Changing World–An Analysis of the 2008 IUCN Red List of Threatened 

Species, 89. 

Cycon, M., Markowicz, A., and Piotrowska-Seget, Z. (2013), 'Structural and functional 

diversity of bacterial community in soil treated with the herbicide napropamide 

estimated by the DGGE, CLPP and r/K-strategy approaches', Applied Soil Ecology, 

72, 242-50. 

D'Ascoli, Rosaria, et al. (2005), 'Functional diversity of the microbial community in 

Mediterranean maquis soils as affected by fires', International Journal of Wildland 

Fire, 14 (4), 355-63. 

De Marco, A., et al. (2005), 'Organic matter, nutrient content and biological activity in 

burned and unburned soils of a Mediterranean maquis area of southern Italy', 

International Journal of Wildland Fire, 14 (4), 365-77. 

Dell, B., Hopkins, A. J. M., and Lamont, B. B. (1986), Resilience in Mediterranean-type 

ecosystems (Tasks for vegetation science; Dordrecht ; Boston 

Norwell, MA: Dr. W. Junk ; 

Distributors for the U.S. and Canada, Kluwer Academic Publishers) viii, 168 p. 

Diniz, J. A. F., et al. (2010), 'Hidden patterns of phylogenetic non-stationarity overwhelm 

comparative analyses of niche conservatism and divergence', Global Ecology and 

Biogeography, 19 (6), 916-26. 

Dixon, P. (2003), 'VEGAN, a package of R functions for community ecology', Journal of 

Vegetation Science, 14 (6), 927-30. 



92 

 

Docherty, K. M., et al. (2012), 'Soil microbial responses to fire and interacting global change 

factors in a California annual grassland', Biogeochemistry, 109 (1-3), 63-83. 

Dolan, J. R. (2006), 'Microbial biogeography?', Journal of Biogeography, 33 (2), 199-200. 

Dominguez, D. C. (2004), 'Calcium signalling in bacteria', Molecular Microbiology, 54 (2), 

291-97. 

Dong, Ke, et al. (2015), 'Generalized Soil Thaumarchaeota Community in Weathering Rock 

and Saprolite', Microbial ecology, 69 (2), 356-60. 

Dumbrell, A. J., et al. (2010), 'Relative roles of niche and neutral processes in structuring a 

soil microbial community', Isme Journal, 4 (3), 337-45. 

Dunbar, J., et al. (2002), 'Empirical and theoretical bacterial diversity in four Arizona soils', 

Applied and Environmental Microbiology, 68 (6), 3035-45. 

Edgar, R. C., et al. (2011), 'UCHIME improves sensitivity and speed of chimera detection', 

Bioinformatics, 27 (16), 2194-200. 

Edgecombe, G. D., et al. (2011), 'Higher-level metazoan relationships: recent progress and 

remaining questions', Organisms Diversity & Evolution, 11 (2), 151-72. 

Ehrenfeld, J. G. (2003), 'Effects of exotic plant invasions on soil nutrient cycling processes', 

Ecosystems, 6 (6), 503-23. 

Etienne, R. S., et al. (2006), 'Comment on "Neutral ecological theory reveals isolation and 

rapid speciation in a biodiversity hot spot"', Science, 311 (5761), 610B-+. 

Ettema, C. H. and Wardle, D. A. (2002), 'Spatial soil ecology', Trends in Ecology & 

Evolution, 17 (4), 177-83. 

Faith, D. P. (1992), 'Conservation Evaluation and Phylogenetic Diversity', Biological 

Conservation, 61 (1), 1-10. 

Felske, A., de Vos, W. M., and Akkermans, A. D. L. (2000), 'Spatial distribution of 16S 

rRNA levels from uncultured acidobacteria in soil', Letters in Applied Microbiology, 

31 (2), 118-22. 

Ferris, H and Matute, MM (2003), 'Structural and functional succession in the nematode 

fauna of a soil food web', Applied Soil Ecology, 23 (2), 93-110. 

Ferris, H., et al. (2012), 'Reflections on Plant and Soil Nematode Ecology: Past, Present and 

Future', Journal of Nematology, 44 (2), 115-26. 

Fierer, N. and Jackson, R. B. (2006), 'The diversity and biogeography of soil bacterial 

communities', Proceedings of the National Academy of Sciences of the United States 

of America, 103 (3), 626-31. 

Fierer, N., et al. (2005), 'Assessment of soil microbial community structure by use of taxon-

specific quantitative PCR assays', Applied and Environmental Microbiology, 71 (7), 

4117-20. 

