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Abstract 

The development of high throughput sequencing techniques has allowed for greater 

investigations into environmental microbial communities in this thesis. Using the 

Illumina Solexa sequencing technology we investigated prokaryote communities in 

replicate soil samples from four soil types: both the organic and mineral layers of two 

UK forest sites, an oak stand and a Corsican pine stand. Prokaryote diversity was 

assessed using the 16S SSU rRNA encoding genes from DNA and rRNA (reverse 

transcribed to cDNA) extracted simultaneously from the same sample. From a total of 

> 4.5 million sequence reads, only 0.6 % of the reads overlapped between RNA and 

DNA samples. Marked differences were seen between the distribution of Phyla from 

RNA and DNA. The community structure showed a small number of Operational 

Taxonomic Units (OTUs) having high relative abundance and many OTUs being 

detected in low or single numbers, representing a ‘rare biosphere’ community 

composition. Taxonomy of RNA was further described at phylum and family level. Only 

30 % of OTUs could be assigned taxonomy at phylum level and, of those, only 46 % at 

family or genus level (bootstrap support >70). At phylum level, the RNA samples were 

homogeneous across all soil types, dominated by β/γ-Proteobacteria, α-Proteobacteria 

and Acidobacteria. 7 phyla were detected in all samples and rarely detected phyla 

showed high diversity between samples. At family level the samples were much more 

heterogeneous, different phyla showed different family taxonomic distribution 

patterns, with Firmicutes and Actinobacteria the most diverse. We used principal 

component analysis comparing 27 environmental variables against the Shannon-

Weaver diversity index of each soil sample. Each soil type was seen to have its own 

unique fingerprint of diversity. pH was observed as the most influential parameter to 

diversity, and C:N ratio, zirconium and zinc levels also considered important. 24 of the 

27 parameters explained the majority of the variation in the diversity of the soil 

samples, concluding that prokaryote diversity in these soils is determined by complex 

interactions between a wide range of environmental conditions. Together this 

demonstrates that the prokaryote soil community are extremely diverse and dynamic. 
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Chapter 1. General Introduction 

1.1. There are microbes in all domains of life 

1.1.1. The discovery of single celled organisms 

Since Aristotle first classified animals into blooded and bloodless in his work Historia 

Animalium in 350 B.C., there has been an ever changing series of classification systems 

to bring understanding and organisation to life on Earth. It was not until Linnaeus 

published the Systema Naturae in 1735 that a universal system of all known plants and 

animals from kingdom to species level was created. This system was based on both a 

hierarchical description and a binomial nomenclature, and consisted of two kingdoms, 

Plantae and Animalia. 

 

The development of microscopy by Leeuwenhoek in the 17th Century (Porter, 1976) led 

to the discovery of single celled organisms. The question was then asked as to whether 

unicellular organisms belonged to the plant or animal kingdom. Some were motile and 

ingested food items, and were considered animals, whereas some were non-motile 

and photosynthetic and therefore considered plants. However, there were also a wide 

range of unicellular organisms that had combinations of food intake and motility that 

did not easily classify into the plant and animal kingdoms (Whittaker, 1969).  

 

A new kingdom of ‘Protista’ was named by Haeckel in 1866, which consisted of all 

unicellular organisms but also, in some descriptions, included those organisms which 

do not have tissue differentiation, such as sponges, fungi and some algae (Scamardella, 

1999). This three kingdom classification system was expanded further by Copeland in 

1938 to split the single-celled organisms into Protoctista (single-celled eukaryotes) and 
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Monera (Prokaryotes) (Copeland, 1938). The Monera, consisting of bacteria and blue-

green algae were seen as being different to the Protoctista as they lacked many of the 

cellular organelles seen in micro-eukaryotic cells, such as mitochondria and plastids. 

The Protoctista consisted of the protozoa, red and brown algae, and the fungi 

(Copeland, 1947). These two kingdoms, along with animals and plants, became the 

four kingdom system. The main flaw with this four kingdom classification system was 

that the Protoctista lacked a strict defining set of characteristics, which prevented their 

classification as a discrete monophyletic group (Whittaker, 1969). 

 

1.1.2. Whittaker’s five kingdom classification 

In 1969, Whittaker proposed a new, five kingdom classification. The main difference 

between Copelands’ four kingdom classification system and this was the removal of 

fungi from the Protoctista and into their own kingdom (Whittaker, 1959, Whittaker, 

1969).  The Protoctista was renamed the Protista, and many groups of eukaryotic algae 

were placed in the kingdom Plantae. The Monera remained a separate kingdom, 

consisting entirely of prokaryotic cells and, unlike previous systems (Whittaker, 1959), 

were not a subkingdom of the Protista. The overall concept of the five kingdom 

classification was that the three ‘higher’ kingdoms, Plantae, Fungi and Animalia had 

evolved from the Protista, which had evolved from the Monera (Whittaker, 1969). 

Also, classification was broadly based on the three main methods of nutrition; 

ingestion, photosynthesis and absorption. The limitations in the five kingdom system, 

as in the previous systems, were mainly due to the difficulty in characterising 

unicellular organisms because the Protista (protists) were later shown to branch 
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polyphyletic clades1 with the animals, fungi and plants (e.g. Hampl et al., 2009; Baldauf 

et al., 2000; Bapteste et al., 2002; Rodriguez-Ezpeleta et al., 2005; Rodriguez-Ezpeleta 

et al., 2007). Our understanding of eukaryotic groupings has been further revised on 

numerous occasions with current consensus suggesting upwards of six supergroups 

(Simpson and Roger, 2004; Adl et al., 2005). 

 

1.1.3. The three domains of life 

1.1.3.1. The inaccuracy of the prokaryotic and eukaryotic division 

Whittaker’s five kingdom classification system was replaced a decade later by the 

current classification of all cellular life, first proposed by Carl Woese and colleagues 

(Woese and Fox, 1977; Woese et al., 1990). It was suggested that the division of all life 

into two basic forms, prokaryotic (i.e. Monera) and eukaryotic (i.e. plants, fungi, 

animals and protists), was inaccurate since the division was not made on any 

phylogenetic distinction but on incomplete understanding of cytological differences 

(Woese et al., 1990). The differences between eukaryotic and prokaryotic cells, 

although vast, do not necessarily mean that the two represent completely distinct 

holophyletic2 groups – because prokaryotes do not have consistently defining features 

or a rooted phylogeny showing that they are monophyletic3. This also questions the 

use of the term ‘prokaryote’ as a definition. A description of a group at any taxonomic 

level should be based upon a positive description of defining characteristics, and not 

                                                 
1 Polyphyly: Describes a group of taxa that are derived from more than one ancestral group, i.e. the 

group does not contain the last common ancestor (LCA) of all members of that group (Farris, 1974). 

2 Holophyly: Similar to monophyly, but less commonly used, it is considered a strict form of monophyly. 

This is achieved by excluding the LCA, and therefore the root, from the phylogeny. 

3
 Monophyly: The term used to describe a group of taxa that share a common descent, i.e. a group that 

contains all descendants of and includes the LCA. 
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based upon what a group is not, i.e. prokaryotes is used to encompass those organisms 

that are not eukaryotes (Pace, 2006). The two types of cell are not directly comparable 

as the eukaryotic cell represents a composite comprised of multiple ‘prokaryote’ 

ancestors and comprising a mosaic of different prokaryote features (Gray, 1993; Klenk 

and Doolittle, 1994; Jain et al., 1999; Rivera et al., 1998).  

 

1.1.3.2. The use of phylogenetics to identify the three domains 

Developments in molecular biology, particularly the ability to sequence nucleic acids 

with high efficiency and the growth of molecular phylogenetics, allowed for a much 

deeper understanding of the relationship between organisms. These developments, 

including details of molecular theory and methods, will be discussed in more detail 

later (Section 1.3). Woese and colleagues’ three domain classification was based upon 

molecular phylogenetic relationships rather than cytological descriptions. The three 

domains of life consist of two prokaryotic lineages (bacteria and archaea, formerly 

known as eubacteria and archaebacteria) and one eukaryotic (eukarya) (Woese and 

Fox, 1977; Woese et al., 1990). Use of the ribosomal RNA encoding genes to analyse 

relatedness between organisms allowed the beginnings of phylogenetic trees to be 

formulated (Woese and Fox, 1977). In these early analyses twenty nine bacterial 

genera were analysed using the 16S small subunit (SSU) rRNA encoding gene, 

separated into three main subdivisions, the Gram-positive bacteria, Gram-negative 

bacteria and the blue-green bacteria (cyanobacteria) and chloroplasts.  These were 

grouped together and named the eubacteria (Woese and Fox, 1977). Examples of DNA 

collected from animals, plants, fungi and slime moulds were also added to this 

analysis, again using the SSU rRNA encoding genes as a target, to represent the 

eukaryotes. In 1977, the only archaeal organisms to be described were the 
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methanogens, anaerobes isolated from extreme environments such as salt lakes and 

hot springs (Wolfe, 1971; Fox et al., 1977; Zeikus, 1977). They were renamed as the 

archaebacteria, and were thought to be ancient partly due to the environment they 

were found in because they had only been recovered from anaerobic aquatic 

environments (Woese and Fox, 1977). Anaerobic conditions are thought to have 

dominated 3-4 billion years ago on Earth (Kasting, 1993)  – so Woese and Fox assumed 

that these ‘prokaryotes’ were derived only from this ancestral environment and 

therefore they represented a derived ancestral form of life (Woese and Fox, 1977). 

Rates of mutations between 13 organisms from each of the archaebacteria, eubacteria 

and eukaryotes were calculated by using 16S / 18S rRNA, digested with T1 RNase and 

the digests separated into oligonucleotide fingerprints by two-dimensional 

electrophoresis (Woese and Fox, 1977). The individual oligonucleotides were then 

sequenced and association coefficients between each possible pair calculated. Analysis 

showed the number of mutations between and within the three kingdoms of 

‘archaebacteria’, ‘eubacteria’ and ‘eukaryotes’ to be fairly equal. This suggests that the 

emergence of the three domains occurred concurrent with each other, although this 

analysis does not infer that the three had the same common ancestor or the root or 

branching order of that tree (Woese and Fox, 1977). 4 

                                                 
4
 Alongside the concept of the three domains, there were further studies on how many kingdoms 

should exist within those domains. The six kingdoms of life classification system (Cavalier-Smith,.1998; 

Cavalier-Smith, 2002b; Cavalier-Smith, 2004). comprises one kingdom of bacteria and five kingdoms 

describing the eukaryotes; Protozoa, Animalia, Fungi, Plantae and Chromista. All six kingdoms of life 

contain micro-organisms, with a majority of 34 out of 57 phyla being unicellular organisms Cavalier-

Smith, 1998; Cavalier-Smith, 2002b; Cavalier-Smith, 2004). The kingdom Chromista mostly contains 

photosynthetic algae that contain both chlorophyll a and c, located in the lumen of the rough 

endoplasmic reticulum (Cavalier-Smith, 1998). This system does place emphasis on eukaryotes, 

separating them into five of the six kingdoms, and grouping the bacteria and archaea into one kingdom.  
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One of the main difficulties with formulating a universally recognised classification 

system is the complexity of organising the unicellular organisms. This also serves to 

show the importance of these organisms in the tree of life. Two out of the three 

domains purely consist of microbes, and microbes are present in all ‘six’ kingdoms of 

life (Cavalier-Smith, 1998; Cavalier-Smith, 2002b; Cavalier-Smith, 2004) and across the 

six recognised eukaryote supergroups classified by phylogeny (Simpson and Roger, 

2005; Adl et al., 2005).  

 

1.1.4. Describing Bacteria  

1.1.4.1. Cytological differences between Bacteria and Eukaryotes 

Bacteria are unicellular prokaryotic organisms inhabiting all environments on Earth and 

they differ cytologically from eukaryotes in 12 fundamental ways (Cavalier-Smith, 

1998), although since these rules were outlined there have been additional discoveries 

which have shown that these characteristics are not definitive in the comparison of 

bacteria and eukaryotes:  

1.) Differences between the prokaryotic flagella and the eukaryotic cilia. They differ in 

structure, chemical composition and mechanism of propulsion as eukaryotic cilia are 

driven by dynein motors articulated on a tubulin cytoskeleton and serviced by tubulin 

motor protein (Wickstead and Gull, 2007; Wickstead et al., 2010). There are no direct 

homologues to these proteins that function in prokaryotic cilia (Cavalier-Smith, 2009). 

2.) Respiratory chains are located in the cytoplasmic membrane in prokaryotes, and 

generally in the plastids and mitochondria in eukaryotes, with a few exceptions, e.g. 

microsporidia (Embley et al., 2003);  
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3.) Photosystems are located in the cytoplasmic membrane or free thylakoids in 

prokaryotes and chloroplasts in eukaryotes (Cavalier-Smith, 2000);  

4.) Prokaryotes sometimes have a peptidoglycan cell wall (Cavalier-Smith, 2002a);  

5.) Prokaryotes are lacking an internal cytoskeleton of actin microfilaments and 

tubulin-containing microtubules, whereas eukaryotes have a protein (tubulin and 

actin) cytoskeleton (Richards and Cavalier-Smith, 2005; Wickstead et al., 2010);  

6.) Prokaryotes are lacking cytoplasmic motility mediated by ATPase molecular motors, 

whereas eukaryotes do have this (Dacks and Field, 2007);  

7.) Chromosomes are organised into nucleoids in the cytoplasm of prokaryotes and in 

a nucleus in eukaryotes;  

8.) Prokaryotes lack an endomembrane system (Cavalier-Smith, 2002b; Dacks and 

Field, 2007; Dacks et al., 2008);  

9.) Prokaryotes do not carry out phagocytosis, endocytosis or exocytosis (Cavalier-

Smith, 2002b);  

10.) In the prokaryotes, DNA segregation occurs by association with the cell surface, 

not a mitotic spindle as in eukaryotes;  

11.) Recombination in prokaryotes occurs by parasexual processes, and via syngamy 

and meiosis in eukaryotes;  

12.) Prokaryotes do not harbour intra-cellular endosymbionts.  

 

1.1.4.2. Comparing Bacterial species 

Although there are many differences between prokaryotes and eukaryotes, it was still 

difficult to form meaningful comparisons between bacterial species. The path to 

developing a bacterial phylogeny was far more complex than for macro-organisms. 

Prokaryotes lack the complex morphological details that helped zoologists, mycologists 
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and botanists to describe phylogenetic relationships between macro-organisms 

(Woese, 1987).  Using what morphological descriptions were available, the bacteria 

were split into two types, gram negative and gram positive, the latter being in 

possession of a peptidoglycan cell wall (Schleifer and Kandler, 1972). Although the 

gram positive bacteria are still considered an accurate grouping, albeit solely because 

of the cell wall characteristics, the gram negative bacteria are not (Woese, 1987). 

There were considered to be 10 distinct groups within the gram negative bacteria, as 

different from each other as from the gram positive bacteria. Gram positive bacteria 

included the phyla Firmicutes, Actinobacteria and the Mollicutes (Woese, 1987). 

 

The development of nucleic acid sequencing allowed for the investigation of the 

evolutionary relationships between prokaryote species, and for phylogenies to be 

created that were robust and not just based on morphological or cytological 

differences (Woese, 1987; Embley et al., 1994; Hugenholtz et al., 1998). Because of 

their relative lack of complex morphology and behaviour, compared to protozoa, it is 

much better to use molecular sequencing to characterise bacteria (Doolittle, 1999b). 

The use of sequencing technologies to understand prokaryote diversity will be 

discussed in detail in this thesis. 

 

1.1.4.3. Bacterial genome size  

Known bacterial genome size is much more variable than archaeal genome size, 

although currently the sequencing of archaeal genomes is underrepresented 

compared to bacteria. The smallest known bacterial genome belongs to the 

intracellular symbiont Carsonella rudii (Nakabachi et al., 2006), with an estimated size 

of just ~180 kb. The largest bacterial genome to be sequenced so far belongs to the soil 
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bacterium Sorangium cellulosum (Schneiker et al., 2007), with a genome size of ~13 

Mb (Entrez genome database, accessed 06/07/10). Interestingly, both of these 

bacterial species belong to the Proteobacteria, meaning that even within a bacterial 

phylum there can be huge diversity in genome size. Despite these extremes, when all 

sequenced bacterial genomes that have been submitted to the Entrez Genome 

Database are analysed, they follow a biomodal size distribution. The largest peak 

occurs at ~5 Mb, with a smaller peak at ~2 Mb. This suggests that, overall, bacterial 

genomes form two distinct groups (Ranea et al., 2005; Koonin and Wolf, 2008).  All 

bacteria with genomes of <1 Mb in size are either parasitic or intracellular symbionts 

of eukaryotes. What can be inferred from current knowledge is that for a bacterium to 

be free living, it requires a genome size of >1 Mb  (Koonin and Wolf, 2008). The free-

living bacterium with the smallest known genome is the abundant marine α-

Proteobacteria Pelagibacter ubique (SARII) with a genome size of ~1.3 Mb (Giovannoni 

et al., 2005). This is important because natural variation and sequence diversity 

between bacterial genomes can be vast even among closely related groups, making 

taxonomic diversity classification very difficult.  

 

1.1.4.4. Bacterial genome structure 

In terms of genome structure, both bacteria and archaea differ from eukaryotes. 

Eukaryotes possess protein-coding genes that are typically interrupted by introns and 

have large intergenic regions. Both bacteria and archaea tend to have much shorter 

intergenic distances and the majority of bacterial and archaeal proteins are encoded in 

uninterrupted open reading frames (ORFs). There are two exceptions to this, firstly a 

few archaeal genes that are interrupted by microintrons (Watanabe et al., 2002). 
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Secondly, several split genes in bacteria and archaea are thought to have evolved as a 

result of intron action (Dassa et al., 2007). 

 

When looking at whole genome structure, the order in which genes appear within the 

genome is a lot less conserved in prokaryotes than the presence of the genes 

themselves (Koonin et al., 1996). Orthologous genes can be used to compare the 

position of these genes in several bacterial genomes. Even between close bacterial 

species, gene order of a set of orthologous genes varies greatly, and species that are 

distantly related show no similarity in gene order at all (Koonin and Wolf, 2008). One 

of the central concepts of gene organisation in prokaryotic genomes is the existence of 

operons, groups of co-transcribed and co-regulated genes. These, unlike whole 

genome structure, are highly conserved (Koonin and Wolf, 2008). For example, of the 

sequenced whole genomes so far (1099 bacterial and 86 archaeal), all include the 

ribosomal superoperon, a collection of over 50 genes of ribosomal proteins (Wolf et 

al., 2001). The presence of such superoperons, or ‘conserved neighbourhoods’ of 

genes in prokaryotes can be useful for understanding prokaryote taxonomic 

relationships. The presence also of operons of just a few genes across incredibly 

diverse bacterial species is thought not only to be due to the importance of such 

operons within the genome, but also due to them being transferred through horizontal 

gene transfer (HGT) (Lawrence, 1999). HGT is the transfer of genetic material from one 

organism to another without the recipient of that material being the offspring of the 

other (Doolittle, 1998; Doolittle, 1999a). It is a strong influencing factor in bacterial 

evolution because it allows the transfer of genes between unrelated organisms, 

therefore increasing a genome’s rate of change, and the genetic diversity of those 

organisms (Jain et al., 1999). It makes developing a bacterial phylogeny difficult 
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because gene phylogeny is often not consistent with species phylogeny (Jain et al., 

1999; Ochman et al., 2000). 

 

1.1.4.5. Defining a Bacterial ‘species’ 

Even with the use of sequencing to help further our understanding of bacteria, one of 

the problems with describing bacteria is the problem of defining a ‘species’ (Doolittle, 

2008).  Using the ‘Biological Species Concept’ described by Ernst Mayr (de Queiroz, 

2005) is a challenge since bacteria do not sexually reproduce, so the idea of an 

interbreeding population is inaccurate. In the absence of sexual reproduction, the 

process of homologous recombination could be used when resulting in a divergent 

population (Doolittle, 2008). However, this doesn’t consider mutation as a cause of 

creating a divergent population, and the possibility of de-speciation occurring, where a 

species characteristic is altered or lost (Fraser et al., 2007). A bacterial ‘species’ can 

also be described as a ‘monophyletic and genomically coherent cluster of individual 

organisms that show a high degree of overall similarity in many independent 

characteristics, and is diagnosable by a discriminative phenotypic property’ (Rossello-

Mora and Amann, 2001). Using DNA-DNA hybridisation, if a culture shows a 70 % or 

greater hybridisation with a known species it is considered to be of that species. Less 

than 70 % and it can be considered a separate species (Wayne et al., 1987; Colwell et 

al., 1995). This is, however, an arbitrary measure, and the method is time consuming 

and not widely available (Gevers et al., 2005; Staley, 2006). Despite many attempts to 

identify exactly what constitutes a bacterial species, there is still no definition accepted 

by the research community (Rossello-Mora and Amann, 2001). The most widely used 

classification system for prokaryotes is a polyphasic approach, a mixture of phenotypic, 

chemotaxonomic, genotypic data and phylogenetic information (Vandamme et al., 
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1996; Schleifer, 2009). 16S SSU rRNA sequencing is used to determine the phylogenetic 

placement of a bacterial isolate. DNA-DNA Hybridisation is then used as described 

above. Although this method is useful in classifying prokaryotes at lower taxonomic 

levels (i.e. genus – species – strain) than using the sequences of rRNA encoding genes 

as operational taxonomic units, it can only be used on cultured organisms, so is 

unhelpful in characterising the vast uncultured prokaryotic diversity in the 

environment. For the uncultured majority of prokaryotes, it is therefore necessary to 

rely on sequence data for classification.  

 

When identifying species from sequence data, thresholds of genetic divergence are 

used to identify distinct species. However, it may be inaccurate to use this as a way 

identifying ecologically distinct populations (Koeppel et al., 2008). Sequence based 

phylogeny is complicated when factors such as geographical isolation, genetic drift, 

HGT e.g. plasmid gain or loss, or rapid speciation results in a failure of correspondence 

between sequence variation and ecological/functional divergence (Cohan and Perry, 

2007).  

 

A further complexity in prokaryotic systematics is that SSU rDNA phylogenetics show a 

‘star phylogeny’, a phylogeny with the occurrence of a multifurcation at an internal 

node (Walsh and Doolittle, 2005). There are three possible explanations for this. 

Firstly, it could be a result of soft polytomy, where the tree is unresolved and so 

evolutionary branching is not clearly understood or described. If, however, this kind of 

phylogeny is not due to methodological artefact or lack of data, then there are two 

further possible causes. This could either be because ancient branching events occur at 

a similar point in time, described as a hard polytomy. Or this could be caused by 
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extensive HGT, essentially erasing vertical phylogenetic signal (Doolittle et al., 2003). 

Transfers between prokaryotes and also transfers between prokaryotes and archaea 

can cause a ‘net’ like effect on the tree of life (Hilario and Gogarten, 1993) making 

many evolutionary relationships difficult to identify.  

 

1.1.4.6. Describing the taxonomy of Bacteria 

As has been discussed here, it is very difficult to classify bacteria, which has led to 

many questioning the relevance of searching for a meaningful bacterial phylogeny 

(Doolittle, 1999b; Gogarten et al., 2002; Bapteste et al., 2005). In contrast some 

researchers have argued for a bacterial phylogeny based not just on SSU rRNA 

sequencing but also on cytological differences. Cavalier-smith describes two 

subkingdoms under the kingdom Bacteria, the Negibacteria and the Unibacteria, with 

only eight phyla containing 29 classes (Cavalier-Smith, 2002a).  

 

In Whittakers’ 5 kingdom classification system, there were just five phyla recognised in 

the kingdom Monera (Whittaker, 1969). This was expanded to 11 lineages (Woese, 

1987), then to 36 phyla plus a further 10 that were supported by too few sequences 

(Hugenholtz et al., 1998) and has now increased to at least 52 phyla describing 

bacteria, using sequencing or partial sequencing of the SSU rRNA gene as a way of 

differentiating and identifying bacterial taxa (Walsh and Doolittle, 2005). Of these, 26 

are ‘candidate’ phyla, based upon only a few environmental gene sequences with no 

cultured examples (Rappe and Giovannoni, 2003). The original 11 phyla from Woeses’ 

classification are now considered to be 12 after the gram positive bacteria were split 

into the Firmicutes and Actinobacteria. The other 10 phyla are the Proteobacteria, well 

characterised ‘classical’ gram negative bacteria; Thermotogae, obligate anaerobes; 
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Chloroflexi, green non-sulfur bacteria; Cyanobacteria, photosynthetic blue-green 

bacteria; Chlamydiae, intracellular pathogens; Planctomycetes, aquatic bacteria found 

in marine and freshwater; Chlorobi, green sulfur bacteria; Spirochaetes, 

chemoheterotrophs that have helically coiled cells; Deinococcus-Thermus, which has a 

high tolerance for radiation (Deinococcales) or heat (Thermales); and Bacteroidetes, a 

large phyla that are ubiquitous in the environment. One of the most important phyla 

to be added to this list is the Acidobacteria, mainly because it is so widely distributed 

in the environment and is often very abundant, especially in soil (Rappe and 

Giovannoni, 2003; Ludwig et al., 1997; Youssef and Elshahed, 2009). Nitrospira are also 

ubiquitous in the environment, and important as some species within this phylum can 

oxidize nitrite (Ehrich et al., 1995). Another significant discovery was a selection of 

thermophilic bacteria, such as Thermodesulfobacteria and Aquificae (Hugenholtz, 

2002). Those species from these phyla that are in culture grow chemolithotrophically, 

Aquificae by oxidizing hydrogen as an energy source, and Thermodesulfobateria by 

reducing sulfate.   

 

Between 1991 and 1997, 65 % of microbiological research published looked at only 

eight genera (Hugenholtz, 2002); Escherichia, Helicobacter, Pseudomonas, Bacillus, 

Streptococcus, Mycobacterium, Staphylococcus and Salmonella, with a definite 

emphasis on those bacteria that are human pathogens, easily cultured and /or 

economically important (Hugenholtz, 2002). These eight belong to just three phyla, the 

Proteobacteria, Firmicutes and Actinobacteria. Despite this leaning toward certain 

genera, this is not necessarily representative of the abundance or diversity of bacteria 

in the environment. Free-living bacteria are thought to comprise the majority of the 

bacterial diversity as opposed to symbionts and obligate pathogens (Whitman et al., 
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1998). If this is true, the environmental surveys of bacteria should give the greatest 

insight into bacterial diversity. Interestingly, large-scale diversity studies of micro-

organisms find no abundant bacteria beyond the 26 currently cultured phyla (Tyson et 

al., 2004; Venter et al., 2004; Youssef and Elshahed, 2008; Elshahed et al., 2008), with 

only ~ 10 % of sequences recovered in these metagenomic studies found to have no 

detectable homologues from known phyla. This point is emphasised in diversity studies 

where, although the relative abundances of bacterial phyla vary between 

environments, it is the same phyla consistently representing the most abundant four 

or five groups identified (Elshahed et al., 2008).  Although it is possible that if more 

environmental samples were investigated, new groups of archaea and bacteria would 

be found in greater abundance, studies so far have suggested that the majority of the 

higher taxonomic groups of bacteria are sampled to some extent (Koonin and Wolf, 

2008). This knowledge of bacterial diversity now allows for a new set of interesting 

questions to be asked of large scale diversity studies, e.g. microbial functionality, what 

factors drive community composition and biogeography.  

 

1.1.5. Describing Archaea 

1.1.5.1. Comparing Archaea with Bacteria and Eukaryotes 

The methanogenic archaea were the first archaea to be cultured and described, firstly 

as bacteria (Wolfe, 1971; Zeikus, 1977) and then as archaebacteria (Fox et al., 1977). It 

was observed that their cell walls do not contain peptidoglycan as bacterial cell walls 

do, and the coenzymes involved in methane production are entirely unique compared 

to those found in bacteria (Kandler and Hippe, 1977; Woese et al., 1978).  Even though 

little was known about these methanogens, the differences between them to both the 

bacteria and eukaryotes led Woese and Fox to suggest the archaea as the third 
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primary domain (Woese and Fox, 1977). The first complete archaeal genome to be 

sequenced was the methanogenic Methanococcus jannaschii (Bult et al., 1996). This 

allowed more detailed comparisons between the archaea and both bacteria and 

eukaryotes and allowed further analysis of how the three main domains relate to each 

other (Olsen and Woese, 1997).  

 

There are now known to be many fundamental differences between archaea and 

bacteria. Many of these differences are in the informational systems of transcription, 

translation and replication (Olsen and Woese, 1997; Walsh and Doolittle, 2005). Within 

these areas, as well as differences between bacteria and archaea, there are many 

similarities between archaea and eukaryotes. Archaea and eukaryotes share thirty 

three ribosomal proteins absent in bacteria, while all remaining ribosomal proteins are 

common to all three domains of life (Olsen and Woese, 1997). Archaeal RNA 

polymerases share homology with eukaryotic RNA polymerase II (Walsh and Doolittle, 

2005). Translation initiation in archaea and eukaryotes starts with methionine, not N-

formyl-methionine as in bacteria (Walsh and Doolittle, 2005). One of the main 

similarities between archaea and eukaryotes is the way in which the genome is 

replicated. The DNA polymerase recognised in M. jannaschii is homologous to a 

nuclear genome replication polymerase found in eukaryotes but is completely 

unrelated to those DNA polymerases found in bacteria (Olsen and Woese, 1997). 

