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Abstract 

Forest plantations, widely grown for wood production, involve the 

selective promotion of single tree species, or replacement of natural species by 

exotic tree species. Slash pine (Pinus elliottii) has been chosen for reforestation 

of infertile sandy soils in southeast Queensland, Australia. These exotic pine 

plantations minimise soil and water losses, and are important scientific study 

sites. The soil environment of these plantations, though devoid of sufficient 

nutrients, oxygen and other factors, harbours innumerable bacteria that may 

play a crucial role in maintaining soil quality and ecosystem functions. These 

soil microorganisms also have the potential for use as sensitive biological 

indicators to reflect environmental changes. It is therefore essential to 

understand the interrelationships amongst bacterial communities and their 

environment by assessing their structural and functional diversity, and their 

responses to disturbances.  

The microbial community of an exotic pine plantation of subtropical 

Australia was analysed by both culture-dependent and culture-independent 

methods. In this study, a leaf litter-soil core sample (25 cm x 40 cm) was 

collected from a 22-year-old slash pine plantation in southeast Queensland, 

Australia in October, 2003. The core sample was divided into three fractions, 

namely, L layer leaf litter, F layer leaf litter, and forest soil 0-10 cm. In the 

culture-independent study, a modified DNA extraction and purification method 

was used to obtain highly purified high-molecular-weight DNA. This DNA 
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was successfully used to amplify bacterial 16S rRNA genes with universal 

primers Fd1 and R6, to produce products of approximately 1500 bp. PCR-

amplified 16S rRNA genes were subsequently cloned and a total of 194 clones 

from leaf litter and soil were partially sequenced (about 510 bp). The 16S 

rRNA gene sequences were analysed and grouped into several phylogroups 

(the sequences with a similarity value ≥ 98 % were regarded as 

phylogenetically similar and grouped into one phylogroup). Sequencing 

representatives (≈ 1400 nucleotides) from each phylogenetic group confirmed 

that five bacterial phyla were represented in the forest soil clone library. 

Phylum Acidobacterium was the most abundant phylogenetic group in terms of 

the number of clones and accounted for 42 % of all examined soil clones. The 

Verrucomicrobiales and Proteobacteria were the second and third most 

abundant phylogenetic groups found in the soil clone libraries, accounting for 

12 % and 11 % of the soil clones, respectively. About 8 % of all examined soil 

clones were Planctomycetes and 27 % of soil clones were phylogenetically 

unidentified. The large amount of unclassified clone sequences could imply 

that novel groups of bacteria were present in the forest soil. When the two 

fractions of leaf litter clone libraries were compared, Firmicutes was the only 

phylum represented in the L layer leaf litter clone library. Similarly, Firmicutes 

dominated the F layer leaf litter (79 % of the library), was followed by 

Proteobacteria (21 %). For the culture-dependent study, a total of 21 isolates 

which were considered to represent 334 colonies from the leaf litter and forest 

soil were identified by 16S rRNA gene sequence analysis, indicating that L 

layer leaf litter and F layer leaf litter were dominated by Firmicutes (48 %) and 

Proteobacteria (69 %) respectively, and 91 % of the isolates from the forest 
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soil were Firmicutes. Using culture-independent methods, Actinobacteria 

appeared to be absent from the L and F layer leaf litter and forest soil samples. 

The results implied that either the nucleic acids of Actinobacteria were difficult 

to extract or Actinobacteria were over represented in the culture-dependent 

examinations. Phylum Acidobacteria appeared to be numerically dominant and 

active members in most soils. However, only one named species had been 

isolated from an acid mine drainage site and reported by Kishimoto and Tano 

(1987). Analysis by culture-dependent methods revealed a different bacterial 

diversity, compared to the bacterial diversity from the 16S rRNA gene clone 

sequences. The most significant result was the observation that, as revealed by 

both culture-dependent and culture-independent methods, the bacterial 

diversity presented in the leaf litter was greatly different from the community 

of the soil.  

During the culture-dependent bacterial diversity study, four novel strains 

were isolated from the forest soil and leaf litter samples and complete 

characterisations of these novel strains were carried out. Reports on the 

descriptions of Bacillus decisifrondis strain E5HC-32T from forest soil and 

Frondicola australicus strain E1HC-02T from L layer leaf litter have been 

published (appendix). 

The information provided by assessing the microbial communities in 

different fractions of leaf litter and forest soil improves our understanding of 

the phylogenetic relationship between soil and leaf litter. It is suggested, in this 

study, to perform both culture-dependent and culture-independent methods to 

characterise the bacterial structure and diversity in forest litter and soil 
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samples, particularly in response to different forest management practices and 

global change. This study also provides the basis for further functional studies 

of the forest soil and leaf litter of exotic pine plantation in subtropical 

Australia. 
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1 General introduction 

1.1 Introduction 

Soil microorganisms play a crucial role in maintaining soil quality and 

ecosystem health, and also have the potential for use as sensitive biological 

indicators to reflect environmental changes. Most studies have reported on 

microbial communities of forest top soils (He et al., 2006; Hackl et al., 2005; 

Laverman et al., 2005) but information on the impact of microbial diversity of 

different leaf litter on soil layers is lacking. The structural diversity of 

microbial communities in soils is tightly related to the above-ground plant 

species composition, thus providing an important link between the above- and 

the below-ground processes in the terrestrial ecosystem (Pankhurst, 1997). In 

addition, decomposed material produced by microbes in leaf litter often 

penetrates the soil layer subsequently affecting the soil microbial communities. 

It is therefore important to understand the distribution of microbial 

communities both within soils and leaf litter.  

Conventional culture-dependent methods have been used for the 

measurement of soil microbial composition for more than a hundred years. 

These methods are fast, inexpensive and can provide information on the active, 

heterotrophic components of the community. However, it has been estimated 

that only 0.1–1 % of soil bacteria have been isolated by these approaches (Hill 

et al., 2000), thereby leaving the majority of microbial diversity poorly studied.  
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In recent years, a number of culture-independent molecular techniques 

have been developed and performed using polymerase chain reaction (PCR) – 

mediated amplification of 16S rRNA gene sequence from DNA extracted 

directly from those environments (Hayashidani et al., 1995). These studies 

reported on the existence of a large number of bacterial phyla that were poorly 

or not at all represented by cultivated strains (Kaiser et al., 2001; Dunbar et al., 

1999). The culture-independent molecular techniques require high quality 

nucleic acids as template and appropriate DNA extraction methods are 

important to ensure that the extracted DNA represents the environmental gene 

pool. The variation in the ability to break open cells, microbial structures and 

the complexity of inhibitory substances such as humic acids, which can be co-

extracted and interfere with subsequent PCR analysis, can lead to biases in 

molecular-based diversity studies.  

Each category of the methods has its limitations and only provides a 

partial picture of soil microbial diversity (He et al., 2006; Kirk et al., 2004; 

Wintzingerode et al., 1997). Therefore, the best way to study soil microbial 

diversity would be to use a variety of methods with different endpoints and 

degrees of resolution to obtain a more complete picture of bacteria diversity in 

soils. In this study, culture-independent views of species diversity are 

combined with phenotypic information from culture-dependent studies in an 

attempt to improve the predictions of the bacteria diversity.  
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1.2 Aims of the thesis 

The overall aim of the thesis is to investigate bacterial diversity in forest 

soil and leaf litter of exotic pine plantation in subtropical Australia. It is 

expected that these findings will in future improve our understanding of the 

forest soil biological processes, and assist in forest management strategies and 

practices. The immediate and specific objectives of the thesis are as follows: 

1. To develop and modify DNA purification methods for studying 

bacterial diversity in organic rich environment such as leaf litter 

and forest soil;  

2. To compare bacteria diversity in leaf litter and forest soil by both 

culture-dependent and culture-independent methods;  

3. To identify novel strains from culture-dependent studies and 

provide detailed description of these strains.  
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2 Literature review 

2.1 Soil components and effects of litter 
decomposition on soil chemistry 

2.1.1 Definitions of soil 

Soils are complex biogeochemical materials with structural and biological 

properties (Trevors, 1998a). They are also dynamic ecological systems, 

providing plants with support, water, nutrients, and air for growth and 

supporting a large community of microorganisms that recycle materials of life 

(Bartelt-Ryser et al., 2005; Hackl et al., 2005). Soils are reported to protect the 

groundwater by filtering toxic chemicals and disease organisms from 

wastewater. Understanding and managing soil resources are essential to human 

welfare. Problems arise from the diversity of land surfaces in defining soil. 

Some surfaces grow higher plants in great abundance, whereas others support 

no higher plants, only microorganisms. The soil, at the same time, has been 

described as a naturally occurring geologic medium or the structural mantle of 

the Earth or a living membrane in the Earth’s ecosystem. According to the U.S. 

Department of Agriculture (USDA), soil is defined as a natural body comprised 

of solids, liquid, and gases, that occurs on the land surface, occupies space, and 

is characterised by one or both of the following: horizons or layers that are 

distinguishable from the initial material as a result of additions, losses, 

transfers, and transformations of energy and matter, or the ability to support 

rotted plants in a natural environment (Gardiner and Miller, 2004). 
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2.1.2 Soil components 

Soils are composed of mineral matter and organic matter in various stages 

of decomposition, water, air, biota and nutrients (Fig. 1) (Nael et al., 2004). 

Soil organisms participate in the genesis of the habitat and form an important 

part of biota in determining soil formation. The mineral materials are derived 

from weathering rocks. Rocks change when exposed to water, air and 

organisms. These changes are defined as weathering, which refers to the 

separation of the rocks’ individual mineral particles and their alteration or 

destruction and resynthesis to form new minerals. The minerals of soils and 

rocks are distinct, crystalline substances (Magnelli et al., 1997). Silica (SiO2) 

and alumina (Al2O3) groups are the most abundant structural units in the soil 

minerals, with lesser amounts of calcium, magnesium, sodium, potassium, and 

iron (Kovaios et al., 2006).  