Fierer, N., et al. (2009), 'Global patterns in belowground communities', Ecology Letters, 12 

(11), 1238-49. 

Fine, P. V. A. and Kembel, S. W. (2011), 'Phylogenetic community structure and 

phylogenetic turnover across space and edaphic gradients in western Amazonian tree 

communities', Ecography, 34 (4), 552-65. 

Fourie, H., McDonald, A. H., and Loots, G. C. (2001), 'Plant-parasitic nematodes in field 

crops in South Africa. 6. Soybean', Nematology, 3, 447-54. 

Fourie, J., Slabbert, E., and Saayman, M. (2011), 'The Leisure and Sport Participation 

Patterns of High School Learners in Potchefstroom', South African Journal for 

Research in Sport Physical Education and Recreation, 33 (1), 65-80. 

Garcia-Orenes, F., et al. (2013), 'Changes in Soil Microbial Community Structure Influenced 

by Agricultural Management Practices in a Mediterranean Agro-Ecosystem', Plos 

One, 8 (11). 



93 

 

Girvan, M. S., et al. (2003), 'Soil type is the primary determinant of the composition of the 

total and active bacterial communities in arable soils', Applied and Environmental 

Microbiology, 69 (3), 1800-09. 

Goberna, M., et al. (2012), 'Burning Fire-Prone Mediterranean Shrublands: Immediate 

Changes in Soil Microbial Community Structure and Ecosystem Functions', 

Microbial Ecology, 64 (1), 242-55. 

Graham, C. H. and Fine, P. V. A. (2008), 'Phylogenetic beta diversity: linking ecological and 

evolutionary processes across space in time', Ecology Letters, 11 (12), 1265-77. 

Grundmann, G. L. and Debouzie, D. (2000), 'Geostatistical analysis of the distribution of 

NH4+ and NO2--oxidizing bacteria and serotypes at the millimeter scale along a soil 

transect', Fems Microbiology Ecology, 34 (1), 57-62. 

Hanson, C. A., et al. (2012), 'Beyond biogeographic patterns: processes shaping the microbial 

landscape', Nature Reviews Microbiology, 10 (7), 497-506. 

Hardy, O. J., et al. (2012a), 'Phylogenetic turnover in tropical tree communities: impact of 

environmental filtering, biogeography and mesoclimatic niche conservatism', Global 

Ecology and Biogeography, 21 (10), 1007-16. 

Hardy, Olivier J, et al. (2012b), 'Phylogenetic turnover in tropical tree communities: impact 

of environmental filtering, biogeography and mesoclimatic niche conservatism', 

Global ecology and biogeography, 21 (10), 1007-16. 

Holterman, M., et al. (2006), 'Phylum-wide analysis of SSU rDNA reveals deep phylogenetic 

relationships among nematodes and accelerated evolution toward crown clades', 

Molecular Biology and Evolution, 23 (9), 1792-800. 

Hopper, S. D. (2009), 'OCBIL theory: towards an integrated understanding of the evolution, 

ecology and conservation of biodiversity on old, climatically buffered, infertile 

landscapes', Plant and Soil, 322 (1-2), 49-86. 

Horner-Devine, M. C. and Bohannan, B. J. M. (2006), 'Phylogenetic clustering and 

overdispersion in bacterial communities', Ecology, 87 (7), S100-S08. 

Hossain, Z. and Sugiyama, S. (2011), 'Geographical structure of soil microbial communities 

in northern Japan: Effects of distance, land use type and soil properties', European 

Journal of Soil Biology, 47 (2), 88-94. 

Hubbell, Stephen P. (2001) The unified neutral theory of biodiversity and biogeography 

[online text], Princeton University Press, 

<http://www.jstor.org/stable/10.2307/j.ctt7rj8w> 

Huse, S. M., et al. (2010), 'Ironing out the wrinkles in the rare biosphere through improved 

OTU clustering', Environmental Microbiology, 12 (7), 1889-98. 

Jagersten, G. (1956), 'On the early phylogeny of the Metazoa : The Bilaterogastraea Theory', 

Zool. Bidr. Uppsala, 30. 

Jenkins, W. R. (1980), 'Citation Classic - a Rapid Centrifugal-Flotation Technique for 

Separating Nematodes from Soil', Current Contents/Agriculture Biology & 

Environmental Sciences,  (41), 14-14. 