 

Archaea also possess characteristics that highlight their evolutionary link with both the 

bacteria and eukaryotes. Members of the Euryarchaeota possess histones (Walsh and 

Doolittle, 2005), which they use to compact DNA. These proteins, although different to 

those of the same name found in eukaryotes, have evolutionary homology (Walsh and 
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Doolittle, 2005). In Methanococcus fervidus, archaeal nucleosomes assemble into a 

tetramer analogous to eukaryotic [H3-H4]2 tetrasomes. However, in 

Thermoplasmatales, histones are replaced by small basic chromatin proteins (HU) 

found in bacteria (Walsh and Doolittle, 2005). 

 

Similarities between archaea and bacteria include a simple cellular organisation when 

compared to most eukaryotes, typically a circular chromosome, and the absence of 

spliceosomal introns (Walsh and Doolittle, 2005). Genes are organised as operons in 

both bacterial and archaeal genomes (Olsen and Woese, 1997). This could be seen as 

either an important link between bacteria and archaea, or could simply be a 

mechanism lost in the evolution of the eukaryotic cell. However, operonal organisation 

is known to vary significantly, through reorganisation, loss or gain of genes, and / or 

loss or gain of entire operons, so this may not be a significant observation (Olsen and 

Woese, 1997). 

 

Archaea have similar genome architectures to bacteria with a low proportion of 

intergenic DNA and genes organised into operons (Garrett et al., 1991; Walsh and 

Doolittle, 2005). Archaeal genome size is much more consistent than bacterial genome 

size, for example at the lower limits the parasite Nanoarchaeum equitans has a 

genome size of ~0.5 Mb. The largest sequenced Archaea genome being 

Methanosarcina bakerei with a size of ~5.5Mb (Maeder et al., 2006). However, 

sequenced archaeal genomes are much less represented than bacterial genomes, with 

only 86 published genomes compared to 1099 bacterial genomes (Entrez Genome 

Database, accessed 06/07/10). Furthermore, the Crenarchaeota Sulfolobus has several 

replication origins, as seen in eukaryotic genomes. Archaea also contain family B DNA 
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polymerases (α, δ and ε), the same as eukaryotes, whereas bacteria contain a family C 

DNA polymerase (DNA polymerase III) (Walsh and Doolittle, 2005). Furthermore, there 

is also a novel family, D DNA polymerases, identified in the euryarchaeote Pyrococcus 

furiosus, which is possibly the major replicative enzyme in this species, despite it also 

containing family B DNA Polymerases (Walsh and Doolittle, 2005). 

 

As well as similarities between archaea and both bacteria and eukaryotes, there are 

also differences that separate out archaea from the other two domains of life. 

Membrane glycerolipids found in archaea are composed of isoprenols ether-linked to 

glycerol-1-phosphate whereas both bacteria and eukaryotes have fatty acids ester-

linked to glycerol-3-phosphate (Cavalier-Smith, 2002a). However, the glycerol 

phosphate backbone is the only real determining factor as some thermophilic bacteria 

have ether-linked lipids and some archaeon do have fatty acids (Walsh and Doolittle, 

2005). This kind of overlap highlights the complex differentiation between archaea, 

bacteria and eukaryotes with a mosaic of features within and between the three 

domains. 

 

1.1.5.2. Taxonomy of Archaea 

Currently there are four recognised major groups of archaea, the Euryarchaeota, the 

Crenarchaeota and, the most recently described Korarchaeota, and Nanoarchaeota. 

The Crenarchaeota consist of 24 genera organised into three orders, and the 

Euryarchaeota over 50 genera in 10 orders (Woese et al., 1990; Barns et al., 1996). 

Although often found in extreme anaerobic environments, species of Crenarchaeota 

and Euryarchaeota have been found in more moderate environments, including forest 

soils, and particularly associated with plant roots (Hershberger et al., 1996; Pesaro and 
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Widmer, 2002; Ochsenreiter et al., 2003; Bomberg and Timonen, 2007). The 

Korarchaeota were only discovered using molecular methods, PCR amplification and 

DNA sequencing from environmental samples, rather than culturing and phenotyping 

and they remain uncultured (Walsh and Doolittle, 2005). They have been detected in 

hydrothermal environments in many geographical regions, including Yellowstone 

National Park, Iceland and the Pacific Rise (Barns et al., 1996; Hjorleifsdottir et al., 

2001; Nercessian et al., 2003). The Nanoarchaeota were recently discovered in 

hydrothermal marine conditions near Iceland (Huber et al., 2002). There is only one 

species named, N. equitans, and three environmental sequences (Huber et al., 2003). It 

is possible that with more environmental studies in diverse and extreme 

environments, that more novel archaeal groups will be identified. 

 

1.2. Measuring microbial diversity 

1.2.1. Cultivation methods 

Before the development of molecular methods, metabolic and physiological 

characteristics were used to describe and classify micro-organisms (Staley, 2006). Light 

microscopy was overtaken by the use of electron microscopy that gave a more 

detailed view of the cell. Despite advances in microscopy, the main limitations in 

traditional environmental microbiology studies were the inability to culture the 

majority of environmental microbes. It is thought that less than 1 % of single celled 

organisms have been cultured in the laboratory (Pace, 1997), with the majority of 

these being from reasonably well characterised environments, such as the human gut 

(Huse et al., 2008). A consequence of this is only those taxa that can be cultured are 

heavily studied and well characterised. The most intensively studied prokaryotes come 

from just three phyla; Proteobacteria, Firmicutes and Actinobacteria (Hugenholtz, 
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2002). The majority of cultures within collections belong to one of these three phyla. 

Although this could be representative of the natural diversity of bacteria in the 

environment, it is more likely that the other recognised phyla are being under 

represented in studies. The development of molecular techniques helped to overcome 

these limitations and has led to a much-improved understanding of microbial 

complexity. 

 

1.2.2. Molecular fingerprinting techniques 

One of the earlier molecular methods used to explore microbial diversity was 

Denaturing Gradient Gel Electrophoresis (DGGE), which uses PCR amplified gene 

fragments separated on a polyacrylamide gel, determined by the concentration of 

denaturants (e.g. urea and formamide) that cause the separation of each fragment 

according to the GC content of the fragment (Muyzer and Smalla, 1998). Similarly, 

Temperature Gradient Gel Electrophoresis (TGGE) uses varying melting temperatures 

rather than denaturants to separate the fragments. This is a successful technique for 

environmental bacterial communities that have relatively low diversity. The resolution 

of the gel means that communities with more than around 100 species amplified are 

not effectively separated, and bands cannot be excised successfully and sequenced. 

 

Terminal-Restriction Fragment Length Polymorphism (T-RFLP) quantifies sequence 

variability in small-subunit ribosomal DNA (Liu et al., 1997).  Restriction fragments 

representing unique phenotypes are separated based on length and the abundance of 

each phenotype can be measured. Its advantage over clone libraries is that it is easier 

to analyse a larger number of samples this way. It also allows differences in the 

composition of bacterial communities to be assessed quantitatively. The main 
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limitation, as with DGGE, is that in highly complex communities the resolution of bands 

on a single gel result is an underestimation of total diversity. The second main 

limitation is that different bacterial species can share a phenotype. Unlike DGGE, it is 

not possible to retrieve any phylogenetic information from T-RFLP. 

 

The main advantage of these molecular fingerprinting techniques is the ability to 

assess multiple samples relatively quickly. Also, if gels produce limited bands then the 

techniques can be semi-quantitative, based on analysis of the density of each band. 

However, the limitations in information gathered, particularly using T-RFLP, makes 

these good methods for preliminary assessment of diversity, but better techniques are 

required for in depth investigation of microbial diversity in environmental samples. 

 

1.2.3. Sequencing technologies 

1.2.3.1. Using a sequence approach to identify operational taxonomic units and 

assess diversity 

1.2.3.1.1. Use of the small subunit rRNA encoding gene to investigate diversity 

In environmental diversity studies, it is important to sample as much of the community 

present as possible. The use of universal genetic markers has allowed for a broad 

cohort of the prokaryotic or eukaryotic community to be targeted. The most 

commonly used marker is the small subunit (SSU) ribosomal RNA encoding genes. 

Ribosomes are large, ribonucleoprotein complexes where proteins are synthesized 

(Doolittle, 1999b). In prokaryotes, the ribosome contains two subunits. The 50S 

subunit contains a 23S rRNA, 5S rRNA and more than 30 proteins. The 30S subunit 

contains the 16S rRNA and 20 proteins (Pei et al., 2009). Using the SSU rRNA as a 

marker involves targeting one of these subunits. 
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Using ribosomal marker genes in diversity studies is convenient for several reasons 

(Olsen and Woese, 1993; Head et al., 1998; Macrae et al., 2000); 1.) As key elements of 

protein synthesis they are homologous in all organisms, meaning they can be used 

effectively for comparisons between species (Olsen and Woese, 1993; Doolittle, 

1999b; Pei et al., 2009); 2.) They have areas that are highly conserved across all taxa, 

flanking areas of high variability between taxa, which allows for primers to be designed 

for very diverse species to be identified from the same primer sets; 3.) rRNA encoding 

genes are ‘fairly easily’ recovered from environmental samples, and in concentrations 

high enough to allow for successful amplification using PCR and other molecular 

analysis; 4.)  These characteristics allow rDNA sequences to be used confidently to 

assign taxonomy to family or genus level when compared to a reference database (Fox 

et al., 1992). 

 

For prokaryotic diversity studies, the most commonly used marker is the 16S SSU rRNA 

encoding gene. It is small enough for rapid cloning and sequencing, compared with the 

large subunit 23S rRNA encoding gene, but provides enough sequence characters that 

it can be used for interspecies comparisons, much more effectively than the smaller 5S 

rRNA (Olsen and Woese, 1993; Spiegelman et al., 2005). One of the most important 

features of the SSU rRNA encoding genes is its reliability when assigning taxonomy to a 

sequence. Using a gene homology of the SSU rRNA encoding genes of 97% or higher is 

considered to be the same operational taxonomic unit (OTU) for prokaryotes, any less 

and it is considered a different OTU (Goebel and Stackebrandt, 1994). Along with 

taxonomic assignment, phylogenetic relationships can be described based upon 
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variations in the SSU rRNA encoding genes and therefore this gene can be used to 

investigate evolutionary relationships as well as diversity (Olsen et al., 1986). 

 

1.2.3.1.2. Comparing variation across the 16S SSU rRNA gene 

Within the 16S SSU rRNA gene lie many different variable regions that can be used in 

taxonomic assignment. A study comparing different regions of the 16S SSU rRNA gene 

using 454 sequencing on sludge from a waste water plant found that none of the V1-

V2, V6 or V7 hypervariable regions gave a clear advantage over the others when 

investigating diversity (Hamp et al., 2009). Huse et al. (2008) using samples taken from 

a human gut, compared community diversity using both the V3 and V6 hypervariable 

regions and also the full length of the 16S SSU rRNA gene and found strong correlation 

in OTUs for all three amplification targets, most strongly between the V3 and V6 

regions, again suggesting these high variability marker regions are equally adequate at 

investigating prokaryote complexity. For more specific environmental diversity studies, 

the use of rDNA as a genetic marker allows for primers to be designed targeting 

primarily bacteria or archaea, and also primers targeting lower taxonomic levels, for 

example the individual classes of the Proteobacteria (Head et al., 1998).  

 

1.2.3.1.3. Limitations of investigating the SSU rRNA encoding gene 

There are several limitations to the use of SSU rRNA encoding genes when 

investigating diversity. One disadvantage is that prokaryotes can contain more than 

one copy of the 16S SSU rRNA gene, so any sequencing from amplification of this gene 

is not quantitatively representative of the organisms present (Head et al., 1998). These 

multiple copies may also contain minor differences between them, although this can 
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be taken into consideration during comparisons with published sequences by using 

matches below 100%.  

 

Another disadvantage of the method is the use of polymerase chain reaction (PCR) to 

amplify the genetic marker. The PCR limitations occur through PCR bias, and error 

within the method. The largest error in PCR amplification is that caused by the Taq 

DNA polymerase having a relatively low replication fidelity (Acinas et al., 2005), 

although this can be controlled by clustering into 99% sequence similarity groups 

(Acinas et al., 2005). Bias in PCR occurs through amplification efficiency due to 

differences in primer binding energy (von Wintzingerode et al., 1997; Ishii and Fukui, 

2001; Acinas et al., 2005), and also the possibility of high abundance sequences being 

preferentially amplified (Stoeck et al., 2006; Huber et al., 2009).  

 

The use of a single primer set, although traditionally standard practice, introduces a 

limit on the amplification of maximal levels of diversity. Using multiple primers that 

target the same universal gene can result in a much greater diversity being detected 

within an environmental sample, with 3 times as many species being identified (Stoeck 

et al., 2006; Huber et al., 2007). The use of multiple primer sets is still seen as the ‘tip 

of the iceberg’ (Moreira and López-Garcia, 2002) as subsequent studies simply increase 

the number of species found. Although it should be noted that many of the novel 

sequences found this way are similar variants of previously described sequences 

(Moreira and López-Garcia, 2002).  

 

1.2.3.1.4. Controlling for environmental DNA survey bias 
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PCR limitations in diversity studies can be overcome in several ways. Sample replicates 

can be used to limit the effects of one sample being swamped by a few OTUs caused 

by amplification bias. Minimising the number of cycles used during PCR limits the 

formation of chimeras and Taq DNA polymerase errors (von Wintzingerode et al., 

1997; Acinas et al., 2005) and the use of multiple primer sets maximises the diversity 

targeted (Huber et al., 2007). Despite these limitations, amplification of the 16S SSU 

rRNA encoding gene is the best marker available for assessing prokaryote diversity in 

the environment since this is the marker with the largest database of sequences 

available for comparison, e.g. the Silva database (Pruesse et al., 2007) and simple 

changes to experimental design can minimise errors and overcome some limitations. 

There are various technologies that can be used to sequence the 16S SSU rRNA. Below 

is an overview of the various methods available to generate sequence data that can be 

used to identify operational taxonomic units and assess microbial diversity from 

environmental DNA samples. 

 

1.2.3.2.  Creation of environmental clone libraries 

Before the development of next generation sequencing techniques, the best available 

method for studying microbial diversity was the construction of clone libraries 

combined with Sanger sequencing (Sanger et al., 1974). This traditional sequencing 

method involves the extraction of DNA or RNA from an environmental sample and PCR 

amplification of a universal gene, functional gene or a particular taxonomic group. PCR 

amplicons are transformed into a vector, which is then cloned. The cloned vector is 

then sequenced using the Sanger sequencing method (Sanger et al., 1974), and the 

insert compared against a data bank of sequences using similarity search algorithms or 

phylogenetic methods. 
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Bias occurs at each stage of the clone library method; nucleic acid extraction, PCR and 

cloning (Head et al., 1998). The bias introduced at each stage of the clone library 

method means it is difficult to draw meaningful conclusions about the true microbial 

diversity of environmental samples using this technique, not least because the number 

of clones analysed never results in a sample reaching saturation (typically < 1000). 

Sequencing a relatively small number of clones will inevitably lead to rare members of 

the microbial community remaining undetected (Daniel, 2005).  

 

1.2.3.3.  Using a metagenomic approach to assess diversity 

The metagenome describes all the genomic DNA material contained in an 

environmental sample. Craig Venter and colleague’s diversity study in the Sargasso Sea 

(Venter et al., 2004) was the first major study to use shotgun sequencing to investigate 

microbial diversity. Venter et al. assumed that, using this method, the abundance of an 

organism would determine the depth of coverage it received during sequencing and 

therefore comparisons of relative abundance between species from an environmental 

sample could be made. Marine water samples were collected, the DNA extracted and 

shotgun sequenced. From these samples, sequences from over 1800 genomic species 

were collected, and over 1.2 million genes were thought to be included in the data 

that were previously unknown. The main limitation of this study was that, although 

such a large number of sequences were generated, because it had the potential to 

sequence every gene in the sample, a lot of diversity could still be missed, since the 

sequencing of multiple genes from each cell would be possible, therefore limiting the 

scope for parallel comparisons leading to limitations when analysing microbial 

complexity (Venter et al., 2004; Eisen, 2007).  Another limitation was the fact that 
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simply sequencing DNA rather than a targeted fragment meant that the 

‘compartments’ of the community (species, cells, chromosomes) were ignored unless a 

method of binning was used to group the data into what compartments it originated 

from (Eisen, 2007). In diversity studies, the most effective binning method is to use a 

reference genome alignment which identifies environmental shotgun sequencing 

fragments that are very similar to already assembled sections of the genome of single 

OTUs. This requires the reference genomes to be in place and therefore has limited 

use for the vast amount of unknown data generated through high throughput 

sequencing. 

 

Environmental shotgun sequencing can be more effective at studying diversity than 

simply creating clone libraries, with a much greater depth of coverage. However, if 

even deeper coverage is required to view more of the microbial community, or if a 

study wishes to just investigate either prokaryote or eukaryote diversity, it is still 

necessary to include a PCR step in order to target a parallel taxonomic  marker and not 

create unwanted sequence data. The development of next generation sequencing 

techniques helps to address the limitations of shotgun sequencing, and is discussed 

below. 

 

1.2.3.4.  Next generation sequencing technology  

1.2.3.4.1. Overview of next generation sequencing technology 

There are many advantages to the use of next generation sequencing in diversity 

studies. The main practical advantage of next generation sequencing technologies over 

traditional Sanger sequencing are the increased speed and throughput of sample 

analysis and decreased cost per base of sequencing (Ansorge, 2009). This enables 
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higher coverage, increased replications, analysis of more replicates from a single site 

and a greater range of environments, in turn providing more robust data to answer 

questions on community composition and what environmental factors affect the 

composition of microbial communities within the environment. 

 

There are currently three main platforms used for high throughput sequencing 

techniques, the Roche Applied Sciences 454 Genome Sequencer, the Illumina Solexa 

Genome Analyzer and the ABI SoLID genome analyzer, which are described briefly 

below. 

 

1.2.3.4.2. 454  genome sequencer  

The Roche / 454 FLX pyrosequencer uses the Marguiles method (known commonly as 

454 sequencing), massive parallel sequencing by synthesis on a solid support and was 

the first next generation sequencing platform to be used commercially 

(Margulies et al., 2005; Mardis, 2008). 454 sequencing, as with other next generation 

sequencing platforms, removes the in vivo cloning bias as there is no need to create a 

clone library. Instead, the DNA is sheared or amplicons are used. Adaptors are ligated 

to the end of each fragment, which are bound to beads. A picotiter plate is used in 

which each cell contains a single bead. Multiple copies of the target fragment are 

attached via PCR, which takes place in an oil-emulsion.  The DNA sequencing reaction 

is carried out using a single sequencing primer. During sequencing, bases flow across 

the plate and incorporation is detected by the release of light.  

 

This method currently has a read limit of ~800 bp, and can sequence 1.2 million 

sequences per run. For the time and cost, this is a far greater amount of data 
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compared to creating clone libraries and Sanger sequencing. The main benefit of 454 

sequencing over the other next generation sequencing platforms is that it has the 

capability for longer read lengths.  

 

1.2.3.4.3. ABI SOLiD genome analyzer 

The ABI SOLiD is similar to the other platforms in that it uses an adapter ligated 

fragment library in its method, as well as emulsion PCR, but differs in that it uses DNA 

ligase and a different way of amplifying the fragments before sequencing (Mardis, 

2008). DNA fragments are ligated to adapters and then bound to beads. Fragments are 

amplified using emulsion PCR. After DNA denaturation, the beads are deposited onto a 

glass support surface.  A primer is hybridised to the adapter, before a mixture of 

oligonucleotide octomers are also hybridised to the DNA fragments and the ligation 

mixture added. The fourth and fifth base of each octomer is characterised and 

determined by one of four fluorescent labels at the end of the octomer. The ligated 

octomer oligonucleotides are cleaved after the fifth base, which removes the 

fluorescent label. Hybridisation and ligation cycles are repeated, firstly determining 

bases 9 and 10, then bases 14 and 15 and so on. This method of determining 2 bases 

per cycle with different fluorescent labels reduces the error rate (Mardis, 2008). 

 

1.2.3.4.4. Illumina (Solexa) genome analyzer 

The chemistry behind the Illumina Solexa sequencing method is based on work by 

Turcatti (Fedurco et al., 2006; Turcatti et al., 2008). Libraries are constructed using 

adaptor flanked fragments or a PCR amplicon library up to a few hundred base pairs. 

The DNA is attached to an optically transparent surface, extended and amplified using 

bridge PCR to create a high-density flow cell containing hundreds of millions of 
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clusters. Each cluster contains around one thousand copies of the same template 

which are sequenced after being fluorescently labelled, using a four colour sequencing-

by-synthesis technology. The flow cell is a sealed glass microfabricated device split into 

8 channels, allowing complete separation of up to 8 samples per run. The sequencing-

by-synthesis technique involves all four nucleotides being added to the flow cell 

simultaneously, along with DNA polymerase. As each nucleotide carries a base specific 

fluorescent label, after each incorporation step an image is taken, recognising which 

nucleotide has been incorporated.  

 

Read lengths using the Solexa are relatively short, commonly 36 bp but up to 150 bp. 

The per base cost of Solexa sequencing is much less than that of 454 sequencing, 

although it is not suited to those studies requiring a longer read length and has had 

limited application to microbial diversity profile analysis. This study aims to change this 

by utilising this method to investigate prokaryote diversity in forest soils. The benefits 

of this method, briefly outlined here, will be discussed in more detail in section 3.1.3. 

 

1.2.3.4.5. Limitations of next generation sequencing technologies 

Although the use of next generation sequencing methods means that the cloning bias 

has been removed, PCR bias can be a problem if it results in a mixed environmental 

sample being swamped by amplification of a few dominant species as discussed earlier 

in this chapter (Becker et al, 2000; Acinas et al., 2005).  To minimise this bias, PCR 

replications can be pooled before sequencing, so that one PCR sample is not being 

relied upon to give a representative view of a community. 
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There is a limitation on read length in high throughput sequencing that means only a 

fragment of the SSU rRNA encoding gene can be sequenced. Now that next generation 

sequencing technology is capable of sequencing amplicons >400 bp, it is possible to 

sequence across most individual hypervariable regions, multiple adjacent 

hypervariable regions, or possibly combinations of non-adjacent hypervariable regions 

through paired-end sequencing strategies (Huse et al., 2008). When designing primers 

it is a balance between wanting sufficient amplicon length for ease of phylogenetic 

analysis, but it has been shown that longer amplicons can result in lower measures of 

diversity in environmental samples (Huber et al., 2009). Shorter read lengths allow for 

many more reads to be generated at lower cost, but also gives less information, 

especially when assigning taxonomy (Dawson and Hagen, 2009). 

 

1.3. Global microbial diversity 

1.3.1. How vast is diversity? 

The true extent of microbial diversity is currently unknown (Pace, 1997; Hugenholtz et 

al., 1998; Rappe and Giovannoni, 2003). Prokaryotic life, consisting of bacteria and 

archaea, has a diversity based on 3.8 million years of evolution (Torsvik et al., 1990). 

The majority of the bacterial genomes are thought to exist in the oceanic and 

terrestrial subsurfaces (Whitman et al., 1998).  It is estimated that one gram of forest 

soil contains 4 x 109 prokaryotic cells and 1 g of pasture soil 1.8 x 1010 prokaryotic cells 

(Richter and Markewitz, 1995; Torsvik et al., 2002).  Fenchel (Fenchel, 1992) estimated 

that a one centimetre core of coastal marine sediment contain 4 x 1010 bacterial cells, 

104 chlorophyll a-containing flagellates and about 2000 ciliates. A study investigating 

microbial diversity of a desert, prairie and rainforest soils found very little phylogenetic 
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overlap when comparing bacteria, archaea, fungi and viruses between the sites (Fierer 

et al., 2007a) again suggesting microbial complexity is vast.  

 

Diversity studies continually find novel lineages in both eukaryotic and prokaryotic life 

either by classical culturing methods or by environmental DNA/RNA sequencing (e.g. 

Giovannoni et al., 1990; Fuhrman et al., 1992; López-García et al., 2001), yet it is 

thought this still represents only a small portion of the entire microbial community as 

the overlap in SSU rDNA sequences found from replicate samples using different 

primer sets is very low (Stoeck et al., 2006) suggesting more diversity awaits to be 

discovered. Current estimates put the number of microbial genomes at between 1030 

and 1031, a much greater number (2-3 orders of magnitude) than the genomes of 

plants and animals combined (Whitman et al., 1998).  

 

There are several possible causes for the high levels of bacterial diversity seen in the 

environment. Firstly, extinction rates could be very low due to the large population 

sizes typical of bacterial communities. This prevents extinction from taking place as 

there are enough individuals to sustain the population (Finlay, 2002). High levels of 

dispersal can also prevent extinction by decreasing the chance of changes in 

environmental conditions causing a species to become extinct, as populations can die 

out without the species doing so. High levels of speciation can also result in high levels 

of diversity. Low rates of recombination (lower than the rate of mutation) enable 

genetic variation associated with niche diversification to lead to speciation and thus 

ecological divergence is sufficient for speciation to occur (Cohan, 2002). Together this 

suggests that our understanding of prokaryote diversity is incomplete. 
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1.3.2. Biogeography 

1.3.2.1. Patterns of biogeography 

Biogeography describes the distribution of organisms over space and time (Macarthur 

and Wilson, 2001). Used as a tool for explaining the geographic distribution of macro-

organisms, it is increasingly being used as a tool for explaining the distribution patterns 

of micro-organisms (Bass et al., 2005; Hughes Martiny et al., 2006; Bass et al., 2009).   

 

There are two possible determining factors on the biogeographical pattern of a species 

(Hughes Martiny et al., 2006). The first is the current environmental variables that a 

species can survive under. If necessary environmental conditions are not met, then 

that species will not survive in that location. The second is the historical influences on 

that species, and how those affect its current distribution. There is uncertainty as to 

whether micro-organisms exhibit patterns of biogeography (Finlay, 2002; Foissner, 

2006). However, many studies show micro-organisms to exhibit biogeographic 

patterns (e.g. Fulthorpe et al., 1998; Cho and Tiedje, 2000).  If these studies are 

representative of micro-organisms in general, then the next step is to determine 

whether the distribution patterns are more influenced by historical events or current 

environmental conditions. 

 

There are considered to be four possible hypotheses describing and explaining the 

biogeography of micro-organisms (Hughes Martiny et al., 2006). The first hypothesis is 

that micro-organisms are found in only one niche and that they are randomly 

distributed throughout space. The second sees the distribution of micro-organisms 

being controlled by current environmental conditions and that there is little or no 

historical influence on the current distribution. This fits in with the Baas-Becking 



 - 47 - 

hypothesis ‘everything is everywhere – the environment selects’ (Baas-Becking, 1934). 

The third hypothesis presents the opposite view of the second, that historical 

influences are the driving force of microbial distribution. This is mainly driven by 

dispersal limitation in the past leading to genetic divergence. The fourth is an 

amalgamation of the second and third hypotheses. It describes a joint influence of 

both historical events and current environmental conditions. This is the model that 

most accurately describes the biogeography of macro-organisms (Macarthur and 

Wilson, 2001).  

 

Current tools make it difficult to prove the absence of a micro-organism from a given 

location. Consequently, the best way to prove any of the given hypotheses is to look at 

the spatial patterns of the relative abundance of microbial taxa (Hughes Martiny et al., 

2006). One of the reasons why we currently cannot test these hypotheses is we lack 

sampling power to identify total diversity and relative abundance of microbes in a 

given habitat. One of the goals of this project was to establish very high through-put 

sequencing methods for RNA derived libraries using Illumina Solexa sequencing which 

theoretically provides the largest number of sequences per sample and has the highest 

sequencing accuracy of next generation sequencing technologies. Only through the 

application of these novel techniques is it possible to answer such questions. 

 

1.3.2.2. Processes determining biogeography 

Dispersal of micro-organisms can occur in many ways and, so long as there are no 

environmental constraints to the organisms survival once dispersed, new populations 

can establish (Papke and Ward, 2004). Symbionts and pathogens can be dispersed via a 

host organism, whereas free-living micro-organisms can be dispersed via air or ocean 
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currents (Papke and Ward, 2004). Speciation caused by physical isolation can result in 

biogeographic patterns forming as new populations become evolutionarily distinct 

(O'Malley, 2007; Ramette and Tiedje, 2007). Biogeographic patterns in micro-

organisms can also be formed through extinction (Horner-Devine et al., 2004). If 

extinction rates are low, particularly if species can form life stages that can survive 

harsh environmental conditions, then diversity will remain high, as more species are 

able to exist in a set of particular environmental conditions. Little is understood about 

the extinction rates of micro-organisms, but extinction of populations, even at low 

levels, would result in biogeographic patterns.  