 

FIG. 1. Relative proportions of soil components in an average agriculture 
loam 

Organic matter
mineral matter
water 
air
biota
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The organic materials are derived from plants and microorganisms. As the 

organic matters decay, the leaf litter loses its structure and the individual leaves 

are no longer recognisable, humus is thus formed (Dilly et al., 2004). During 

this process, the organic matter is observed to form two different layers either 

as a distinct layer on top of the soil profile separated from the soil mineral 

matter, or incorporated into the soil mineral matter, especially to form clay-

humus complexes in the soil plasma. In the soil profile three layers of humus 

are able to be recognised, the L, F and H layers: L - leaf litter, leaves and other 

plant remains are recognisable; F - the fermentation or humification layer, 

where decay is active; and H - the humus layer; plant remains are 

unrecognisable. The H layer merges into the top layers of soils where mineral 

and organic matters are mixed. The organic matter acts as a major reservoir of 

soil nutrients and soil water, and they can also provide the nutrients by 

releasing mild organic acids which dissolve soil minerals, freeing them for 

plant use. Aggregate formation is initiated when microflora and roots produce 

fibres, filaments, and polysaccharides that combine with clays to form 

organomineral complexes. Soil aggregation is of prime importance in 

controlling microbial activity and soil organic matter turnover (Paul and Clark, 

1996). Microorganisms and most soil organic matter constituents are 

negatively charged at neutral pH values. They tend to form complexes with 

those positively charged minerals such as iron and aluminium oxides and 

hydroxides, which exist widespread in tropical and subtropical soils. Microbial 

activity is important in maintaining soil aggregate stability and good soil 

structure. 
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Soil water not only affects the moisture available to organisms but also the 

soil aeration status, the nature and the amount of soluble materials, the osmotic 

pressure, and the pH of the soil solution (Xu and Zhou, 2005). Of special 

significance within microbial cells, as well as in the soil system, is the fact that 

water adsorbs strongly to surfaces by hydrogen bonding and dipole 

interactions. This bound water has characteristics quite different from those of 

unbound water (MatulicAdamic et al., 1997). The major components of soil 

gases are commonly N2, O2, and CO2. Usually, the O2 content is lower but the 

CO2 content is higher in the soil than in the atmosphere owing to microbial 

activity and plant root respiration. Soil gases may also variably contain NH3, 

H2, CO2, the NOx forms, SO2, H2S, CH4, C2H4, and miscellaneous volatile 

organics (Gregorich et al., 2006). The concentration of individual gases within 

soil fabric is a function of both biotic and abiotic processes. Soil temperature 

and redox potential are also important for microorganism activity. Temperature 

affects not only the physiological reaction rates of cells but also most of the 

physicochemical characteristics of the environment. The activities of microbial 

cells are governed by the laws of thermodynamics. Soil redox represents the 

sum of numerous oxidation-reduction pairs. The redox potential (Eh) of these 

pairs differs in magnitude. This is of major significance in determining the soil 

chemical and biological phenomena (Trevors, 1998b). In the microbial 

oxidation of a substrate in an aerobic soil, O2 is the electron acceptor. 

However, in an anaerobic soil, NO3
-, Fe3+, Mn4+, SO4

2-, CO2, and organic 

intermediators can act as electron acceptors. In a waterlogged soil, for instance, 

whose interface is aerobic, O2 is the electron acceptor, and respiration occurs. 
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The progression of respiration includes denitrification, sulphate reduction, and 

methanogenisis (Paul and Clark, 1996). 

Soil is a complex, dynamic and living habitat for a large number of 

organisms. These include representatives of all groups of microorganisms, 

algae and nearly all animal phyla. Estimates of the number of species of some 

groups include bacteria (30 000), fungi (1500 000), algae (60 000), protozoa 

(10 000), nematodes (500 000), and earth worms (3000). One gram soil may 

contain 109 bacteria, 107 actinomycetes, 106 fungi, 104 algae and 105 protozoa 

(Pankhurst, 1997). Bacteria are an important part of the soil microflora because 

of their abundance (up to 109 cells per gram of soil), their species diversity (at 

least 4000 to 7000 genomes per gram soil) (Torsvik et al., 1990), and the 

multiplicity of their metabolic activities. They play key roles in the 

biogeochemical cycles (Ivanov and Lein, 1995) of the main elements (carbon, 

nitrogen, sulphur, etc.) and of trace elements (iron, nickel, mercury, etc.) and 

are therefore heavily implicated in energy and nutrient exchanges within the 

soil. They therefore have an important contribution in regulating greenhouse 

gases (e.g., methane, nitrous oxides and CO2) losses from soils. They also have 

the potential to reflect the past history of a given environment. It is therefore 

essential to understand the interrelationships between bacteria and their 

environment by studying the structural and functional diversity of soil bacterial 

communities and how they respond to various natural or man-made 

disturbances (Goebel and Stackebrandt, 1994).  
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2.1.3 Litter decomposition 

Litter decomposition, i.e., the physical, chemical and biological process 

converting plant residues into their elemental chemical constituents, controls 

nutrient availability in natural ecosystems and, ultimately, the amount of 

carbon released to the atmosphere (Hoorens et al., 2003). These processes also 

assist in maintaining soil fertility and organic matter content (Oliver et al., 

2004). While litter is decaying, soluble compounds are leached from the litter 

to the soil and microbes transform elements from organic form to inorganic 

form. This mineralisation process provides nutrients to plants and can regulate 

nutrient availability and plant growth (Oliver et al., 2004). 

The processes of litter decomposition are controlled both by abiotic factors, 

such as climate and litter chemistry, and by biotic factors, such as soil 

organism activities (Bragazza et al., 2007). In the tropical environment, the 

climatic seasonality characterised by alternating wet and dry periods plays a 

vital role in regulating the rates of litter decomposition (Tripathi and Singh, 

1992) by changing the population of microbial community on decomposition 

organic matter (Arunachalam et al., 1997). Furthermore, the initial substrate 

quality of litter such as concentrations of nitrogen, phosphorus and potassium 

has been found to play a major role in litter decomposition in different 

ecosystems (Osono and Takeda, 2001; Tripathi and Singh, 1992).  

Changes in the leaf litter available to the decomposer’s community can 

influence the decomposition process and subsequently affect nutrient cycling 

and substrate supply for soil microbes which in turn feedback to determine 
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plant productivity (Rosalind et al., 2002). Wardle (1997) found that increasing 

species richness of plant litter had no predictable effect on soil biological 

activity or decomposition rates; whereas Zimmer (2002) suggested that high 

diversity of leaf litter promoted the rate of decomposition. 

The litter decomposition process involves three types of organisms, 

namely, invertebrates, fungi and bacteria. The crucial role that microorganisms 

play in decomposition is clearly established, and consecutive changes in fungal 

and bacterial biomass dynamics are useful to investigate the impact of factors 

controlling leaf breakdown (Isidorov and Jdanova, 2002; Gessner and Chauvet, 

1994). Moreover, the soil microbial biomass is often considered as an early 

indicator of changes which may occur in the long term with regard to soil 

fertility. Likewise, it has been found that microbial biomass responds to 

addition of fertilizers and organic residues (Wardle et al., 1999). It is reported 

that fungi and bacteria are mainly responsible for litter decomposition in 

peatlands (Bragazza et al., 2007). Fungi, being aerobic microorganisms, are 

primarily found in the upper peat layers (Nilsson et al., 1992), whereas bacteria, 

being represented by both aerobic and anaerobic species, show more complex 

distributional patterns along the peat profile (Sundh et al., 1997). The 

microorganism activity is affected by the litter decomposition, and particularly, 

the microbial communites are forced to adapt to cope with changes in litter 

chemistry (Bragazza et al., 2007). The microbial communities of leaf litter and 

forest soil in Australia have not, however, been studied until now. 
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2.2 Approaches to measure microbial diversity 

Approaches for assessing microbial diversity can be categorised into two 

groups: culture-dependent and culture-independent approaches. The summary 

of the common culture-dependent and culture-independent methods used to 

study soil microbial diversity are presented in this section. 

2.2.1 Culture-dependent techniques to study microbial 
diversity 

2.2.1.1 Dilution plating and plate counts 

Traditionally, diversity was assessed using selective plating to maximise 

the recovery of different microbial species and direct viable counts. These 

techniques have revealed a diversity of microorganisms associated with various 

soil conditions, such as disease suppression and organic matter decomposition 

(Hu S., 2001; Boehm et al., 1997; Hu and van Bruggen, 1997; Maloney et al., 

1997; Alvarez et al., 1995; Boehm et al., 1993; de Leij, 1993; Tunlid et al., 

1989). In 2003, Ellis et al. (2003) compared the effects of metal contamination 

on culturable and non-culturable diversity of soil microorganisms in five 

different soils by plate accounting and denaturing gradient gel electrophoresis 

(DGGE). The study aim was to examine that the readily culturable soil bacteria 

may be the main contributor to ecosystem functioning. They noticed that direct 

amplification of rRNA genes from environmental samples gave similar DGGE 

bands for all treatments, while plate washes of culturable bacteria provided 

completely different community patterns. The culturable portion of the 
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microbial community is an important ecological parameter and it is important 

to assess the bacteria activity. These methods are fast, inexpensive and can 

provide information on the active, heterotrophic component of the community. 

However, its limitations could not be ignored. Although there have been 

attempts to devise a suite of culture media to maximise the recovery of diverse 

microbial groups from soils (Balestra and Misaghi, 1997; Mitsui et al., 1997), 

it has been estimated that less than 0.1 % of the microorganisms found in 

typical agricultural soils are culturable using current culture media 

formulations (He et al., 2006; Torsvik et al., 1990). 

2.2.1.2 Sole carbon source utilisation patterns 

In 1991, Garland and Mills (1991) used a commercially available 96-well 

microlitre plate to assess the potential functional diversity of the bacterial 

community through sole source carbon utilisation (SSCU) patterns. This 

technique has been facilitated by the use of a commercial taxonomic system, 

known as the BIOLOG® system. Utilisation of each substrate is detected by the 

reduction of a tetrazolium dye (Campbell et al., 1997), which results in a 

colour change that can be quantified spectrophotometrically. These plates were 

originally developed for characterisation of clinical bacterial isolates and not 

for community analysis. In 1999, Lee et al. (1999) introduced an Eco-plate 

containing 3 replicates of 31 different environmentally relevant carbon sources 

and one control well per replicate. Since many fungal species can not reduce 

tetrazolium dye, the specific plates were developed (Classen et al., 2003). 