Jenny, Hans, Gessel, SP, and Bingham, FT (1949), 'Comparative study of decomposition 

rates of organic matter in temperate and tropical regions', Soil Science, 68 (6), 419-32. 

Jesus, E. D., et al. (2009), 'Changes in land use alter the structure of bacterial communities in 

Western Amazon soils (vol 3, pg 1004, 2009)', Isme Journal, 3 (10), 1222-22. 

Jhonson, Charlotte and ebrary Inc. (2009) Biology of soil science [online text], Oxford Book 

Co., <EBRARY. Restricted to UCB IP addresses. 

http://site.ebrary.com/lib/berkeley/Doc?id=10417446> 

http://www.jstor.org/stable/10.2307/j.ctt7rj8w
http://site.ebrary.com/lib/berkeley/Doc?id=10417446


94 

 

Johnson, M. J., Lee, K. Y., and Scow, K. M. (2003), 'DNA fingerprinting reveals links among 

agricultural crops, soil properties, and the composition of soil microbial communities', 

Geoderma, 114 (3-4), 279-303. 

Jones, EBG and Jennings, DH (1965), 'The effect of cations on the growth of fungi', New 

Phytologist, 64 (1), 86-100. 

Jordaan, E. M., Vandenberg, E., and Dewaele, D. (1992), 'Plant-Parasitic Nematodes on Field 

Crops in South-Africa .5. Wheat', Fundamental and Applied Nematology, 15 (6), 531-

37. 

Keith, D. A., et al. (2008), 'Predicting extinction risks under climate change: coupling 

stochastic population models with dynamic bioclimatic habitat models', Biology 

Letters, 4 (5), 560-63. 

Kembel, S. W. (2009), 'Disentangling niche and neutral influences on community assembly: 

assessing the performance of community phylogenetic structure tests', Ecology Letters, 

12 (9), 949-60. 

Kembel, S. W., et al. (2010), 'Picante: R tools for integrating phylogenies and ecology', 

Bioinformatics, 26 (11), 1463-64. 

Kennedy, A. C. and Papendick, R. I. (1995), 'Microbial Characteristics of Soil Quality', 

Journal of Soil and Water Conservation, 50 (3), 243-48. 

Kim, M., et al. (2013), 'Structure of soil bacterial communities in relation to environmental 

variables in a semi-arid region of Mongolia', Journal of Arid Environments, 89, 38-44. 

Kim, O. S., et al. (2012), 'Introducing EzTaxon-e: a prokaryotic 16S rRNA gene sequence 

database with phylotypes that represent uncultured species', International Journal of 

Systematic and Evolutionary Microbiology, 62, 716-21. 

Landa, B. B., et al. (2014), 'Soil factors involved in the diversity and structure of soil 

bacterial communities in commercial organic olive orchards in Southern Spain', 

Environmental Microbiology Reports, 6 (2), 196-207. 

Langenheder, S. and Szekely, A. J. (2011), 'Species sorting and neutral processes are both 

important during the initial assembly of bacterial communities', Isme Journal, 5 (7), 

1086-94. 

Latimer, A. M., Silander, J. A., and Cowling, R. M. (2005), 'Neutral ecological theory reveals 

isolation and rapid speciation in a biodiversity hot spot', Science, 309 (5741), 1722-25. 

Lauber, C. L. and Fierer, N. (2009), 'Using Pyrosequencing to Compare the Phylogenetic and 

Functional Attributes of Soil Bacterial Communities.', Journal of Nematology, 41 (4), 

346-47. 

Lauber, C. L., et al. (2008), 'The influence of soil properties on the structure of bacterial and 

fungal communities across land-use types', Soil Biology & Biochemistry, 40 (9), 

2407-15. 

Legendre, P., Lapointe, F. J., and Casgrain, P. (1994), 'Modeling Brain Evolution from 

Behavior - a Permutational Regression Approach', Evolution, 48 (5), 1487-99. 

Lozupone, C. and Knight, R. (2005), 'UniFrac: a new phylogenetic method for comparing 

microbial communities', Applied and Environmental Microbiology, 71 (12), 8228-35. 

Mallatt, J. and Giribet, G. (2006), 'Further use of nearly complete, 28S and 18S rRNA genes 

to classify Ecdysozoa: 37 more arthropods and a kinorhynch', Molecular 

Phylogenetics and Evolution, 40 (3), 772-94. 

Manning, John and Goldblatt, Peter (2012), Plants of the Greater Cape Floristic Region 

(Strelitzia; Pretoria: SANBI, Biodiversity for Life) volumes. 