 

There have been a number of studies investigating biogeography in soil bacterial 

populations with limited success because they are often limited to low sample sizes or 

only sample a relatively low number of clones (e.g. Lima-Bittencourt et al., 2010, 

Nemergut et al. 2010). The largest study on the biogeography of soil bacteria used 

terminal-restriction fragment length polymorphism (T-RFLP) analysis on 98 soils from 

across North and South America. Although this study used a ‘low resolution technique’ 

with T-RFLP analyses it provides a robust dataset for environmental comparisons, an 

important factor when exploring biogeography. Fierer & Jackson found that the 

strongest influence on bacterial diversity and species richness was the soil 

characteristics, particularly pH (Fierer and Jackson, 2006). Factors such as latitude, 

longitude, temperature, and vegetation had little or no influence on the level of 

bacterial diversity observed. This study best fits with the second hypothesis describing 

biogeography, that large distances in space are irrelevant to determining bacterial 

diversity, and that the environmental conditions are what is determining habitat 

selection.  
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There are many limitations in the study of microbial biogeography. The actual logistics 

of analysing microbial diversity on a global scale is expensive in both cost and time. 

The task of finding global patterns in distribution is so huge that formulating 

predictions, sampling strategies and factoring in time variations is incredibly difficult. 

Different spatial scales also need to be observed to fully investigate distribution, from 

samples millimetres apart to landscape scale sampling. Whereas it is possible to filter 

many different volumes of water samples to assess presence/absence of certain taxa 

at different spatial scales, it is much more challenging to use different volumes of soil 

(Ramette and Tiedje, 2007). A further limitation is the question of what constitutes a 

unit of biological variation, species or as is now commonly used, operational taxonomic 

unit. Arguments can be made for all the hypotheses of biogeographic patterns in 

micro-organisms, and all can be proved to some extent using different levels of 

taxonomy or sequence markers with different inherent rates of variability (Fierer and 

Jackson, 2006). However, continuing development in the methods used to study 

microbial biogeography, most prominently high throughput molecular sequencing 

techniques, could overcome many of the pitfalls currently experienced and lead to 

further understanding of the biogeography of micro-organisms.  

 

1.3.3. The ubiquitous distribution hypothesis 

The theory that “everything is everywhere: The environment selects” (Baas-Becking, 

1934) describes the notion that there are limitless opportunities for microbes to 

disperse to all environments in a way that macro-organisms are unable to do. It is then 

dependent on environmental conditions as to which organisms are dominant in any 

one niche. This was expanded as a theory to suggest that species <1 mm in size are 
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found universally, often in dormant forms such as cysts, and the environmental 

conditions determine which species survive (Finlay et al., 1999; Finlay 2002; Darling et 

al., 2004).  

 

Several observations have been used to support this hypothesis, for example 

cosmopolitan distribution can be seen in bacteria within individual habitats. For 

example, certain genera of hyperthermophiles are found in hydrothermal vents at 

distant geographic locations. This data suggests that these hyperthermophiles disperse 

between these remote locations in metabolically inactive states (Huber et al., 2002). 

Additional examples of wide biogeographic distributions include Polynucleobacter 

necessarius, a bacterial species found in freshwater that has been isolated from the 

environment in Europe, China and East Africa, suggesting a cosmopolitan distribution 

at the species level (Hahn, 2003). The same strain of Pseudomonas has been detected 

in two different habitat types in soils from North and South America as well as South 

Africa using three different molecular markers; 16S rDNA restriction analysis (ARDRA), 

16S-23S rDNA intergenic spacer-restriction fragment length polymorphism (ITS-RFLP) 

analysis, and repetitive extragenic palindromic PCR genomic fingerprinting with a BOX 

primer set (BOX-PCR)5 (Cho and Tiedje, 2000). Both of these studies, however, isolated 

different genotypes from each site. Despite these studies, conclusive evidence that all 

or the majority of microbial species follow a ubiquitous distribution is still lacking.  

 

1.3.4. The endemic model 

                                                 
5
 BOX-PCR: Uses outwardly facing oligonucleotide primers, complementary to interspersed repeated 

sequences, which enables the amplification of differently sized DNA fragments, consisting of sequences 
lying in between these elements. 
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The contrasting view to the ubiquitous distribution hypothesis is the endemic model. 

This theory describes the influence of historical or environmental events that cause 

microbial life to form distinct communities that are only partly determined by the 

environment they exist in (Hughes Martiny et al., 2006). This theory is similar to the 

biogeography of macro-organisms, whereby a species is unique to a particular location 

due to environmental selection. 

 

Evidence for endemism comes partly from historical records of human pathogens 

being transferred between continents. If the ubiquitous distribution hypothesis is 

correct, pathogens transported by humans in times of exploration would not have had 

such a dramatic effect on populations they were introduced to. Further examples of 

endemism include the cyanobacteria Synechococcus, found in hot springs, which was 

seen to be genetically divergent across different sampling sites in North America, 

Japan, New Zealand and Italy (Papke et al., 2003). They were identified using three 

methods; amplification and cloning of both the 16S SSU rDNA gene and the 16S-23S 

internal transcribed spacer regions, lineage-specific oligonucloetide probing and 

lineage-specific PCR.  Its lack of dispersal between suitable habitats has resulted in 

different morphotypes being detected in different locations. A hyperthermophilic 

archeon Sofolobus was analysed using high-resolution multilocus sequence analysis, 

and, although found globally, has become genetically divergent due to physical 

isolation between populations (Whitaker et al., 2003). Other molecular studies using 

16S SSU rDNA gene markers have demonstrated additional examples of biogeographic 

structuring among prokaryotes e.g high levels of regional endemnicity in 3-

chlorobenzoate-degrading bacteria in soils (Fulthorpe et al., 1998) and strong 
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endemnicity of different strains of Pseudomonas in pristine soil samples across four 

continents (Cho and Tiedje, 2000).  

 

The majority of studies successfully identifying endemism in micro-organisms, 

however, tend to concentrate on the ciliates (Foissner, 1997; Foissner, 1999; Foissner, 

2006). Ciliates are large microbial eukaryotes that can be referred to as a ‘flagship’ 

species (Foissner, 2005) as they are more conspicuous than many other micro-

organisms due to their larger size and distinctive morphology. This makes them a good 

target for the identification of possible endemic species. The research on ciliates is 

limited by under-sampling, with an estimated 20 % of the global diversity of ciliates 

detected in each sample, although this has not stopped the ciliates being used to 

consider the possibility that microbial biogeography follows the same patterns as 

macro-organisms rather than exhibiting a ubiquitous distribution (Foissner, 1997). 

 

1.3.5. Balancing the UDH and endemic models 

This brief review demonstrates the complexity of this argument with incomparable 

datasets used to support opposite hypotheses, both of which are not fully testable 

using current techniques. If the ubiquitous distribution hypothesis is representative of 

microbes it would therefore be expected that speciation levels would be relatively low, 

because speciation is often driven by physical temporal isolation (Finlay, 2002) which 

would not be a factor in a ubiquitously distributed population. However, it is very 

difficult to disprove ubiquitous dispersal because we do not have the tools and 

diversity markers to really capture how total microbial communities vary over time and 

geography. However, we consistently see morphological and molecular markers for 

microbes, especially eukaryotes, demonstrating some form of biogeography  (Finlay, 
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2002). At present this hypothesis is impossible to disprove and therefore has limited 

use and needs to be applied with caution. The use of high throughput sequencing 

technologies to further describe the whole prokaryotic or micro-eukaryotic community 

can help to start to answer these questions more reliably. As more complete 

environmental sequence data becomes available, it may be possible to match any 

geographical patterns that micro-organisms may exhibit with one of the alternative 

hypotheses described here. 

 

1.3.6. The rare biosphere hypothesis 

The community structure of micro-organisms has been described in the same way as 

the community structure of macro-organisms . ‘Core’ species are found in great 

abundance and are always present. They are the driving forces of elemental flow 

through the ecosystem. However, the ecosystem also consists of ‘occasional’ species, 

which are present at the limits of their required environmental conditions (Magurran 

and Henderson, 2003). The difference in occasional species of micro-organisms 

compared to macro-organisms is that they do not enter and leave an ecosystem in the 

same way as macro-organisms, and they do not tend to eventually disappear from an 

ecosystem (Pedrós-Alió, 2006b). Instead, these numerous groups are present in low 

abundance. This has been referred to as the ‘rare biosphere’ (Figure 1.1). Estimates for 

the number of bacterial species range from millions (Curtis et al., 2002) to hundreds of 

millions (Dykhuizen, 1998). If this is looked at in terms of numbers of bacterial cells per 

mL of seawater, which is thought to contain around 1 million bacterial cells, and this is 

extrapolated to the entire volume of the oceans, even an OTU with billions of cells 

globally would be considered rare (Pedrós-Alió, 2006b) . The existence of the rare 
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biosphere means that species richness estimates are orders of magnitude greater than 

identified species observed (Elshahed et al., 2008).  

 

 

 

 

Rare microbial taxa are brought into an ecosystem mostly through immigration 

(Pedrós-Alió, 2006b) . Micro-organisms have high dispersal rates (Finlay, 2002; Pedrós-

Alió, 2006a) and the diversity of rare taxa remains high due to a low death rate. One of 

the reasons rare bacterial OTUs survive in the environment is that they are less likely 

than more abundant OTUs to become extinct (Pedrós-Alió, 2006b). The most common 

cause of bacterial cell death is predation by protists or viruses. However, if an OTU is 

rare, then it is less likely to be encountered by a predator and so protists are more 

likely to predate on larger, more active bacterial cells. Rare taxa are often at low 

metabolic flux so are avoided by grazers (Pernthaler, 2005), while viruses attack their 

target once a particular abundance threshold is reached (Thingstad, 2000). The 

abundance of an OTU is therefore kept at or below that threshold. If a rare OTU never 

Figure 1.1: Graphical representation of the ‘rare biosphere’. Dashed arrows indicate 
the postulated ranges of detection of various molecular techniques that attempt to 
measure bacterial diversity. Plain arrows indicate recent estimation of total diversity. 
From Pedrós-Alió (2006) 
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reaches the abundance required for viral predation to take place, then it will not be 

reduced in number this way. These two combinations of reduced predation mean that 

the rare members of the microbial community can survive for long periods of time and 

the ‘rare biosphere’ is maintained (Pedrós-Alió, 2006b). 

 

To further investigate the depth of the rare biosphere, a study was carried out using 

serial analysis of ribosomal sequence tags (SARST) (followed by cloning and 

sequencing) using primers targeting sequences previously identified in three 

environments; arctic soil, boreal forest soil and tundra lake sediment, in very low 

numbers (Neufeld et al., 2008). A third of the primers amplified OTUs that had 

previously been identified as rare, at a much higher abundance. This sort of approach 

helps to expand the ‘microbial census’ and further understanding of the rare biosphere 

by specifically targeting those members (Neufeld et al., 2008). 

 

1.3.7. Transitions in the rare biosphere 

One characteristic of the rare biosphere is that, given a change of environmental 

conditions, rare members of the community can become part of the ‘core’ species and 

become abundant and vice versa (Pedrós-Alió, 2006b). It is much easier for a bacterial 

OTU to become abundant in an environment since reproduction occurs by clonal 

replication. If environmental conditions are suitable, one cell can become abundant 

fair more quickly than an organism requiring sexual reproduction as the need to find a 

mate is eliminated (Pedrós-Alió, 2006b). 

 

In order to understand whether the rare biosphere and microbial communities as a 

whole support either the ubiquitous distribution hypothesis, the endemic model or a 
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combination of the two requires greater sampling depth both in terms of reaching 

sampling saturation and also sampling to assess the effect of both temporal and spatial 

variation and how this relates to changes in environmental conditions. This would 

allow for robust analysis in how the community responds to environmental change, 

which would lead to an understanding of biogeographic patterns and whether OTUs 

are cosmopolitan or show levels of endemnicity. 

 

1.3.8. Rare biosphere and next generation sequencing techniques 

1.3.8.1. The development of the ‘rare biosphere’ hypothesis using next generation 

sequencing 

The development of pyrosequencing technologies has allowed for a much greater 

depth of sampling in diversity studies (Sogin et al., 2006; Kunin et al., 2010). The 

concept of the rare biosphere has been adapted to describe the vast number of 

sequences that are identified from high throughput sequencing that occur in very low, 

often single numbers and form the tail of the species abundance curve (Pedrós-Alió, 

2006a). The use of shotgun sequencing increased the estimated diversity of micro-

organisms in the environment, yet still missed a large amount of the rare biosphere 

diversity, as described in figure 1.1 (Venter et al., 2004; Pedrós-Alió, 2006a). This is 

because all regions in the genome in the sample are targeted for sequencing. Although 

avoiding PCR bias which can decrease the measureable diversity, this also leads to a 

large number of sequences being generated per OTU, therefore those OTUs in very 

low numbers are more likely to not be sequenced (Venter et al., 2004; Pedrós-Alió, 

2006a). Data generated from high throughput sequencing using PCR amplified 

samples, suggest that the rare biosphere is much larger and more diverse than 

previously sampled (Sogin et al., 2006; Dawson and Hagen, 2009; Kunin et al., 2010;  
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Stoeck et al., 2010). The comparison of the depth of coverage of the rare biosphere 

can be seen in figure 1.1. There are many examples of how diversity studies using next 

generation sequencing have increased our view of the rare biosphere. A survey on 

deep water collected in the North Atlantic used 454 sequencing to study the diversity 

of marine bacteria (Sogin et al., 2006). Approximately 118,000 PCR amplicons targeting 

the V6 hypervariable region of the 16S rRNA gene were sequenced, yet sampling 

saturation was not reached in any of the samples. A study investigating bacterial and 

archaeal diversity at two hydrothermal vents saw a similar pattern (Huber et al., 2007). 

36,725 unique sequences were identified, of which ten sequences were detected more 

than 10,000 times each in comparison to the 36,180 sequences, which occurred less 

than 100 times. In a study using parallel 454 pyrosequencing targeting microbial 

eukaryotes of two anoxic environments, 90 % of the SSU rRNA encoding gene diversity 

were sequences that occurred less than ten times (Stoeck et al., 2010). The study 

suggests that there are a greater number of rare protist species than previously 

estimated.   

 

An example of this change between rare and abundant is an investigation of archaeal 

diversity in the Lost City hydrothermal field (15 km west of the mid-Atlantic ridge), 

which used 454 sequencing to target the V6 hypervariable region of the 16S SSU rDNA 

genes. Variation between archaeal community structure of the samples taken from 

hydrothermal chimneys of different ages showed that OTUs that were abundant in 

some samples formed part of the rare biosphere in other samples and vice versa 

(Brazelton et al., 2010). This environment allowed the analysis of temporal change on 

the composition of the rare biosphere and how abundant species can become rare and 
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rare species become abundant because of environmental conditions as an ecosystem 

ages. 

 

If the ubiquitous distribution is true, then each microbial community would contain the 

entire microbial diversity of Earth. The biodiversity of each ecosystem would be the 

same, with the only variation being what was abundant and what was found in the 

rare biosphere (Pedrós-Alió, 2006b). A comparison of rare biosphere composition 

using 454 sequencing targeting 16S SSU rDNA genes across 32 samples taken from the 

Arctic ocean showed that the rare biosphere varied greatly across all samples (Galand 

et al., 2009b). Despite variations in environmental conditions and seasonal changes, 99 

% of all phylotypes were always rare across samples. This goes against the ubiquitous 

distribution hypothesis since it would be expected that, with changes in environmental 

conditions, there would be exchanges between which OTUs were rare and which were 

abundant (Galand et al., 2009b; Kirchman et al., 2009), although this could still be an 

artefact of undersampling. 

 

1.3.8.2. Limitations of using next generation sequencing to investigate the ‘rare 

biosphere’ 

The main limitation in investigating the rare biosphere using next generation 

sequencing is the uncertainty of errors in the sequence data generated (Huse et al., 

2010; Kunin et al.,2010). Sequencing error can lead to the conclusion that the rare 

biosphere is much more diverse and larger than it actually is (Kunin et al., 2010). 

Because pyrosequencing techniques involve each read being interpreted as a unique 

community member, any error has the potential to inflate diversity estimates. To test 

the error rate in second generation 454 FLX pyrosequencing, Kunin and colleagues 
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used the 16S rRNA encoding gene of the highly characterised Escherichia coli MG1655. 

300 bp areas from the 5’ and 3’ end of the 16S rRNA gene were sequenced and 

compared to the known sequences (Kunin et al., 2010).  Even after applying filters to 

the data to remove reads with unresolved bases and anomalous read lengths, error 

rates were found to inflate diversity estimates by two orders of magnitude. Much of 

this error is absorbed when sequences are matched at less than 100 % identity, but 

even at 97 % there is still significant overestimation of diversity (Kunin et al., 2010). 

Error rates should therefore always be considered when analysing large volumes of 

sequence data. Although caution should be taken with those sequences occurring in 

very low numbers, it should also be noted that sequencing errors do not alter the 

overall shape and dynamics of the community structure of a sample. A clone library of 

13,001 clones from agricultural soils in North America exhibits the same community 

structure (few abundant taxa and the presence of a rare biosphere) while using 

traditional Sanger sequencing (Elshahed et al., 2008). This would suggest that any error 

leading to an over estimated rare biosphere is not restricted to next generation 

sequencing methods, and does not change the overall community structure of an 

environmental sample. 

 

Another limitation in studying the rare biosphere is the choice of marker. Two studies 

comparing the use of 454 sequencing amplification of the V1-V2, V3, V6 and V7 

hypervariable regions of the 16S SSU rDNA genes, as well as the full length fragment 

used in Sanger sequencing, showed that any bias in the choice of marker (which 

hypervariable region to target and the length of fragment) is limited to the members of 

the rare biosphere and was not seen to significantly alter the detected abundance of 

dominant OTUs (Huse et al., 2008; Hamp et al., 2009). This is of concern as studies 
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become incomparable if different markers are chosen even using next generation 

sequencing methods, and also this could have limitations on our understanding of the 

rare biosphere if there is uncertainty as to the successful amplification of rare OTUs. 

 

Despite the limitations discussed here, sequence data generated by high throughput 

sequencing technologies remains the best possible way of currently assessing 

environmental microbial diversity, especially the putative rare biosphere. The methods 

are enhanced by careful experimental design to minimise potential errors. 

 

1.4. Soil Microbial Diversity 

1.4.1. Describing the soil environment 

Soil represents an environment which plays a pivotal role in global biogeochemical 

cycles and yet includes such variation at every scale that it is almost inconceivable to 

fully understand the mechanisms that exist within it. In any one gram of soil, there is 

huge variability. It can contain just 90 soil particles if the soil is pure sand, up to 90 

billion for pure clay and its characteristics determined by the proportion of sand, silt 

and clay present (Sylvia et al., 2005). In a space of less than 1cm3 in the soil 

environment there are areas of acid and basic, wet and dry, aerobic and anaerobic, 

reduced and oxidised and different concentrations and availability of nutrients as well 

as varying proportions of inorganic and organic fractions. This translates to an 

incredibly wide range of microhabitats for a variety of microbial communities and, 

therefore, the concept of an ‘average’ soil is largely meaningless.  

 

Approximately half of the soil environment is made up of pore spaces, which leads to 

gradients of temperature, water, chemical concentrations and gas diffusion which 
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further increases heterogeneity (Sylvia et al., 2005). Microbes generally exist as 

isolated biofilms on mineral particles, organic matter and roots as well as motile 

planktonic forms in pore water (Sylvia et al., 2005). Aggregations of microbial 

communities occur in the rhizosphere, around faecal pellets, in pore necks and areas 

of high organic matter content. The relationship between soil and microbes is 

interdependent, with microbial communities affecting the soil environment almost as 

much as the soil determines what can live there.  

 

Along with this spatial heterogeneity there is a huge amount of temporal variability 

within the soil environment. This ranges in scale from diurnal variations caused by 

light, temperature and water content through to seasonal variation and longer 

variations caused by alterations to climate and ecosystem level variations such as 

changes in vegetation. The huge range of highly specialized niches available in the soil 

environment means that each species will use these niches and available resources in a 

unique way. Therefore, it follows that those communities with a higher level of 

diversity have a greater influence on ecosystem processes than those with similar 

abundance but lower diversity profiles (Bell et al., 2005). With a greater diversity 

comes a greater range of organisms capable of different biogeochemical processes, 

and therefore a greater influence on the overall functioning of the ecosystem.  

 

1.4.2. Prokaryotic diversity in the soil 

High levels of bacterial diversity in soil mean that no two samples have been shown to 

contain the same community composition (Janssen, 2006). Despite this, at higher 

taxonomic levels, some patterns are observed and similar community structure at the 

class or phyla level is sometimes seen between different soil samples. A comparison of 
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21 different clone libraries based on 16S SSU rDNA amplification saw 92 % of the 

clones belonging to nine phyla: Proteobacteria, Actinobacteria, Acidobacteria, 

Chloroflexi, Bacteroidetes, Firmicutes, Planctomycetes, Verrucomicrobia and 

Gemmatimonadetes (Janssen, 2006). This is a relatively small proportion of the 

estimated 52 bacterial phyla currently named (Rappe and Giovannoni, 2003). This 

suggests that a relatively small proportion of higher taxonomic groups can dominate 

microbial diversity in some soil environments.  

 

This review of clone library data included samples from a wide range of environments, 

both in terms of vegetation cover and geographical location, and showed that 

Proteobacteria and Acidobacteria were the most commonly identified bacterial phyla, 

and were identified in all assessed clone libraries (Janssen, 2006). All libraries used PCR 

targeting the 16S rRNA genes, although different primer sets were used for each set of 

samples. The clone libraries included in this review contained between 26 and 396 

sequences and were only integrated if PCR amplicons of >300 bp were sampled. Across 

all these libraries, only between 20-40 % of bacteria could be contributed to specific 

genera, highlighting the limitations in current knowledge at lower taxonomic levels 

(Janssen, 2006). Studies comparing a variety of different clone library data sets are 

useful in that they bring together data to form more detailed conclusions than the 

datasets can provide individually, but they are limited in that the datasets are often 

not directly comparable due to using different primer sets, sampling conditions, and 

clone numbers. 

 

1.4.3. Variation between soil clone libraries 
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A comparison of bacterial communities created from soil samples taken from distinct 

geographical areas (prairie soil in Oklahoma, maize field in Brazil, sugarcane field in 

Florida, an agricultural plot in Illinois and a boreal forest soil in Canada) show the same 

bacterial phyla being dominant across all sites  (Youssef and Elshahed, 2008). Those 

phyla that accounted for the majority of the diversity between samples 

(Planctomycetes, Firmicutes and δ-Proteobacteria) also showed the greatest variation 

in relative abundance between sites. Proteobacteria, for example, overall the most 

commonly detected phyla, occurs in a range of 10-77 % of identifiable sequences. 

These datasets, generated using clone libraries and Sanger sequencing, were much 

larger than most clone libraries (between 13,001 and 53,533 sequences per sample), 

and so are much more representative of the bacterial community. However, different 

primer sets were used on one of the sites of this study, and so cannot really be 

considered comparable samples. Other studies also show Proteobacteria to be the 

most abundant bacterial phylum found in soil with β–Proteobacteria the most 

abundant class of the Proteobacteria (Roesch et al., 2007). 

 

Acidobacteria are found in a wide range of natural environments (Stackebrandt et al., 

1993; Borneman et al., 1996; Kuske et al., 1997) and prior to sequence based surveys, 

they were not thought to be abundant or diverse in the environment, and now are 

considered to be as metabolically and genetically diverse a group as Proteobacteria 

(Hugenholtz et al., 1998). In many studies of both DNA and RNA, Acidobacteria are 

seen to be detected in dominant numbers in the bacterial community (Lee et al., 

2008).  
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In contrast to these sequence based community analyses some soil bacterial 

communities studied using DNA finger printing techniques do not appear to have 

dominant phyla unlike clone library and sequence based data (Zhou et al., 2002). In a 

study that used restriction fragment length polymorphism profiles from 29 soil 

samples from four sites, microbial diversity was calculated using the reciprocal of 

Simpsons Index, a measure of species diversity. Surface soils with a low carbon 

concentration had a very even distribution of bacterial species in the community, with 

no particular phyla being dominant. Although this data is not directly comparable with 

sequence data it could suggest that some soil communities are highly heterogeneous 

with no dominant groups and could therefore indicate that, in some soils ,competition 

between species does not shape the community structure (Zhou et al., 2002). The 

alternative hypothesis would therefore suggest that soil samples dominated by specific 

phyla are more likely to be shaped by competition between species.  

 

When archaea are detected in soils (using archaeal specific primers and quantitative 

PCR), they are usually found in low abundance (Ochsenreiter et al., 2003; Hansel et al., 

2008). The most commonly detected and diverse archaeal phyla found in soil samples 

are the Crenarchaeota and some Euryarchaeota, particularly the Halobacteriales 

(Bomberg and Timonen, 2007). They are more likely to be found in subsurface rather 

than in surface soils, with greater diversity seen in water saturated samples, due to the 

increased presence of anoxic areas. Archaea found in soils are thought to have evolved 

from thermophilic species that inhabited environments with more moderate 

temperature conditions (DeLong and Pace, 2001). They are much less well studied than 

the extremophilic Archaea found in strictly anoxic environments, areas of low pH or 
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high temperature. Species belonging to the order Halobacteriales, usually halophilic in 

nature, are also found in some common soil environments (Purdy et al., 2004).  

 

1.4.4. Environmental influences on microbial community composition in soil 

Environmental pressures influence the composition of bacterial communities 

differently to plant or animal communities, which are more likely to be driven by 

climate factors. Small-scale factors are often seen to have more influence on the 

community structure of microbes (Fierer and Jackson, 2006). All environmental factors 

can exert influence on a microbial community. Those factors include biotic pressures, 

such as competition for resources and predation and viruses, and abiotic factors, such 

as pH, soil water content and temperature. With the heterogeneous nature of soils, it 

is incredibly difficult to tease apart these influences and draw conclusions about what 

is putting the most pressure on both the whole community and also individual 

populations within the community. It is more likely, however, that the abundance of 

most groups of micro-organisms is influenced by a complex interaction of 

environmental variables. This is partly due to the wide range of phenotypic variation 

within groups.  

 

The use of multi-scale experiments can help with these problems (Franklin and Mills, 

2003). Environmental sampling strategies designed at different spatial scales, from 

samples taken a few millimetres apart to those taken on a global scale provide a more 

representative view and can help to take into account the heterogeneous nature of 

soil. A study of 200 soil samples ranging in distance from 2.5 cm to 11 m were used to 

look at microbial diversity using amplified fragment length polymorphism DNA 

fingerprinting (Franklin and Mills, 2003). Geostatistic variogram analysis was then used 
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to assess geographical patterns at various spatial scales. Different community patterns 

were seen at scales ranging from 30 cm to 6 m. This kind of experiment highlights how 

sampling strategies can influence the results of research and yet is currently a difficult 

problem to solve, since sequencing costs do not allow for full bacterial community 

analysis at a range of scales across a site. 

 

One of the most important factors for determining community composition is the size 

of aggregate within the soil structure. There is limited evidence to suggest that 

bacterial abundance is greatest in areas where aggregate size is <20 µm and pore size 

is ~2 µm (Ranjard and Richaume, 2001). In arable soils, it has been shown that spatially 

diverse soil samples with similar textures have a similar bacterial composition (Lauber 

et al., 2008). The level of organic carbon in the soil also appears to have a direct effect 

on the diversity of bacterial species within the soil. In areas of low organic carbon, 

saturated zones may tend to be dominated by a few species, with surface aerated 

zones showing a more uniform distribution of species (Zhou et al., 2002). Soils with 

much higher levels of organic carbon did not show a variation in diversity with soil 

depth.  

 

Other factors shown to be important in determining microbial community composition 

in soil includes water saturation. Areas of saturation, found in paddy field soils, and 

sometimes soils of lower horizons, have different community structure to those with 

much lower water content (Hansel et al., 2008).  Acidobacteria, α- and β-

Proteobacteria are all more likely to be detected in oxic layers of the soil, whereas 

Firmicutes and δ-proteobacteria are found in dominant numbers under anoxic 

conditions. It is thought that Verrucomicrobia abundance is affected by soil moisture 
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levels (Buckley and Schmidt, 2001b) and the abundance of Acidobacteria is known to 

be influenced heavily by pH (Sait et al., 2006).  

 

It is thought that, in the rhizosphere, the population of mycorrhizal fungi influence the 

species of Archaea present (Bomberg and Timonen, 2007). Mycorrhizospheres of Scots 

pine seedlings were grown in the laboratory with boreal forest soil. PCR using primers 

targeting the archaeal 16S rRNA encoding gene were used, followed by DGGE and then 

sequencing of DGGE products. Archaeal diversity and abundance increased when 

mycorrhizal fungi had colonised roots first. In these soils, there was also a strong divide 

between Euryarchaeota and Crenarchaeota presence. Most of the species detected in 

the mycorrhizosphere were Euryarchaeota, particularly Halobacteriales. In the humus 

surrounding the mycorrhizosphere, however, no Euryarchaeota were detected, but a 

high diversity of Crenarchaeota were present, demonstrating that archaeal 

communities are determined by environmental factors. 