Inoculated communitys are monitored over time for their ability to utilise 

substrates and the speed at which these substances are utilised. Multivariate 
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analysis is applied to the data and relative differences between soil functional 

diversity can therefore be assessed. 

This method has been used successfully to assess potential metabolic 

diversity of microbial communities in contaminated sites (Derry et al., 1998; 

Konopka et al., 1998), plant rhizospheres (Grayston et al., 1998; Grayston and 

Campbell, 1996), arctic soils (Derry et al., 1999), soil treated with herbicides 

(el Fantroussi et al., 1999) or inoculation of microorganisms (Bej et al., 1991). 

For example, Derry et al.  (1999) used GN Biolog plates to study the functional 

diversity of microorganisms in three different Arctic soils incubated at different 

temperatures. In 1999, Fantroussi et al. (1999) examined the impact of three 

different phenylurea herbicides on soil microbial community by Biolog plates 

and DGGE. They noticed that soil diversity tended to decrease with the 

application of the herbicides and that principal component analysis (PCA) can 

be applied to divide treated and untreated communities. 

However, the BIOLOG® system is selected for only culturable 

microorganisms (Garland and Mills, 1991). This method favours fast growing 

microorganisms (Yao et al., 2000), and is sensitive to inoculum density and 

reflects the potentially metabolic diversity (Garland and Mills, 1991). In 

addition, the carbon sources may not be representative of those present in soils 

(Yao et al., 2000) and therefore the usefulness of the information can be 

questioned. 
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2.2.2 Culture-independent techniques to study microbial 
diversity 

2.2.2.1 Fatty acid methyl ester (FAME) analysis 

Fatty acid methyl ester (FAME) analysis is a biochemical method that 

does not rely on culturing of microorganisms. This method provides 

information on microbial community composition by grouping fatty acids. 

Fatty acids make up a relatively constant community of the cell biomass and 

this method examines changes in the composition of the bacterial community, 

as well as unique fatty acids that are indicative of specific groups of 

microorganisms. Therefore, a change in the fatty acid represents a change in 

the microbial community. It has been used previously to study microbial 

community composition and community changes due to chemical 

contaminations (Siciliano et al., 1998) and agricultural practices (Bossio et al., 

1998; Ibekwe and Kennedy, 1998). 

The FAME method involves extracting fatty acids directly from soils, 

methylating and analysing by gas chromatography (Ibekwe and Kennedy, 

1998). FAME profiles of different soils can be compared using multivariate 

analysis. Phospholipid fatty acid (PLFA) has been used to assess the structure 

of soil microbial communities and determine gross changes that accompany 

soil disturbances such as cropping practices (Zelles et al., 1995; Zelles et al., 

1992), pollution (Frostegard et al., 1993), fumigation (Macalady et al., 1998), 

and changes in soil quality (Bossio et al., 1998; Reichardt et al., 1997; Bardgett 

et al., 1996). But when these researchers calculated the Shannon diversity 
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index based on PLFA relative abundance, no difference was detected. A 

plausible reason could be that although the community was structurally 

different, the diversity was the same. Alternatively, it may represent some 

problems with using fatty acid profiles to measure diversity (Bossio et al., 

1998). 

Since FAME analysis directly extracts fatty acids from soils, it overcomes 

the limitations of culture-dependent methods. However, it is still a poor method 

if used as the sole analysis to study the microbial diversity. For example, a lot 

of material will be needed if fungal spores are used to study the potential 

fungal diversity (Bernal and Graham, 2001). The cellular fatty acid 

composition can be influenced by external factors such as temperature and 

nutrition. In addition, possible results can be confounded by other 

microorganisms (Bossio et al., 1998). 

2.2.2.2 Guanine plus cytosine (G+C) content 

The guanine plus cytosine content of DNA can be investigated to study 

bacterial diversity of soil community (Nusslein and Tiedje, 1998). This method 

is based on the knowledge that microorganisms differ in their G+C content and 

that taxonomically related groups only differ between 3% to 5% (Tiedje et al., 

1999). Advantages of G+C analysis are that 1) it is not influenced by PCR 

biases; 2) it includes all extracted DNA; and 3) it is quantitative and is capable 

of uncovering rare members in the microbial communitys. This method 

requires large quantities of DNA, efficient lysing and DNA extraction (Tiedje 
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et al., 1999). It is a coarse level of resolution as different taxonomic groups 

may share the same G+C range. 

In 1999, Nusslein and Tiedje (1998) used G+C content together with 

amplified ribosomal DNA restriction analysis (ARDRA) abundance patterns 

and rDNA sequence analysis in their research to study changes in microbial 

diversity from a vegetative cover of forest to pasture in a Hawaiian soil. All 

three methods discovered that the plant species could greatly impact the 

microbial community position. Since all three methods provide different 

direction of resolutions, the authors believed that G+C % together with 

ARDRA, and rDNA sequence formed a more complementary group of tests to 

study the microbial community. 

2.2.2.3 PCR-based techniques 

Denaturing gradient gel electrophoresis (DGGE) / Temperature 

gradient gel electrophoresis (TGGE) 

The two techniques DGGE and TGGE were originally developed to detect 

point mutation in DNA sequences. DGGE was first applied to study microbial 

genetic diversity by Muyzer et al. (1993) and is now commonly used. The 

method involves extracting total community DNA from soil samples and using 

PCR with universal primers targeting part of the 16S or 18S rRNA sequences. 

The 5’-end of the forward primer contains a 35-40 base pair GC clamp to 

ensure that at least part of the DNA remains double stranded. If the GC clamp 

is absent, the DNA would denature into single strands. These two techniques 
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essentially consist of the amplification of the genes encoding the 16S rDNA 

from the matrix containing different bacterial community, followed by the 

separation of the DNA fragments. Separation is based on the decreased 

electrophoretic mobility of PCR amplified, partially melted, and double-

stranded DNA molecules in polyacrylamide gels containing a linear gradient of 

DNA denaturants (DGGE) or a linear temperature gradient (TGGE). Molecules 

with different sequences may have different melting behaviour and will stop 

migrating at different positions along the gel (Muyzer, 1999).  

Advantages of DGGE / TGGE include being reliable, reproducible, rapid 

and capable to simultaneously analyse a large number of samples. DGGE / 

TGGE has limitation of PCR biases (Wintzingerode et al., 1997), requiring 

high efficient DNA extraction, and the way of sample handling (Theron and 

Cloete, 2000; Muyzer, 1999). It is estimated that DGGE can only detect 1-2 % 

of the microbial community representing dominant species present in the 

environment sample (MacNaughton et al., 1999). In addition, one band can 

represent more than one species (Gelsomino et al., 1999) since DNA fragments 

of different sequences may have similar mobility characteristics in the 

polyacrylamide gel. Moreover, because of multiple 16S rRNA genes with 

slightly different sequences, one bacterial species may also produce multiple 

bands (Gelsomino et al., 1999).  
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Single strand conformation polymorphism (SSCP) 

SSCP analysis detects sequence variations between different DNA 

fragments, which are usually PCR-amplified from variable regions of the 16S 

rRNA gene. This technique is essentially based on the sequence dependent 

differential intra-molecular folding of single strand DNA, which alters the 

migration speed of the molecules. SSCP analysis requires uniform, low 

temperature, non-denaturing electrophoresis to maintain single-stranded DNA 

secondary structure. The discriminatory ability and reproducibility of SSCP 

analysis, which is generally most effective for fragments up to 400 bp in size, 

depends on the position of the sequence variation in the gene studied 

(Vaneechoutte, 1996; Lessa and Applebaum, 1993). SSCP has all the same 

limitations of DGGE. Also, some single-stranded DNA can form more than 

one stable conformation. 

SSCP has been used to analyse the community fingerprinting, microbial 

diversity and structure in complex, non-cultivated bacterial community from 

various ecosystems (Stach et al., 2001; Peters et al., 2000). For instance, it has 

been successfully used to analyse microbial DNA sequence diversity of a 

rhizosphere soils (Stach et al., 2001). 

Terminal restriction fragment length polymorphism (T-RFLP)  

Terminal-restriction fragment length polymorphism (T-RFLP) analysis is 

based on the restriction endonuclease digestion of fluorescently end-labelled 

PCR products. PCR products are obtained by using oligonucleotide primers, 
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which are usually designed to anneal at consensus sequences in bacterial 16S 

rRNA genes. PCR primers are labelled at the 5' end with a fluorescent dye, 

such as TET (4, 7, 2’, 7’-tetrachloro-6-carboxyfluorescein) or 6 FAM (6-

carboxyfluorescein). The digested products are separated by electrophoresis 

using either gel- or capillary-based systems, with laser detection of the labelled 

fragments using an automated analyser. Upon analysis, only the 'terminal', end-

labelled 5' and 3' restriction fragments are detected (Liu et al., 1997). This 

simplifies the banding pattern, thus allowing the analysis of complex 

communities as well as providing information on diversity because each visible 

band represents a single operational taxonomic unit or ribotype. The banding 

pattern can be used to measure species richness and evenness as well as 

similarities among different samples. The ability of T-RFLP analysis to 

distinguish phylogenetic (Tiedje et al., 1999) groups of bacteria or to formulate 

predictions on community structure and composition can be theoretically 

evaluated through computer simulations of the T-restriction fragments (T-RF) 

size distribution for complete bacterial gene sequences deposited in the RDP 

database (or other DNA databases) available. 16S rRNA genes from 

phylogenetically unrelated organisms can result in the production of T-RFs of 

identical size (Marsh et al., 1999). It has been found that the use of different 

Taq polymerases increases the variability of the same DNA template. Other 

limitations can not be ignored either, such as requiring efficient DNA 

extraction and lysing, PCR biases, and the choice of PCR primers. In addition, 

different enzymes will produce different community fingerprints (Dunbar et 

al., 2000). Therefore, it is essential to choose at least two to four different 

restriction enzymes (Tiedje et al., 1999). Despite these limitations, T-RFLP has 
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been thought to be an important tool to compare the relationship between 

different samples (Dunbar et al., 2000). It has been reported that using T-RFLP 

can achieve five times greater success when compared to DGGE at detecting 

and tracking specific ribotypes.  