Marais, K. E., et al. (2014), 'Postfire regeneration of resprouting mountain fynbos shrubs: 

differentiating obligate resprouters and facultative seeders', Plant Ecology, 215 (2), 

195-208. 



95 

 

Marais, M. and Swart, A. (2013), 'Plant nematodes in South Africa. 11. Checklist of plant 

nematodes of the protected areas of KwaZulu-Natal', Koedoe, 55 (1). 

Martiny, J. B. H., et al. (2011), 'Drivers of bacterial beta-diversity depend on spatial scale', 

Proceedings of the National Academy of Sciences of the United States of America, 

108 (19), 7850-54. 

Martiny, J. B. H., et al. (2006), 'Microbial biogeography: putting microorganisms on the map', 

Nature Reviews Microbiology, 4 (2), 102-12. 

Mcarthur, J. V., Kovacic, D. A., and Smith, M. H. (1988), 'Genetic Diversity in Natural-

Populations of a Soil Bacterium across a Landscape Gradient', Proceedings of the 

National Academy of Sciences of the United States of America, 85 (24), 9621-24. 

Meyer, F., et al. (2008), 'The metagenomics RAST server - a public resource for the 

automatic phylogenetic and functional analysis of metagenomes', Bmc Bioinformatics, 

9. 

Morlon, H., et al. (2011), 'Spatial patterns of phylogenetic diversity', Ecology Letters, 14 (2), 

141-49. 

Mucina, L. and Rutherford, M. C. (2006), The vegetation of South Africa, Lesotho and 

Swaziland (Strelitzia; Pretoria: South African National Biodiversity Institute) viii, 807 

p. 

Murty, D., et al. (2002), 'Does conversion of forest to agricultural land change soil carbon 

and nitrogen? a review of the literature', Global Change Biology, 8 (2), 105-23. 

Nakacwa, R., et al. (2013), 'Nematode 18S rRNA gene is a reliable tool for environmental 

biosafety assessment of transgenic banana in confined field trials', Transgenic 

Research, 22 (5), 1003-10. 

Neary, D. G., et al. (1999), 'Fire effects on belowground sustainability: a review and 

synthesis', Forest Ecology and Management, 122 (1-2), 51-71. 

Nemergut, D. R., et al. (2013), 'Patterns and Processes of Microbial Community Assembly', 

Microbiology and Molecular Biology Reviews, 77 (3), 342-56. 

Nielsen, U. N., et al. (2014), 'Global-scale patterns of assemblage structure of soil nematodes 

in relation to climate and ecosystem properties', Global Ecology and Biogeography, 

23 (9), 968-78. 

Norris, V., et al. (1996), 'Calcium signalling in bacteria', Journal of Bacteriology, 178 (13), 

3677-82. 

Nosenko, T., et al. (2013), 'Deep metazoan phylogeny: When different genes tell different 

stories', Molecular Phylogenetics and Evolution, 67 (1), 223-33. 

Ntidi, K. N., et al. (2012), 'Plant-parasitic nematodes associated with weeds in subsistence 

agriculture in South Africa', Nematology, 14, 875-87. 

Nunan, N., et al. (2002), 'In situ spatial patterns of soil bacterial populations, mapped at 

multiple scales, in an arable soil', Microbial Ecology, 44 (4), 296-305. 

Nunan, N., et al. (2003), 'Spatial distribution of bacterial communities and their relationships 

with the micro-architecture of soil', Fems Microbiology Ecology, 44 (2), 203-15. 

Ofiteru, I. D., et al. (2010), 'Combined niche and neutral effects in a microbial wastewater 

treatment community', Proceedings of the National Academy of Sciences of the 

United States of America, 107 (35), 15345-50. 

Ojeda, F., et al. (2001), 'Biodiversity in South African fynbos and Mediterranean heathland', 

Journal of Vegetation Science, 12 (6), 867-74. 

Oksanen, Jari, et al. (2013), 'Package ‘vegan’', R Packag ver, 254, 20-8. 

Oteifa, Bnxna A (1952), 'Potassium nutrition of the host in relation to infection by a root-knot 

nematode Meloidogyne incognita', Proceedings of the helminthological Society of 

Washington, 19, 99-104. 



96 

 

Pérez-Harguindeguy, Natalia, et al. (2000), 'Chemistry and toughness predict leaf litter 

decomposition rates over a wide spectrum of functional types and taxa in central 

Argentina', Plant and Soil, 218 (1-2), 21-30. 