 

The environmental concentrations of some metals and nutrients can also potentially 

determine community composition. High levels of chromium are not seen to adversely 

affect the diversity of soil microbial communities (Zhou et al., 2002). It would be 

expected that those species that are tolerant of high levels of metals are the ones 

dominant in those areas of high concentration. However, the overall diversity remains 

similar to sites with moderate levels of metals. The concentration of extractable 

phosphorus has a greater correlation with what fungal phyla are dominant than land 

use as a whole. Ascomycota are more likely to exist in soils with higher levels of 

extractable phosphorus, whereas Basidiomycota are more likely to be detected in soils 

with lower levels of extractable phosphorus. It has therefore been concluded that 
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phosphorus concentrations are a major influence in the biogeography of soil fungal 

populations. Factors with a significant, albeit lower, influence on abundance of 

Ascomycota and Basidiomycota are C:N ratios and the concentration of available 

nitrogen. This is most likely due to the ability of some basidiomycetes to decompose 

low quality (high C:N) substrate, containing lignified and aromatic substance, which 

tend to be found in hardwood and pine forest soils, rather than fertilised, high quality 

substrate (low C:N) . Those fungi living in symbiosis with specific plant species, such as 

mycorrhizal fungi will be ultimately influenced by the vegetation type rather than soil 

properties. 

 

Additional abiotic factors have also been demonstrated to be important for 

determining soil community composition. Samples taken from forest and agricultural 

soils in South Carolina were PCR amplified for both 16S and 18S genes and clone 

libraries constructed, with a total of 922 clones analysed from 4 sites (Lauber et al., 

2008). Soil pH was seen to have the strongest correlation with the bacterial community 

structure, particularly Acidobacteria and α-Proteobacteria. The abundance of 

Acidobacteria was seen to have a negative correlation with pH. In a study of Arctic 

soils, the abundance of Acidobacteria was shown to have a positive correlation with 

the organic carbon content of soil (Fierer et al., 2007a). Fungal species distribution was 

most strongly correlated with C:N ratio and extractable phosphorus concentration. 

Sordariomycetes and Agaricales were seen to have the strongest correlation with 

environmental factors. Sordariomycetes were positively correlated with low C:N values 

and high extractable phosphorus concentrations, whereas Agaricales showed the 

opposite pattern, being most abundant with high C:N values and low extractable 

phosphorus concentrations. This suggests fungal communities are seen to be affected 
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by changes in nutrient availability (Frey et al., 2004), most notable extractable 

phosphorus and the C:N ratio (Lauber et al., 2008).  

 

These molecular experiments suggest a range of different environmental factors shape 

soil community composition. However, the data – although limited - suggests soil 

depth, carbon availability, pH and water content are all seen to have a strong influence 

on prokaryotic community structure (Fierer and Jackson, 2006; Hansel et al., 2008).  

 

1.5   Present Study 

This review highlights the rapid development of molecular methods used to investigate 

the diversity of prokaryotes in the environment. There are, however, still huge gaps in 

the research, which this study helps to address. The merging of molecular biology and 

ecology require the use of advanced molecular techniques, but with the robust 

experimental design of ecology. Here we attempt to achieve this in many ways; using 

sample replicates to increase confidence in our analysis; comparing the use of DNA 

and RNA as appropriate measures of diversity; increasing the amount of data produced 

by using Illumina Solexa next generation sequencing technology, which do not tend to 

suffer from homopolymer errors like 454 sequencing, in order to gain a more 

representative view of the prokaryote community; finally using multivariate statistics 

to try and determine what environmental factors have the largest influence on the 

diversity of UK forest soils.  

 

The main aims of this research are: 

 To test the suitability of Illumina Solexa sequencing techniques to assess the 

prokaryote diversity of forest soils 
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 To use both DNA and RNA to investigate both the ‘whole’ prokaryote 

community and the metabolically active community of two forest soils 

 To use multivariate analysis to look at how environmental variables affect soil 

microbial community composition and diversity 

 

 

 

  



 - 71 - 

Chapter 2. Materials & methods / Method development / 

Preliminary data 

 

2.1. Aims 

 Soil sampling of two different forest stands taken at two depths 

 Optimisation of DNA / RNA extraction from forest soils 

 Preliminary investigation of soil prokaryotic diversity using established 

molecular protocols 

 Development of V6 taxon tag sequencing from soil environmental DNA 

 Preparation and running of samples on the Illumina genome analyzer 

 

2.2. Description of forest sample sites 

2.2.1. Vegetation composition and soil types of sample sites 

 
 

Figure 2.1: Location of study area; Alice Holt Research Station, Surrey UK (maps 
courtesy of Forest Research, used with permission). 
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Soil sampling took place at Alice Holt Research Station, Surrey, UK (Figure 2.1 & 2.2). 

Two sites were used for soil sampling; these sites were chosen to be both 

environmentally distinct from each other, yet geographically close to minimise climatic 

variation. The first is an oak stand with a mixed understorey, predominantly hazel 

(Figure 2.3A). The soil is an argillic gley, with a very thin organic horizon and a slightly 

stony clay loam or silty clay loam topsoil. The subsoil is a moderately permeable 

brownish, slightly mottled stony clay loam over slowly permeable mottled clay. 

The second is a Corsican pine stand, with a mixed understorey, predominantly 

hawthorn (Figure 2.3B). The soil is a gley podzol, the organic horizon is around 5 cm in 

depth, with a slightly stony humus sandy loam topsoil. The subsoil is a permeable 

stony, very acid, sandy loam with bleached and dark humus with iron rich layers. 

 

2.2.2.  Soil Sampling 

All sampling for the molecular work took place in October 2009. Six sample points 

were used at each site using a grid system, approximately 3 m between each sample 

point. Samples were not taken within 1 m of a tree or in a trough, in adherence to 

standard Forest Research sampling protocol (Kirwin et al., 2005). To prevent 

contamination, nitrile gloves were worn and the gloves and trowel cleaned with 90 % 

ethanol and RNaseZap® (Ambion, UK) between each sample taken. Leaf litter was 

scraped away from the soil surface before sampling. The organic horizon was sampled 

through its whole depth (2-3 cm for the clay soil, 5-6 cm for the sandy soil). The first 

mineral horizon was sampled to 10 cm. 

 

Approximately 100 g of soil was collected for each sample. Roots, leaves, moss, stones 

and other debris were removed, the soil was homogenised by hand (wearing gloves 
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sterilised with 80 % ethanol) and 2 g was put into the 15 ml bead tube from the MoBio 

RNA PowerSoil Total Isolation Kit™ (Cambio, UK). The remainder of the sample was 

discarded. The sample in the bead tube was then immediately put onto dry ice for 

transportation to the laboratory (~4 hours) and stored at -80 oC overnight, prior to 

nucleic acid extraction. 

 

Samples for the chemical and physical analysis were collected using the same method 

as for the molecular analysis, except approximately 500 g of soil was collected at each 

sample point from both layers. After removal of living material (mosses, roots, etc.) 

and objects > 2 cm, collected samples were transported to the laboratory and dried at 

a temperature of 40 °C. They were then stored at room temperature until analysis. All 

physical and chemical soil properties, excluding soil moisture, were carried out 

externally at Alice Holt Research Station, Forest Research, Surrey, UK. For the 

preliminary pilot study RNA work, soil samples were collected from a sandy soil under 

mixed woodland from the University of Exeter Streatham campus (Devon, UK) and the 

RNA extracted immediately. 
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Figure 2.2: Soil map of Alice Holt Research Station forests and location of both 
sample sites (map courtesy of Forest Research). 
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Figure 2.3: Oak study site (A) and Corsican pine study site (B). 

A 

B 
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2.2.3. Physical and chemical properties of both sample sites 

2.2.3.1. Measuring pH 

The pH of the soil is measured in the supernatant suspension of a  

1:5 soil : water solution. Air-dried soil (fraction  < 2 mm) is used. The soil/water is 

mixed vigorously, for 5 min, and left for 2 h. pH is measured in the settling suspension 

using a Russell K-series refillable electrode with 3M KCl used with metrohm 719 S 

titrino and autosample change (Thermo Scientific, Hampshire, UK).  

 

2.2.3.2. Measuring soil moisture content 

The accurate weight of ~10g of soil is recorded (to 2 d.p.). It is then air dried overnight 

and transferred to a dried, tared moisture tin and weighed. The sample is dried at 105 

°C until constant mass is reached, i.e. the weight has not changed in 4 hours. The soil is 

removed from the oven, cooled and weighed. Soil moisture is calculated using the 

following equation: 

 

Where:  

A : Weight of tared moisture tin and air-dried soil sample 

   B : Weight of tared moisture tin and oven-dried soil sample  

 

2.2.4. Chemical properties of both sample sites 

2.2.4.1. Total carbon and nitrogen 

Total carbon and total nitrogen were both measured on air dried, ball milled soil (using 

a Retsch MM 301 mill), using a FlashEA1112 elemental analyzer (CE Instruments, 

Wigan, UK). This uses a combustion method whereby the soil is heated to 900 oC in an 

 
100*
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excess of oxygen and the resulting concentration of carbon dioxide and nitric oxide is 

measured via isotope ratio mass spectrometry. 

 

2.2.4.2. Elemental analysis 

Extractable elements (Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Sr, 

Zn, Zr, Hg) were measured using the Aqua regia method. 3.0 g of dried soil sample is 

mixed with a 21 mL hydrochloric acid / 7 mL nitrate acid mixture (15.8 M) for 16 hours, 

followed by boiling under reflux for 2 hours. A further 10 mL of 0.5 M nitric acid is 

added and the extract filtered through filter paper. The elements are determined by 

spectrometry using ICP-OES in the cleared filtrate. 

  

2.3. Molecular analysis of both sample sites 

2.3.1. Extraction of nucleic acids from forest soils 

2.3.1.1. Extraction of RNA from forest soils 

RNA extractions were carried out using the MoBio RNA PowerSoil Total Isolation Kit™ 

(Cambio, UK) using 2 g of soil, following the manufacturer’s protocol. 2.5 mL buffer is 

added to the bead tube, which disperses cells and soil particles, before 0.25 mL of 

solution SR1 (an SDS containing solution) is added, which aides cell lysis and breaks 

down fatty acids and lipids in the cell membrane. The sample is vortexed for 5 minutes 

after the addition of 0.8 mL of solution SR2, a precipitation reagent which removes 

non-DNA organic and inorganic material including humic acids, cell debris and 

proteins. 3.5 mL of phenol:chloroform:isoamyl alcohol (pH 6.5-8.0) is added to the 

sample then vortexed for 10 minutes. This lyses the cells using a combination of 

chemical lysis and mechanical disruption. Lysed cell components are trapped in the 

solvent and proteins are denatured. The nucleic acids are left in solution. The bead 
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tube is centrifuged for 10 minutes at 2,500 x g and the upper aqueous layer containing 

the nucleic acids is transferred to a clean 15 mL collection tube. 1.5 mL of solution SR3 

is added to remove any leftover proteins and cellular debris. The tube is vortexed and 

incubated at 4 oC for 10 minutes to maximise protein precipitation, before being 

centrifuged at 2,500 x g for 10 minutes. The supernatant is transferred to a clean 15 

mL collection tube, and 5 mL of 100 % isopropanol is added, which precipitates the 

nucleic acids. The sample is incubated at -20 oC for 30 minutes. It is then centrifuged at 

2,500 x g for 30 minutes. The supernatant is discarded and the pellet air dried.  The 

pellet is resupended in 1 mL of solution SR5, a proprietary salt solution. The sample is 

then passed through the RNA capture column, which has been primed using solution 

SR5. The sample is allowed to gravity flow through the column, which captures the 

nucleic acids by binding them onto a proprietary matrix. The column is washed again 

with solution SR5. The RNA is eluted using solution SR6, a proprietary salt solution that 

preferentially releases RNA from the column, leaving DNA and any inhibitors still 

bound to the column. The column is stored at 4 oC for immediate elution of DNA after 

the RNA extraction is complete. The eluted RNA is put into a 2.2 mL collection tube and 

1 mL of 100 % isopropanol is added, inverted 3 times and incubated at -20 oC for 10 

minutes. The sample is centrifuged at 13,000 x g for 15 minutes to pellet the RNA. The 

supernatant is discarded and the pellet air dried. The pellet is then resuspended in 

RNase/DNase free water (supplied with kit) and stored at -80 oC until further analysis. 
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The RNA was checked for purity and size using formaldehyde gel electrophoresis 

(Figure 2.4). RNA concentrations were determined spectrophotometrically (Nanodrop\ 

ND-1000 UV–Vis; Nanodrop Technologies, USA) and adjusted to 10 ng µL-1. The RNA 

samples were checked for DNA contamination by performing PCR on all samples, using 

the primers and conditions described in section 2.3.2. These PCR reactions were then 

checked using gel electrophoresis and any positive results were treated with Turbo 

DNA-free™ DNase Treatment (Ambion, UK) to remove any DNA contamination. 0.1 

volume (equal to that of the RNA) of 10x TURBO DNase Buffer and 1 µL TURBO DNase 

are added to the RNA. The mixture is incubated at 37 oC for 20 minutes.  0.1 volume of 

DNase Inactivation Reagent is added and incubated for 5 minutes with occasional 

mixing. The RNA is pelleted by centrifugation at 10,000 x g for 90 seconds, the 

supernatant is discarded and stored at -80 oC until further analysis. The PCR is then 

repeated to confirm no further DNA contamination is present.  

2.3.1.2. Reverse Transcription of the RNA 

 
Figure 2.4: RNA extraction of two organic soil samples taken from a forested area of 
Streatham Campus, University of Exeter. 
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cDNA was synthesised using Moloney Murine Leukemia Virus (M-MLV) Reverse 

Transcriptase (Promega, UK). 2 µg of RNA and 1 µg of random primers are added to a 

sterile RNase-free microcentrifuge tube and heated at 70 oC for 5 minutes to melt the 

secondary structure. The tube is put on ice to prevent the secondary structure 

reforming. To synthesise the cDNA, 5 µL of M-MLV Reaction Buffer, 5 µL of mixed 

random primers, 25 units of recombinant RNasin Ribonuclease Inhibitor and 200 units 

of M-MLV reverse transcriptase are added to the sample, mixed by flicking and 

incubated for 60 minutes at 37 oC. Quality of cDNA is checked by gel electrophoresis on 

an ethidium bromide-stained 2 % agarose gel. Nucleic acid concentrations were 

determined spectrophotometrically (Nanodrop\ ND-1000 UV–Vis; Nanodrop 

Technologies, USA) and adjusted to 10 ng µL-1. 

 

2.3.1.3. Extraction of DNA from the same soil sample used for RNA extraction 

DNA extractions were carried out using the MoBio RNA PowerSoil DNA Elution 

Accessory Kit™ (Cambio, UK) within 24 h of sampling using the same column from 

which RNA had been extracted. The RNA capture column is put into a clean 15 mL 

collection tube and 1 mL of solution SR8, a salt solution that preferentially releases 

DNA from the column matrix, is added and allowed to gravity flow to elute the DNA. 

The eluted DNA is transferred to a 2.2 mL collection tube and 1 mL of 100 % 

isopropanol is added, inverted 3 times and incubated at -20 oC for 10 minutes. The 

sample is then centrifuged at 13,000 x g for 15 minutes, the supernatant discarded and 

the pellet air dried. The DNA pellet is resuspended in RNase/DNase free water and 

stored at -20 oC until further analysis. Quality of DNA is checked by gel electrophoresis 

on an ethidium bromide-stained 2 % (w/v) agarose gel. Nucleic acid concentrations 
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were determined spectrophotometrically (Nanodrop\ ND-1000 UV–Vis; Nanodrop 

Technologies, USA) and adjusted to 10 ng µL-1. 

 

2.3.2. PCR amplification  

Primer sets targeting the V6 hypervariable region of the 16S SSU rRNA were used to 

amplify prokaryotes (Table 2.1). A pooled set of primers consisting of five forward and 

four reverse primers were used to maximise the prokaryotic diversity amplified (Huber 

et al., 2007). 

 

Primer Name primer sequence orientation 

967F-PP  

967F-UC1 

967F-UC2     

967F-UC3 

967F-AQ 

1046R  

1046-PP      

1046R-AQ1  

1046R-AQ2        

5’-CNACGCGAAGAACCTTANC-3’ 

5’-CAACGCGAAAAACCTTACC -3’ 

5’-CAACGCGCAGAACCTTACC -3’ 

5’-ATCAGCGARGAACCTTACC -3’ 

5’-CTAACCGANGAACCTYACC -3’ 

5’-CGACAGCCATGCANCACCT -3’ 

5’-CGACAACCATGCANCACCT -3’  

5’-CGACGGCCATGCANCACCT -3’ 

5’-CGACGACCATGCANCACCT -3’ 

Forward 

Forward 

Forward 

Forward 

Forward 

Reverse 

Reverse 

Reverse 

Reverse 

 

 

28 sets of the pooled primers were used, each with a unique 6 b.p. barcode attached 

to the 5’ end of both the forward and reverse primers (Table 2.2). Four different 

barcodes were used for the four soils types (organic and mineral layer from two study 

sites) in the amplification of DNA. A different barcode was used for each RNA sample, 

six from each soil type (i.e., 24 RNA samples). Barcodes were used for two reasons, 

Table 2.1: Pooled primer set used for PCR amplification of the 16S SSU rRNA gene 
(Huber et al., 2007) 
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firstly to provide sample replication in the research, and secondly to test the effect of 

barcodes on primer bias in the amplification process. 

Sample ID Primer Tag used 

RNA Oak organic 1 CGTGAT 

RNA Oak organic 2 ACATCG 

RNA Oak organic 3 TGGTCA 

RNA Oak organic 4 CACTGT 

RNA Oak organic 5 ATTGGC 

RNA Oak organic 6 GATCTG 

RNA Oak mineral 1 TCAAGT 

RNA Oak mineral 2 CTGATC 

RNA Oak mineral 3 GTAGCC 

RNA Oak mineral 4 TACAAG 

RNA Oak mineral 5 AAGCTA 

RNA Oak mineral 6 GCCTAA 

RNA C. Pine organic 1 GAATGT 

RNA C. Pine organic 2 GAACGA 

RNA C. Pine organic 3 GCTCTA 

RNA C. Pine organic 4 GCAGTA 

RNA C. Pine organic 5 GCTTAC 

RNA C. Pine organic 6 GCGATT 

RNA C. Pine mineral 1 ACCCGT 

RNA C. Pine mineral 2 TACGGA 

RNA C. Pine mineral 3 AAGCGT 

RNA C. Pine mineral 4 GCAATT 

RNA C. Pine mineral 5 GATCAT 

RNA C. Pine mineral 6 ACAGTT 

DNA Oak organic GCTTAA 

DNA Oak mineral  TTGACT 

DNA C. Pine organic AGGCCT 

DNA C. Pine mineral CCGCAT 

 

Table 2.2: Primer tags used to differentiate between samples after 
sequencing 
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Five technical replicates of each sample were used in the PCR to minimise PCR bias. 25 

µL reaction mixtures were used for PCR, using GoTaq™ Master Mix (Promega, UK) with 

1 µL of each primer and DNA. PCR conditions for primers targeting the 16S SSU were as 

follows: 94 oC for 3 mins; 30 cycles of 94 oC for 30 secs, 57 oC for 45 secs and 72 oC for 1 

min followed by a final extension of 72 oC for 2 mins as described in Huber et al., 

(2007). The PCR product was checked by gel electrophoresis on an ethidium bromide-

stained 2 % agarose gel. The five replicates from each sample were pooled before 

purification. 100 µL of pooled PCR product was purified per sample using the MinElute 

PCR Purification Kit (Qiagen, UK). 

 

The use of a pooled primer set was to maximise the diversity detected in the samples. 

This is only effective if each primer successfully amplifies the targeted sequence. To 

test the effectiveness of the primer set, each of the primers was tested by running a 

set of 20 different PCR reactions, with every possible combination of a single forward 

and a single reverse primer being run (i.e., each forward primer run on a separate 

reaction with each reverse primer). Each combination of primers gave a positive result 

(Figure 2.5). 

 
Figure 2.5: PCR check using each combination of 5 forward and 4 reverse primers 
tested on DNA extractions taken from the oak sample site described in section 2.1.1. 
Ladders used were Hyperladder V (Bioline, London, UK) 
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2.3.3. Using denaturing gradient gel electrophoresis (DGGE) to demonstrate 

general complexity of prokaryotic diversity from soil 

2.3.3.1. General denaturing gradient gel electrophoresis method 

DGGE analysis of the PCR products (with GC clamp at the 5’ end) was carried out using 

a D-gene system (Bio-Rad Laboratories). Polyacrylamide gels with denaturing gradient 

(1 mm thick; 8 % polyacrylamide; 0.5 x TAE; 37:1 acrylamide-bisacrylamide; 40-60 % 

denaturant) were poured using a gradient maker (Amersham Pharmacia) and 

Minipuls3 pump (Gilson) at 5 mL min-1 (32 mL gradient volume). 100 % denaturing 

acrylamide was defined at 7 M urea with 40 % formamide. Gels were run at 60 V for 18 

h at 60 oC in 1 x TAE buffer. 

 

DGGE gels were silver stained by washing sequentially with the following: fixing 

solution (100 mL ethanol and 5 mL glacial acetic acid in 1 L de-ionised water) for 30 

mins  50 mL de-ionised water rinse: 200 mL staining solution (2 g silver nitrate L-1) for 

15 mins: 50 mL de-ionised water rinse: 200 mL developing solution (6 g sodium 

hydroxide, 3.2 mL formaldehyde in 400 mL de-ionised water) for 7-10 mins until bands 

developed. The gels were rinsed with 50 mL de-ionised water and photographed under 

white light. 

 

2.3.3.2. Denaturing gradient gel electrophoresis targeting 16S SSU rDNA 

The DGGE results show a complex community with > 100 bands from each sample 

(Figure 2.6). The height of the band is representative of the GC content of the 

sequence; therefore bands at the same height have similar GC content (although this 

gives no indication of the nucleotide sequence of the band). 
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The DGGE analysis demonstrates that there is a very diverse community in all of the 

soil samples. It also shows that DGGE is too limiting a method for detailed community 

analysis. The maximum number of bands that can appear on each lane of a gel is quite 

small before it becomes impossible to excise individual bands for sequencing. 

Oak soil Corsican Pine soil 

Org Min Org Min 

Figure 2.6: Denaturing gradient gel electrophoresis gel of the V6 16S SSU rDNA using 
a 40-60 % urea gradient. Eight samples were used, two replicates from each of the 
four soil types described in section 2.2.1. 
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2.3.4. Clone libraries to analyse complexity across taxonomic groups 

2.3.4.1. General cloning method 

Clone libraries were constructed using both DNA and RNA (as cDNA). Following 

agarose gel electrophoresis, bands were excised using a sterile scalpel. The PCR 

product was purified using the Promega Gel Wizard SV Gel and PCR Clean Up System 

(Promega, UK), following the manufacturers’ instructions. 

 

The purified product was ligated into the StrataClone PCR Cloning Vector pSC-A-

amp/kan (Stratagene, UK). The vector was used to transform Escherichia coli high 

competency cells following the manufacturer’s instructions. Transformants were 

plated on LB plates containing ampicillin (50 µg mL-1) and 5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside (X-gal; 40 µL per plate) and incubated overnight at  37 oC. 24 

white colonies from each sample were selected and grown overnight at 37 oC with 

shaking in LB media. High quality plasmid DNA for sequencing was prepared using the 

Promega Wizard® Plus SV Mini-Prep DNA purification system (Promega, UK). 1.5 mL of 

each liquid cultured sample is pelleted by centrifugation at 10,000 x g for 5 mins. After 

discarding the supernatant, 250 µL of cell lysis solution is added, mixed and incubated 

at room temperature for 5 minutes until the suspension clears. 10 µL of Alkaline 

Protease Solution is added, inverted to mix and incubated at room temperature for 5 

minutes. 350 µL of Neutralisation Solution is added and inverted to mix. The sample is 

then centrifuged for 10 minutes at 13, 800 x g. The lysate is transferred to a spin filter, 

which is then centrifuged for 1 minute at 13,800 x g at room temperature. The flow 

through is discarded and the filter washed twice with Column Wash Solution, first 750 

µL and then 250 µL, the supernatant discarded between each wash, followed by a final 
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centrifugation step at 13,800 x g at room temperature for 1 minute. The spin filter, 

containing a silica membrane to which the selectively bound DNA is attached, is 

transferred to a new tube and the plasmid DNA eluted in 35 µL of nuclease free water 

added and centrifuged at 13,800 x g at room temperature for 1 minute). 

 

2.3.4.2. Construction of the clone library 

Sequences were assigned at the phyla taxonomic level using the highest BLAST match, 

with at least 95 % identity. For the Proteobacteria, the sequences were further 

assigned to class level, again at the highest BLAST match. 

 

2.3.4.3. Prokaryotic clone library 

The clone library results from DNA and cDNA are not directly comparable since the soil 

samples were collected in different locations. This was done as a pilot study to test the 

methodology prior to sampling for high throughput sequencing. However, the results 

suggest much more varied taxa present in the DNA samples compared to the cDNA 

derived from RNA (Figure 2.7). DNA confirms presence of taxa and indicates the 

diversity of the total community. RNA clone libraries, if sampled extensively, are a 

suggested measure of relative abundance of the different taxa. Some phyla, such as 

Acidobacteria and Proteobacteria, were present in all DNA samples. Verrucomicrobia 

and Firmicutes were each found in only one sample, although not the same one. The 

organic layer of each soil was dominated by the presence of Proteobacteria, and the 

mineral layer of both soils dominated more by Acidobacteria. This preliminary work 

indicates that the DNA and RNA extraction method is effective. 
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Figure 2.8: Clone library results showing distribution of class distribution of Proteo-
bacteria. 

 
 
 

Figure 2.7: Clone library results showing distribution of bacterial phyla 
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Looking more closely at the Proteobacteria, the DNA samples are dominated by α-

Proteobacteria (Figure 2.8). The mineral layer of the oak soil has only α-Proteobacteria 

detected, with the other three DNA samples only detecting 2 classes of Proteobacteria 

in each sample. 

 

The number of clones per sample, 24, is far too low to draw any meaningful 

conclusions. However, this analysis does show that the communities are highly 

complex and the sampling procedure and PCR process does not lead to diversity 

profiles dominated by a small number of amplicon types, giving confidence in using 

these PCR conditions and samples for high throughput sequencing methods.  

 

2.3.5. Using Illumina Solexa next generation sequencing to investigate prokaryotic 

diversity and relative abundances of prokaryotic groups in four different soil 

environments. 

2.3.5.1. Preparation of PCR products for Solexa sequencing 

Five replicates of the PCR amplified samples each of the DNA and cDNA samples were 

used in the preparation for the Solexa sequencing using the standard Illumina library 

preparation method.  

 

PCR fragments were blunt ended using T4 DNA polymerase and Klenow enzyme (the 

large fragment of DNA Polymerase I) for 30 minutes at 20 oC. The 3’ to 5’ exonuclease 

activity of these enzymes removes 3’ overhangs and the polymerase activity fills in the 

5’ overhangs. The sample is then purified using the QIAquick PCR Purification Kit 

(Qiagen, UK). 750 µL of buffer PB is added to 150 µL of the sample and the pH checked 

via the colour of the sample, adjusting with 3M sodium acetate solution, pH 5.5 until 



 - 90 - 

the solution turns yellow. The sample is centrifuged through a QIAquick column for 1 

minute at 10,000 x g. The flowthrough is discarded and the column washed with 750 

µL of Buffer PE. The flowthrough is again discarded and the column spun again for 1 

minute at 10,000 x g. The column is placed in a clean 1.5 mL microcentrifuge tube and 

the DNA eluted in 30 µL of Buffer EB via centrifugation at 10,000 x g at room 

temperature for 1 minute.  

 

An ‘A’ base is added to the 3’ end of the blunt phosphorylated DNA fragment and the 

sample is purified again, using the MinElute PCR Purification Kit (Qiagen, UK). This is 

prior to the ligation of the Illumina supplied adapters, which have a single ‘T’ base 

overhang at the 3’ end. The adapters are ligated onto the fragments using at least 5 µg 

of DNA and the sample purified using the QIAquick PCR Purification Kit (Qiagen, UK). 

