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Since the first use of 16S rRNA genes as markers for bacterial classification and 

detection, the appreciation of bacterial diversity has expanded dramatically. For instance, 

the Bacteria are now known to comprise of over 50 described Phylum-level lineages 

(although some would place this number above 100). Only two decades ago, the established 

number of bacterial phyla was a total twelve. Thus, our ability to interrogate environmental 

samples with molecular biological methods, especially those targeting rRNA gene markers, 

has been the principle development that has allowed for our detection and characterization 

of the true breadth of bacterial diversity. However, this expansion of sequence knowledge 

has not been matched by cultivation and physiological studies. As a result, the majority of 

bacterial lineages, including many that are diverse and widespread in the environment, are 

not represented, or poorly represented in available culture collections. Thus, there exists are 

large gap between our ability to detect bacterial diversity and our knowledge of the 

functional attributes of these diverse organisms.   

The main objective of the research described in this thesis was to help bridge this 

gap for two highly diverse and abundant bacterial phyla in soil habitats, the Acidobacteria 

and Verrucomicrobiales. Given the difficulties associated with the cultivation of most 

members of these two phyla, this thesis sought to apply cultivation-independent 

metagenomic approaches in order to gain insight both into their diversity and genomics 

properties. To achieve this main objective, the following activities were undertaken: 1) the 

diversity and abundance of Acidobacteria and Verrucomicrobia in an experimental field 

site were assessed, 2) recovered Acidobacteria and Verrucomicrobia sequences were 

classified and analyzed, 3) large-insert metagenomic libraries of the same field soil were 

constructed for the recovery of genome fragments of acidobacterial and verrucomicrobial  

origins, and 4) genome fragments were subjected to full sequence determination, annotation 

and genomic analysis. This last chapter summarizes the results presented in this thesis, 

examines the significance of the findings, and provides comment on technical 

developments that have furthered the field of metagenomics in recent years. 
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Diversity and abundance of Acidobacteria and Verrucomicrobia at an experimental field 

site 

Given that Acidobacteria and Verrucomicrobia are common in soil environments 

(Janssen, 2006), it was first examined if plant species exert differential influence on the 

presence, community structure and diversity of these groups. This was performed in the 

context of a study on the general influence of plant diversity treatments (agricultural field 

after the 1995 harvest season was divided into plots naturally colonization by weeds (C), 

sown with low (L) or field or high (H) seed diversity; detail description in Chapter 3 on the 

structure and diversity of soil-borne bacterial communities (Chapter 3). This study was also 

carried out in order to be able to select the target soil for subsequent metagenomic library 

construction (for which it was desired to target communities with a high diversity and high 

relative abundance of Acidobacteria and Verrucomicrobia).  

Based upon 16S rRNA gene libraries, soil-borne bacterial communities were 

observed to have lower diversity in the rhizosphere as compared to bulk soils. However, the 

community structure and diversity of the bacterial community appeared not be related to 

plant species or plant diversity treatments (Chapter 3). Using family- and phylum-level 

comparisons, based upon putative sequence identifications, specific bacterial groups could 

be identified that were disproportionately recovered in either the rhizosphere or bulk soil 

libraries. Especially relevant to this thesis, Acidobacteria were found to be overrepresented 

in bulk soil libraries (19.5 % vs. 10.5 %), whereas the Verrucomicrobia were 

overrepresented in the rhizosphere libraries (0.8 % vs. 0.4 %). Some bacterial families and 

phyla were also differentially distributed across the different plant diversity treatments of 

the field experimental site analysed, but few consistent patterns could be found with respect 

to field treatment. Thus, while soil compartment (bulk versus rhizosphere) exerted a large 

effect on bacterial diversity and community structure, few discernable effects could be 

found with respect to vegetation patterns. Similarly, individual plant species were found to 

have little effect on the diversity, structure or size of associated rhizosphere bacterial 

communities. This lack of a specific plant response was also observed in community 

profiling and quantitative studies specifically targeting the Acidobacteria and 

Verrucomicrobia. Therefore, it was generally concluded that field history (intensive 

agricultural practice) and/or dominant soil physio-chemical factors are more important in 

determining broad-scale patterns of microbial communities than plant species effects. 

 The observation that Acidobacteria were poorly represented in rhizopshere 

communities is consistent with previous observations by Marilley & Aragno (1999), 

Sanguin et al. (2006) and Fierer et al .( 2007). The rhizosphere is known as a hotspot for 

microbial activity, due to the availability of plant-derived growth substrates among the 

nutrient poor environment of the bulk soil. Thus, the observed preference of Acidobacteria 

for bulk soil conditions suggests an oligotrophic lifestyle, and recent genomic studies of 

three isolates within this phylum (Ward et al., 2009), support the notion that Acidobacteria 

are generally well-suited to low nutrient environments, such as the bulk soil. It should, 
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however, be noted that the Acidobacteria represent a broad and no doubt physiologically 

diverse phylum, and these general lifestyle traits may not hold for all Acidobacteria.  