Pettigrew, WT, Meredith, WR, and Young, LD (2005), 'Potassium fertilization effects on 

cotton lint yield, yield components, and reniform nematode populations', Agronomy 

Journal, 97 (4), 1245-51. 

Pontarp, M., et al. (2012), 'Phylogenetic Analysis Suggests That Habitat Filtering Is 

Structuring Marine Bacterial Communities Across the Globe', Microbial Ecology, 64 

(1), 8-17. 

Porazinska, D. L., et al. (2010), 'Ecometagenetics confirms high tropical rainforest nematode 

diversity', Molecular Ecology, 19 (24), 5521-30. 

Porazinska, D. L., et al. (2003), 'Relationships at the aboveground-belowground interface: 

Plants, soil biota, and soil processes', Ecological Monographs, 73 (3), 377-95. 

Porazinska, D. L., et al. (2007), '454 pyrosequencing for metagenomic analysis of nematode 

diversity.', Journal of Nematology, 39 (1), 90-90. 

Porazinska, D. L., et al. (2009), 'Evaluating high-throughput sequencing as a method for 

metagenomic analysis of nematode diversity', Molecular Ecology Resources, 9 (6), 

1439-50. 

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010), 'FastTree 2-Approximately Maximum-

Likelihood Trees for Large Alignments', Plos One, 5 (3). 

Procter, D. L. C. (1984), 'Towards a Biogeography of Free-Living Soil Nematodes .1. 

Changing Species Richness, Diversity and Densities with Changing Latitude', Journal 

of Biogeography, 11 (2), 103-17. 

Ramette, A. and Tiedje, J. M. (2007), 'Multiscale responses of microbial life to spatial 

distance and environmental heterogeneity in a patchy ecosystem', Proceedings of the 

National Academy of Sciences of the United States of America, 104 (8), 2761-66. 

Ranjard, L., et al. (2010), 'Biogeography of soil microbial communities: a review and a 

description of the ongoing french national initiative', Agronomy for Sustainable 

Development, 30 (2), 359-65. 

Ren, L., et al. (2015), 'pH Influences the Importance of Niche-Related and Neutral Processes 

in Lacustrine Bacterioplankton Assembly', Appl Environ Microbiol, 81 (9), 3104-14. 

Richards, T. A. and Bass, D. (2005), 'Molecular screening of free-living microbial eukaryotes: 

diversity and distribution using a meta-analysis', Current Opinion in Microbiology, 8 

(3), 240-52. 

Rodriguez-Navarro, C., et al. (2012), 'Influence of Substrate Mineralogy on Bacterial 

Mineralization of Calcium Carbonate: Implications for Stone Conservation', Applied 

and Environmental Microbiology, 78 (11), 4017-29. 

Rousk, J., et al. (2010), 'Soil bacterial and fungal communities across a pH gradient in an 

arable soil', Isme Journal, 4 (10), 1340-51. 

Schloss, P. D., et al. (2009), 'Introducing mothur: Open-Source, Platform-Independent, 

Community-Supported Software for Describing and Comparing Microbial 

Communities', Applied and Environmental Microbiology, 75 (23), 7537-41. 

Singh, D., Shi, L. L., and Adams, J. M. (2013), 'Bacterial Diversity in the Mountains of 

South-West China: Climate Dominates Over Soil Parameters', Journal of 

Microbiology, 51 (4), 439-47. 

Singh, D., et al. (2014), 'Strong elevational trends in soil bacterial community composition on 

Mt. Ha lla, South Korea', Soil Biology & Biochemistry, 68, 140-49. 

Singh, J. S., et al. (1989), 'Microbial Biomass Acts as a Source of Plant Nutrients in Dry 

Tropical Forest and Savanna', Nature, 338 (6215), 499-500. 



97 

 

Slabbert, E., Esler, K. J., and Jacobs, K. (2009), 'Microbial community patterns in soils of the 

Sand fynbos', South African Journal of Botany, 75 (2), 440-41. 

Slabbert, E., van Heerden, C. J., and Jacobs, K. (2010a), 'Optimisation of Automated 

Ribosomal Intergenic Spacer Analysis for the Estimation of Microbial Diversity in 

Fynbos Soil', South African Journal of Science, 106 (7-8), 52-55. 

Slabbert, E., Jacobs, S. M., and Jacobs, K. (2014), 'The Soil Bacterial Communities of South 

African Fynbos Riparian Ecosystems Invaded by Australian Acacia Species', Plos 

One, 9 (1). 