Quantitative PCR 

Quantitative information regarding uncultured organisms could be 

obtained through hybridisation probes. However, this approach is not sensitive 

enough to detect species in low abundances (Amann et al., 1995). The 

alternative approaches include: limiting dilution PCR, kinetic PCR, 

competitive PCR (cPCR) and real-time PCR (RT-PCR) (Hermansson and 

Lindgren, 2001). In limiting dilution PCR, multiple PCR reactions are carried 

out on samples that have been serially diluted. Standard tables are used to 

estimate the initial target concentration. Quantification by kinetic PCR is based 

on the increase in the number of amplicons per cycle of the target and standard 

DNA. Therefore, a standard template of known concentration is required. In 

cPCR, the standard (competitor) and the target are amplified in the same tube, 

but because they have slightly different sequences or lengths, they can be 

separated by gel electrophoresis. The amount of the targeted DNA is estimated 

from a standard curve constructed from measurements of the competitor DNA. 

RT-PCR measures the DNA concentration continuously during amplification 

by monitoring fluorescence, enabling the initial template concentration to be 

determined without the use of a competing molecule. This is made possible by 

adding a dual–Labelled fluorescent probe that hybridises to the template in 
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each cycle. The fluorescent emission from one of the dyes, the reporter, is 

quenched by the emission from another dye. Cleavage of the probe, mediated 

by the 5'-to-3' nuclease activity of the polymerase which acts only on template-

annealed probes, increases the emission from the reporter dye. Quantification 

of DNA by RT-PCR is based on measurements obtained during the early 

exponential phase, when amplification of the PCR product is first detected and 

the amount of the amplified product is proportional to the concentration of the 

template DNA. This method was successfully used for quantification of 

ammonia-oxidizing bacteria (Hermansson and Lindgren, 2001) and they note 

~6.2x107 ammonia-oxidizing bacteria in per gram of the fertilised soil which 

was three times more than the number of the bacteria in the unfertilised soils.  

PCR fragment cloning, sequencing and phylogenetic analysis 

The concept of ribosomal RNA (rRNA) phylogeny is widely used in the 

analysis of natural microbial communities (Woese et al., 1990). Ribosomal 

RNA molecules, the site of protein synthesis, are essential to all organisms. 

The rRNA molecules and their genes consist of highly conserved domains 

interspersed with variable regions, thus comparative analysis of the sequences 

is a powerful means to infer phylogenetic relatedness among organisms 

(Woese et al., 1990). This concept is applied by a number of molecular 

methods including cloning and phylogenetic analysis of bacteria rRNA genes.  

PCR fragment cloning, sequencing and phylogenetic analysis are widely 

used to investigate the diversity of bacterial communities (He et al., 2006; 
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Axelrood et al., 2002; Chow et al., 2002; Großkropf et al., 1998). These 

techniques rely on PCR to amplify a particular region of DNA so that enough 

material is available for subsequent analysis. Building clone libraries involves 

cloning (insertion of DNA into a bacterial plasmid) a large number of PCR-

amplified genes, followed by determining the DNA sequences of these cloned 

fragments and comparing the sequences with those of known organisms in the 

large public database, such as GenBank. The GenBank database now includes 

sequences for over 88 000 16S rRNA genes from environmental samples. 

The success of any of the preceding methods for community 

characterisation relies on a suitable phylogenetic analysis because many of the 

organisms that are likely to be described from soil communities have not been 

studied previously. Borneman and Triplett (1997) found evidence of high 

diversity of soil bacteria in an Amazonian forest using cloning and 

phylogenetic analysis. Of 100 sequences analysed, each was unique. A number 

of phylogenetic methods have been used in microbial ecology studies. While 

rDNA and rRNA are commonly used as characters in phylogenetic analysis, 

the list of characters is extensive and can range from molecular to 

morphological traits (Olsen, 1999). For microorganisms, molecular data often 

provide the greatest information because microorganisms such as bacteria 

simply do not have the diversity of form to make morphological characteristics 

useful in establishing phylogenies. Aside from the derivation of taxonomies, 

phylogenetic analyses are important in identifying similarities between 

organisms, leading to the ability to understand the physiology and ecology of 

as yet non-culturable species (Nemergut et al., 2005). 



Literature review 

24 

16S rDNA cloning, sequencing and phylogenetic analysis appears to be a 

direct and powerful method to explore the soil bacterial communities 

(Axelrood et al., 2002; Chow et al., 2002). Torvik et al (1998) estimated that 

the genetic diversity of soil was 200 times greater than the diversity among 

bacteria cultured from the same soil. Anlysis of 16S rRNA gene clone libraries 

allowed us to identify the most dominant members of the bacterial 

communities (Hackl et al., 2004). Other studies have indicated that α-

Proteobacteria members were dominant in 16S rRNA gene clone libraries from 

non-rhizosphere LTSP forest soil samples from BC, Canada (Axelrood et al., 

2002), Scotland grassland rhizosphere soil (McCaig et al., 1999), Australian 

subtropical soils (Stackebrandt et al., 1993; Liesack and Stackebrandt, 1992) 

and Siberian soils (Zhou et al., 1997). In contrast, Acidobacteria members were 

most abundant in clone libraries from Arizona pinyon pine rhizosphere and 

bulk soil samples (Dunbar et al., 1999), Austrian oak-hornbeam and spruce-fir-

beech forest soils (Hackl et al., 2004), and Amazon terra preta and pristine 

forest soil (Kim et al., 2007). Such differences can most likely be explained by 

differences in temperature, moisture, pH and vegetation, and could also testify 

the great variations of soil bacterial diversity in different places.  
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2.3 Soil biodiversity  

2.3.1 Soil biodiversity 

The biodiversity of soil biota is becoming increasingly essential with the 

requirement of preserve the integrity, function and long-term sustainability of 

natural and managed terrestrial ecosystems. However, our knowledge of 

biodiversity of the soil biota remains obscure due to lack of appropriate 

approaches to evaluate the contribution of different components of the soil 

biota to ecosystems (Atlas, 1984). This lack of approaches together with the 

complex and heterogeneous matrix that soil microbes are embedded in, poses 

great challenges to understanding the dynamics of microbial communities in 

soils (Tiedje et al., 1999). 

In classical terms, biodiversity is described as the total number of species 

present, i.e. species richness or species abundance, and the distribution of 

individuals among those species i.e. species evenness or species equitability. 

However, the incorporation of these two components into diversity indices has 

led to much controversy among ecologists (Atlas, 1984). The Shannon 

diversity index (Shannon–Wiener index) is probably the most widely used 

index for measuring species diversity. But this index, as many others that have 

been proposed, has its limitations. A major difficulty is that both richness and 

evenness play a role in determining the value of the index. Quite different 

communities, as a consequence, can have the same index. Therefore, any 

diversity index is a single value and thus cannot indicate the total make-up of a 

community. It is recommended that evenness, richness and diversity values 
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should be calculated in order to obtain an objective assessment of community 

structure (Atlas, 1984). However, because of the extreme complexity of soil 

biodiversity, few studies have attempted to use biodiversity indices 

(particularly at the community level) to assess the impact of pollution or 

disturbance on soil quality (Pankhurst, 1997). From a molecular point of view, 

diversity often refers to the number of different sequence types present in a 

habitat, e.g. a soil (Ogram, 2000; Dunbar et al., 1999; Borneman et al., 1996). 

Measuring this type of diversity does not give information about the frequency 

of individual species, but it can give valuable information about changes in the 

community structure and species richness in response to changes in the 

physical-chemical properties of the soil, soil management practices and soil 

pollution. Therefore, soil biodiversity, including microbial diversity, could be 

used as an indicator of soil quality (Pankhurst, 1997). 

An abundance of modern techniques has been performed to assess the 

microbial diversity in the soil. Certain patterns have emerged from these 

analyses, with 7 of the 23 recognised bacterial phyla regularly found in soil 

samples (Garrity and Holt, 2001; Hugenholtz et al., 1998). Despite the 

enormous genetic diversity within each of the bacterial divisions, the high 

frequency with which these groups are recovered from soils of diverse origin 

argues that many bacteria within each of these groups have special 

characteristics that make them especially suited to life in the soil (Sait et al., 

2002; Hugenholtz et al., 1998). 
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2.3.2 Bacterial community structure in the soil 

Bacterial strains are organised into groups in a systematic way according 

to various characteristic properties they possess. New species and taxa are 

constantly described, adding to the bacterial list. Consequently, some species 

or even higher taxa may be transferred to a newly described taxon with more 

suitable descriptions. Described taxa may be merged together forming a more 

coherent arrangement and high rank taxa may be subdivided or even raised to a 

higher rank. According to the second edition of Bergey’s Manual of Systematic 

Bacteriology (Garrity and Holt, 2001), members of the domain Eubacteria 

include about 4, 000 bacterial species assigned to at least 941 validated genera 

and organised into 23 phyla.  

Comparative phylogenetic analysis of the DNA sequences of cloned 16S 

rRNA genes has shown that members of four major phylogenetic groups are 

ubiquitous to almost all soil types: class α-proteobacteria, and phyla 

Actinobacteria, Acidobacteria and Verrucomicrobia. These four groups are 

represented in > 75 % of 16S rRNA gene clone library studies of soil bacterial 

communities (Hugenholtz et al., 1998). Other classes of the phylum 

Proteobacteria and phyla Firmicutes and Planctomycetes are detected in 25-75 

% of studies (Hugenholtz et al., 1998).  

Phyla Proteobacteria, Cytophagales, Actinobacteria and Firmicutes are 

well represented by cultivated organisms and these four phyla account for 90 % 

of all cultivated bacteria characterised by 16S rRNA sequences (result was 

compiled from 5, 224 sequences from cultivated organisms in ARB database) 
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(Hugenholtz et al., 1998). Some phyla which are revealed by clonal analysis, 

such as Acidobacteria and Verrucomicrobia, are pooly represented by 

sequences from cultivated organisms. For example, Acidobacteria appear to be 

numerically dominant and active members of most soils, forming up to 52 % of 

16S rRNA gene sequences in clone libraries (Felske et al., 2000; Nogales et al., 

1999; Kuske et al., 1997). However, only few isolates have been obtained from 

soil (Sait et al., 2002; Kishimoto and Tano, 1987). The Proteobacteria not only 

contain a large number of cultivated species but also are well represented by 

cloned 16S rRNA gene sequences (Saul et al., 2005; Buckley and Schmidt, 

2003; Dunbar et al., 1999). Some brief information on phyla whose members 

are related to this study is summarised in the following section.  