 The 16S rRNA gene-based taxonomic classifications, as well as libraries 

comparisons (bulk v. rhizosphere), described in Chapter 3 were determined using the RDP 

Classifier Tool and RDP Library Comparing Tool (Cole et al., 2005). For these analyses, it 

was necessary to use a relatively low confidence level of 50 % (Table 1; detail explanation 

Chapter 3). Use of higher confidence levels (e.g. 80 %) resulted in a large fraction of the 

recovered sequences that remained unclassified. Especially relevant to this study was the 

observation that a high fraction of potential Acidobacterial and Verrucomicrobial sequences, 

as determined at lower confidence levels, yielded inconclusive results at higher confidence 

levels. These difficulties stemmed from the fact that RDPII release 8, which was used for 

these analyses, only contained 74 Acidobacterial and 94 Verrucomicrobial sequences 

among over 40, 000 16S rRNA gene sequences represented. As sequence information 

continues to rapidly accrue, so too does our ability to classify 16S rRNA gene sequences 

recovered from the environment. Recently, RDPII release 10 update 11 has become 

available, which now contains a total of 856,341 16S rRNA gene sequences, including 

4555 of Acidobacterial affiliation and 3002 affiliated with the Verrucomicrobia. 

Performing the same analyses with this currently available dataset allows for much better 

sequence classification with a much higher level of confidence (Table 1). As expected, 

especially sequences within the Acidobacteria and Verrucomicrobia are classified with a 

much higher degree of accuracy. 

 

Table 1. Phylum-level (for Proteobacteria also on the class level) pair-wise differences between additive bulk soil 

vs. additive rhizosphere clone libraries. 

Bulk soil versus rhizosphere 

RDPII release 8 RDPII release 10 

80% 70% 60% 50% 80% 

Planctomycetes * Planctomycetes * Planctomycetes * Planctomycetes* 
Acidobacteria*     

(P=0.00278) 

Verrucomicrobia* Verrucomicrobia* Verrucomicrobia* Verrucomicrobia* 
Verrucomicrobia* 

(P=0.00391) 

   Acidobacteria* 
Planctomycetes * 

(P=0.00418) 

Comparison of pooled [natural colonization (C), low-diversity (L), high-diversity (H) and continued monoculture 

(M) libraries] rhizosphere vs. bulk soil libraries was performed using the RDP tool with the default threshold from 

50% to 80%. In total, bulk soil and rhizosphere libraries each contained 256 clones.  

* P<0.01. 

 

 

Although broad patterns of microbial distribution could be observed within the 

modestly sized 16S rRNA gene clone libraries analysed in Chapter 3, greater resolving 

power could have been achieved with the use of recently introduced ultra-high-throughput 

rRNA tag sequencing approaches (Cardenas & Tiedje, 2008; Medini et al., 2008). Indeed, 

Colwell & Coddington (1994) have demonstrated that accumulation curves and phylotype 
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richness estimators converge to a stable level representing the true phylotype richness as the 

size of the library increases. With the falling costs of high throughput sequencing methods, 

deep sampling studies of soil-borne communities are now possible (Roesch et al., 2007), 

which should lead to more detailed analyses of the microbial community dynamics related 

to key factors such as vegetation, soil compartment and soil properties. Similarly, the recent 

development of high density phylogenetic microarray platforms (DeSantis et al., 2007) now 

allows for detailed studies of soil communities across multiple samples (E. Kuramae et al., 

unpublished). Although such advances are providing an unprecedented volume of data on 

the distribution of microbial taxa, it must be kept in mind that such phylogenetic 

approaches still provide only correlative information with respect to microbial functions.  

 

Analyses of Acidobacteria and Verrucomicrobia diversity 

Using the information gained from the general survey of bacterial diversity in  

rhizosphere versus bulk soil (Chapter 3), the diversity within the phyla Acidobacteria and 

Verrucomicrobia was further examined by phylogenetic analyses via three independent 

approaches: 1) screening of a fosmid metagenome library (28,800 clones); 2) analysis of 

sequences recovered in PCR-cloning procedures using general bacterial primers (Chapter 

3); and 3) PCR-cloning of 16S rRNA gene sequences with primers specific for each of 

these phyla. 