Slabbert, E., et al. (2010b), 'Microbial diversity and community structure in Fynbos soil', 

Molecular Ecology, 19 (5), 1031-41. 

Sofo, A., et al. (2010), 'Changes in composition and activity of soil microbial communities in 

peach and kiwifruit Mediterranean orchards under an innovative management system', 

Australian Journal of Soil Research, 48 (3), 266-73. 

Sridevi, G., et al. (2012), 'Soil bacterial communities of a calcium-supplemented and a 

reference watershed at the Hubbard Brook Experimental Forest (HBEF), New 

Hampshire, USA', Fems Microbiology Ecology, 79 (3), 728-40. 

Stafford, W. H. L., et al. (2005), 'Bacterial diversity in the rhizosphere of Proteaceae species', 

Environmental Microbiology, 7 (11), 1755-68. 

Stegen, J. C., et al. (2012), 'Stochastic and deterministic assembly processes in subsurface 

microbial communities', Isme Journal, 6 (9), 1653-64. 

Stegen, J. C., et al. (2013), 'Quantifying community assembly processes and identifying 

features that impose them', Isme Journal, 7 (11), 2069-79. 

Tedersoo, L., May, T. W., and Smith, M. E. (2010), 'Ectomycorrhizal lifestyle in fungi: 

global diversity, distribution, and evolution of phylogenetic lineages', Mycorrhiza, 20 

(4), 217-63. 

Torsvik, V. and Ovreas, L. (2002), 'Microbial diversity and function in soil: from genes to 

ecosystems', Current Opinion in Microbiology, 5 (3), 240-45. 

Torsvik, V., Goksoyr, J., and Daae, F. L. (1990), 'High Diversity in DNA of Soil Bacteria', 

Applied and Environmental Microbiology, 56 (3), 782-87. 

Tripathi, B. M., et al. (2014), 'Spatial Scaling Effects on Soil Bacterial Communities in 

Malaysian Tropical Forests', Microbial Ecology, 68 (2), 247-58. 

Tripathi, B. M., et al. (2012), 'Tropical Soil Bacterial Communities in Malaysia: pH 

Dominates in the Equatorial Tropics Too', Microbial Ecology, 64 (2), 474-84. 

Tripathi, Binu M, et al. (2015), 'Soil pH and biome are both key determinants of soil archaeal 

community structure', Soil Biology and Biochemistry. 

Van Horn, D. J., et al. (2013), 'Factors Controlling Soil Microbial Biomass and Bacterial 

Diversity and Community Composition in a Cold Desert Ecosystem: Role of 

Geographic Scale', Plos One, 8 (6). 

van Megen, H., et al. (2009), 'A phylogenetic tree of nematodes based on about 1200 full-

length small subunit ribosomal DNA sequences', Nematology, 11, 927-S27. 

Van Veen, JA and Kuikman, PJ (1990), 'Soil structural aspects of decomposition of organic 

matter by micro-organisms', Biogeochemistry, 11 (3), 213-33. 

Vellend, M. (2010), 'Conceptual Synthesis in Community Ecology', Quarterly Review of 

Biology, 85 (2), 183-206. 

Verheyen, Willy and De la Rosa, Diego (2005), 'Mediterranean soils'. 

Viglierchio, D. R. and Schmitt, R. V. (1983), 'On the Methodology of Nematode Extraction 

from Field Samples - Baermann Funnel Modifications', Journal of Nematology, 15 (3), 

438-44. 



98 

 

Vincent, A (1979), 'Biological control of rice nematodes using sulphate reducing bacteria', 

Revue Nématol, 2 (1), 41-50. 

Vreulink, J. M., et al. (2007), 'Soil properties that impact yeast and actinomycete numbers in 

sandy low nutrient soils', Canadian Journal of Microbiology, 53 (12), 1369-74. 

Wang, J. J., Soininen, J., and Shen, J. (2013a), 'Habitat species pools for phylogenetic 

structure in microbes', Environmental Microbiology Reports, 5 (3), 464-67. 

Wang, J. J., et al. (2012), 'Phylogenetic clustering increases with elevation for microbes', 

Environmental Microbiology Reports, 4 (2), 217-26. 

Wang, J. J., et al. (2013b), 'Phylogenetic beta diversity in bacterial assemblages across 

ecosystems: deterministic versus stochastic processes', Isme Journal, 7 (7), 1310-21. 

Webb, C. O. (2000), 'Exploring the phylogenetic structure of ecological communities: An 

example for rain forest trees', American Naturalist, 156 (2), 145-55. 