 

The products are then purified further (to remove all unligated adapters) via gel 

electrophoresis on a 5 % polyacrylamide gel stained with ethidium bromide. The 

fragments between 120 and 180 b.p. are excised using a sterile scapel under a UV 

transilluminator and the sample purified using the following method: 2 volumes equal 

to the excised band of elution buffer (EB) (0.3 M sodium acetate and 2 mM EDTA [pH 

8.0]) were added to the excised band and incubated at 37 oC for 16 hours. The sample 

is centrifuged at 10,000 g for 5 minutes and the supernatant recovered. 1 volume of EB 

is added to the pellet, the sample is vortexed, centrifuged at 10,000 g for 5 minutes, 

and the supernatant recovered. The supernatants are combined and centrifuged at 

10,000 g for 10 minutes. The supernatant is recovered and 1/10 volume of 3 M sodium 

acetate (pH 5.2) is added followed by 2 volumes of ethanol (-20 oC). The sample is 



 - 91 - 

incubated at -20 oC for 2 h and then centrifuged at 10,000 g for 10 minutes at 4 oC. The 

pellet is kept and washed with 70 % ethanol, dried and resuspended in 30 µL EB buffer. 

 

The purified fragments with adapters attached are then PCR amplified using Phusion 

DNA polymerase and Illumina supplied primers. The PCR conditions are 30 seconds at 

98 oC, 10 cycles of 10 seconds at 98 oC, 30 seconds at 65 oC and 30 seconds at 72 oC 

with an extension step of 5 minutes at 72 oC. The PCR products are then purified. 

 

The library is validated in two ways. Firstly on a via gel electrophoresis on a 6 % 

polyacrylamide gel stained with ethidium bromide and the correct sized band is 

excised and used for sequencing. Secondly the library is validated 

spectrophotometrically (2100 Bioanalyzer (Agilent, Cheshire, UK)). 

 

2.3.5.2. Illumina Solexa technique 

The library is loaded onto the flow cell, where single-stranded fragments bind 

randomly to the inside surface of the flow cell channel. Loadings are reduced to ensure 

any homogeneity in barcodes does not affect base-calling for the first few bases. If the 

sample is too dense, then the presence of many identical sequences (the barcode) can 

confuse the signal. Unlabelled nucleotides are added, as are enzymes which initiate 

solid-phase bridge amplification. The enzyme incorporates nucleotides to build double 

stranded bridges on the solid phase substrate. Denaturation occurs, which leaves 

single-stranded templates anchored to the substrate. Several million dense clusters of 

double-stranded DNA are generated in each channel of the flow cell (Illumina, 2010).  
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The first sequencing cycle begins by adding four labelled reversible terminators, 

primers, and DNA polymerase. After laser excitation, the emitted fluorescence from 

each cluster is captured and the first base identified. The next cycle repeats the 

incorporation of four labelled reversible terminators, primers, and DNA polymerase. 

Again, laser excitation occurs, the image is captured and the identity of the second 

base recorded. This repeats, determining the sequence of bases one at a time. 

 

After the first read, the flow cell is equilibrated in high salt buffer to remove any 

fluorescence that may interfere with read two. The newly sequenced strands are 

stripped from the flow cell and the complementary strands are bridge amplified as 

before to form clusters. The reaction clusters are re-amplified and then re-sequenced 

from the opposite end. Manipulation of the sequence data will be detailed in chapters 

3, 4 and 5. 
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Chapter 3. The use of Illumina Solexa sequencing to assess 

prokaryotic diversity of UK forest soils using DNA 

and RNA 

 

3.1 Introduction 

3.1.1 Use of the 16S SSU rRNA encoding gene to investigate prokaryotic diversity 

The 16S SSU rRNA gene is the most common genetic marker for investigating 

prokaryotic diversity in the environment (Olsen and Woese, 1993; Spiegelman et al., 

2005; Huse et al., 2008; Hamp, 2009). Discussed in detail in the general introduction 

(section 1.2.3.1), the main advantage of using the 16S SSU rRNA gene is homology 

between all prokaryotes, with highly conserved regions flanking areas of 

hypervariability that can be used for comparison and to establish OTUs (Olsen and 

Woese, 1993; Head et al., 1998; Doolittle, 1999b; Macrae et al., 2000; Pei et al., 2009). 

Also discussed in the general introduction is the use of the various hypervariable 

regions of the 16S SSU rRNA gene (sections 1.2.3.1.2) (Huse et al, 2008; Hamp et al., 

2009). The 16S SSU rRNA gene has 9 different hypervariable regions (Van de Peer et 

al., 1996). The V6 has been chosen as it is the shortest hypervariable region (occupying 

bases 986-1043 of the 16S SSU rRNA gene in Escherichia coli (Van de Peer et al., 1996)) 

but has the maximum degree of sequence heterogeneity (Sogin et al., 2006; 

Chakravorty et al., 2007). This makes it ideal for sequencing studies limited to a short 

read length and allows for the widest possible range of prokaryotes to be targeted.  

 

3.1.2 Comparing the use of RNA and DNA to investigate microbial diversity 

3.1.2.1 Overview of comparison between RNA and DNA in diversity studies 



 - 94 - 

Studies targeting the 16S SSU rRNA encoding gene can either use rRNA, reverse 

transcribed to cDNA, or DNA of ribosomal RNA encoding genes to investigate diversity. 

The majority of molecular environmental studies have used DNA to investigate 

diversity (e.g. Venter et al., 2004; Sogin et al., 2006, Janssen, 2006, Youssef and 

Elshahed, 2008; Brazelton et al., 2010). Although a useful indicator of what is present 

in the community, DNA does not give any indication of an organism’s viability or 

metabolic activity (Stoeck et al., 2006). It simply gives a measure of presence of an 

OTU within the DNA population, which can be successfully amplified even when the 

DNA is extracellular or from a dead cell (Lorenz and Wackernagel, 1987). Although 

community composition based upon DNA is useful for diversity surveys, to look at the 

functional capabilities of a microbial community, to predict changes based upon 

environmental variables and to understand what OTUs in a community are connected 

with biogeochemical processes, requires a more sensitive approach.   

 

The amount of rRNA found in a bacterial cell has been shown to have a linear 

relationship with cell growth rate (Kemp et al., 1993; Kerkhof and Ward, 1993). RNA is 

therefore considered an indicator of metabolic activity, since highly active cells are 

seen to have a much higher concentration of SSU rRNA within a community sample 

than inactive cells (Nomura et al., 1984). In DNA studies, it is highly probable that 

highly metabolically active OTUs with a low abundance may be underrepresented even 

though they play an important role in the functioning of the environment (Nogales et 

al., 2001; Mills et al., 2005).  

 

Much of the environmental research based around RNA to date has not focused on the 

whole microbial community, either prokaryotic or micro-eukaryotic. These studies 
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tend to be based around a particular gene expression, such as nitrogen fixation or 

methanotrophy, and not on community diversity (e.g. Gruntzig et al., 2001; Devers et 

al., 2004; Saleh-Lakha et al., 2005). RNA/DNA ratios can also be used as an indicator of 

metabolic state (Buckley and Szmant, 2004). This can be a useful measure when 

looking at a single OTU or specific functional gene, but is less useful for diversity 

studies in a mixed community, since it would not give detailed information as to which 

OTUs were metabolically active and which were not. 

 

3.1.2.2 Studies showing RNA and DNA based communities to be similar 

There is a body of research focused on the comparison between the use of RNA and 

DNA in diversity. A study comparing RNA and DNA-based clone libraries of micro-

eukaryotes in an anoxic Danish Fjord showed both libraries to be dominated by 

alveolates and stramenopiles. Both of these are very diverse groups, but 27 % of 

phylotypes appeared in both RNA and DNA libraries (Stoeck et al., 2007). Although 

fairly large libraries (325 DNA clones and 264 RNA clones), the numbers are still too 

small to visualise any low abundance OTUs that may highlight significant differences in 

total and metabolically active community structure (Stoeck et al., 2007). This study 

also discussed the need for detailed descriptions of the environment itself before the 

function of OTUs from RNA based surveys can be inferred, so that meaningful 

relationships between active OTUs and their environment can be investigated.  

 

A study of moorland soils contaminated with polychlorinated biphenol showed clone 

libraries of bacterial communities constructed from RNA and DNA to have good 

correlation with each other and a high level of overlap in OTUs detected (Nogales et 

al., 2001), as did two studies using sequences obtained via DGGE. One study compared 



 - 96 - 

bacterial diversity between four soils with different textures (Nogales et al., 2001), 

while another looked at the bacterial community of soil in a geothermically active area 

of Yellowstone National Park (Norris et al., 2002). DGGE is a low-resolution technique, 

and therefore comparisons between samples, even RNA and DNA from the same 

sample, should be treated with caution.  

 

3.1.2.3 Studies showing RNA and DNA based communities to be significantly 

different 

In opposition to the examples discussed above, there is a body of research that finds 

large differences in community structure when comparing the use of DNA and RNA to 

investigate prokaryotic diversity in the environment. Studies using molecular 

fingerprinting techniques include the use of DGGE to investigate bacterial communities 

in different stages of cheese manufacture, which showed very different communities 

between RNA and DNA derived data (Randazzo et al., 2002). Bacterial communities at 

different stages along a drinking water supply system showed significant differences 

between samples taken from RNA and from DNA using single strand chain 

polymorphism analyses (Eichler et al., 2006). 

 

Several studies have used clone libraries to highlight differences in microbial 

community composition derived from RNA and DNA samples. A study on the microbial 

community of uranium contaminated sediments generated clone libraries from the 

same sediment samples that showed very different bacterial community structure 

between those taken from DNA samples and those from RNA samples (Akob et al., 

2006). A similar study of freshwater anoxic sediment samples also showed very little 

overlap in clone libraries created from DNA and RNA (Miskin et al., 1999), although, as 
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with the majority of clone library analysis, the clone numbers are too small (71 RNA 

clones, 76 DNA clones) to draw confident conclusions as to whether the lack of overlap 

is due to real differences in the DNA and RNA libraries or whether it is due to under-

sampling. A study looking at clone libraries made from RNA and DNA extracted from 

solid gas hydrates in the Gulf of Mexico showed significant differences in bacterial 

communities between RNA and DNA data (Mills et al., 2005). RNA libraries were 

dominated by one Phylum, whereas DNA libraries were much more diverse, with no 

Phyla dominating any sample.  

 

3.1.2.4 Is it important to use both RNA and DNA based diversity analysis? 

There are a limited number of studies that have been carried out on microbial 

communities using RNA only, and without DNA as a comparison (e.g. Weller et al., 

1991; Mills et al., 2004). Bacterial and archaeal communities in marine sediments from 

the Gulf of Mexico were analysed using clone libraries constructed from RNA as cDNA 

and showed a diverse bacterial community but an archaeal community dominated by 

Methanosarcinales (Mills et al., 2004) It is not known whether there was a much more 

diverse archaeal community that was simply not metabolically active, as would have 

potentially been shown if a DNA comparison library had been made. A further example 

is a survey of cyanobacteria isolated from hot springs in Yellowstone National Park 

(Weller et al., 1991). Although the detail given on the cyanobacteria present is useful 

in determining what strains are metabolically active in this environment, it gives no 

indication of whether there are many more strains present that are not active.   

 

As can be seen from these examples, there is a divide between research that shows 

DNA and RNA measured diversity to be very similar and those that show significant 
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differences. The main limitation with all of these studies is the restricted number of 

sequences gained from the techniques used, mainly molecular fingerprinting or clone 

library construction. It is necessary to use methods that allow for a greater depth of 

sampling so that under-sampling is not a limiting factor when assessing the use of DNA 

and RNA in environmental diversity studies. 

 

3.1.3 Why use the Illumina Solexa sequencing platform? 

All three of the main next generation sequencing platforms (Illumina Solexa, ABI SOLiD 

and Roche Life Sciences 454) have advantages and disadvantages in relation to their 

technology and application, discussed in the general introduction (Section 1.2.3.4.). In 

this study we chose to use the Illumina Solexa sequencing platform, the reasons for 

which are outlined below. 

 

The Roche Life Science 454 sequencing platform allows for a much longer read length 

than any other next generation sequencing technology. Short read lengths can cause 

limitations for taxonomic assignment, although short read lengths can still provide 

robust taxonomic information (Huber et al., 2009). The advantage is getting more 

reads for the same cost and, because fewer reads are generated in the same amount 

of data, longer read lengths can give lower measures of diversity (Dawson and Hagen, 

2009; Huber et al., 2009). This study attempts to look at the entire bacterial 

community and as such, the main priority is depth of sampling, providing the read 

length allows for confident assignment of taxonomy. The Solexa, using a paired-end 

read approach, allows for sequencing of the full V6 hypervariable region, so, with PCR 

libraries becoming less diverse with longer amplicons, the Solexa was deemed better 

suited to this research than the 454 sequencing method.  
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The dominant error type in Solexa sequencing is substitution, rather than insertions or 

deletions (Shendure and Ji, 2008). Substitution occurs when one base is replaced by 

another. Insertion and deletion errors, often referred to as indels, occur when a read 

contains a different number of bases as the reference sequence, due to either extra 

bases being added or bases being removed incorrectly (Shendure and Ji, 2008; 

Ansorge, 2009). This differs from 454 sequencing, where the largest error is caused by 

homopolymers in the template sequence, that then generate indel error in the 454 

read. The length of a homopolymer can only be inferred by the intensity of the signal, 

and with increasing intensity, it becomes difficult to precisely measure the brightness 

of the signal (Shendure and Ji, 2008; Ansorge, 2009). The benefit of greater read length 

is somewhat overshadowed by the error rate caused by homopolymers on the 454 

platform. Indels are more difficult to model than substitutions because sequence 

clustering and OTU prediction is based on alignment, which allows substitutions to be 

much more easily identified. Therefore substitution errors are more easily corrected 

than indels when clustering sequences and assigning taxonomy.  

 

Although The Solexa and the SOLiD have advantages over 454 sequencing for this 

study in terms of error type and the number of reads generated per run, the Solexa 

was chosen over the SOLiD platform, since the SOLiD platform still has a very limited 

read length (30-50 nucleotides) (Applied Biosystems, 2010a). Although it unnecessary 

in this study to have the length of read generated by 454 sequencing, since the 

amplicon used was only ~140 bp long (Section 2.3.2), the slightly longer read length of 

the Solexa (75 bp) when used in paired end sequencing allowed for complete coverage 

of our target area, whereas the SOLiD system would not. Also, post sequencing, the 
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SOLiD system requires colour space analysis on the data, and there are currently 

limited high quality computing capabilities for doing this (Applied Biosystems, 2010b). 

 

In conclusion, both the Solexa and SOLiD provide the advantages of error type and 

data quantity over 454 sequencing, and the Solexa allows for longer read lengths 

required by the amplicon size of this study.  Therefore the Illumina Solexa genome 

analyzer was chosen for sequencing in this project. 

 

3.1.4 The objectives of this study 

The two main aims of this research were: 

 To assess the use of Illumina Solexa sequencing technology as a suitable next 

generation sequencing platform in prokaryotic soil diversity studies. 

 To compare the use of DNA, representing the entire community, and RNA, 

representing the metabolically active portion of the community, when 

investigating prokaryotic soil diversity. 

 

3.2 Materials and Methods 

3.2.1 Sample preparation 

Soil samples from two depths (organic layer and mineral layer) and two different forest 

sites (one oak stand, one Corsican pine stand) as described in detail in section 2.2.1, 

were collected and the DNA and RNA extracted as described in section 2.3. The DNA 

and RNA (reverse transcribed to cDNA, referred to as RNA throughout) were PCR 

amplified targeting the V6 hypervariable region of the 16S SSU rRNA encoding gene 

and prepared for Illumina Solexa genome analyzer sequencing and sequenced using 

the methods described in chapter 2 (section 2.3.5). For identification after sequencing, 
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each pooled PCR had a unique 6 b.p. barcode integrated as part of the PCR primer 

sequence effectively adding the barcode to the 5’ end of both the forward and reverse 

primers (table 2.2). Four different barcodes were used for the four soils types (organic 

and mineral layer from two study sites) in the amplification of DNA. 24 different 

barcodes were used for each RNA sample, six from each soil type. 

 

3.2.2. Analysis of the sequence data 

Images from the Illumina Solexa genome analyzer were processed using the standard 

Illumina pipeline (Illumina SCS 2.6 and Pipeline 1.6 software) to obtain the sequence of 

each DNA fragment. 

 

Sequence data generated were clipped to remove any bases with phred quality scores 

of less than 13 (Ewing et al., 1998). Sequences were classified first by barcode, with no 

mismatches permitted. The grouped sequences were then filtered by primer sequence 

to allow no mismatches for the RNA samples and 1 mismatch permitted for the DNA 

samples. This was due to the Levenshtein distance (Levenshtein, 1966) being greater 

for the 4 DNA barcodes than the 20 RNA barcodes, as fewer DNA barcodes meant it 

took more single changes for the DNA barcodes to produce an incorrect assignment6. 

Primer sequences, barcodes and one extra base (to take a conservative approach) 

were removed from each sequence prior to overlapping. Sequences from each read 

were then overlapped and concatenated. Only paired sequences with at least 10 

perfectly matched, and overlapped bases were accepted. Both overlapping and 

concatenation were completed by using a custom Perl script (prepared by K. 

                                                 
6
 Levenshtein distance – the minimum number of changes needed to transform one sequence to another, 

also considering the possibility of indels and substitutions of one character.  It’s a measure of the 

difference between the two sequences. 
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Paszkiewicz, University of Exeter). The overlapped and concatenated sequence data 

was clustered using the program MOTHUR (Schloss et al., 2009) employing the furthest 

neighbour algorithm. This is where sequences that occur within an OTU are at most X% 

distant from all of the other sequences within the OTU. Five different cut off values 

were used to cluster the data; unique, 0.01, 0.02, 0.03 and 0.05. 

 

The clustered sequence data was aligned by the program MOTHUR against the SILVA 

database (Pruesse et al., 2007). The closest template for each candidate was calculated 

using ‘k-mer’ searching7, with the size of k-mer set to 8-mer. A pairwise alignment 

between the candidate and de-gapped template sequences was calculated using the 

Needleman-Wunsch (Needleman and Wunsch, 1970) pairwise alignment method with 

a reward of +1 for a match and penalties of -1 for a mismatch and -2 for a gap. Gaps 

were reinserted to the candidate and template pairwise alignments using the NAST 

algorithm so that the candidate sequence alignment is compatible with the original 

template alignment. 

 

The aligned sequences were classified in MOTHUR (Schloss et al., 2009) using Bayesian 

analysis and a kmer size of 8-mer. All taxonomies that are represented in the template 

are considered, and the probability that a sequence from a given taxonomy contains a 

specific kmer is calculated.  It then calculates the probability a query sequence is 

present in a given taxonomy based on the kmers it contains, and assigns the query 

sequence to the taxonomy with the highest probability. Bootstrap values for each 

assignment are also calculated by the method described by Smith and Van Belle, 

                                                 
7
 k-mer – refers to specific nucleic acid sequences of length ‘k’ that can be used to identify certain regions 

within DNA. In this analysis, nucleic acid sequences of 8 bases were used to search the SILVA database 

for closest matching templates. 
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(1984). The taxonomy assignments were then limited to those bootstrap values equal 

to or greater than 70 %. 

 

Rarefaction data to analyse species richness were calculated for samples using the 

rarefaction.shared() (for RNA) and rarefaction.single() (for DNA) functions in MOTHUR 

(Schloss et al., 2009), using values with unique OTUs, and those with 0.02, 0.03 and 

0.05 clustering cut-off values. Rarefaction curves were plotted using the average 

number of OTUs observed after sampling each group. Then we calculated rank 

abundance plots using the get.rabund() command in MOTHUR, with a specified cut off 

at 0.03. The data was then log10 transformed and plotted. Venn diagrams comparing 

the number of sequences shared between RNA and DNA samples from each soil type 

were also computed using MOTHUR, using the venn() command. 

 

3.3 Results 

3.3.1 Number of sequences per sample, initial and after screening.  

The total number of reads sequenced for each sample is given in table 3.1. Those 

samples with significantly smaller numbers of reads (grey shaded in table 3.1.) were 

removed from any further analysis. 

 

Reads that overlapped with less than 100 % matches and less than 10 nucleotides were 

considered low quality and removed from the dataset. An average of 8.6 % (a range of 

4.6 – 12.4 %) of the total reads from each sample (classified using the barcodes) were 

considered high quality and kept for the rest of the analysis. This resulted in 875,836 

RNA reads and 3,695,785 DNA reads being used for the final analysis. The number of 

high quality reads per RNA sample ranged from 15,678 (Corsican pine mineral 4) to 
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96,994 (oak organic 6). This variation in read number between samples is most likely 

due to stochastic error. As the quantity of the samples were all standardised prior to 

sequencing, the amount of DNA / RNA from each sample used was comparable with 

the other DNA / RNA samples (section 2.3.5.1), therefore the difference in soil type 

should not provide any difference in the number of reads produced.  

 

In the DNA samples, the two mineral layer samples gave a similar number of reads 

(838,928 for Corsican pine, 808,195 for oak), the oak organic layer sample gave double 

this (1,529,826), and the Corsican pine organic layer sample gave the lowest number of 

high quality reads (518,836). The grouped RNA samples from each soil type show a 

similar number of reads except for the oak organic sample which had a much greater 

number of reads than the other three pooled samples (364,106 compared to 154,941 – 

179,499). In both DNA and RNA samples there is a much larger number of reads from 

oak organic samples than from other samples, although in the RNA samples this was 

partly because all six samples were successful in the sequencing, whereas the other 

sample groups had at least one sample that gave a number of reads too low to use (≤ 

18,429). Again, these variations within groups of samples are most likely due to 

stochastic sampling error during the Solexa sequencing process. 

 

A minimum number of 15,678 reads per RNA sample and 518,836 per DNA sample 

were recorded. This is much greater than the number of clones sequenced in the 

generation of clone libraries, which rarely exceeds 1000 (e.g. Fierer and Jackson, 2006; 

Janssen, 2006; Youssef and Elshahed, 2008) and most contain a lot less (Miskin et al., 

1999; Akob et al., 2006).  The total number of RNA and DNA reads also exceeds those 

generated using 454 sequencing. For examples, Stoeck et al., (2010) generated 
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254,521 and 270,454 reads targeting the V4 and V9 hypervariable region of the 18S 

SSU rRNA genes (Stoeck et al., 2010). A study using 454 sequencing to target fungal 

diversity in forest soils averaged ~30,000 reads per sample (Buée et al., 2009).  This 

was similar to a bacterial diversity study in an Arctic glacier, which generated ~35,000 

sequences per sample using 454 sequencing (Schutte et al., 2010).  

 

Sample 
Total number 

of reads 

Filtered 

number 

of reads 

DNA Corsican Pine Mineral 5,228,179 838,928 

DNA Corsican Pine Organic 3,481,004 518,836 

DNA Oak Mineral 3,387,255 808,195 

DNA Oak Organic 6,683,867 1,529,826 

RNA Corsican Pine Mineral 1 762,732 35,454 

RNA Corsican Pine Mineral 2 347,459 16,810 

RNA Corsican Pine Mineral 3 850,210 57,254 

RNA Corsican Pine Mineral 4 181,277 15,678 

RNA Corsican Pine Mineral 5 337 - 

RNA Corsican Pine Mineral 6 445,811 52,094 

RNA Corsican Pine Mineral all 2,587,826 177,290 

RNA Corsican Pine Organic 1 301,240 30,024 

RNA Corsican Pine Organic 2 294,517 32,385 

RNA Corsican Pine Organic 3 18,429 - 

RNA Corsican Pine Organic 4 408,498 40,903 

RNA Corsican Pine Organic 5 400,572 42,120 

RNA Corsican Pine Organic 6 382,074 34,067 

RNA Corsican Pine Organic all 1,805,330 179,499 

RNA Oak Mineral 1 799,094 55,179 

RNA Oak Mineral 2 652,001 38,450 

RNA Oak Mineral 3 396,147 38,577 

RNA Oak Mineral 4 345,447 22,735 

RNA Oak Mineral 5 6,070 - 

RNA Oak Mineral 6 5,737 - 

RNA Oak Mineral all 2,204,496 154,941 

RNA Oak Organic 1 283,162 26,292 

RNA Oak Organic 2 631,968 65,078 

RNA Oak Organic 3 591,797 36,224 
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RNA Oak Organic 4 492,158 61,018 

RNA Oak Organic 5 841,252 78,500 

RNA Oak Organic 6 974,581 96,994 

RNA Oak Organic all 3,814,918 364,106 

Total number of reads 

(excluding shaded samples) 
29,162,302 4,571,621 

 

 

 

3.3.2 Errors during the sequencing process 

As there is no previous data set, or known sequences present in the samples, to 

directly compare these results with, it is not possible to accurately calculate an error 

rate for this dataset. However, a comprehensive discussion of the possible errors of 

the method can give insight into the likely error rate. 

 

The technical error rate for the Illumina Solexa genome analyzer is calculated by 

running a sample of known sequence many times and measuring the percentage of 

mis-matched bases. The official acceptable error rate as given by Illumina is 1.5 % over 

the length of a read. Quality scores were calibrated by sequencing a known sample 

repeatedly and measuring how the intensity and signal/ noise ratio varies between 

bases that have been called correctly vs. those called incorrectly. This calibration is 

then used on the unknown sequences to make an estimate of the confidence of the 

base call. In this study, Phred quality scoring was used, with any scores less than 13 

being clipped from the sequence (Ewing et al., 1998). On the analyzer used for this 

work, the technical error rate was 0.3-0.5 % for read 1 and 0.3-0.6 % for read 2, well 

within the acceptable limits of error. To ensure the error rates are kept within these 

levels, a phage (PhiX) is run as a control in one lane for each run. On this particular run, 

Table 3.1: Number of reads both total and after filtering for each sample. Those 
samples that gave significantly lower numbers of reads are shaded in grey. 
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the DNA sample had a PhiX error rate of 0.38 % on read 1 and 0.41 % on read 2, and 

the RNA sample had a PhiX error rate of 0.35 % on read 1 and 0.39 % on read 2.  

 

As discussed in section 3.1.3, the dominant error type in the Solexa genome analyzer is 

substitution (Shendure and Ji, 2008). The stringent quality filtering used in this study 

means that the final error rate in the sequences used for analysis is very small, and not 

large enough to alter conclusions drawn on the community composition of each 

sample. Two additional sources of error are taq misreads and PCR chimaera. Taq error 

rate for GoTaq™ DNA polymerase is 2.34-3.6 x 10-6 (Promega, UK). Chimaera rates are 

extremely difficult to estimate on this dataset, but is minimised because of the short 

amplicon size used and the low cycle number during PCR (25 cycles in the original 

amplification and 10 cycles in the Solexa library preparation).  

 

3.3.3 Rarefaction and rank abundance curves 

The rarefaction curves show the OTU richness of each sample at four different 

clustering boundaries (figure 3.1). None of the samples reach saturation point at any of 

the clustering thresholds (0.00, 0.02, 0.03 and 0.05), showing that the number of reads 

generated from each sample does not provide a fully representative picture of the 

entire bacterial community or error rate is so significant it is impossible to saturate the 

PCR library. This is surprising when the number of reads generated in this data set is 

considered. The samples are not saturated even when the data is clustered with an 

error of 0.05. This is conservative when considering the error rates of the Solexa are 

<1.5 %, suggesting that the soil communities sampled are extremely complex.  
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The rank abundance plots (figure 3.2) all show the same community structure, each 

sample contains a relatively small number of dominant OTUs in terms of total number 

of sequences recovered. Clustering at 0.03 is shown (figure 3.2), however, the same 

pattern was seen when the data was clustered at 0.05. This profile strongly suggests 

the presence of what could be termed a rare biosphere (Pedrós-Alió, 2006b), with 

many OTUs present in single or very low numbers. As with the rarefaction curves, 

although the numbers between the samples differ, the patterns are the same for all 

samples. Approximately half of the OTUs for each soil type for both DNA and RNA are 

present in single or very low number reads (<10). 46.28 % (at clustering cut off 0.03) 

and 41.26 % (at clustering cut-off at 0.05) of the RNA reads and 39.17 % (at clustering 

cut off 0.03) and 39.51 % (at clustering cut-off 0.05) of the DNA reads appeared only 

once. At a clustering cut-off of both 0.03 and 0.05 it can therefore be seen that a high 

proportion of the samples are unique sequences.  