All three approaches most commonly recovered Acidobacteria-like sequences 

affiliated with subdivisions 6, 4, 3, and 1 (Chapter 4). These subdivisions have previously 

been reported to be especially abundant in soil habitats (Kuske et al., 1997; Barns et al., 

1999; Janssen, 2006; Eichorst et al., 2007; Hansel et al., 2008). A high diversity of 

Acidobacteria was also observed, with nearly all clones being unique at the 95% sequence 

identity cut-off level. However, clear differences were also observed in comparing the 

results of the different approaches used. The general bacterial 16S rRNA gene libraries 

recovered the broadest range of acidobacterial diversity. The other two approaches 

(metagenomic library screening and Acidobacteria-specific libraries) both relied on a 

primer that is specific for the phylum Acidobacteria (Barns et al., 1999). Many of the 

differences between the three methodologies used could be attributed to the incomplete 

coverage of this primer. It was demonstrated that this primer contained numerous 

mismatches to many Acidobacteria 16S rRNA genes, including many members of 

subdivisions 2, 7, 8, and 10 (Chapter 4). Indeed, members of these subdivisions were 

detected only in the general bacterial library which was constructed independent of the 

Acidobacteria phylum-specific primer. Fortunately, with the newly obtained 16S rRNA 

gene sequence information gained within this thesis and elsewhere (Barns et al., 2007), we 

are now in a better position to develop improved primers and probes specific to 

Acidobacteria and various subdivisions within this phylum to facilitate diversity studies 

and the screening of the metagenomic libraries. 
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The lack of sufficient information regarding Acidobacterial 16S rRNA gene 

sequences of less well-studied subdivisions could have caused some bias in the 

metagenomic library screening. However, the relatively low coverage of the metagenomic 

library reduces the chance of recovering less dominant Acidobacterial subdivisions. Also, 

the classification of Acidobacterial 16S rRNA gene sequences has been very dynamic 

recently. In all of the studies presented in this thesis, the classification of Acidobacteria 16S 

rRNA gene sequences followed the scheme proposed by Hugenholtz et al. (1998), which 

divides the phylum Acidobacteria into 8 subdivisions. However, Zimmermann et al. (2005) 

suggested the existence of at least 11 subdivisions (based on 23S and 16S rRNA gene 

sequences). The number of proposed subdivisions has recently been expanded yet again, to 

a total of 26 subdivisions (Barns et al., 2007). It seems that with each new study on bacteria 

diversity, especially those employing novel high throughput techniques like 

pyrosequencing, or new primers targeting a broader spectrum of bacteria, an expanded 

diversity within the phylum Acidobacteria is detected (Jones et al. 2009).    

In the case of the Verrucomicrobia (Chapter 6), all three different cloning 

strategies (general bacterial PCR-cloning, Verrucomicrobia-specific PCR-cloning and 

metagenomic library screening) recovered a majority of clones from within 

Verrucomicrobia subdivision 2. Although the sample size was small, findings are in 

agreement with previous studies including a meta-analysis of 32 different 16S rRNA gene 

libraries (Janssen, 2006). All three strategies also recovered sequences from subdivision 1, 

which has also been reported to be prevalent in some soils. However, given the low number 

of examined clones (4 from metagenomic, 9 from general bacterial and 26 from phylum 

specific library), especially from the metagenomic library, it is premature to conclude that 

the three methods are truly similar in their recovery of sequences from across the breadth of 

this phylum.  

      

Construction of a large-insert metagenomic library, selection of Acidobacterial and 

Verrucomicrobial genome fragments and their characterisation 

Chapter 5 describes Acidobacterial genomic fragments sequences, which were 

recovered from a metagenomic fosmid library and subjected to full-length sequencing and 

gene annotation. Gene annotation identified a total of 350 ORFs, representing a wide range 

of functions. No conservation of gene order was observed adjacent to the ribosomal 

operons, except for a number of clones affiliated with subdivision 6. Four clones recovered 

in this study exhibited a conserved syntenic region previously found in a number of other 

environmental clones (Quaiser et al., 2003; Quaiser et al., 2008), containing genes involved 

in purine de novo biosynthesis. This syntenic region is unique only for this subdivision of 

Acidobactria. As it was found in three independent studies in metagenomic libraries, of 

different habitats, differently constructed and screened, we can presume that these findings 

are not due to any methodological bias. Instead it points to the presence of a single copy of 

ribosomal operons in the host bacterial genomes being characteristic for this subdivision. 
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As a consequence of a single copy we expect high conservation of the ribosomal operon 

and possibly also for its adjacent genome region.     