2.3.2.1 Proteobacteria 

The proteobacteria are a metabolically diverse group of microorganisms 

subdivided into five groups, four of which α, β, γ, and δ-proteobacteria are 

commonly detected in soils (Madigan and Martinko, 2005). The α-

proteobacteria appears to be one of the most abundant microbial groups in 

many soils as assessed by both molecular and cultivation-dependent methods. 

This diverse microbial group contains many nitrogen- fixing bacteria, as well 

as certain methylotrophic organisms. Members of β- and γ- proteobacteria, 

though generally not as abundant as the α-proteobacteria, are also commonly 

detected in the soils. Microbes known to mediate nitrification are found among 

the β- proteobacteria, whereas organisms such as the fluorescent 

pseudomonads, which are well known for their ability to metabolise a diverse 

array of carbon compounds, are in the γ- proteobacteria. The δ-proteobacteria 
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mainly consists of sulphate- and iron-reducing bacteria. These organisms are 

commonly found in the soils, although, because of their intolerance for 

atmospheric oxygen concentrations, they are rarely represented in isolate 

collections grown under aerobic conditions (Gupta, 2000). 

2.3.2.2 Acidobacteria 

The acidobacteria have been detected in nearly all soil samples analysed 

(Dunbar et al., 1999). This bacterial group contains at least six phylogenetic 

subgroups (Dunbar et al., 1999). Although acidobacteria are widespread and 

abundant in soils, little is known about these microbes. Currently, a few strains 

of acidobacteria have been cultivated under laboratory conditions (Joseph et al., 

2003; Sait et al., 2002), providing new insights as to the metabolic capabilities 

of this diverse group of microorganisms. 

2.3.2.3 Verrucomicrobia 

The verrucomicrobia are commonly detected in the soils by molecular 

techniques but rarely represented in soils isolate collections. Currently, only a 

few strains from this group have been characterised. The cultivated strains 

seem to specialise in the degradation of carbohydrates. It is difficult to 

speculate on the specific function of verrucomicrobia in soils, but observation 

that this group is widespread and abundant in diverse soils indicates that these 

organisms are important components of soil microbial communities (Janssen et 

al., 2002). 
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2.3.2.4 Cytophagales 

Cytophagales are commonly detected in soil clone libraries and are 

frequently isolated from soil samples (Furlong et al., 2002). Many of these 

organisms are involved in the aerobic degradation of cellulose or chitin and are 

thus suspected to be of importance in the decomposition of plant materials. 

Despite their widespread distribution and ease with which many of the 

members of this group have been obtained in pure culture, there have been few 

studies addressing the diversity or ecologic significance of these microbes. 

2.3.2.5 Actinobacteria 

Members of actinobacteria are high G+C contents Gram-positive 

microorganisms and tend to be abundant in soil microbial communities. These 

bacteria are well represented in pure cultures and are metabolically diverse. 

The coryneform bacteria and the filamentous actinomycetes are the 

actinobacteria most commonly recovered in soil isolate collections. It is 

interesting to note that the actinobacteria are recovered less frequently in clone 

libraries collected from soils than in soil isolate collections. This observation 

may be due to the overrepresentation of these organisms in culture collections 

or their under-representation in clone libraries owing to difficulty in extracting 

nucleic acid from these resilient Gram-positive cells (Janssen et al., 2002). 
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2.3.2.6 Firmicutes 

The Firmicutes are low G+C Gram positive bacteria which are well 

represented in pure cultures and are metabolically diverse. This group contains 

the endospore-forming bacteria, the lactic acid bacteria and Gram-positive 

cocci. The over-representation of this group can also be observed in culture 

collections (Ahmad et al., 2000). 

2.3.2.7 Planctomycetes 

Planctomycetes are aerobic organisms that grow best in dilute media. 

These organisms divide by budding and are one of the few bacterial groups that 

lack peptidoglycan in their cell walls. Though a number of strains are present 

in culture collections, few planctomycetes have been obtained from soil 

samples. It has been suggested that planctomycetes are both diverse and 

abundance members of soil microbial communities. However, it seems that 

nothing is known about the role of these organisms may be playing in soil 

systems (Griepenburg et al., 1999). 

2.3.3 Factors influencing microbial diversity in soils 

Diversity and distribution microorganisms present in soils are greatly 

influenced by many environmental factors. However, relationships between 

environmental characteristics and microbial community structure still remain 

poorly understood. The brief review in this section has highlighted: 
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2.3.3.1 Microenvironment heterogeneity  

Soils have an enormous number of potential microenvironments because 

of their physical and chemical complexity. Many of the microenvironments in 

soil are formed within soils aggregates. Larger soil aggregates are composed of 

numerous micro-aggregates that provide additional habits for microbial growth. 

The composition and activity of microbial communities change in relation to 

locations within soil aggregates, consistent with the notion that soil aggregates 

are composed of numerous distinct microenvironments that are home to 

distinct microbial community (Ranjard et al., 2000). Biological activity can 

alter the chemical composition within soil aggregates. The aerobic organisms 

which are present at the surface of aggregate can consume oxygen and produce 

carbon dioxide. Consequently, the interiors of aggregates have reduced oxygen 

and increased carbon dioxide levels relative to those of air, and the centres of 

aggregate can be completely anoxic. Soil moisture and temperature influence 

both gas diffusion and microbial diversity, so that over time the concentrations 

of oxygen and carbon dioxide at any given location in the aggregate are a 

function of these environmental variables. Microbial community structure at 

the scale of a field is composed of numerous microenvironments, and those 

smaller microbial communities may be sensitive to physiochemical changes in 

the microenvironment.  

2.3.3.2 The influence of plants 

Plants influence the structure of soil microbial communities by many ways. 

One way is through root exudates that can influence the composition of 
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microbial communities associated with the plant rhizosphere (Griffiths et al., 

1999). One of the fundamental differences between rhizosphere microbial 

communities and nonrhizosphere communities seems to be the increased 

number of Gram-negative organisms present in rhizosphere systems (Ibekwe 

and Kennedy, 1998). In addition, the cultivation isolates’ studies show that 

plants can influence the microbial community composition in the rhizosphere 

(Westover et al., 1997). Plants can also influence the structure of soil microbial 

communities by consuming resources and through the addition of root exudates 

and dead plant matter to the soil. It has been suggested that the growth of 

certain microorganisms within microbial communities is likely to be controlled 

by plant-derived carbon inputs to the soil (Zak et al., 1994). Plant community 

composition and spatial distribution within fields can influence the structure of 

microbial communities, but the dynamics of this relationship are poorly 

understood. Most studies examing the relationships between plant and 

microbial communities show that the influence of plants on nonrhizosphere soil 

microbial community structure tends to be an indirect, long-term effect on the 

soil characteristics (Blagodatskaya et al., 2004). 

2.3.3.3 Soil characteristics  

Soil type, surface topography, and water distribution all exert influences 

on microbial communities (van Diepeningen et al., 2006). Organic matter 

content, texture, pH, and nutrient status vary with soil type and are influenced 

by past and current management practices (van Diepeningen et al., 2006). For 

example, increasing soil water leads to increase in the availability of nutrients 

in soils by release of nutrients from microbial biomass and by diffusion of 



Literature review 

34 

these nutrients within the soil matrix. Therefore, the activity of microbial 

predators may act as a nutrient pulse, because their activity increases at the 

same time. The seasonal variation in temperature, moisture regime, and plant 

activity can also influence the microbial community structure (Buckley et al., 

2000). In early spring, before plants begin uptake of water and nutrients, 

microbial communities in soils achieve high rates of nitrogen mineralization, 

nitrification, and denitrification. During summer, competition between plants 

and microorganisms for available nutrients and increased soil temperatures 

may influence microbial community composition. In autumn, microbial 

communities in soils are likely to be influenced by the plant roots and leaf litter 

(Gardiner and Miller, 2004). 

2.3.3.4 The effects of disturbance  

Altering the physical or chemical characteristics of the soil can lead to 

changes in the structure and function of microbial communities. Severe 

changes in habits, such as the presence of chemical pollutants in the soil, can 

cause significant reductions in the diversity of microbial communities 

(Avidano et al., 2005). The structure of microbial communities can also be 

influenced by agricultural practices. In cultivated fields, changes in tillage and 

cropping practices and use of fertilisers and herbicides have been shown to 

alter both microbial community composition and function (Bossio et al., 1998). 

The microbial communities require long periods of time to recover from the 

effects of cultivation and it might indicate that soil microbial communities are 

sensitive to soil characteristics. Long-term cultivation of the soil can 

significantly deplete soil carbon and nitrogen levels (Mubarak et al., 2005), and 
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can cause major changes in the distribution of soil resources and soil structure. 

The depletion of nitrogen and organic matter in agricultural fields can 

influence microbial activity in soils for many years after abandonment. Soil 

carbon and nitrogen levels can affect microbial community composition, as 

determined by PLFA profiles and catabolic activity (Zak et al., 2000). 

Recovery of microbial communities from disturbance may require hundreds of 

years (Knops and Tilman, 2000).  

2.4 The exotic pine plantations in QLD, Australia 

Exotic pine plantations provide the majority of domestically produced log 

timber for the timber-based industry in Queensland, subtropical Australia 

(Chen and Xu, 2005). From 2004 to 2005, exotic pine plantations occupied an 

area of more than 135,000 hectares including slash pine (24 %) and hybrids of 

slash pine and Caribbean pine (33 %) (DPIForestry, 2005). The exotic pine 

plantations account for almost 70 % of plantation forests in Queensland, and 81 

% of exotic pine plantations are in south-east Queensland (DPIForestry, 2005). 

This extensive resource supports a large, competitive and sophisticated wood 

industry. 