Webb, C. O., et al. (2002), 'Phylogenies and community ecology', Annual Review of Ecology 

and Systematics, 33, 475-505. 

Weiher, E., et al. (2011), 'Advances, challenges and a developing synthesis of ecological 

community assembly theory', Philosophical Transactions of the Royal Society B-

Biological Sciences, 366 (1576), 2403-13. 

Wilding, Larry P., Smeck, N. E., and Hall, G. F. (1983), Pedogenesis and soil taxonomy, 2 

vols. (Developments in soil science; Amsterdam ; New York 

New York: Elsevier ; 

Distributors for the U.S. and Canada, Elsevier Science Pub. Co.). 

Wintle, B. A., et al. (2011), 'Ecological-economic optimization of biodiversity conservation 

under climate change', Nature Climate Change, 1 (7), 355-59. 

Witkowski, E. T. F. and Mitchell, D. T. (1987), 'Variations in Soil Phosporus in the Fynbos 

Biome, South-Africa', Journal of Ecology, 75 (4), 1159-71. 

Wu, T. H., et al. (2011), 'Molecular study of worldwide distribution and diversity of soil 

animals', Proceedings of the National Academy of Sciences of the United States of 

America, 108 (43), 17720-25. 

Yeates, G. W., et al. (1993), 'Feeding-Habits in Soil Nematode Families and Genera - an 

Outline for Soil Ecologists', Journal of Nematology, 25 (3), 315-31. 

Yeates, GW and Boag, B (2004), 'Background for nematode ecology in the 21st century', 

Nematology: Advances and Perspectives, 1, 406-37. 

Yergeau, E., et al. (2010), 'Influences of space, soil, nematodes and plants on microbial 

community composition of chalk grassland soils', Environmental Microbiology, 12 (8), 

2096-106. 

Zaneveld, J. R. R., et al. (2011), 'Combined phylogenetic and genomic approaches for the 

high-throughput study of microbial habitat adaptation', Trends in Microbiology, 19 

(10), 472-82. 

Zavarzin, G. A. (1994), 'Microbial Biogeography', Zhurnal Obshchei Biologii, 55 (1), 5-12. 

Zhang, Y. G., et al. (2014), 'Community structure and elevational diversity patterns of soil 

Acidobacteria', Journal of Environmental Sciences-China, 26 (8), 1717-24. 

Zhou, H. W., et al. (2011), 'BIPES, a cost-effective high-throughput method for assessing 

microbial diversity', Isme Journal, 5 (4), 741-49. 

Zornoza, R., et al. (2008), 'Near infrared spectroscopy for determination of various physical, 

chemical and biochemical properties in Mediterranean soils', Soil Biology & 

Biochemistry, 40 (7), 1923-30. 

Zrzavy, Jan, et al. (1998), 'Phylogeny of the Metazoa based on morphological and 18S 

ribosomal DNA evidence', Cladistics, 14 (3), 249-85. 

 



100 

 

 

Appendix 

Table S1. Regression analysis (relative abundance) of dominant class and explainatory edaphic variables  