Full-length sequencing of Verrucomicrobial fosmid inserts was also performed 

and is presented in Chapter 6. Subsequent gene annotation identified a total of 100 ORFs, 

representing a range of functions. No conservation of gene order was observed adjacent to 

the ribosomal operons.   

The 16S rRNA gene, with its regions of high and low nucleotide sequences 

conservation, is commonly used as a standard marker for microbial classification and 

phylogenetic reconstruction. However, the phylogenies derived from sequences of protein-

coding genes often do not follow the same patterns as discerned from 16S rRNA gene 

sequences. This inconsistency is often a result of horizontal gene transfer event. With the 

increased number of fully sequenced bacteria genomes it is now possible to determined the 

extent to which 16S rRNA gene-based phylogenetic relationships are reflected in the 

nucleotide usage patterns of individual organisms (Pride et al., 2003). It is well known that 

organisms and phyla differ in their overall base compositions, and recently used parameter 

of genome composition is that of tetra-nucleotide usage patterns (Karlin et al., 1998; 

Bentley & Parkhill, 2004; Bohlin et al., 2008). The advantage of using tetra-nucleotide 

frequencies is that there is no need for amino-acid or nucleotide alignments or knowledge 

of coding and non coding-regions. Aberrations in tetra-nucleotide usage frequencies can 

provide evidence of the presence of foreign DNA, i.e. loci of HGT. Such evidence can then 

be followed up by phylogenetic reconstruction of the genes contained in the putatively 

foreign regions. Presence of genes affiliated with distantly related organisms lends strength 

to the supposition of past HGT.  

To search for potential regions of HGT, the sequences of the four 

verrucomicrobial fosmids, and selected acidobacterial fosmids, were subjected to tetra-

nucleotide frequency analysis (chapters 5 and 6). These analyses revealed several fosmids 

that contained regions of aberrant tetra-nucleotide usage, and genes within several of these 

sites were often not affiliated with genes from these phyla. Thus, it appears that several 

putative sites of past HGT events were detected, also more extensive genomics 

investigations are necessary to determine the prevalence of HGT in the shaping of genomes 

from these phyla. With the increasing number of studies on bacterial complete genome 

sequences, it is becoming abundantly evident that HGT has played an important role in the 

evolution of bacterial genomes (Gogarten  et al., 2002; Koonin & Wolf, 2008), and 

metagenomic approaches provide the ability to examine the implications of HGT on the 

evolutionary of bacteria not yet in culture. 

Several issues complicate the interpretation of metagenomic datasets. For instance, 

species identifications rely on the use of the reference databases or reference phylogenies 

that contain sequences of known origin and gene function. Therefore, databases tend to be 

biased toward model organisms, which results in a large portion of data from environmental 

samples going unclassified. Furthermore, much of the annotation of genes from bacterial 
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genomes is performed based upon homology and inference. Thus, it is difficult to determine 

the accuracy of many gene annotations.  Even if gene annotations can be trusted, it is 

difficult to predict the ecology of the organisms, based upon only a limited fraction of a 

cell’s genome. Although metagenomic approaches have the potential to recover 

ecologically informative genes (Beja et al., 2000a), the majority of genes recovered 

typically code for housekeeping functions of hypothetical proteins that provide limited 

niche-defining potential. 

Also, the approach applied in this thesis was restricted to recovering regions 

adjacent to rRNA operons. Expanding the breadth of DNA capture will be an important 

step forward in metagenomic research. Now that Acidobacterial and Verrucomicrobial 

genomic sequences are becoming available (Ward et al., 2009); 

http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.html), this might be 

achieved by end-sequencing of large insert libraries followed by sequence comparison and 

binning.  

 

Future perspectives 

The amount of sequence information being submitted to sequence databases is 

growing exponentially, and is comprised of data that describes the genetic makeup of 

genomes, pan-genomes and collective community genomes, so-called metagenomes. 

Metagenomic approaches are becoming increasingly important in various fields of 

microbial ecology. However, the datasets that are generated are complex and their 

interpretation even more so. Although metagenomic approaches can give hints into the 

physiology of the organisms inhabiting the environment under study, it remains difficult to 

relate specific microbial traits in a dataset to environmental processes. When attributes of 

interest are uncovered in metagenomic analyses it is therefore necessary to follow up such 

studies with specific studies directed at the genes and organisms of interest, as exemplified 

by the discoveries of proteorhodopsin (Beja et al., 2000a; Beja et al., 2001) and archaeal 

ammonia oxidation (Hallam et al., 2006). Methods that allow a greater link to be made 

between metagenomic data and functions/processes are also an important way forward, and 

the coupling of stable isotope probing with metagenomic analysis is an important 

development in this direction (Chen et al., 2008). An additional limitation of metagenomic 

approaches is the lack of reference genomes for most bacterial lineages. During the 

progress of this thesis complete, or nearly complete, genome sequences were released for 

the first three representatives of the Acidobacteria and the first eight representatives of the 