Slash pine (Pinus elliottii) is a valuable southeast pine for reforestation 

projects and timber plantations and this pine has been successfully planted on 

exotic pine plantations in southeast Queensland and on poorly drained exotic 

pine plantations in central Queensland (DPIForestry, 2005). Slash pine is a 

pine native to the southeast United States, from South Carolina west to 
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southeastern Louisiana, and south to Florida. This tree reaches heights of 18-30 

m (60-100 ft) with a trunk diameter of 0.6-0.8 m (2-3 ft). The leaves are 

needle-like, very slender, in clusters of two or three, and are 18-24 cm (7-9 in) 

long. The cones are glossy red brown, 5-15 cm in length with a short (2-3 mm), 

thick prickle on each scale (DPIForestry, 2005). The tree is fast-growing, but 

not very long-lived by pine standards (to 200 years), and it can grow on a 

variety of acidic soils in full sun or partial shade (Chen and Xu, 2005). It does 

poorly in basic soil with high pH and so is not recommended for soils with 

high pH or where irrigation water has a high pH (Prasolova et al., 2005). Slash 

pine is more tolerant of wet and drought than most other pines and is 

moderately salt-tolerant (Xu et al., 2000; Xu et al., 1995). Subsequently, this 

tree is widely grown in plantations in southeast Qeensland. 

. 
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3 General methodology 

3.1 Plan description 

 

FIG. 2. Project plan 

Figure 2 presents a project plan used to determine the culture-dependent 

and culture-independent bacterial diversity of forest leaf litter and soil from the 
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exotic pine plantation of subtropical Australia. The methods are described in 

Chapter 3 and the results presented in Chapters 4 and 5 respectively. 

3.2 Sample collection and storage 

A soil and litter sample core (25 cm x 40 cm) was collected from a 22-

year-old slash pine plantation (Fig. 3 and Fig. 4) in southeast Queensland, 

Australia, in October 2003. In this study the core was fractionated into three 

sub-samples, L layer leaf litter (E1), F layer leaf litter (E2), and soil 0-10 cm 

(E5), as shown in Fig. 5. The samples were transported to the laboratory in 

sterile plastic bags on ice, and stored overnight at 4 oC. Approximately 20 g of 

moist sub-sample was taken and kept at 4 oC before the analysis, and the 

remaining samples were stored at –20 oC. 

The samples were not replicated in this study since whole community 

DNA extraction, PCR amplification, cloning, and 16S rDNA sequence analysis 

are a direct and powerful strategy and is extremely amenable for use in this 

project to explore the soil bacterial communities, but it is difficult to replicate 

(Dunbar et al., 1999) due to time consuming and costs involved. Although four 

replications were used by He et al. (2006), no significant difference was found 

in bacterial composition and diversity among the residue management regimes 

and their replicated samples. Based on the previous investigation, together with 

consideration of time and expense, the replications had not been planned in this 

project. This study, however, still provides a feasible strategy to investigate the 

bacterial diversity in both leaf litter and forest soil and also provides important 

information on bacterial communities on leaf litter and forest soil. 
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FIG. 3. Forest canopy of the slash pine plantation  

 

 

FIG. 4. Forest leaf litter and soil of the exotic pine plantation 



General methodology 

40 

 

 

 
 

FIG. 5. Schematic experimental sample collection 

 

3.3 Molecular biology study 

3.3.1 DNA extraction 

3.3.1.1 DNA extraction from leaf litter and soil for PCR 

DNA extractions were performed on 10 g of leaf litter and soil samples 

using the Ultra CleanTM Mega Prep Soil DNA kit (Mo Bio Labs, Solana Beach, 

CA) following the manufacturer’s protocol. Briefly, cells were lysed by a 

combination of mechanical and chemical methods. The soluble fraction was 

transferred to another tube and a protein precipitation reagent added. The 

soluble fraction was then passed through a spin filter with a silica membrane to 

adsorb DNA. The DNA was purified with salt and ethanol washes and eluted 
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with 2 ml of 10 mM Tris pH 8 and the washing and eluting procedures were 

carried out three more times. These four elutions of the DNA sample were 

collected and examined by agarose gel electrophoresis.  

3.3.1.2 DNA extraction from pure cultures for PCR 

Method 1 

Cells from 0.3 % Tryptic Soy Broth (TSB) overnight culture (10 ml) were 

collected by centrifugation at 6000 rpm for 20 min (Sigma 4K15, Quantum 

Scientific Pty Ltd, Australia) and resuspended in 100 µl of TE buffer. Cells 

were lysed by boiling for 15 min. After centrifugation, the supernatant was 

transferred to a new tube and 2 µl aliquots were used directly for PCR 

amplification.  

Method 2 

Cells from late log phase culture (50 ml) were collected by centrifugation 

at 5100 rpm for 15 min (Sigma 4K15, Quantum Scientific Pty Ltd, Australia). 

Each pellet was resuspended in 487 µl of TE buffer (pH 7.4), 8 µl of lysozyme 

(50 mg/ml) and 40 µl of achromopeptidase (10 mg/ml) and incubated at 37 oC 

for 1 hour. Thirty µl of 10 % SDS and 3 µl of Proteinase K (20 mg/ml) were 

added and incubated at 50 oC for 1 hour, after which 5 M NaCl (100 µl) and 80 

µl of a solution with 10 % CTAB/0.7 M NaCl were added. The mixture was 

vortexed and incubated at 65 oC for a further 10 min. The DNA was then 

purified from the suspension by extracting it with equal volumes successively 
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of a mixture of chloroform: isoamylalcohol (24:1), and a mixture of phenol: 

chloroform: isoamylalcohol (25:24:1). Chromosomal DNA was recovered by 

adding 450 µl of isopropanol and centrifuging in a microcentrifuge (Sigma 1-

15, Quantum Scientific Pty Ltd, Australia) at top speed for 15 min. The 

chromosomal DNA pellet was washed with 200 µl of 70 % ethanol, the pellet 

air dried, and the DNA resuspended in 100 µl TE buffer (pH 7.4). The integrity 

of the DNA was checked by gel electrophoresis (please refer to Section 3.3.1.4 

for details). 

3.3.1.3 DNA extraction from pure cultures for G+C mol % 
calculation 

A modified Marmur’s method was used (Marmur and Doty, 1961). A 50 

ml actively growing culture was centrifuged at 5400 rpm for 20 mins at 4 oC 

(Sigma 4K15) and the pellet was resuspended in 4 ml buffer A (5 mM Tris-

HCl. pH 8.0, 100 mM NaCl, and 5 mg lysozyme). After incubation on ice for 5 

min, 0.85 ml of buffer B [300 mM EDTA, pH 7.5 and 5 % (w/v) SDS] and 100 

μl of 20 mg/ml proteinase K were added and the mixture incubated at 55 oC 

overnight. An equal volume comprising phenol, chloroform, and 

isoamylalcohol (25:24:1) was added, the mixture gently agitated for 30 min, 

after which 3 volumes of cold 100 % ethanol were carefully overlaid and the 

DNA flocculent that appeared at the interface was spooled on to sterile 

disposable loops before being resuspended in 5 ml TE buffer (10 mM Trish-Cl 

pH 7.4, 1 mM EDTA pH 8), and the quality assessed by agarose gel 

electrophoresis (Section 3.3.1.4). 
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3.3.1.4 Agarose gel electrophoresis 

Agarose gel was used to determine plasmid DNA size and quality. 0.7-1 % 

agarose gel was prepared by adding an appropriate amount of DNA grade 

agarose powder in 1×TAE buffer and heating it to dissolve in a microwave 

oven usually for 1-2 min. The solution was cooled to approximately 50 ºC and 

0.1 μg/ml ethidium bromide was added and mixed. The gel was poured into a 

sealed casting tray, set, the seal removed and the tray placed in an 

electrophoresis unit containing enough 1×TAE buffer to submerge the gel. 

Four μl of DNA samples were mixed with 6×loading solution and loaded into 

the wells. Five hundred ng of λ Hind III ladder was used as molecularweight 

standard. Electrophoresis was performed at 5 V/cm (80V for 50 ml gels and 

120V for 100 ml gels) for 40 min (usually the dye front reached one half to 

three fourths of the gel). The DNA bands were visualised under ultraviolet 

radiation and the image was captured by a UVP GDAS 1200 Gel 

Documentation Analysis System (Pathtech Pty Ltd, Australia). The image was 

edited using the image editor (Paintshop Pro V4.12), if required. 
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3.3.2 16S rRNA gene studies 

3.3.2.1 PCR amplification of 16S rRNA genes 

Primers used in PCR and sequencing 

Bacterial universal primers used for amplification or sequencing of 16S 

rRNA genes had been described previously (Redburn and Patel, 1993) and are 

listed in Table 1. 

Table 1.  Primers used in PCR and sequencing of 16S rRNA gene 

Primer E. coli position Sequence 5’→3’ 

Amplification   

Fd1 8-27 AGA GTT TGA TCC TGG CTC AG 

Rd1 1542-1526 AAG GAG GTG ATC CAG CC 

Sequencing   

F1 339-357 CTC CTA CGG GAG GCA GCA G 

F2 785-805 CAG GAT TAG ATA CCC TGG TAG 

F3 907-926 AAA CTC AAA GGA ATT GAC GG 

F4 1391-1406 TGT ACA CAC CGC CCG T 

R1 357-342 CTG CTG CCT CCC GTA G 

R2 536-519 GTA TTA CCG CGG CTG CTG 

R3 802-785 CCA GGG TAT CTA ATC CTG 

R4 926-907 CCG TCA ATT CCT TTG AGT TT 

R5 1115-1100 GGG GTT GCG CTC GTT G 

R6 1513-1494 TAC GGT TAC CTT GTT ACG AC 

The primer list is adopted from Redburn and Patel (1993). 
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PCR amplification of 16S rRNA genes and purification 

Amplification of 16S rRNA was performed in a total volume of 50 µl 

containing 2 µl of DNA template (concentration ranged from neat to 1:103), 5 

µl of 10X reaction buffer, 4 µl of 20 mM MgCl2, 0.5 µl of 25 mM dNTPs (5 

mM dATP, 5 mM dGTP, 5 mM dCTP, and 5 mM dTTP), 1 µl of 50 µM each 

primer (Fd1 and R6), 0.2 U of Taq DNA polymerase (Promega Corp.), and 

36.3 µl of sterile deionised water (sdH2O). The reaction mixtures, after 

incubation at 95 oC for 1 min, were cycled 25 times through the following 

temperature profile: denaturation at 95 oC for 1 min; annealing at 52 oC for 2 

min; and extension at 72 oC for 4 min with final incubation at 72 oC for 20 min, 

after which 5 µl of each amplification mixture was analysed by agarose gel 

electrophoresis. Each PCR run contained a negative control (2 µl sdH2O 

instead of template DNA) and a positive control (2 µl of E. coli instead of 

template DNA). The PCR products were purified through QIA quick® PCR 

Purification kit as per manufacturer’s instruction (Qiagen, Germany). 