 

This is still less than the proportion of the community that are considered the ‘rare 

biosphere’ in data generated from 454 sequencing, where between 68 %  and 75 % of 

sequences occur just once in two general eukaryotic libraries (Stoeck et al., 2010) while 

56% in a fungal specific library (Buée et al., 2009). Because of the greater depth of 

sampling of this study over those using 454 sequencing (e.g. Sogin et al., 2006; Neufeld 

et al., 2008; Buée et al., 2009; Galand et al., 2009a; Jumpponen and Jones, 2009; 

Brazelton et al., 2010; Schutte et al., 2010; Stoeck et al., 2010), it is unlikely that these 

other studies are showing a fully representative community. Therefore, with increased 

sampling our study captures the individual OTUs within the community at a greater 

frequency which means the rare tail is reduced. This would suggest that even though 

our samples did not reach sampling saturation, the approach used gave improved 
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community sampling. Furthermore, our approach is less likely to over-estimate the 

‘rare tail’ because the methods are less prone to errors, specifically 454 homopolymer 

errors.  Although it should be noted that, the only studies to quote these important 

numbers, targeted micro-eukaryotes and not prokaryotes (e.g. Sogin et al., 2006; 

Dawson and Hagan, 2009; Stoeck et al., 2010). In summary, the two most likely 

explanations for these observations are that, with the increased sampling and 

decreased error in this study, the identified smaller size of the rare biosphere is a more 

accurate observation than studies using 454 sequencing, or that the more conservative 

parameters used here to identify high quality reads has lessened the measure of true 

diversity or more likely a combination of both. 
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Figure 3.1: Rarefaction curves for both DNA and grouped RNA samples for all soil 
types 
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Figure 3.2: Rank abundance curves for both DNA and RNA for all soil types: 
clustered at 0.03. Graphs are shown with a Log scale. 
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3.3.4 Expanded oak organic sampling and a linear increase in complexity 

Both the rarefaction and rank abundance curves show that, with an increased number 

of reads, there is an increased number of OTUs measured. For both the DNA and RNA 

oak organic samples, there is a greater number of OTUs present. To test whether this is 

due to there being more reads for these samples or whether this soil actually has a 

higher level of species richness, the number of OTUs for each sample was plotted 

against the number of tags that were sequenced (Figure 3.3).  

 

 

 

 

The positive correlation of these points for all soil types showed that the oak organic 

soil was not significantly more diverse in terms of species richness (R2 values: Oak 

organic = 0.9795; oak mineral = 0.9834; Corsican pine organic = 0.9621; Corsican pine 

mineral = 0.9698). This also highlights that the samples did not reach OTU saturation, 

and it is likely that if the other samples generated a higher number of quality reads 
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Figure 3.3: Plot showing that an increase in tags sampled results in an increase 
in OTUs, as none of the samples has reached sampling saturation. 
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that they would also show greater species richness. The rank abundance curve for the 

oak organic RNA and DNA samples also follows the same pattern as the other grouped 

samples, with <50 % of the samples appearing in single figures. This reconfirms the 

pattern seen with the other samples, which also show a small number of abundant 

OTUs and a ‘rare biosphere’ of ~50 % of the OTUs detected. Again, this could be due to 

the improved method, with low error rate and greater sampling depth, or a more 

conservative quality filtering method being used. 

 

3.3.5 Comparison of DNA and RNA samples 

3.3.5.1 Distribution of sequences between RNA and DNA samples 

There is a very low level of overlap between the sequences generated from DNA and 

those generated from RNA (figure 3.4). The number of sequences shared between 

DNA and RNA samples is between 0.052 – 0.23 %. The highest value belongs to the oak 

organic soil, with the other three soil types ranging from 0.052 – 0.057 %. This suggests 

that DNA and RNA are not comparable markers for investigating diversity in these 

samples. It also suggests that, as well as there being a large number of sequences from 

OTUs that are metabolically active in the soil that are not identified in the DNA 

samples, but there is also a large number of sequences of ‘background’ OTUs or 

extracellular DNA that are not metabolically active in the soil. 

 

 

3.3.5.2 Comparison of RNA/DNA samples at Phyla level 

For taxonomic analysis, only OTUs that could be assigned a specific bacterial phylum 

with a bootstrap value greater than 70 % were considered. Across all RNA samples, 67 

– 80 % of OTUs were labelled unknowns, which was comparable with the DNA 
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samples, with unknowns ranging between 70 – 80 % of OTUs. This means the majority 

of reads are unable to be assigned to particular taxa at the phyla level.  

 
Figure 3.4: Two way Venn diagrams showing sequence comparisons between RNA 
and DNA libraries from each soil type. Numbers are shown clustered at 0.03 and in 
brackets 0.05. 
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The distribution of bacterial phyla in all four soil types for both DNA and RNA are seen 

in figure 3.5. From this figure, it can be seen that there is a distinct difference in 

community structure and composition between DNA and RNA samples.  There is much 

more similarity between all RNA samples and all DNA samples than there is between 

DNA and RNA samples from the same soil type. It is perhaps surprising that the DNA 

samples are less diverse than the RNA, as it represents the entire community and not 

just the metabolically active part and so it would be expected that the DNA samples, 

containing metabolically inactive OTUs in addition to metabolically active OTUs, would 

have a higher level of diversity. However, this could be because the DNA from those 

phyla that are prevalent in the DNA samples are very abundant but not very active and 

are therefore dominant in the DNA but not the RNA samples.  

 

Seven phyla (and 3 Proteobacteria classes) are present in all samples; Acidobacteria, 

Actinobacteria, α-Proteobacteria, β/γ-Proteobacteria, δ-Proteobacteria, Bacteriodetes, 

Firmicutes, Planctomycetes and Verrucomicrobia. These accounted for >99 % of the 

sequence diversity, that could be assigned to a taxonomic group, in each sample. 

There were five phyla detected in DNA samples but not RNA: Fibrobacteres, 

Fusobacteria, Deinococcus-Thermus, Thermoanaerobacteriaceace and the uncultured 

OP9 group. This suggests that these five phyla are present but not metabolically active 

in the soil, or that they occur in such small numbers or have low activity that they were 

not detected in the RNA samples at the sampling depth of this study.  

 

Spirochaetes and ε-Proteobacteria are not detected in any of the DNA samples but are 

both present in one RNA sample (both oak organic samples). Chlamydiae are detected 

in all samples but neither of the DNA samples from the oak site. Fusobacteria were 
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detected in both mineral layers in the DNA samples, but in no other samples. The 

uncultured_OD1_OP11_WS6_TM7 is detected in RNA samples of both organic layers 

and no other samples. The uncultured_OP9 group was detected in DNA in both oak 

samples but no RNA samples and neither Corsican pine DNA sample. These 

observations could represent true differences in community structure, but as they all 

occur in very low numbers it is impossible to say that they definitely do not occur in 

some soil types as they may be present but not detected. 

 

DNA samples were dominated by α-Proteobacteria, accounting for between 66 – 90 % 

of diversity in these samples. The next most abundant phylum detected in the DNA 

samples was the Verrucomicrobia. In the DNA samples, most phyla account for <1 % of 

diversity. The only phyla accounting individually for >1 % of any DNA sample belongs to 

the α-Proteobacteria, Verrucomicrobia, Planctomycetes and, in oak organic only, β/γ-

Proteobacteria. These phyla, particularly the Proteobacteria, are so vast that this does 

not mean that there is limited diversity in these samples, just that they belong to a 

limited number of phyla (Wu et al., 2009). 

 

The RNA samples are more diverse, and are not dominated by a single phylum, 

although in both Corsican pine samples and the oak mineral samples Acidobacteria 

were most abundant sequences recovered. In the oak organic sample, the β/γ-

Proteobacteria was most abundant sequences recovered. Although not dominant, the 

α-Proteobacteria is a significant proportion of the RNA samples. The grouped RNA 

samples, as with DNA, show a majority of phyla individually accounting for <1 % of the 

diversity. In the Corsican pine samples, 16 phyla are detected in the mineral layer 

samples and 15 phyla in the organic layer samples. Half of the phyla in each group 
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account for <1 % of the diversity each, a quarter accounted for between 1-10 % each 

and a quarter for greater than 10 % each. 14 phyla are detected in the oak mineral 

samples, with six of these accounting for <1 % each and three accounting for >10 %. 18 

phyla are detected in the oak organic samples, of which ten account for <1 % each and 

five accounting for >10 % each. The presence of many phyla in low abundances 

confirms that the method did not show preference toward particular taxa and that the 

results are representative of the prokaryote community. 

 

3.4 Discussion 

3.4.1 The effectiveness of the Solexa sequencing technology in diversity studies 

3.4.1.1 Number of reads and distribution of reads across samples 

The number of reads generated in this study far exceeds those presented in previous 

bacterial diversity studies (e.g. Keijser et al., 2008; Youssef and Elshahed, 2008; Hong 

et al., 2010; Schutte et al., 2010). Short read lengths were not seen to limit taxonomic 

assignment, (>75 bp for RNA and DNA paired –end sequencing in both directions) as it 

allowed the entire V6 hypervariable region of the 16S SSU rRNA gene to be amplified 

(Van de Peer et al., 1996). Although sampling saturation was not reached for any of the 

samples, the number of high quality reads allowed for detailed discussion of the 

prokaryotic community. 
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Figure 3.5: Comparison of the bacterial phyla distribution between the RNA and 
DNA samples  
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The amplification of significantly higher number of reads in the oak organic samples, 

both in DNA and RNA samples could lead to misinterpretation when comparing the 

species richness, diversity and taxonomic distribution of the oak organic samples 

compared to the other three soil types. As shown, the increase in read numbers leads 

to an increase in OTUs detected. However, as the distribution of phyla was similar in 

the oak organic samples when compared to the other soil types, it is likely that the 

results give representative comparisons between soil types. This is also useful 

considering that none of the samples reached saturation. Without reaching saturation, 

it is likely that some diversity will be missed. However, as the distribution of phyla is 

similar between all the RNA libraries, even with large differences in the number of 

reads, we can be confident that the results shown are representative of the true 

community at the level of phyla, however it is possible that phyla scale grouping is to 

crude to enable us to identify some changes in microbial composition. 

 

Four samples out of the 24 RNA samples failed to amplify a suitable number of high 

quality sequences. This resulted in an uneven number of samples per soil type, with 

five samples for both Corsican pine soil layers, four samples for the oak mineral layer 

and six samples for the oak organic layer. For robust statistical comparison between 

samples it would of course be useful to have comparable numbers of reads per 

sample. The proportion of reads retrieved from each sample was similar (4.6 – 12.4 %), 

although because the total number of reads per sample was variable this still meant 

large variations between high quality read numbers per sample.  
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Despite the variation in read numbers between the samples and the large number of 

low quality reads that had to be discarded, the huge increase in the number of quality 

reads per sample compared with other methods, results in this study being a step 

forward in developing much better techniques for investigating microbial diversity in 

the environment.  

 

3.4.1.2 Overview of community structure of both DNA and RNA libraries 

Across all RNA samples, 67 – 80 % of OTUs were labelled unknowns, i.e. they could not 

be confidently assigned a taxonomic classification, which was comparable with the 

DNA samples, with unknowns ranging between 70 – 80 % of OTUs. Previous 

environmental diversity studies using next generation sequencing methods usually 

only generate around 10 % of reads that have detectable homologues, suggesting that 

the improved methods described here result in at least double the number the 

sequences assigned to specific taxa (Tyson et al., 2004; Venter et al., 2004; Elshahed et 

al., 2008; Youssef and Elshahed, 2008). 

 

The overall community structure seen in all the samples is comparable with those 

observed in other diversity studies using different high throughput sequencing 

methods. A small number of abundant OTUs dominate the sample, with a large 

number of OTUs present in small numbers, often just single sequences, which is 

described as the ‘rare biosphere’. The length of the tail representing the rare 

biosphere is shorter than that seen in other similar studies using 454 sequencing (e.g. 

Sogin et al., 2006; Neufeld et al., 2008; Buée et al., 2009; Galand et al., 2009a; 

Jumpponen and Jones, 2009; Brazelton et al., 2010; Schutte et al., 2010; Stoeck et al., 

2010). During library preparation several measures were taken to minimise error and 
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bias in amplification (section 2.3.2). The use of a pooled primer set was used to 

maximise the prokaryotic diversity targeted, and at each stage of the library 

preparation replicate PCRs were used to minimise any amplification bias (sections 

2.3.2 & 2.3.5.1). The error rate of the Solexa genome analyzer is much lower than that 

for 454 sequencing (Shendure and Ji, 2008, Ansorge, 2009). This is discussed in detail in 

sections 3.1.3 and 3.3.2. Important improvements to the method used in this study 

include using conservative quality scoring (sections 3.2.2 & 3.3.2) on the raw sequence 

data to minimise any sequencing error that may be present. As the main difference is 

the sequencing platform, and measures were taken to try and maximise the diversity 

captured (pooled primer sets, PCR replicates) this reduced rare biosphere could be due 

to extra stringent quality filtering of the sequences, or it could represent a true rare 

biosphere, indicating that in other studies a considerable proportion of the ‘rare 

biosphere’ is sequencing error (Kunin et al., 2010). 

 

3.4.2 Comparison of the libraries generated by DNA/RNA samples 

For taxonomic analysis, only OTUs that could be assigned a specific bacterial phylum 

with a bootstrap value greater than 70 % were considered. Across all RNA samples, 67 

– 80 % of OTUs were labelled unknowns, which was comparable with the DNA 

samples, with unknowns ranging between 70 – 80 % of OTUs. This highlights the vast 

diversity of prokaryotes in the environment that has not yet been characterised. This is 

a huge challenge as it is currently not possible to culture the majority of prokaryotes 

(Pace, 1997), however with increasing data storage of environmental sequences, it will 

at least be possible to start to look at the biogeographic patterns and phylogenetic 

placement of such sequences, even if their taxonomy, ecology and morphology is 

poorly understood. 
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The community structure at phyla level is very distinct between the DNA and RNA 

libraries. The overlap in sequences found in RNA and DNA from the same soil samples 

is incredibly small (<0.5 % of the sequences in each soil type). This supports the 

conclusion from those studies discussed in section 3.1.2.3 that the microbial 

community composition is very different when comparing DNA derived libraries and 

RNA derived libraries (e.g. Miskin et al., 1999; Mills et al., 2005; Randazzo et al., 2002; 

Akob et al., 2006; Eichler et al., 2006). This highlights the amount of DNA found in soil 

that is not metabolically active and therefore is not involved in the biogeochemical 

functioning of the ecosystem. This could be from OTUs that are inactive, dead, or 

simply extracellular DNA that has been deposited via air currents, water movement or 

on larger organisms (Lorenz and Wackernagel, 1987; Finlay, 2002). For some dominant 

phyla, it is likely that some OTUs within that phylum are metabolically active and some 

not. However, for those five phyla that are present in the DNA samples but not the 

RNA, it is possible that the DNA is present but the OTUs within those phyla are not 

involved in the metabolic functioning of the soil.  

 

Despite the differences between the DNA and RNA libraries, nine phyla are present in 

all samples, both RNA and DNA; Acidobacteria, Actinobacteria, α-Proteobacteria, β/γ-

Proteobacteria, δ-Proteobacteria, Bacteriodetes, Firmicutes, Planctomycetes and 

Verrucomicrobia. Relative abundances of these vary between the RNA and DNA 

samples, but their presence in all samples suggests a certain level of homogeneity in 

the community presence of larger and more well described phyla (Wu et al., 2009). 

However, because these phyla do contain a large amount of diversity, this may not be 

a significant observation. The taxonomic distribution of the RNA samples at a more 



 - 123 - 

detailed level will be discussed in chapter 4. This is also a relevant discussion for the 

DNA samples, with the only phyla accounting individually for >1 % of any DNA sample 

belongs to the α-Proteobacteria, Verrucomicrobia, Planctomycetes and, in oak organic 

only, β/γ-Proteobacteria. However, the α-Proteobacteria are such a large phylum, that 

these samples may still be very diverse encompassing many distinct ecologies, and that 

classification at the phylum level is too crude a measure (Wu et al., 2009).  

 

3.5 Conclusion 

This study highlights two main areas of discussion, the use of the Illumina Solexa 

sequencing technology in microbial diversity studies, and the comparison of DNA and 

RNA when investigating diversity. 

 

The Solexa sequencing method has been shown here to be a very effective way of 

investigating microbial diversity. The main advantages of this method are the greater 

sampling depth and lower error rate compared to other next generation sequencing 

technologies. I think it is the best possible method currently available, and with 

decreasing cost, increasing read length and increasing data output will only help to 

increase the Solexa genome analyzer’s capabilities in diversity studies. The use of this 

technology enabled us to identify a rare biosphere community structure for soil 

prokaryotes in multiple soil environments in both the DNA and the RNA samples. 

 

It is only very recently that the use of RNA has been used to investigate diversity (e.g. 

(Miskin et al., 1999; Norris et al., 2002; Randazzo et al., 2002; Mills et al., 2005; Stoeck 

et al., 2007). From this study, it is clear that, while DNA can be used to study the 

presence of OTUs in an environment, it is not useful for investigating those organisms 
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that are metabolically active and therefore responsible for ecosystem functioning. To 

gain a better understanding of a microbial community and the ecosystem it exists in, it 

is therefore necessary to use RNA as a genetic marker to investigate diversity. For the 

remainder of this study we concentrate on using RNA to investigate the prokaryote 

diversity of forest soils and the relationship they have with environmental parameters 

in the soil. 
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Chapter 4. Taxonomic analysis of prokaryote communities 

of UK forest soils 

 

4.1 Introduction 

4.1.1 Bacterial community structure in soil at different taxonomic levels 

Soil is shown to have very high levels of bacterial diversity (Richter and Markewitz, 

1995; Whitman et al., 1998; Torsvik et al., 2002), even when investigated using low 

resolution techniques (e.g. Dunbar et al., 2000; Brons and van Elsas, 2008). The 

diversity of prokaryotes in the soil environment is discussed in detail in section 1.4.2. 

Clone libraries using traditional Sanger sequencing often show no two samples to have 

the same composition (Zhou et al., 2002; Janssen, 2006; Youssef and Elshahed, 2008). 

However, the description of libraries and similarities between samples is partly 

dependent on the taxonomic levels used to analyse microbial communities. Those 

studies showing heterogeneity in the community structure of the samples were 

analysed at the phyla or class level (e.g. Zhou et al., 2002; Janssen, 2006; Youssef and 

Elshahed, 2008). This supports our findings discussed in chapter 3, where seven phyla 

were identified in all samples; Proteobacteria, Acidobacteria, Actinobacteria, 

Bacteroidetes, Verrucomicrobia, Firmicutes and Planctomycetes. These seven phyla 

accounted for >99 % of the diversity in each sample. This is incongruent with the view 

that soil microbial communities are extremely heterogeneous with high diversity. It 

can therefore be suggested that, if both of these things are representative of 

prokaryote communities in the soil, then the diversity and variation is not seen at the 

phyla level, but at lower levels of taxonomy, such as family, genus or individual OTUs 

(e.g. Fulthorpe et al., 1998; Fierer et al., 2007b). 
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Since at higher taxonomic levels (most commonly phyla level), the soil community is 

seen to be much more homogeneous than the high levels of diversity would perhaps 

suggest (e.g. Janssen, 2006; Youssef and Elshahed, 2009), we decided to look at the 

prokaryotic community in more detail, to see if, when samples are analysed at lower 

taxonomic levels, e.g. family and genus, the same pattern of homogeneity is evident or 

whether there are marked differences between soil types. 

 

4.1.2 The use of replicates in the investigation of bacterial diversity in soil 

Within the field of molecular ecology, only a small proportion of studies use replicate 

samples when estimating microbial diversity (Prosser, 2010). Articles from five journals 

(Applied and Environmental Microbiology, FEMS Microbiology Ecology, ISME Journal, 

Environmental Microbiology and Microbial Ecology) investigating microbial diversity 

were assessed to see how many of them used replicates in their studies. On average 

only 29 % did, and this figure was lowered to 18 % when clone libraries or 

pyrosequencing was the method employed (Prosser, 2010). Those studies most likely 

to use replicates are low resolution techniques such as DGGE, T-RFLP (e.g. Duarte et 

al., 1998; Norris et al., 2002; Zhou et al., 2002; Bomberg and Timonen, 2007), where 

the limitations of cost do not prevent sample replication. However, because these 

techniques do not provide a fully representative picture of the diversity of a sample, 

their use is limited, even with the use of replicates.  

 

The use of replicates in molecular ecology is as important as in any ecological study. 

The environment is heterogeneous, particularly the soil environment and microbial 

communities are subject to many variables acting upon them (e.g. Zhou et al., 2002; 

Fierer and Jackson, 2006; Bomberg and Timonen, 2007). Using a single sample from an 
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environment to investigate microbial diversity will not provide robust data and cannot 

be used to draw representative conclusions about the microbial community of an 

environment. Whilst this study used pooled replicates to avoid PCR bias (see section 

2.3.2 & 2.3.5.1), we also used barcoded replicates to assess the level of heterogeneity 

within each soil type (see section 2.3.2). 

 

4.1.3 The use of RNA in investigating diversity 

The difference between the bacterial community composition in DNA and RNA 

samples was discussed in chapter 3. A total of 96,427 OTUs were counted across all 

samples, and only 611 of these were found in all the samples, just 0.6 %. This is less 

than the number of OTUs shared between all soil types when RNA and DNA are 

analysed separately, where 10 % of the OTUs were found in all samples. Although 

comparisons of community composition using DNA is informative for understanding 

total community diversity, it is of limited use for understanding active microbial 

populations and how communities change between environments, since it is the 

metabolic function of a community that is likely to alter a community when abiotic 

factors change. Because of this reasoning, we decided to focus specifically on the RNA 

data for this chapter. One of the aims of this research is to investigate how the 

prokaryote community changes under varying environmental parameters (which will 

be discussed in chapter 5). These differences are more likely to be seen in the RNA 

libraries, since organisms that are metabolically inactive (which can still be seen in the 

DNA libraries) are unlikely to change under different soil conditions. 

 

4.1.4 The objectives of this study 

The main aims of this research were: 
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 To describe in detail the taxonomic composition of samples generated from 

RNA reverse transcribed to cDNA taken from forest soils at the family level 

 To investigate any differences and similarities in taxonomic distribution from 

the RNA libraries between the four different soil types and between replicates 

from the same soil type 

 

4.2 Materials and methods 

4.2.1 Sample preparation 

The samples described in section 2.2.1 and used in Chapter 3 were also used for the 

analysis in this work. These consisted of soil samples from two depths (organic layer 

and mineral layer) and two different forest sites (one oak stand, one Corsican pine 

stand), with RNA extracted as described in section 2.6. The RNA (reverse transcribed to 

cDNA, referred to as RNA throughout) samples were PCR amplified targeting the V6 

hypervariable region using a multiple PCR primer strategy of the 16S SSU rRNA 

encoding gene and prepared for Illumina Solexa genome analyzer sequencing and 

sequenced using the methods described in section 2.6.5. For identification after 

sequencing, each pooled PCR had a unique 6 b.p. barcode integrated as part of the PCR 

primer sequence effectively adding the barcode to the 5’ end of both the forward and 

reverse primers (table 2.1). 24 different barcodes were used for each RNA sample, six 

from each soil type. Of these, 20 samples amplified successfully (Section 3.3.1), and 

these were used for further analysis. 

 

4.2.2 Taxonomic analysis 

Sequence data was manipulated as described in section 3.3.2. The clustered sequence 

data was aligned and classified by the program MOTHUR (Schloss et al., 2009) against 
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the SILVA database (Pruesse et al., 2007), as described in section 3.2.2. The taxonomy 

assignments were limited to those bootstrap values equal to or greater than 70 %, 

chosen as a threshold to enable comparison with similar studies. 

 

The cladogram and Venn diagrams were calculated using all the OTUs identified 

through sequencing. The cladogram describing the relatedness of the 20 RNA 

replicates was generated as a newick-formatted file using the tree.shared command() 

in MOTHUR (clustered with a 0.03 error). Groups are clustered using the UPGMA8 

algorithm. The distance between communities is calculated using the Jaccard index9 

(Glazko et al., 2005). Dissimilarity is calculated as one minus the similarity. Venn 

diagrams comparing the number of OTUs shared between RNA samples from each soil 

type were also computed using the grouped replicates in MOTHUR, using the venn() 

command (Schloss et al., 2009). 

 

4.3 Results 

4.3.1 Analysing taxonomic diversity across multiple RNA sequence replicates in 

each soil type 

4.3.1.1 Relationship between the prokaryotic community of 20 RNA soil replicates 

as described using a cladogram 

                                                 
8
 UPGMA algorithm: Unweighted Pair Group Method with Arithmetic Mean. An agglomerative (where 

each observation is placed in its own cluster and pairs of clusters are merged as one moves up the 
hierarchy) hierarchical clustering method used in the creation of phylogenetic trees. The algorithm 
describes the structure present in a pairwise distance matrix to then construct a rooted tree. The 
distance between any two clusters is taken to be the average of all distances between pairs of objects in 
each cluster (Murtagh, 1984). 
9
 Jaccard Index, also known as the Jaccard similarity coefficient (Glazko et al., 2005).  A statistic used for 

comparing dissimilarity and diversity of a set of samples. It is the size of the intersection (elements 
shared by the sample set but no other) divided by the size of the union (all distinct elements in a set of 
samples) of the sample sets. 
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All OTUs were used to calculate the relationship between the 20 replicates in a 

cladogram and the distribution of those OTUs that could be assigned to a particular 

phylum of each replicate are shown in figure 4.1 as a percentage composition bar 

chart. The samples are grouped mainly on soil and vegetation type and not on soil 

layer, i.e., the two oak samples group together and the two Corsican pine samples 

group together. This is perhaps not surprising for the two uppermost layers of the soil, 

where water and air movement will transfer micro-organisms from the organic layer 

into the first mineral layer. More marked differences would perhaps be expected in 

deeper subsurface layers. Also the soil textures at each site are very different; the soil 

under the oak stand is clay and the soil under the Corsican pine stand is very sandy, 

which would have an effect on the community composition.   

 

The oak organic samples all group together, except for number 6, which groups at the 

top of the cladogram with the Corsican pine samples. As all the other oak organic 

samples group together, this was surprising. This could be because of its sampling 

location, such as on the edge of the sampling grid, or closer to a dense root system, 

although care was taken to avoid these kinds of anomalies such as not sampling within 

1 m of a large tree or shrub and not sampling in any of the ditches used for drainage. 

Because all but one of the oak organic samples had grouped together, the cladogram 

was recalculated without oak organic sample number 6 (data not shown). This did not 

alter the groupings between the other samples, suggesting that, although this was an 

anomalous sample, the relationships described here are representative of this data 

with the anomalous sample included. 
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The Corsican pine samples show no distinct separation between the organic and 

mineral layers.  The Corsican pine samples from the same layer that share a clade were 

not taken from adjacent points or were not next to each other on either axis of the 

sampling grid, i.e., their numbers are not consecutive, therefore it can be suggested 

that the plot of forest sampled is more homogeneous between the two layers than 

might be expected or than compared to the oak forest environments.  

 

4.3.1.2 The distribution of Phyla in 20 soil replicates from four soil types 

As with the taxonomic analysis in Chapter 3, only OTUs that could be assigned a 

specific taxonomy with a bootstrap value greater than 70 % were considered. Across 

all individual RNA samples, 67 – 71 % of OTUs were labelled unknowns, meaning the 

majority of reads are unable to be assigned to a particular taxonomy.  

 

For both sets of Corsican pine samples and the oak mineral samples, the Acidobacteria 

are the most dominant phyla across all replicates (figure 4.1). Oak organic samples 

appear more diverse with a greater degree of evenness to the phyla distribution than 

the other soil types, i.e. there are less dominant members of the community, except 

for sample number 4 that is dominated by β/γ-Proteobacteria.  Oak organic sample 

number 3 has a much higher relative abundance of Bacteroidetes RNA reads than any 

of the other samples from any soil type. Corsican pine mineral sample number 4 has a 

much higher concentration of α-Proteobacteria than all other samples. The δ-

Proteobacteria show a constant presence in all samples at a low relative abundance, 

accounting for between 2-13 %. In three Corsican pine mineral samples and two oak 

mineral samples, δ-Proteobacteria account for <6 % of the OTUs identified, meaning 
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that in 15 of the samples δ-Proteobactria account for between 6 and 13 %, which 

shows little variation between samples.  

 

As with the pooled RNA analysis and the DNA samples (section 3.3.4.2), seven phyla 

(and three Proteobacteria classes) are present in all replicate samples; Acidobacteria, 

Actinobacteria, Bacteroidetes, Firmicutes, Planctomycetes, Verrucomicrobia, α-

Proteobacteria, β/γ-Proteobacteria and δ-Proteobacteria. This highlights the ubiquity 

of certain groups in these soils, and the use of replicates helps to support the 

observations that certain higher taxonomic groups show a homogeneous pattern in an 

ecosystem. The few phyla that show high relative abundance are consistently 

abundant across the samples, and those phyla that are rare show a much higher 

variability across all samples. Rare phyla, such as Nitrospirae, Gemmatimondetes and 

Chlamydiae, are detected in ~50 % of the samples in very low relative abundances and 

not detected in other samples. 

 

In Corsican pine mineral samples, Thermomicrobia, uncultured_OP10 and 

uncultured_TM6 all occur only in one sample. Interestingly, these were all found in the 

same sample. Corsican pine mineral samples are different from the samples from 

other soil types as they have a much wider range of the number of phyla (6-15), as 

opposed to between 9 and 11 phyla in the other soil types.  

 

In the Corsican pine organic samples, three of the phyla are detected in only one 

sample, Chlamydiae, Gamma-Proteobacteria (class) and uncultured_OP10.  In Oak 

organic samples, there are also three phyla detected in only one sample, albeit 

different ones (ε-Proteobacteria, Cyanobacteria and Spiraochaetes).  
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Across all replicates, those phyla that only occur in one or two samples per soil type 

occur in very low numbers, mostly <1 %. In terms of numbers of reads, those phyla 

that occur only once per sample have < 95 reads detected, with the majority of 

samples occurring < 10 times suggesting that although this is a highly diverse 

community, there is a definite community selection and certain groups are adapted to 

these soil environments. 