Verrucomicrobia. This proved very helpful in the annotation and comparison of the 

metagenomic sequences recovered in this thesis, and the rapid expansion of genome 

information to include numerous other strains will certainly aid in these efforts. Especially 

important to the future of genome sequencing is the ability to obtain full genome sequences 

from small amounts of biomass. Such approaches should be particularly helpful in genome 

characterization of numerous Acidobacteria and Verrucomicrobia isolates that do not grow 
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to high cell densities in culture. The accuracy of annotation is an issue that will increasingly 

become a bottleneck to the interpretation of metagenomic datasets. As more reference 

genomes and metagenomic libraries become available, the percentage of presumed 

functions for genes will increase relative to the number of genes for which the actual 

function has been demonstrated.   

To date, the majority of metagenomic studies have been carried out using standard 

capillary sequencing platforms with Sanger chemistry. Although highly effective, these 

methods have a limit to their throughput and are relatively expensive for large-scale 

sequencing projects. Also, they require cloning DNA as necessary step, which may 

introduce biases, costs and storage problems. Fortunately, next generation sequencing 

technologies, such as pyro-sequencing have opened up a new window of metagenomic 

study, offering massively parallel sequencing possibilities, without the need to clone DNA 

fragments, for a reasonable capital investment. Such strategies provide the ability to obtain 

extremely large amounts of sequence information from environmental samples, but their 

utility has been somewhat limited in environments with high biodiversity because of the 

short sequence reads that have come from these sequencing platforms. However, advances 

in sequencing chemistry are extending the sequence lengths that can be achieved by pyro-

sequencing, making this an exciting development for the future of metagenomics. It must 

also be realized that metagenomic studies target DNA, and, therefore, provide no 

information as to the expression of the genes detected. To bridge this gap, meta-

transcriptomic studies, which target community pools of mRNA or total RNA, are 

providing exciting breakthroughs (Poretsky et al, 2005; Poretsky et al., 2009). One step 

closer to actual phenotypes could be achieved by analysis of proteins, and, indeed, although 

only now beginning to come into use, metaproteomic analyses offer another approach to 

gain insight into in situ microbial functioning. With all these technical advances, a major 

bottleneck has emerged at the information processing stage. Although environmental 

‘omics’ strategies have the potential to create vast datasets, without the proper 

bioinformatic tools, they cannot be used to their fullest extent. Database management is 

also becoming an increasingly important issue, as vast molecular datasets must be 

accurately coupled to environmental factors to allow their ecological value to be interpreted.    

 

Summary 

The main objective of this thesis was to gain access to the diversity and functional 

capacities of two ecologically important, yet poorly understood bacterial phyla, the 

Acidobacteria and Verrucomicrobia. Toward this general goal, the following steps were 

reported in this thesis:  

 

• The diversity of bacteria, with a special focus on the Acidobacteria and 

Verrucomicrobia, was assessed in a former agricultural experimental field site 

(Chapter 3) showing no plant-driven selection of the most dominant bacterial 
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populations and high Acidobacterial abundance in the bulk soil whereas 

Verrucomicrobia were more abundant in the rhizosphere . 

• Phylogenetic analysis was performed on 16S rRNA gene sequences recovered 

from the phyla Acidobacteria (chapter 4) and Verrucomicrobia (Chapter 6) 

revealing a wide spectrum of subdivisions represented, especially for 

Acidobacteria.   

• A large-insert metagenomic library was constructed and screened for clones 

containing Acidobacterial and Verrucomicrobial genome fragments using PCR-

based screening methods that were developed to identify inserts containing 16S 

rRNA marker genes of the phyla of Acidobacteria and Verrucomicrobia (Chapters 

4, 5 and 6) 

• Sequence analysis, annotation and functional prediction of partial genomic 

information were performed and results presented in Chapter 5 (for Acidobacteria) 

and Chapter 6 (for Verrucomicrobia). The identified ribosomal operons present 

typical bacterial structure. Gene content around rRNA operon was highly 

conserved in a number of clones from Acidobacteria subdivision 6. Orthologue 

comparisons provided clues into gene evolution within syntenic region.  

• Although the meta-genomic information gathered provided some glimpses into the 

diversity, complexity and evolution of these two bacteria phyla, it was not 

sufficient to deduce ecological functions and niches of these bacteria in their soil 

habitat. 
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