3.3.2.2 Library construction and plasmid extraction 

Construction of 16S rRNA gene clone libraries 

Purified PCR products were ligated into pGEM® -T Easy Vector according 

to the manufacturer’s instructions (Promega Corporation, USA) using the 

recommended ratio of the insert DNA and the vectors from 1:3 to 3:1. 2 μl of 

the ligation mix was transferred to a 1.5 ml sterile tube and 50 μl of JM109 
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high efficiency competent E. coli cells (Promega) were added. The mixture 

was chilled on ice for 20 min before heat shocking for 45–50 seconds at 42 oC. 

The cells were immediately suspended to 950 μl of SOC medium (Section 

3.3.3.2) and incubated at 37 oC for one and half hours with shaking. 100 μl of 

transformation mixtures were plated onto Luria-Bertani (LB) agar plates 

supplemented with ampicillin, isopropyl-β-D-galactopyranoside (IPTG) and 5-

bromo-4-chloro-3-inolyl-β-D-galactoside (X-Gal) (Section 3.3.3.2) and 

incubated at 37 oC overnight. Positive transformants containing recombinant 

plasmids appeared as white colonies while negative transformants were blue. 

White colonies were randomly picked and grown overnight at 37 oC on LB 

agar plates containing ampicillin.  

Plasmid extraction and purification 

The plasmid DNA was extracted from 5 ml cultures, grown overnight with 

shaking at 37 oC in LB medium plus 100 µg/ml ampicillin. Plasmids were 

extracted and purified using Wizard® Plus SV Minipreps DNA Purification 

System (Promega Corporation, Madison, WI, USA) according to the 

manufacturer’s instructions. The quality and quantity of plasmid were checked 

by agarose gel electrophoresis (Section 3.4.1.4). 

3.3.2.3 Automated dye terminator cycle sequencing 

Sequence reactions contained 20 ng purified PCR product (culture isolate) 

or 300-500 ng purified plasmid, 1µl of 3.2 µM primer, 4 µl of ABI PRISM® 

BigDyeTM
, and sterile deionised water (sdH2O) to a final volume of 20 µl. 
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Thermal cycling was carried out in a Corbett Research Thermal Sequencer 

(FTS-1) following the ABI recommended cycling program of 25 cycles at 96oC 

for 30 s, 50 oC for 15 s, and 60 oC for 4 min. The products were then transferred 

to 1.5 ml tubes and purified by adding 80 µl of 100 % ethanol, incubating at 

room temperature for 15 min, and centrifuging at 14000 rpm in a Sigma 

Microcentrifuge (1-15) for 20 min. The supernatants were carefully removed, 

and the pellets washed with 250 µl of 70 % ethanol, and recentrifuged for 10 

min. The supernatants were removed and the pellets dried by heating at 65 oC 

for 20 min. Sequence reaction products were stored in the dark at 4 oC if not 

used immediately; otherwise they were electrophoresed on a 4.8 % denaturing 

polyacrylamide gel in an Applied Biosystems 377 DNA Sequencer (Molecular 

Biology Facility, Griffith University, Brisbane, QLD, Australia). The 

sequencer was 96-lane upgrade (Applied Biosystems, Australia) with a 0.2 mm 

thick comb, on 36 cm plate of wells and each run took 7 hours at 1.68 kV. 

3.3.2.4 16S rRNA gene sequence analysis  

Partial sequences generated in this investigation were assembled and the 

errors of consensus sequences were corrected manually using BioEdit v5.0.1 

(Hall, 1999). The most closely related sequences against GenBank and 

Ribosomal Database Project II were identified using BLAST (Altschul et al., 

1997) and Sequence Match program (Maidak et al., 1997), and the sequences 

extracted, aligned and manually adjusted according to the 16S rRNA secondary 

structure using BioEdit. Sequence uncertainties were omitted and phylogenetic 

reconstruction achieved using TreeCon (Van de Peer et al., 1997) in which 

pairwise evolutionary distances were computed from percentage similarities 



General methodology 

48 

(Jukes and Cantor, 1969) and phylogenetic trees constructed from the 

evolutionary distances using the Neighbour-Joining method (Saitou and Nei, 

1987). Tree topology was re-examined by the bootstrap method of re-sampling 

(Felsenstein, 1985) using 1,000 bootstraps. 

3.3.3 Buffers and media 

3.3.3.1 Buffers 

TE buffer 10 mM Tris-Cl (pH 7.4), 1mM EDTA (pH 8.0) 

TAE buffer 40 mM Tris-acetate, 2 mM EDTA 

6×loading buffer 0.25 % bromophenol blue, 40 % sucrose 

3.3.3.2 Media 

Luria bertani (LB) medium 

One litre of LB medium contained 10 g tryptone, 5 g yeast extract and 5 g 

NaCl. The pH of the medium was adjusted to 7.0 with 10 M NaOH prior to 

sterilisation by autoclaving at 121 ºC for 15 min. LB agar plates were produced 

by adding 1.5 % agar to LB medium prior to sterilisation by autoclaving for 15 

min. After cooling to approximately 50 ºC, the plates were poured and stored at 

4 ºC. 
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If required, the ampicillin was added to the LB medium after sterilisation 

to a final concentration of 100 µg/ml. Ampicillin amended medium was stored 

at 4 ºC for 1 month. 

To allow the blue/white colour selection of plasmid-containing clones, 100 

µg/ml ampicillin, 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and 80 

µg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-Gal) were spread over 

the surfaces of LB agar plates. The plates were allowed to sit for 30 min at 37 

ºC prior to use. 

SOC medium 

The SOC medium contains 2 % tryptone, 0.5 % yeast extract, 10 mM 

NaCl, and 25 mM KCl. The solution was autoclaved at 121 ºC for 15 min. 

Then filtered-sterile 20 mM Mg2+ (1 M MgCl2.6H2O/1 M MgSO4. 7H2O) and 

20 mM glucose solutions were added. Finally the SOC medium was sterilised 

through a 0.2 µm filter unit and the final pH should be 7.0. 

3.4 Cultural characterisation  

3.4.1 Pure culture isolation 

For isolation of the strains, 10 g of sample was vortexed with 50 ml of 

sterile distilled water for 5 min, the suspension rocked horizontally for 5 min, 

serial ten-fold dilutions prepared and 100 µl of the mixture spread onto 0.3 % 

TSB gelrite plates. The plates were incubated at room temperature for up to 6 
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days. Morphologically distinct single colonies that developed were picked up 

and re-streaked onto fresh TSB gelrite plates at least twice before being 

considered pure. 

3.4.2 Storage 

Several pure isolates with different colony morphologies were selected and 

stored in 0.3 % TSB containing 15 % glycerol at -80 oC. 

3.4.3 Morphology 

3.4.3.1 Negative staining 

Bacteria cells were placed on carbon-Formvar coated grids, and negatively 

stained with 1% aqueous uranyl acetate, then examined and photographed with 

a JEOL 1200EX transmission electron microscope operating at 80kV. 

3.4.3.2 Ultra thin sections 

Bacterial cells were fixed with glutaraldehyde solution (3% glutaraldehyde 

in cacodylate buffer, pH 7.2, osmotically adjusted with sucrose and calcium 

chloride) and processed according to standard methods (Glauert, 1974). 

Briefly, this involved post-fixation with osmium tetroxide and uranyl acetate, 

prior to dehydration in an ascending series of ethanol concentrations. After 

embedding in Spurr low viscosity resin, ultrathin sections (approximately 50-

60nm thick) were prepared and stained with uranyl acetate and lead citrate. 



General methodology 

51 

Ultrathin sections were examined and photographed with a JEOL 1200EX 

transmission electron microscope operating at 80kV. 

3.4.4 Physiology and nutrient studies 

3.4.4.1 Temperature and pH analysis 

The temperature range and optima for growth were determined in 10 ml of 

0.3 % TSB inoculated with 1 ml of an overnight culture. The temperature range 

used was from 25 oC to 50 oC and the growth was determined 

spectrophotometrically at 660 nm by a Novaspec LKB spectrophotometer 

(Pharmacia-Biotech Pty Ltd, Australia) after 24 hours. 

The pH range and optima for growth were determined by adjusting the pH 

of 10 ml of pre-sterilised 0.3 % TSB medium with HCl or NaOH. After 

autoclaving, the pH of a 1 ml aliquot medium was recorded before the 

remainder was inoculated with 1 ml of overnight culture. The pH range used 

was from 5.1-9.5 and the growth was determined spectrophotometrically at 660 

nm by a Novaspec LKB spectrophotometer (Pharmacia-Biotech Pty Ltd, 

Australia) after 24 hours. 

3.4.4.2 Generation time 

The generation time for each strain was determined by using the optimal 

temperature and pH growth condition. 
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3.4.4.3 Substrate utilisation 

For Biolog metabolic fingerprinting, culture suspensions of Biolog 

Universal Growth (BUG) Agar plate growth culture were inoculated into 

BiologTM GN2 plates (Hayward, CA, USA) following the manufacturer’s 

recommended procedures. After 24 h incubation at 30 oC, the absorbances 

obtained in the wells were read using a microplate reader. The resulting 

absorbances were transformed into positive and negative scores using the 

Biolog MicroStation System software program.  

Catalase activity was detected by dropping 3 % H2O2 onto well developed 

colonies on agar plates and observing for any gas bubbles produced. The 

Oxidase test was determined by using Oxidase detection stripes (Medvet 

Science Pty. Ltd). The starch and casein test were determined by using the 

methods as described previously (Kanso and Patel, 2003). 