Dominant Class Edaphic variable Adj Rsqr P-value 

Soilbacteres Clay 0.1625 0.0441 

Acidiobacteria Clay 0.3248 0.0051 

Gemmatimonadetes Clay 0.2716 0.045 

Acidiobacteria silt 0.2946 0.02 

Gemmatimonadetes silt 0.2426 0.0159 

Acidiobacteria sand 0.3085 0.0169 

Gemmatimonadetes sand 0.2658 0.0477 

Alphaproteobacteria pH 0.4847 0.0033 

Soilbacteres pH 0.379 0.0136 

Gemmatimonadetes pH 0.188 0.0321 

Deltaproteobacteria pH 0.4477 0.0056 

Thermoleophilia pH 0.3397 0.0217 

Betaproteobacteria pH 0.4244 0.0077 

Sphingobacteria pH 0.2819 0.0405 

TM7 pH 0.3337 0.0232 

Acidiobacteria EC 0.2266 0.0196 

Gemmatimonadetes Total P 0.3711 0.015 

Gemmatimonadetes Na 0.1899 0.0313 

Acidiobacteria Ca 0.2074 0.0251 

Acidiobacteria Mg 0.2305 0.0419 

Soilbacteres Cl 0.1938 0.0298 

Actinobacteria SO4 0.2304 0.042 

Actinobacteria NH4 0.1605 0.0452 

Gemmatimonadetes NH4 0.4967 0.0011 

Deltaproteobacteria NH4 0.3019 0.0183 

Verrucomicrobiae NH4 0.3469 0.02 

Thermoleophilia NH4 0.3803 0.0067 

Betaproteobacteria NH4 0.3023 0.0182 

Planctomycetacia NH4 0.2805 0.0237 

Sphingobacteria NH4 0.1648 0.0428 

Soilbacteres Available P 0.1582 0.0465 

Verrucomicrobiae N 0.2466 0.035 

Gemmatimonadetes C 0.1924 0.0303 

Verrucomicrobiae C/N 0.5776 0.0007 

Sphingobacteria C/N 0.2274 0.0433 

Acidiobacteria Silt and Clay 0.2956 0.0078 

Gemmatimonadetes Silt and Clay 0.2658 0.0477 

Gemmatimonadetes MAP 0.1669 0.0418 

Sphingobacteria MAP 0.2574 0.031 
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Alphaproteobacteria MAPE 0.649 <0.0001 

Actinobacteria MAPE 0.304 0.0069 

Soilbacteres MAPE 0.7094 <0.0001 

Acidiobacteria MAPE 0.2946 0.0079 

Deltaproteobacteria MAPE 0.4479 0.0007 

Verrucomicrobiae MAPE 0.7538 <0.0001 

Thermoleophilia MAPE 0.6275 0.0003 

Betaproteobacteria MAPE 0.2662 0.0475 

Planctomycetacia MAPE 0.691 <0.0001 

Sphingobacteria MAPE 0.6963 <0.0001 

TM7 MAPE 0.5985 0.0005 

 


	CHAPTER 1  Mediterranean Soil Microbial Diversity and Recent trends in Microbial Ecology: An introduction  
	High levels of endemicity and biodiversity      
	Microbial diversity and analysis         
	Initial sequence processing and quality control 
	Sequence alignment, pre-clustering, chimera removal and classification            
	OTU, phylotype and phylogenetic analysis    
	Objectives of this study             

	CHAPTER 2  Sampling, DNA extractions, and soil Analysis              
	Sampling and site description     
	DNA extraction and amplification    

	CHAPTER 3  Understanding Drivers of Soil Eukaryote Diversity and Community Assembly Processes in Fynbos Soils  
	Community Structure and Assembly processes of Nematoda in a Mediterranean heathland (Fynbos) of South Africa             
	Results                 
	Discussion             
	Distinct Fungal Community in Fynbos Soils 
	Introduction              
	Material and Methods   
	Results                  
	Discussion                

	CHAPTER 4  Bacterial Community Structure and Assembly Processes in Fynbos Soils  
	Influence of Edaphic Variable on Bacterial Community Structure and Diversity in Fynbos soils                
	Introduction            
	Material and Methods          
	Results              
	Discussion             
	Deterministic Process Governing Bacterial Community Structure in Fynbos, South Africa   
	Introduction              
	Material and Methods  
	Results              
	Discussion              

	GENERAL CONCLUSION        
	REFERENCES               


<startpage>16
CHAPTER 1  Mediterranean Soil Microbial Diversity and Recent trends in Microbial Ecology: An introduction   1
 High levels of endemicity and biodiversity       2
 Microbial diversity and analysis          4
 Initial sequence processing and quality control  4
 Sequence alignment, pre-clustering, chimera removal and classification             4
 OTU, phylotype and phylogenetic analysis     5
 Objectives of this study              7
CHAPTER 2  Sampling, DNA extractions, and soil Analysis               9
 Sampling and site description      10
 DNA extraction and amplification     11
CHAPTER 3  Understanding Drivers of Soil Eukaryote Diversity and Community Assembly Processes in Fynbos Soils   14
 Community Structure and Assembly processes of Nematoda in a Mediterranean heathland (Fynbos) of South Africa              15
 Results                  21
 Discussion              32
 Distinct Fungal Community in Fynbos Soils  35
 Introduction               35
 Material and Methods    37
 Results                   37
 Discussion                 46
CHAPTER 4  Bacterial Community Structure and Assembly Processes in Fynbos Soils   48
 Influence of Edaphic Variable on Bacterial Community Structure and Diversity in Fynbos soils                 49
 Introduction             49
 Material and Methods           51
 Results               52
 Discussion              62
 Deterministic Process Governing Bacterial Community Structure in Fynbos, South Africa    66
 Introduction               66
 Material and Methods   70
 Results               73
 Discussion               81
GENERAL CONCLUSION         89
REFERENCES                90
</body>