 

All of the replicates have a wide range of phyla, between 9 and 15, with many present 

in low abundance. This shows that, without the replicates, the community would still 

be quite well represented, as none of the samples have been swamped by a single 

phylum. This does not mean, however, that the use of replicates is redundant. There 

are also many differences between the samples that suggest that the use of replicates 

gives a much more comprehensive view of the prokaryotic community in each soil type 

and that some of the more minor groups present need the use of replication in order 

to be detected. 
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Fig. 4.1: Cladogram showing relationships between individual RNA samples with 0.03 
clustering with the distribution of bacterial phyla for each sample. 
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4.3.2 Distribution of reads across all four soil types 

4.3.2.1 Discussion of inclusion of oak organic sample number 6 

Venn diagrams comparing all OTU clusters with and without taxonomic classification in 

the RNA samples, both with and without oak organic sample number 6 are shown in 

figure 4.2. The analysis was repeated excluding oak organic sample 6 (figure 4.2) as the 

cladogram showed this sample to be composed of very different diversity when 

compared to other oak organic samples, suggesting it was an anomalous sample. The 

distribution of OTUs was similar with and without the anomalous sample, suggesting 

that the sample should remain included in the analysis (figure 3.4).  

 

4.3.2.2 Differences between inclusion & exclusion of oak organic sample number 6 

There are three main differences between the two figures. Firstly, there is an increased 

overlap between the OTUs shared between both Corsican pine samples when oak 

organic sample number 6 is removed. Secondly, without the anomalous sample, there 

is an increased overlap in OTUs between both mineral layer samples and the Corsican 

pine organic samples. Finally, there is much less overlap in OTUs shared between both 

Corsican pine samples and the oak organic samples. As the oak organic sample number 

6 grouped with three of the Corsican pine organic samples and two of the Corsican 

pine mineral samples (figure 4.2), this would explain the variation seen in the Venn 

diagram once this sample is removed. 

 

4.3.2.3 Distribution of OTUs for both Venn diagrams including and excluding oak 

organic sample number 6 

Both the sets of data clustered at 0.03 and 0.05 show similar patterns and values 

(figure 4.2). This supports using a more stringent clustering threshold, as the result is 
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not altered and gives greater confidence in any conclusions drawn on this data. The 

data used to create the Venn diagrams included all the clustered data, and was not 

dependent on whether the OTUs could be assigned to a specific taxonomy. 

 

For both RNA including and excluding oak organic sample 6, 7 % of OTUs are shared 

between all 4 soil types. For all RNA soil types including oak organic sample 6, 61 % of 

OTUs are only present in one soil type and 30 % are found at both sites in one or more 

soil layer. 9 % of OTUs are found at only one site but are detected in both soil layers at 

that site, and 6 % of OTUs are only found in either organic or mineral layers at both 

sites.  

 

For RNA samples excluding oak organic sample 6, 62 % of OTUs are only present in one 

soil type and 27 % are found at both sites in one or more soil layer. 11 % of OTUs are 

found at only one site but are detected in both soil layers at that site, and 5 % of OTUs 

are only found in either organic or mineral layers at both sites. As with the DNA 

samples, this suggests a high degree of habitat specificity determining OTU presence, 

although again it is possible this is due to under-sampling. 
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Figure 4.2: Four-way Venn diagram showing the number of OTUs shared between 
RNA samples, including (top) and excluding (bottom) oak organic sample 6 (at a 
clustering threshold of 0.03 (0.05 in brackets). 
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4.3.3 Taxonomic description at family level of all four soil types 

4.3.3.1 Overall taxonomic description 

For this taxonomic analysis, only OTUs that could be assigned a specific bacterial 

phylum with a bootstrap value greater than 70 % were used for analysis. Across all 

RNA samples, 67 – 80 % of OTUs were labelled unknowns. This means the majority of 

reads are unable to be assigned to particular taxa. The possible discussion of 

taxonomic distribution and prokaryote community structure is so vast that it is near 

impossible to be completely comprehensive. Discussed here is an overview of the 

taxonomic variation in these samples. The taxonomic distribution of the grouped 

samples from each of the four soil types can be seen in figures 4.3 – 4.6 and table 4.1.  

Figure 4.3 shows the distribution at phylum level and figures 4.4 – 4.6 at family level.   

 

Discussed in detail in section 3.3.4.2, the distribution of phyla across all four soil types 

show the RNA samples to not be dominated by a single phylum, although in both 

Corsican pine samples and the oak mineral samples Acidobacteria were most 

abundant sequences recovered, accounting for between 31 and 38 % of the OTUs 

assigned to a phylum. In the oak organic sample, the β/γ-Proteobacteria were the 

most abundant sequences recovered. Although not dominant, the α-Proteobacteria 

are a significant proportion of the RNA samples.  

 

In the grouped RNA samples, half the phyla detected individually account for <1 % of 

the diversity as described in detail in section 3.3.5.2. This is also seen in the individual 

replicates, where between 55 and 93 % of the phyla detected in each sample 

accounted for < 10 % of the OTUs that could be assigned taxonomy (figure 4.1). The 

presence of many phyla in low abundances confirms that the method did not show 
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preference toward particular taxa and that the results are suggested to be 

representative of the prokaryote community. 

 

There are a large number of unclassified OTUs at lower taxonomic levels, i.e. family 

and genus. 46 % of OTUs that could be assigned a specific phylum could not be 

assigned to a specific family with bootstrap support of >70 %. This was also the same 

proportion that could not be assigned to a specific genus. This is important as any 

conclusions or observations about the patterns of family or genus distribution are 

based upon only 54 % of the 74 % of OTUs that could be assigned taxonomy at any 

level.  Those groups with the highest numbers of unclassified OTUs are the δ-

Proteobacteria, Planctomycetes, Bacteroidetes (particularly both mineral samples and 

the Corsican pine organic sample), the Acidobacterium (particularly both oak samples) 

and the Firmicutes (also both oak samples) (Figures 4.3 – 4.6). 

 

Those phyla represented by only a single family occurred in low read numbers, <95, 

but often <10 reads (Table 4.1). This low presence in the environment could also be 

the cause of why they are under-represented in culture and not able to be identified to 

family level. 

 

Interestingly, no archaea were detected in these samples. This could be down to 

choice of primer, although when used to investigate prokaryote diversity in marine 

samples, archaea were frequently detected (Huse et al., 2007), or it could be that the 

archaea in these soils occur at such low numbers they were not detected, as archaea in 

moderate soil environments are known to occur in very low numbers (Ochsenreiter et 

al., 2003; Hansel et al., 2008) 
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Phylum Family Number of reads 

Corsican pine Oak 

Mineral Organic Mineral Organic 

Proteobacteria Heliobacteraceae - - - 1 

Thermomicrobia Unclassified 2 - - 2 

Nitrospirae Nitrospiraceae 3 1 18 29 

Spirochaetes Leptospiraceae - - - 1 

Cyanobacteria Unclassified 9 19 1 94 

Bacteroidetes/Chlorobi Unclassified 30 36 - 77 

Chlamydiae Parachlamydiaceae 2 3 7 18 

Gemmatimonadetes Gemmatimonaceae 2 1 6 49 

Chloroflexi Dehalococcoides 

(unassigned family) 

- - - 68 

Uncultured_TM6 Unclassified - 1 1 - 

Uncultured_OP10 Unclassified 1 - - 25 

Uncultured_OD1_OP11_

WS6_TM7 

Unclassified - 1 - 4 

 

4.3.3.2 Phyla showing similar family distributions across samples 

There are many similarities between OTU distribution at family level of the four 

grouped soil samples. The Planctomycetes, although mostly unclassified at the family 

level, show a similar proportion of Planctomycetaceae within each vegetation type 

(figure 4.3). In both Corsican pine samples, 2-3 % of the OTUs that could be assigned as 

Planctomycetes are classified as Planctomyceteaeae, and in the oak samples, 20 and 

22 % of the OTUs classified as Planctomycetes are classified as Planctomycetaceae. The 

Acidobacteria also follow this pattern. Both Corsican pine samples contain more OTUs 

belonging to the family Acidobacteriaceae than unclassified Acidobacterium, 

Table 4.1: Distribution of prokaryotes at the Family taxonomic level in four soil types 
from those Phyla where only one family was detected 
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compared to oak samples that contain more unclassified Acidobacterium than the 

family Acidobacteriaceae.  

 

In all four grouped samples over 95 % of the Verrucomicrobia OTUs are classified as 

Verrucomicrobiaceae (figure 4.3). This is the phylum with the least unclassified 

families, but also one of the least diverse, with only two detected families. This could 

suggest that the phylum is well characterised but not particularly diverse, or that in 

these environments one family dominates whereas under different environmental 

conditions, not sampled here, different families or more diversity is seen within the 

phylum. 

 

 
Figure 4.3: Distribution of prokaryote phyla (clusters at 0.03) detected in the grouped 
RNA samples from all four soil samples (bootstrap support greater than 70%) 
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Figure 4.4: Distribution of prokaryotes at the family taxonomic level in the grouped 

RNA samples (clustering at 0.03) from all four soil types. Individual pie charts are used 

for each phyla and only plotted if more than one ‘family’ is detected (bootstrap 

support greater than 70 %). 

 

4.3.3.3 Phyla showing different family distributions across samples 

The Actinobacteria and Firmicutes show the most variation in family community 

structure across the four soil types. The Firmicutes also have the largest variation of 

unclassified OTUs, ranging from 9 % to 76 % of the taxon classified OTUs.  Two thirds of 

the family groups in the Firmicutes are detected in only one or two of the soil types. 

Balliaceae dominate the Firmicutes in both Corsican pine samples, but only account for 

11 % of the oak mineral sample and 20 % of the oak organic sample. The unclassified 

Actinobacteria show a more stable pattern across the four soil types, accounting for 

between 23 % and 44 % of the phylum distribution at family level. The large variation 

in the assigned families in the Actinobacteria could be because of the large number of 

families detected in these samples and so they naturally create more variation due to 

under-sampling. With greater coverage their distribution may have shown more 

similarity between the four samples. After the unclassified Actinobacteria, the most 

abundant family are the Acidothermaceae, except in the Corsican pine mineral 

samples, which is dominated by the Mycobacteriaceae, although the Acidothermaceae 

still account for 16 % of the Actinobacteria. 

 

Interestingly, the most differences are seen in those phyla that have lower levels of 

unclassified OTUs. The Actinobacteria, as already mentioned, exhibit the most 

variation of all the phyla at the family level. In none of the four soil types do the 
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numbers of unclassified exceed 50 % of the OTUs. This allows for the true diversity of 

the sample to be explored, rather than the sample being over represented by 

unclassified OTUs, which can prevent compositional variation being observed. 

 

The Bacteroidetes and β/γ-Proteobacteria both show similar patterns of family 

distribution except for the oak organic samples (figure 4.3), although this is due to the 

other three soil types having similar proportions of unclassified families. Within the 

Bacteroidetes, the oak organic sample has a much larger number of Flavobacteria and 

much less unclassified OTUs at the family level than the other three samples. In the 

β/γ-Proteobacteria, the oak organic sample contains a greater abundance of 

Comamonaceae and unclassified Burkholderiales than the other three soil types, and 

lower numbers of unclassified β/γ-Proteobacteria. The Gemmatimonadetes in both 

Corsican pine samples and the oak mineral sample were all assigned to the 

Gemmatimonaceae family (table 4.1). In the oak organic samples, however, 11 

sequences could not be classified a family in the Gemmatimonadetes, and so had to be 

classified as unassigned families. 

 

4.3.3.4 Identifying possible members of the ‘rare biosphere’ 

Those OTUs that were detected in very low numbers belong to the ‘tail’ of the rank 

abundance curve, thought to be the ‘rare biosphere’. Every phyla has families within it 

that are detected in low numbers, < 10 reads, except the Chloroflexi (which has only 

one family assigned and only occurs in the oak organic samples), the Bacteroidetes-

Chlorobi, which could not be classified beyond the phyla level, and the 

Planctomycetes, the majority of which are unclassified and only one family is assigned.  
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Of the 133 assigned families, 78 occur < 10 times in each soil type. Of these 78, 46 % 

occur in only one soil type, 35 % in two of the soil types, 14 % in three soil types and 

only 5 % in all four soil types. Interestingly, despite the vast differences in numbers of 

OTUs sequences from each soil type (section 4.2), the numbers of families within each 

soil type that occur < 10 times is similar between all soil types, between 35 and 39.  

 

4.4 Discussion 

4.4.1 Comparison of RNA replicates between the four soil types 

The cladogram (figure 4.1) highlighted the anomalous prokaryote community of the 

oak organic sample number 6. Both in section 3.3.4, in the Venn diagrams in section 

4.3.2.3 and in recalculating the cladogram excluding the oak organic sample number 6, 

it is shown to be anomalous but still representative of the community. The oak organic 

sample number 6 also did not affect the grouping of the other samples in the 

cladogram. The two forest stands generally group together, showing the communities 

are more similar between the soil layers from each site than between the same layer 

at different sites. This is logical in that water and air movement between soil layers 

allows micro-organisms to be transient and movement between the layers is perhaps 

expected, suggesting this is a more important factor than niche selection, which will be 

investigated further in chapter 5. The Corsican pine samples show less grouping in the 

separate layers than the oak samples do. This is perhaps surprising since the organic 

layer of the Corsican pine stand is much deeper than in the oak stand and so it might 

be expected that the difference between communities would be more pronounced. 

 

The use of replicates highlights the overall homogeneity of the samples at phyla level, 

but also shows that there are differences that emphasise the need for replicates when 
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investigating the microbial diversity in environmental samples, particularly soils. For 

example, the dominance of β/γ-Proteobacteria in oak organic sample number 4 would 

have resulted in a misrepresentative view of the community in that soil type if only 

that one sample had been sequenced. This is also true for those phyla that are only 

detected in one sample, as without the use of replicates, diversity would have been 

lost. The homogeneity seen is contradictory to many traditional clone studies (e.g. 

Hugenholtz et al., 1998; Janssen, 2006; Roesch et al., 2007) and suggests that, with 

much deeper sampling, soil prokaryote communities are more homogenous than 

previously thought. However, the overlap in OTUs as shown in the Venn diagrams 

(figure 4.2) suggests the opposite, that there is very little overlap between the 

samples. The difference between these two observations is the use of OTUs and the 

use of a broad, higher level taxonomic grouping of phyla. It is therefore important to 

be very clear about what taxonomic level is being analysed and any conclusions drawn 

should be done conservatively, with consideration given to how a change in taxonomic 

level can affect the observations. 

 

4.4.2 Taxonomic distribution of the four soil types using RNA libraries 

Although briefly described here to help put the family distributions into context, the 

distribution of phyla among the RNA samples is described in more detail in section 

3.3.5.2. Other studies have shown that, at phyla level, soil microbial communities are 

fairly homogenous, with the same groups being present and dominant in many 

different soil environments (e.g. Janssen, 2006; Youssef and Elshahed, 2009). This 

pattern was also seen in this work, with the Proteobacteria, Acidobacteria and 

Actinobacteria being the three most dominant phyla in all four soil types. Within the 

Proteobacteria, there was a divide between the mineral and organic soil layers. In both 



 - 149 - 

mineral layers, the most abundant Proteobacteria class were the α-Proteobacteria, 

whereas in both organic layer samples the β/γ-Proteobacteria were the most 

dominant class.  

 

In a review of 21 clone libraries, between 20-40% of bacteria could be contributed to 

specific genera, highlighting the limitations in current knowledge at lower taxonomic 

levels (Janssen, 2006). This is lower than this study, where 46 % of the sequences that 

could be assigned taxonomy at the phyla level could not be attributed to a specific 

genus. This increase is most likely due to sequencing technology progressing much 

faster than the knowledge of specific sequences. This highlights the need for further 

research into the taxonomy of prokaryotes so that more of the available sequence 

data can be used in taxonomic analysis. Also, in this study a much shorter amplicon 

was used than in the review of clone libraries, which could also lead to less of the 

reads being assigned a specific genus, since it is more difficult to assign taxonomy with 

shorter amplicons (Huber et al., 2009). Interestingly, when assigned to family level, the 

proportion of the community that can be assigned a specific family is also 46 %. The 

number of genera identified was much greater than the number of families, and as so 

many occurred in very low numbers it is more difficult to describe patterns between 

the soil types, which is why the family level was used here.  

 

Phyla dominated by unclassified OTUs at the family level, e.g. Planctomycetes and the 

Acidobacteria in the Corsican pine samples makes it impossible to compare samples 

since the majority of the diversity is hidden within the unclassified portion. This is 

especially important for the Acidobacteria, which has a high relative abundance in all 

four soil types.  
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Those phyla represented by only a single ‘family’ were mostly unable to be assigned 

taxonomically beyond the class level. They occurred in low read numbers, <95, but 

often <10 reads. This low presence in the environment could also be the cause of why 

they are under-represented in culture and not able to be identified to family level. 

 

The distribution of OTUs at the family level of taxonomy shows a wide range of 

biogeographic patterns between the different phyla. Some, such as Verrucomicrobia 

show similar patterns between all soil types (although Verrucomicrobia is dominated 

by the Verrucomicrobiaceae and only contains two known families). Some phyla show 

similar family distribution within the same site but differ between the two sites, e.g. 

Acidobacteria. The Firmicutes show different family distribution between all four soil 

types and the Bacteroidetes show similar patterns in three of the four soil types but 

has a different family distribution in the oak organic samples. This huge variation in 

biogeographic patterns between phyla suggests the possibility that no one model of 

biogeography could be attributed to prokaryotes. 

 

4.4.3 Identifying the ‘rare biosphere’ in the RNA samples 

Approximately half of the OTUs for each soil type are present in single or very low 

number reads (<10). The grouped RNA samples, show a majority of phyla individually 

accouting for <1 % of the diversity. This fits in with what similar studies have observed 

(Pedrós-Alió, 1993; Sogin et al., 2006). 

 

The prokaryote community of these soils was seen as including a rare biosphere and 

discussed in section 3.3.3. This was further seen in this chapter with the identification 
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of 78 families across all but three of the phyla that contained < 10 reads.  Although this 

could be a result of under-sampling (Neufeld et al., 2008), our observations fit in with 

the concept of a rare biosphere as described by Pedrós-Alió (2006a) and, as the same 

number of families are detected in low numbers in the oak organic samples, which 

achieved much greater coverage than the other soil types (section 3.3.4), it can be 

concluded that at least some of those groups detected in low abundance form part of 

a rare biosphere.  

 

4.5 Conclusion 

Detailed taxonomic analysis of the RNA libraries from these forest soils has shown a 

prokaryote community that is extremely diverse. As well as those groups that have 

high relative abundance, we were able to identify members of the rare biosphere, a 

portion of the community that is still very under explored. The small numbers that we 

were able to assign taxonomy to, however, proves how much more information is still 

needed in these kinds of studies to properly understand the rare biosphere. It is also 

still not proven as to whether these are true members of the rare biosphere or 

whether under sampling causes us to observe some phyla in very low relative 

abundances. 

 

Our results showed very little overlap in OTUs between the four soil types, suggesting 

extremely heterogeneous diversity between samples. At the phyla level, however, 

homogeneous patterns of community structure are observed, and the same few phyla 

are seen to be dominant in the majority of samples. At family level, different 

community structure is seen between phyla. Some show homogeneity across all 

samples, other phyla show different family distribution between soil types.  
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We see two general patterns emerging in the distribution of taxonomy within these 

soils. The first pattern lies in the distinction of taxonomic level used to classify the 

OTUs. At higher taxonomic levels, e.g. phylum, the samples show a much more 

homogeneous distribution across the soil types. A few phyla with high relative 

abundance are consistently abundant across most samples. In contrast, phyla with low 

relative abundances tend to show much more variability and were often only detected 

in half of the samples. This could be due to under-sampling, which gives more 

pronounced differences in phyla with low relative abundances, or it could be that, with 

less well established populations, there is more variability in the relative abundances 

of those groups. At lower taxonomic levels, e.g. family or genus, there is much more 

variability and the distribution isn’t consistent across all phyla. Although marred by a 

large proportion of OTUs being assigned taxonomy at phylum level and not at family or 

genus level (~50 % of those identified as a specific phylum can be assigned a specific 

family or genus), it is clear that there are much fewer homogeneous distribution 

patterns across the four soil types.  

 

The second pattern describes the distribution of OTUs across the four soil types. This is 

seen in both the taxonomic analysis and also the cladogram analysis. Although the 

samples are heterogeneous, as seen in the Venn diagrams, there are similarities 

between the soil layers, particularly in the taxonomy of the Corsican pine site and in 

both sites in the groupings on the cladogram. These similarities suggest that proximity 

to an environment is more of a determining factor for what groups are present than 

the environmental conditions that exist there. This will be the focus of chapter 5, 
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where we investigate what influence various environmental parameters have on the 

bacterial diversity of these forest soils. 
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Chapter 5. Using multivariate statistics to assess the 

influence of environmental parameters on 

prokaryote diversity across UK forest soils 

 

5.1         Introduction 

5.1.1 The effect of environmental parameters on prokaryote community 

composition and diversity   

The effect of environmental variables on prokaryote community composition is 

discussed in detail in section 1.4.4. pH and soil moisture content are two of the most 

strongly influencing factors in determining bacterial community composition (Buckley 

and Schmidt, 2001a; Hansel et al., 2008; Sait et al., 2006). The environmental 

concentrations of some metals and nutrients can also potentially determine 

community composition, although this is not always seen. For example, high levels of 

chromium are not seen to adversely affect the diversity of soil microbial communities 

(Zhou et al., 2002). Previous studies, discussed in detail in section 1.4.3 suggest a 

combination of environmental variables shape soil community composition. However, 

the data – although limited - suggests soil depth, carbon availability, pH and water 

content are all seen to have a strong influence on prokaryotic community structure 

(Fierer and Jackson, 2006; Hansel et al., 2008).  

 

Although aggregate size is seen to be an important influencing factor on community 

structure (Ranjard and Richaume, 2001; Lauber et al., 2008), this was not used here as 

the soil texture, although very different between the two sites, was similar within each 

site. Experimental design utilising more soil types would allow for analysis of the effect 
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of soil texture on the bacterial community, but here we emphasised the use of 

replicates and detailed analysis of two forest sites, choosing more analysis with less 

sites rather than less analysis on many sites. 

 

5.1.2 Using multivariate statistics to investigate environmental influences on 

prokaryote diversity 

5.1.2.1 How multivariate statistics are used in microbial ecology 

The soil environment, as with any habitat or ecosystem, is extremely complicated, with 

almost limitless environmental parameters defining it (Sylvia et al., 2005).  When 

attempting to describe the biogeography of an organism or a community, one of the 

most likely influences on biogeographic patterns will be the environmental conditions 

of a particular ecosystem (Hughes Martiny et al., 2006). Multivariate statistics can be 

used with strong effect to reduce the complexity of a sample when many variables are 

being analysed. It identifies which combination of variables is responsible for the 

majority of the variation seen with the samples. It also identifies clusters of similar 

sampling units obeying similar patterns. The most common form of multivariate 

analysis is principal component analysis (PCA). PCA takes a set of variables that are 

matched to a set of sample data and creates new variables, called principal 

components, which are linear combinations of the original variables. The principal 

components are ordered by the amount of variation between samples are described 

by that component. 

 

5.1.2.2 Statistical limitations of PCA 

Statistical constraints mean that it is not possible to compare the effects of 

environmental variables on the complex community structure of the microbial 
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community. It is therefore necessary to investigate what environmental variables have 

the strongest influence on a defined characteristic of the microbial community. Here 

we use a diversity index as a measure of both the relative abundance of OTUs and the 

evenness of the clustered OTUs of the prokaryote community. 

 

Traditionally used in macro ecology, the diversity index would use a ‘species’ as the 

unit of measurement (e.g. Simpson, 1949; McIntosh, 1967). In microbial ecology, the 

‘species’ concept makes it difficult to use this as a measure (section 1.1.4.5). As 

discussed in chapter 4, to use higher taxonomic levels such as phyla loses a lot of the 

diversity of the sample in two ways. Firstly, a large proportion of the sample is 

discarded, as it cannot be assigned taxonomy at phyla level. But also it groups together 

much of the diversity into broad groupings. Using genus or family creates the same 

problem in terms of numbers of sequences discarded from analysis. But also, so many 

OTUs cannot be assigned a particular family or genus that diversity is further 

diminished and the large ‘unclassified’ groups would skew any statistical analysis. 

Consequently, we decided to use OTUs as the unit of measurement for diversity.  

 

This allows the maximum number of reads to be used in the analysis. The main 

limitation with this, however, is that it is not possible to investigate specific groups of 

prokaryotes. For example, it would be interesting to investigate how OTUs diversity 

within different phyla are affected by environmental parameters. 

 

5.1.2.3 Measuring diversity in microbial communities 

There are many different measures of diversity that could have been used here. 

Simpsons Index is a commonly used measure of diversity but, during the calculation, 
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OTUs that are singletons get removed from the community description. As we are 

interested in the importance of the ‘rare biosphere’ and over half of the OTUs 

sequenced occur just once in a sample, we chose to use the Shannon-Weaver Index 

instead, which does accommodate single reads OTUs.  

 

The Shannon-Weaver Index (also known as the Shannon Index or the Shannon-Weiner 

Index) is a measure of the diversity of a sample. As a measure of diversity it takes into 

account the number of species present in a sample and the evenness of the species 

present, i.e. the spread of the abundances of the species present. It uses both the 

abundance and evenness of the species present. The Shannon-Weaver diversity index 

is described further in section 5.2.2. 

 

5.2 Materials and methods 

5.2.1 Sample preparation and soil characterisation 

Soil samples were collected from two different forest sites (one oak stand, one 

Corsican pine stand) and two depths (organic layer and mineral layer) as described in 

detail in section 2.2.1. RNA was extracted and reverse transcribed to cDNA as 

described in section 2.3. Samples were then PCR amplified targeting the V6 

hypervariable region of the 16S SSU rRNA encoding gene and prepared for Illumina 

Solexa genome analyzer sequencing and sequenced using the methods described in 

section 2.6.5. For identification after sequencing, each pooled PCR had a unique 6 b.p. 

barcode integrated as part of the PCR primer sequence effectively adding the barcode 

to the 5’ end of both the forward and reverse primers (table 2.1). 24 different 

barcodes were used for each RNA sample, six from each soil type. Sequence data from 
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the Solexa genome analyzer were manipulated as described in 3.2.2 and OTUs were 

assigned at a clustering threshold of 0.03. 

 

Soil chemistry and physical properties were measured from homogenised soil that was 

used for the nucleic acid extractions and analysed using the methods described in 

section 2.2.3.  

 

5.2.2 Calculating diversity 

The Shannon-Weaver diversity index is calculated using the following equation: 

 

Where: 

S = Total number of species (species richness) 

pi= Proportion of S made up of the ith species 

 

This index uses categorical data to assess both the species richness and evenness of 

each sample, giving a value of overall sample diversity. In place of species, OTU’s were 

used in the calculation. The Shannon-Weaver diversity index was calculated manually 

for all samples in MS Excel. 

 

5.2.3 Principal Components Analysis (PCA) 

Principal Components Analysis (PCA) was performed using the statistical package ‘R’ 

through the web based genome analysis tool ‘Galaxy’ (Blankenberg et al., 2010; 

Goecks et al., 2010). The princomp eigen analysis function in R was used, calculated on 

the correlation matrix. The Shannon-Weaver diversity index values for the 20 RNA 
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samples were compared against 27 environmental variables. As the computation for 

the PCA does not allow a greater number of variables than samples, the analysis was 

done twice; once with pH, soil moisture, carbon, nitrogen, carbon: nitrogen ratio, and 

elements with a soil concentration of > 1000 mg kg-1 and secondly with all elements 

with a soil concentration of < 1000 mg kg-1. 

 

5.3 Results 

5.3.1 Chemical description of the soil samples 

The chemical and physical characteristics of the 20 RNA soil samples are shown in 

tables 5.1 and 5.2. Overall, the Corsican pine organic soils have the most distinctive 

chemistry, with higher levels of many of the elements measured, including S, P, Cu, Zn, 

C, N, Pb and Ca, and higher moisture content in contrast to the other soil types. 

Corsican pine organic soils also contained lower levels of Cr, Fe, Al and K, and was the 

only soil type where Hg was detected in one sample.  

 

In contrast, Corsican pine mineral soils contained the lowest levels of many of the 

elements, including Pb, Sr, S, Ca, Mn, Cu, An, Ni, Ba, Co and Na. This is interesting when 

compared to the Corsican pine organic soils, and it can be suggested there is either 

little transport of elements between the soil layers, or, those that can be utilised by 

plants, invertebrates or micro-organisms in the soil are kept to lower levels by higher 

biological community activity in the lower soil layers. 
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Sample Mn 
mg/kg 

Cu 
mg/kg 

Zn 
mg/kg 

Cd 
mg/kg 

Cr 
mg/kg 

Ni 
mg/kg 

As 
mg/kg 

B 
mg/kg 

Ba 
mg/kg 

Co 
mg/kg 

Na 
mg/kg 

Pb 
mg/kg 

Sr 
mg/kg 

Zr 
mg/kg 

Hg 
mg/kg 

oak min 1 620 16.2 89 5.3 94 33.7 25.2 62 238 15.8 719 136 66 31 1.9 

oak min 2 270 19.5 93 4.7 93 34.0 22.5 70 156 14.3 464 107 54 9 1.8 

oak min 3 1072 14.5 83 4.9 84 31.4 23.8 56 183 30.2 516 71 58 13 1.2 

oak min 4 576 13.5 74 4.6 85 29.5 21.0 54 204 15.5 614 71 61 28 2.1 

oak org 1 1252 22.1 110 6.1 106 42.5 23.7 74 312 20.4 889 154 113 37 1.7 

oak org 2 1124 27.3 136 6.7 120 47.9 31.0 96 319 23.0 946 148 120 23 1.7 

oak org 3 1943 20.4 108 6.0 104 39.9 29.2 73 283 36.0 812 98 93 35 2.1 

oak org 4 828 20.0 96 5.7 103 39.4 26.3 70 250 18.2 759 91 86 33 1.1 

oak org 5 1486 19.9 106 5.3 92 39.2 24.8 67 280 22.1 795 102 109 30 0.5 

oak org 6 1305 26.6 125 5.5 103 42.7 31.1 78 320 18.6 908 130 133 40 1.0 

CP min 1 243 12.0 44 2.6 54 16.6 14.6 25 104 10.5 327 78 27 22 0.3 

CP min 2 104 11.9 53 3.3 74 20.9 23.2 35 127 9.0 399 91 31 28 1.1 

CP min 3 141 8.6 42 2.6 57 14.9 15.8 27 111 12.8 334 62 28 23 0.5 

CP min 4 83 8.4 43 2.9 62 17.5 15.9 35 118 7.7 348 59 28 20 0.3 

CP min 6 480 12.7 53 3.4 73 20.7 16.5 36 154 19.1 430 106 36 35 1.0 

CP org 1 1374 42.1 166 2.1 16 19.9 3.8 26 102 7.2 417 165 52 9 0.0 

CP org 2 583 35.8 133 2.9 43 28.0 11.5 33 184 11.7 537 246 76 31 0.0 

CP org 4 900 31.8 112 3.2 59 28.4 15.1 34 186 22.0 502 233 69 48 0.0 

CP org 5 529 45.5 137 2.6 48 36.5 14.7 31 159 11.8 526 379 54 25 0.5 

CP org 6 658 47.7 151 4.1 53 41.0 11.5 30 195 12.4 551 430 81 37 0.0 

Table 5.1: Concentrations of trace metals in all soil samples used for RNA analysis 



- 161 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample pH 
Total C 

% 
Total N 

% 
C:N 

Moisture 
% 

P 
mg/kg 

K 
mg/kg 

Mg 
mg/kg 

Ca 
mg/kg 

Al 
mg/kg 

Fe 
mg/kg 

S 
mg/kg 

oak min 1 4.48 5.53 0.41 13.56 43.45 851 16102 6618 2644 89739 64046 677 

oak min 2 4.27 4.98 0.41 12.26 36.95 749 13156 7170 1908 81649 64480 637 

oak min 3 4.83 4.41 0.35 12.66 38.87 735 12716 6176 2986 78288 61202 508 

oak min 4 4.86 4.80 0.38 12.59 35.52 718 13487 6052 2751 77685 58707 550 

oak org 1 5.18 12.89 0.79 16.34 55.81 1481 18675 7966 8306 106220 66052 1496 

oak org 2 4.78 15.97 1.04 15.40 56.77 1681 20854 9412 8984 107624 69836 1957 

oak org 3 5.09 10.52 0.68 15.57 49.03 1176 17343 7654 6940 95657 65483 1085 

oak org 4 4.92 8.64 0.60 14.38 46.20 1029 16536 7780 5456 94602 65107 935 

oak org 5 5.08 15.42 0.92 16.68 51.09 1464 16293 7056 9387 91792 55185 1504 

oak org 6 4.94 19.88 1.15 17.30 62.40 1837 17667 7971 11542 98709 59619 2359 

CP min 1 3.92 10.25 0.50 20.72 35.11 827 5380 2460 851 40141 29271 958 

CP min 2 3.96 7.08 0.46 15.48 34.27 756 8001 4038 800 60214 40927 861 

CP min 3 3.89 7.23 0.42 17.31 33.59 734 5729 2818 865 44861 35511 752 

CP min 4 3.76 5.18 0.32 16.33 31.07 599 7039 3419 626 52279 35284 589 

CP min 6 3.72 12.58 0.69 18.31 49.51 1138 8244 3820 1742 57799 40816 1605 

CP org 1 3.90 51.36 2.25 22.81 74.49 2349 3017 1943 14941 8102 5968 9015 

CP org 2 3.96 45.39 2.16 21.00 74.57 3039 5866 3613 15616 26813 16986 8446 

CP org 4 4.20 36.71 1.79 20.55 67.35 2269 6326 3180 9839 36624 26330 5498 

CP org 5 3.72 46.98 1.93 24.32 73.10 2439 6122 3044 11929 29291 18716 7553 

CP org 6 3.75 43.58 1.95 22.30 73.54 2400 6216 3509 15670 30997 20105 8003 

Table 5.2: Chemical variables in all soil samples used for RNA analysis 
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For the majority of the environmental parameters, there are distinct differences 

between all the four soil types. There are a few exceptions to this, however, for 

example K, Mg and B are much higher at the oak site in both layers, and P is measured 

in higher concentrations in both the organic layers. Corsican pine soils from both layers 

are more acidic than oak soils, and both organic layers have higher soil moisture 

contents. The oak soils show much greater homogeneity between soil layers, possibly 

because the organic layer is much thinner at the oak site and so transfer between the 

two layers operates under less spatial constraints. 

 

5.3.2 Diversity measures 

The Shannon-Weaver diversity index values for each RNA soil sample are shown in 

table 5.3, and the mean values for each soil type in figure 5.1. Values of the Shannon-

Weaver diversity index lie between 372 and 1,230. With the exception of the three 

largest values of diversity, which belong to samples collected from the oak organic 

layer, there is little pattern seen between soil types and diversity values. 

 

The mean values show that the two organic layer samples have higher diversity values 

(oak organic 953; Corsican pine organic 713), compared to the mineral layers (oak 

mineral 527; Corsican pine mineral 601) (figure 5.1). There is a greater difference 

between the levels of bacterial OTU diversity between the soil layers in the oak site, 

compared to the Corsican pine. Although the greater number of sequenced reads in 

the oak organic samples resulted in a greater OTU richness being observed, the 

diversity index takes into account species evenness as well, and so the value given for 

the level of diversity should not be affected by the number of reads generated. 
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Sample Shannon-Weaver 

Diversity Index value 

RNA Corsican Pine Mineral 1 819 

RNA Corsican Pine Mineral 2 378 

RNA Corsican Pine Mineral 3 602 

RNA Corsican Pine Mineral 4 328 

RNA Corsican Pine Mineral 6 877 

RNA Corsican Pine Organic 1 661 

RNA Corsican Pine Organic 2 662 

RNA Corsican Pine Organic 4 841 

RNA Corsican Pine Organic 5 847 

RNA Corsican Pine Organic 6 555 

RNA Oak Mineral 1 372 

RNA Oak Mineral 2 627 

RNA Oak Mineral 3 582 

RNA Oak Mineral 4 528 

RNA Oak Organic 1 740 

RNA Oak Organic 2 1,060 

RNA Oak Organic 3 727 

RNA Oak Organic 4 793 

RNA Oak Organic 5 1,170 

RNA Oak Organic 6 1,230 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3: Shannon-Weaver diversity index values for 
each RNA sample 
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Figure 5.1: Mean Shannon-Weaver Diversity Index values for 
each soil type, calculated from the number of OTUs of RNA 
samples grouped into soil types 
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5.3.3 Description of the principal components analysis  

5.3.3.1 Overview of the principal components analysis  

The principal component analysis was carried out twice on the data, once using trace 

elements (those that occur at concentrations < 1000 mg kg-1) and secondly on all 

remaining parameters, as detailed in tables 5.1 and 5.2. 

 

For the PCA investigating the influence of trace elements on prokaryote diversity, the 

first two principal components account for 81.21 % of the variation in the samples. For 

the PCA investigating the other environmental parameters, the first two principal 

components explained 96.20 % of the variation in the samples. Because the first two 

principal components explain the majority of the variation, the rest of the principal 

components were discarded. Loadings for the first two principal components of each 

PCA are shown in tables 5.4 to 5.7. Loadings are only included if the value, regardless 

of sign, is > 0.1. A loading value of < 0.1 means the variable does not contribute to the 

principal component in a significant way. Positive loadings mean that the larger the 

value of that variable, the greater the diversity index value will be. Negative values 

mean that the larger the value of that variable, the smaller the diversity index value 

will be. 

 

5.3.3.2 PCA describing the influence of trace elements on prokaryote diversity 

The majority of the variation in PC1 of the trace element PCA is explained by the 

concentration of zirconium. With a positive loading of 0.8597, with an increase in 

zirconium is expected an increase in diversity. This is a surprising result, since 

zirconium is unknown to have any biological function. This could be an anomalous, 

chance result, or could be an effect of the zirconium on the soil structure or other 
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physical soil attributes as an indirect effect on some other chemicals. After zirconium, 

in PC1, zinc explains the most variation. An essential trace element in all organisms, it 

is an important component in many enzymes. It is therefore perhaps not surprising 

that it influences prokaryote diversity, as it is also in low concentrations in these soils 

compared to other elements (42 – 166 mg kg-1).  The other elements with loadings > 

0.1 have small loading values, < 0.2, and so have limited influence on the level of 

diversity. However, they do still have an impact. Lead has a positive impact on 

diversity, with an increase in lead concentration there is an increase in diversity. This 

could be explained as lead is a poison and so could prevent dominant OTUs from 

establishing large populations and decreasing diversity. Those OTUs that show a 

tolerance to lead would grow successful populations and could be more diverse than 

OTUs able to grow in more favourable conditions. 

 

The second principal component explains a further 25.02 % of the variation seen in the 

diversity of these soils. Nickel is the element with the most influence, an increase in 

nickel leads to an increase in diversity. Nickel is toxic at high concentrations, but 

essential for some enzymes at low concentrations. The nickel concentrations in these 

soils are low (< 50 mg kg-1), it would be expected that at high concentrations the 

positive correlation with diversity would be reversed. 
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Principal Component 1: explaining 56.19 % of variation 

Positive Negative 

Variable Component loading Variable Component loading 

Zirconium 0.8597 Zinc  -0.2936 

Lead 0.1326 Mercury -0.1940 

Barium 0.1272 Boron  -0.1972 

  Manganese  -0.1618 

  Copper  -0.1374 

 

 

 

Principal Component 2: explaining 25.02 % of variation 

Positive Negative 

Variable Component loading Variable Component loading 

Nickel 0.6025 Lead -0.5401 

Copper 0.2367 Boron -0.2852 

Sodium 0.2241 Chromium -0.2347 

Cobalt 0.1141 Manganese -0.2312 

  Barium -0.1242 

 

 

Three of the trace elements are not seen to explain any of the variation in the first two 

principal components: Cadmium, arsenic and strontium. It could be that these 

elements have little effect on the level of diversity in these communities, or it could be 

that there is not enough environmental variation within the samples of these elements 

to clearly show how they influence diversity. 

 

Table 5.4: The component loadings with values > 0.1 for the first 
principal component of the PCA analysing trace elements 

Table 5.5: The component loadings with values > 0.1 for the second 
principal component of the PCA analysing trace elements 
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5.3.3.3 PCA describing the influence of soil parameters (pH, soil moisture, C, N, C:N 

ratio, S, Al, Fe, Mn, K, Mg, P, Ca) on prokaryote diversity 

The second PCA analysis used looks at those elements with concentrations greater 

than 1000 mg kg-1, carbon, nitrogen, carbon:nitrogen ratio, soil moisture content, and 

pH. The results were much more distinct than for the first PCA analysis, with the first 

principal component explaining 70.08 % of the variation in the data. The most 

influential parameter was pH, with a positive loading value of 0.7683. With increasing 

pH, there is an increased value in the diversity index. The next most influencing 

variable is the C:N ratio, which, as it increases, causes a decrease in diversity. The other 

variables describing the first principal component, calcium, aluminium, potassium, 

magnesium, iron, phosphorus and soil moisture content, all have quite low loading 

values, giving a relatively low influence to the level of diversity. 

 

Principal component two of the second PCA analysis explains 26.12 % of the variation 

and is most influenced by the nitrogen and carbon concentrations. With increased 

nitrogen there is an increase in diversity, and with an increased carbon concentration 

there is a decrease in diversity. These are total carbon and nitrogen concentrations, 

however, and this would possibly be different if the organic and inorganic fractions 

were measured separately. All of the parameters in the second PCA analysis describe 

the variation within the first two principal components, i.e. none has a loading value of 

< 0.1 in both principal components. 
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Principal Component 1: explaining 70.08 % of variation 

Positive Negative 

Variable Component loading Variable Component loading 

pH 0.7683 C:N -0.3194 

Calcium 0.1711 Aluminium -0.2755 

  Potassium -0.2441 

  Magnesium -0.2440 

  Soil moisture -0.1852 

  Iron -0.1647 

  Phosphorus -0.1045 

 

 

 

Principal Component 2: explaining 26.12 % of variation 

Positive Negative 

Variable Component loading Variable Component loading 

Nitrogen 0.5435 Carbon -0.5182 

Sulphur 0.4191 Soil moisture -0.2034 

Aluminium 0.2831 Manganese -0.2018 

Iron 0.2470   

C:N 0.1313   

 

 

Biplots were plotted of the first two principal components for both PCA analyses 

(figures 5.2 and 5.3). The samples are clustered depending on how the diversity index 

value is linked to the environmental variation explained by the first two principal 

components. For both sets of PCA, the samples from each soil type grouped 

separately. As the soil is very different between layers and between sites, this is a good 

Table 5.6: The component loadings with values > 0.1 for the first 
principal component of the PCA analysing carbon, nitrogen, pH, soil 
moisture content and elements with a concentration > 1000 mg kg-1 

Table 5.7: The component loadings with values > 0.1 for the second 
principal component of the PCA analysing carbon, nitrogen, pH, soil 
moisture content and elements with a concentration > 1000 mg kg-1 
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indication that the analysis is accurately representing the samples, and highlights the 

distinct levels of diversity described by varying environmental parameters. This also 

helps to describe what environmental parameters are helping to explain the diversity 

within each soil type. For example, in the first PCA analysis (trace elements), both 

Corsican pine layers group positively with PC1, which is explained by zirconium, lead 

and barium. The Corsican pine mineral layer groups negatively with PC2, explained by 

lead, boron, chromium, manganese and barium, whereas the Corsican pine organic 

samples group positively with PC2, where the variation is explained by nickel, copper, 

sodium and cobalt. Where a set of samples group with a principal component at the 

zero level (such as oak organic samples with PC2 and oak mineral samples with PC1), 

the diversity is not influenced by either the positive or negative loadings. 

 

Both oak layer samples group positively with PC1 on the second PCA analysis, with the 

variation explained by pH and calcium concentrations. Variation in Corsican pine 

organic samples and oak mineral samples is not explained by PC2, which is accounted 

for by nitrogen, sulphur, aluminium, iron and the C:N ratio.   

 

The results highlight the complexity of the soil environment and the intricate 

relationships between environmental parameters in these forest sites. The most 

influential parameter is pH and the trace elements (those with a concentration < 1000 

mg kg-1) overall show that all work together to determine the diversity in the samples.  
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Figure 5.2: PCA investigating the influence of trace elements on 
prokaryote diversity in UK forest soils. Comp.1 refers to PC1, loading 
values of which are given in table 5.4. Comp.2 refers to PC2, loading 
values of which are given in table 5.5. The shaded areas relate to the 
four different soil types. 
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Figure 5.3: PCA investigating the influence of pH, soil moisture content, 
carbon, nitrogen, C:N, and those elements with concentrations > 
1000mg kg-1 on prokaryote diversity in UK forest soils. Comp.1 refers to 
PC1, loading values of which are given in table 5.6. Comp.2 refers to 
PC2, loading values of which are given in table 5.7. The shaded areas 
relate to the four different soil types. 
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5.4 Discussion 

5.4.1 Diversity measures of the prokaryote community of these forest soils 

The soil environments investigated, as would be expected, are seen to be incredibly 

complex. The difference in chemistry between the soil layers was seen to be greatest 

in the Corsican pine samples, possibly because of the more discrete separation 

between the organic layer and mineral layer at the Corsican pine site. The oak site, in 

comparison, has a much thinner organic layer and therefore differences between the 

layers will be less pronounced as there would possibly be more transport of elements 

between the soil layers. Despite this, distinct differences were seen between all four 

soil types. 

 

The measure of diversity of each of the soil samples was based upon the distribution of 

OTUs within each sample. The values of the Shannon-Weaver diversity index show a 

large amount of variability between all the samples, although the three highest values 

belong to the oak organic samples. At both sites, the organic samples were observed 

as being more diverse than the mineral samples. 

 

Both PCA investigations showed the majority of variation explained by the first two 

principal components, proving that this was an appropriate analysis for this dataset. 

The PCA investigating the influence of trace elements on prokaryote diversity 

suggested a strong influence of zirconium on the diversity of prokaryote, and the 

remainder of the trace elements more equally explaining the variation in the samples. 

This could be because the prokaryote community requires a wide range of elements to 

survive, and so all trace elements interact together to explain variation of diversity 

within the samples. 
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In the second PCA, pH is seen as the most influential parameter in explaining the 

variation in diversity in these forest soils. This supports previous studies (e.g. (Fierer 

and Jackson, 2006)). The second most influential parameter is the carbon: nitrogen 

ratio, which matches the loadings in the second principal component where carbon 

and nitrogen are seen as being a significant influence on diversity. 

 

Biplots  (figures 5.2 and 5.3) show that for both sets of PCA, the samples from each soil 

type grouped separately. This proves that the differences seen in environmental 

parameters between the four soil types are expressed in the variation of the measure 

of diversity. The results again highlight the complexity of the soil environment and the 

intricate relationships between environmental parameters in these forest sites.  

 

As well as those environmental variables used in this analysis, there are many more 

that would also have an influence on the bacterial diversity of these soils. Interactions 

with other organisms are likely to affect the diversity of prokaryotes, i.e. root biomass 

and the interaction between prokaryote and micro-eukaryotes such as fungi. Abiotic 

factors, such as different carbon and nitrogen fractions (e.g. organic C, inorganic C, 

soluble C) and the effect of gas concentrations in the soil pore spaces, such as 

methane, nitrous oxides and carbon dioxide could also be considered alongside the 

chemical analysis done here. Physical factors such as bulk density, water holding 

capacity and pore size distribution may also affect the diversity in these soils. 

Mathematical constraints as to the number of variables computable with 20 samples 

would mean all of these cannot be considered in one statistical test unless the 

sampling strategy was greatly increased, but grouping variables to see which physical 
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factors have an effect, which carbon fractions etc.,  can still hold very useful 

information, as is shown in the results here. 

 

5.5 Conclusion 

The results confirm those observations seen in previous studies, with pH showing the 

strongest influence on prokaryote diversity, followed by the carbon:nitrogen ratio. We 

also observed a surprising result when investigating trace elements, with zirconium 

having a strong influence on prokaryote diversity. It was also highlighted that all but 

three of the 27 environmental parameters had an influence in the first two principal 

components of the PCA. This suggests that, when analysing the ‘whole’ prokaryote 

community, it is the complex interactions of environmental variables that dictate 

prokaryote diversity. The samples in each of the soil types group together in the first 

two principal components of each PCA, emphasising the differences between the four 

soil types and that the environment is determining the diversity. This work highlights 

the complexity of the relationship between the prokaryote community structure and 

the environmental conditions of the soil.  
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Chapter 6. Conclusion 

 

6.1  General conclusions from this study 

The main aims of this research were to test the effectiveness of the Illumina Solexa 

sequencing technology at investigating prokaryote diversity of forest soils, and to 

describe the prokaryote community based upon both DNA and RNA analysis across 

four different UK soil environments; both the organic and mineral layers of two forest 

sites, an oak stand and a Corsican pine stand. In addition to this, we also aimed to use 

multivariate statistics to describe how a suite of environmental variables interact to 

affect soil prokaryote community composition and diversity. 

 

Our experimental approach aimed to improve on previous diversity studies (e.g. (Sogin 

et al., 2006; Neufeld et al., 2008; Buée et al., 2009; Brazelton et al., 2010; Galand et al., 

2009a; Jumpponen and Jones, 2009; Schutte et al., 2010; Stoeck et al., 2010) in a 

number of ways; 1.) Using the Illumina Solexa technology to increase the amount of 

data produced; 2.) Decreasing the error rate within the sequencing process, as the 

Solexa does not tend to suffer from homopolymer errors like 454 sequencing 

(Shendure and Ji, 2008, Ansorge, 2009; Huse et al., 2010; Kunin et al., 2010); 3.) 

Compare the use of DNA and RNA based analysis, to investigate whether using DNA 

can be considered representative of the metabolically active community; and 4.) To 

use multivariate statistics to determine what environmental factors have the largest 

influence on the prokaryote diversity of UK forest soils.  
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We found the Solexa sequencing method to be a very effective way of investigating 

prokaryote diversity. The main advantages of this method are the greater sampling 

depth and lower error rate compared to other next generation sequencing 

technologies, which resulted in 875,836 RNA reads and 3,695,785 DNA reads being 

used for the final analysis. However, even with such large numbers of reads, sampling 

saturation was still not reached (e.g. figure 3.1). Within this data, we saw very little 

overlap between DNA and RNA samples, suggesting that the use of DNA, whilst 

informative, gives little information about the OTUs that are metabolically active 

within these soils. As well as this large pool of diversity we also identified what can be 

described as a ‘rare biosphere’ (Pedrós-Alió, 2006a) within the prokaryote community. 

Although supporting previous diversity studies, where the community structure 

consists of a few dominant OTUs and many OTUs present in low or single numbers, our 

results suggest that the rare biosphere only constitutes approximately half of the OTUs 

detected, which is up to 25 % less than diversity studies using 454 sequencing e.g. 

(Buée et al., 2009; Stoeck et al., 2010). This is most likely due to the much decreased 

rate of error in the Solexa sequencing compared to 454 sequencing. 

 

In chapters 3 and 4 we described in detail the taxonomic composition of the four soil 

types sampled. Distinct differences were observed between the RNA and DNA 

samples, with DNA being dominated by α-Proteobacteria, whereas RNA samples were 

more diverse, the most abundant phyla being Acidobacteria, and β/γ-Proteobacteria. 

The presence of a few dominant phyla across all samples matches what previous, large 

scale clone library studies have found (Janssen, 2006; Youssef and Elshahed, 2008). 

Within the RNA samples, we observed two patterns of taxonomic distribution across 

samples. At higher levels of taxonomy, e.g. phyla, the communities show a 
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homogeneous distribution across all samples, with Acidobacteria, β/γ-Proteobacteria, 

and α-Proteobacteria dominating the majority of OTUs classified with taxonomy, 

whereas at lower taxonomic levels, e.g. family and genus, there is much more 

heterogeneity across the samples. Analysis at family or genus level is limited by the 

level of taxonomic knowledge of prokaryotes currently available. 70 % of the OTUs 

could not be assigned taxonomy at the phylum level (bootstrap support > 70%). 54 % 

of those OTUs that could be assigned taxonomy at phylum level could not be assigned 

taxonomy at the family level (bootstrap >70 %). This results in only 13.8 % of reads 

being assigned taxonomy at the family level. However, even with these constraints 

distribution patterns at the family level are seen within each phylum. Some show 

homogeneity across all four soil types, e.g. Planctomycetes, whereas some phyla show 

marked differences in family composition between the four soil types, e.g. 

Actinobacteria and Firmicutes. We also observed that those phyla that are rare in the 

database, and have limited family level taxonomic description, are rarely detected in 

these samples, e.g. Thermomicrobia. This could suggest that, because they are rarely 

detected and therefore not well characterised, a number of the OTUs that could not be 

assigned taxonomy could belong to these uncharacterised groups. Alternatively, they 

could truly represent rare members of the community that are not found in high 

relative abundance in the environment. 

 

When the level of diversity in these samples is compared against a range of 

environmental parameters using principal components analysis, we see that pH is the 

most influential factor determining levels of diversity in these samples, which supports 

findings from previous studies of soil bacterial diversity (e.g. Fierer and Jackson, 2006). 

Also of importance is the carbon:nitrogen ratio, which could relate to those studies 



 - 178 - 

showing a strong link between organic carbon and microbial community structure (e.g. 

(Zhou et al., 2002; Lauber et al., 2008), and concentration of zirconium and zinc. This is 

surprising and has not been documented previously, but the influence of many 

different elements highlights the complex nature of how the environment influences 

prokaryote communities (Zhou et al., 2002). The PCA also highlighted how almost all 

the environmental parameters worked together to affect prokaryote diversity in these 

soils. This work also showed that each soil has its own unique fingerprint of diversity. 

This could be because of under-sampling, or it could be a genuine, distinct and 

extremely diverse community profile within each soil type. 

 

6.2 Future work 

This work, although providing further knowledge on the prokaryote diversity of UK 

forest soils, leads to many more unanswered questions about these communities. 

Firstly, our sequencing strategy did not reach sampling saturation. Greater coverage, 

by using every improving technology and more capacity on future genome sequencing 

platforms, to reach sampling saturation would remove this limitation from conclusions 

drawn from our results.  

 

Our observations about the rare biosphere help confirm the idea that the rare 

biosphere exists in soil environments, as has been suggested for aquatic environments 

(Sogin et al., 2006; Dawson and Hagen, 2009; Stoeck et al., 2010), but questions what 

proportion of the community it represents. Sequencing error, such as homopolymer 

error in 454 sequencing, has led to questions about what proportion of single OTUs 

measured in the environment is truly part of the ‘rare biosphere’ (Kunin et al., 2010). 

The use of more replicates to further identify members of the rare biosphere and also 
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to investigate how much of the community is present in very low numbers would help 

to answer these questions. We have observed that using replicates increases the 

ability to identify members of the rare biosphere. Therefore, if greater replication was 

used in studies such as these, then the alternative hypothesis that the rare biosphere 

does exist in these soil environments but is a lot smaller than previously thought, could 

be tested. If the null hypothesis was proved, then the estimated ~70 % of OTUs 

detected in the environment that make up the rare biosphere would be accepted. It 

would be expected, based on the much lower sequencing error rates seen in this 

study, that the rare biosphere exists in these soils, but that it is smaller than observed 

in aquatic environments when investigated using 454 sequencing (e.g. Buée et al. 

2009; Stoeck et al. 2010). 

 

The taxonomic analysis here provides much information about the overall diversity of 

these samples. However, the analysis at the family level highlights the greater amount 

of variation seen at lower taxonomic levels. In order to investigate this further, group 

specific primers would allow the amplification of specific phyla that could then be 

sequenced and used within the multivariate statistical framework to describe how 

environmental parameters influence the diversity of specific phyla. The null hypothesis 

for this work could be that there is no difference in the way environmental parameters 

affect the diversity of individual phyla when compared to the whole prokaryotic 

community. Based on the observations in the work presented here, we would expect 

that the alternative hypothesis would be supported, i.e. that different phyla, showing 

different family distributions across soil types, would be influenced by different 

environmental variables.  
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If it is seen that the diversity of different phyla are influenced by different 

environmental parameters, it could be suggested that no one biogeographic model 

(Hughes Martiny et al., 2006) represents the entire prokaryote community and that 

different phyla behave in different ways. This could be further expanded using 

augmented niche experiments. Soil microcosms controlled in the laboratory could be 

spiked with different prokaryote populations, exposed to varying environmental 

conditions, and the resultant changes in that population investigated. We would 

hypothesise that different phyla and different individual OTUs would respond 

differently to changes in the soil environment, depending on an OTUs ideal growing 

conditions. This kind of experiment allows for very controlled investigation of growth 

and activity, yet using microcosms rather than pure culture represents a more realistic 

environment in which to analyse these populations. 

 

Finally, we measured 27 environmental parameters to investigate how the 

environment affects soil prokaryote diversity. As well as investigating different 

environments; vegetation type, soil type, different geographic locations, there are 

many more possible variables that could have been used, e.g. physical soil 

characteristics, more detailed chemistry and biological parameters. This would provide 

a much more comprehensive understanding of the relationship between the soil 

environment and the prokaryote community. This would help us to understand how 

changes in the environment affect prokaryote diversity and community composition. 

This is important for the assessment of the effects of land use changes, land 

management and for identifying which aspects of the prokaryotic community are 

important for which components of environmental processes. 
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