3.4.5 Determination of DNA mol% G+C 

The DNA was prepared by the Marmur method (Section 3.3.1.3). Before 

use, the DNA was diluted to approximately 20 μg/ml (A260 values between 

0.3-0.5) in SSC solution. The Tm of the DNA was determined using a Cintra20 

spectrophotometer (GBC scientific equipment). E. coli DNA was used as a 

reference DNA and prepared using the same conditions. The mol % G+C was 

calculated from the equation (De Lay, 1970) :% G+C = 2.08 Tm-106.4. 
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3.4.6 Solutions and nutrient medium 

3.4.6.1 20×SSC solution 

20×SSC solution contained 17.5 % NaCl and 8.8 % Na3C6H5O7·2 H2O 

(pH 7.0) 

3.4.6.2 0.3 % TSB medium 

0.3 % TSB medium: Tryptic Soy Broth (TSB) medium was used for 

enrichment and isolation of bacteria from environmental samples. The medium 

was prepared by adding 3 g TSB (Sigma, Australia) to 1 litre of distilled water 

(dH2O). The solution was sterilised by autoclaving at 121 ºC for 15 min. 

0.3 % TSB gelrite plates: 0.3 % TSB gelrite plates were prepared by 

amending TSB medium with (g l-1) MgCl2·6H2O, 2.033 g; CaCl2·2H2O, 0.882 

g; and gelrite 20 g, and sterilizing by autoclaving at 121 ºC for 15 min. After 

cooling down to approximately 50 ºC, the plates were poured and stored at 4 

ºC. 

3.4.6.3 Biolog Universal Growth (BUG) Agar plates 

The BUG Agar plates were prepared by amending 57 g BUG TM Agar into 

one litre of purified water and sterilizing by autoclaving at 121 ºC for 15 min. 

After cooling down to approximately 50 ºC, the plates were poured and stored 

at 4 ºC. 
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4 Examination of the bacterial phylogenetic 
diversity of leaf litter and forest soil 

4.1 Section I: Culture-independent studies 

4.1.1 Introduction 

Culture-independent molecular-based studies rely heavily on PCR 

amplification. The prerequisite for molecular microbial ecology studies is to 

obtain good quality DNA (Morgan and Winstanley, 1997). However, it is very 

difficult to purify the DNA from environmental sediments and soils, given the 

complexity of organic compounds and inhibitory substances such as humic 

acids (He et al., 2005; Tsai and Olson, 1992; Proteous and Armstrong, 1991), 

which can be co-extracted and can interfere with subsequent PCR analysis, and 

consequently lead to biases in culture-independent molecular based diversity 

studies.  

In this study, four DNA purification methods were used to compare their 

suitabilities for samples from forest soil and leaf litter, and 16S rRNA gene 

libraries were constructed using the DNA from the successful purification 

method. The possible differences of leaf litter and soil bacterial communities 

under exotic pine plantation were investigated using the culture-independent 

methods established in the previous chapter. 
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4.1.2 Materials and methods 

4.1.2.1 Sample collection and storage 

Soil and leaf litter samples were collected and stored as described in 

Section 3.2. 

4.1.2.2 DNA extraction and purification directly from samples 

Genomic DNA was extracted from the forest leaf litter and soil as detailed 

in Section 3.3.1.1. Four elutions of DNA were checked by agarose gel 

electrophoresis as described in Section 3.3.1.4. The DNA eluents were dark in 

colour and sometimes formed compact aggregates. Subsequent, PCR 

amplification from such samples failed. The DNA purification step could not, 

therefore, be avoided. It was found that both the colour of eluent and the DNA 

concentration reduced gradually after elution. The first eluent contained a 

higher DNA concentration than the other three and presented a dark brown 

colour, which could have reflected a high content of organic rich components. 

Considering the difficulties of removing PCR inhibitors and the possibility of 

high DNA loses, the second eluent was chosen as the sample DNA for 

purification.  

The four methods for the DNA purification assessed in this study are 

described as follows:  
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(a) The PVPP spin columns: The spin columns were constructed by 

plugging 1 ml plastic syringes with 1 cm glass wool and packing the syringes 

with PVPP (Sigma). Syringes were centrifuged and repacked until they 

contained approximately 1 cm of gel matrix, when the columns were washed 

with sterilised water and excess water was removed by centrifugation. 

Approximately 200 µl of the sample was added to the column and centrifuged. 

The eluent was collected, and nucleic acids precipitated in ethanol and 

redissolved in 50 µl of sterile TE buffer. 

(b) SephadexTM spin columns: SephadexTM spin columns were 

prepared and DNA purification performed as with PVPP columns. 

(c) Low-melting point agarose gel: The DNA samples were 

concentrated by using a combination of salt and ethanol; 80 µl of 5 M NaCl 

was added to the sample and followed by 4 ml of 100% cold ethanol 

precipitation, incubated for 30 min at 37 oC and centrifuged at 10,000×g for 5 

min. After the DNA sample was separated from the co-extracted brown 

material by 1 % (wt/vol) low-melting point agarose gel, the high molecular 

weight DNA fragment was excised under UV illumination using a sterile 

scalpel blade. The DNA-containing low melting point agarose gel slices were 

melted at 65 oC and 5 U of β-agarose (New England Biolabs) was added for 

four hours’ digestion. After that, the DNA sample was washed by isopropanol 

and ethanol. 

(d) Modified gel purification method: The procedure for the DNA 

samples concentration is the same as in method (c). One % low melting 
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agarose gel (Progen, Australia) was prepared as described previously (section 

3.3.1.4). Four µl of DNA samples were mixed with 6 × loading solution and 

loaded into the wells, and 500 ng of λ Hind III ladder was used as molecular 

weight standard. Electrophoresis was performed at 50 V for 50 ml gels for 4 

hours at room temperature. A gel slice containing the desired DNA was 

excised using the sterile scalpel blades and placed in a sterile, pre-weighed 

microcentrifuge tube, and the agarose gel slices digested following the protocol 

of QiaQuick® Gel Purification Kit (Qiagen Pty Ltd, Australia) according to the 

manufacture instructions. The highly purified DNA was detected by agarose 

gel electrophoresis, and the purity and usefulness of the DNA samples were 

ultimately determined by successful PCR amplifications. 

4.1.2.3 16S rRNA gene amplification 

The 16S rRNA genes were amplified by PCR as described in Section 

3.3.2.1. PCR amplification and purity were checked by agarose gel 

electrophoresis as described in Section 3.3.1.4. The PCR products were 

purified through the QIA quick® PCR Purification kit as described in Section 

3.3.2.1. 

4.1.2.4 16S rRNA gene clone library construction 

The purified amplicons were ligated into the pGEM®-T Easy Vector and 

then transformed to competent cells (E. coli JM 109) according to the 

instructions of the manufacturer as detailed in Section 3.3.2.2. 
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4.1.2.5 16S rRNA sequencing and phylogenetic analysis 

The plasmid extraction was described in Section 3.3.2.2 and the insert was 

detected by agarose gel electrophoresis. The plasmids, or the purified PCR 

products, were partially sequenced with universal primer R2 as described 

previously (Section 3.3.2.1). These partial sequences were grouped with 98 % 

similarities. A representative clone from each group was fully sequenced. The 

16S rRNA sequences were then analysed and the reference sequences were 

extracted from the most similar GenBank sequences, and phylogenetic trees 

constructed (Section 3.3.2.4).  

4.1.3 Results 

4.1.3.1 DNA extraction and purification directly from samples 

Obtaining high-purity DNA which was extracted directly from 

environmental samples was a critical step for PCR amplification. The high-

molecular weight DNA (around 20 KB) was extracted from leaf litter and soil 

samples (Fig. 6).  
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FIG. 6. The high molecular weight (HMW) DNA fragments extracted from 
leaf litter and soil by Ultra Clean Kits. 

In this study, four different purification approaches (PVPP, SephadexTM 

spin column, low-melting agarose gel, and the modified gel purification 

method) were compared to remove PCR inhibitors presented in DNA 

community. The remaining PCR inhibitors were defined by one of the 

following characteristics: lack of primer dimers or the appearance of primer 

dimers without visible products. The DNA purified by using the modified gel 

purification method achieved good products for 16S rRNA gene amplification, 

but other methods, PVPP, SephadexTM spin column, and low-melting agarose 

gel, achieved very weak or no products. The photo for PCR amplification, 

using the 16S rDNA from the leaf litter and four different DNA purification 

protocols, was shown in Fig. 7. 
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FIG. 7. 16S rDNA fragments amplified using different DNA purification 
protocols 

Lane 1, forest leaf litter F layer with PVPP purification; lane 2, forest leaf litter L layer 

with PVPP purification; lane 3, forest leaf litter F layer with SephadexTM spin column 

purification; lane 4, forest leaf litter L layer with SephadexTM spin column purification; 

lane 5, forest leaf litter F layer with low-melting agarose gel purification; lane 6, forest 

leaf litter L layer with low-melting agarose gel purification; lane 7 forest leaf litter F 

layer with a modified method; and lane 8 forest leaf litter L layer with the modified 

method. 

4.1.3.2 16S rRNA gene clone library construction and phylogenetic 
analysis 

The PCR products were purified, ligated to the pGEM-T easy vector and 

transformed into competent cells. From each sample, 96 positive 

transformations were selected for further analysis and agarose gel 

electrophoresis was used to check the plasmid containing the appropriately 

insert size. Among the clone plasmid DNA, 64 - 66 clone plasmids DNA were 

sequenced for each sample and 194 clones were sequenced in total. The 

sequenced clones accounted for 67 % of the total clones in the library. Partial 

sequencing of each insert using the universal primer R2 produced an average 

     1           2           3           4           5              6           7          8 

1500 bp 

Primer  
dimers 
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sequence length of 500 bp. There were some differences in the distribution of 

bacteria phyla among different fractions of forest soil and leaf litter (Table 2). 

A representative from each group was selected and completely sequenced 

(Table 3).  

Table 2.  Taxonomic distribution of 16S rDNA clones among different 
fractions of forest soil and leaf litter layers 

E1* E2* E5* 
Taxonomic group 

Clones 
percentage

(%) Clones 
percentage 

(%) Clones 
percentage

(%) 

Unclassified bacteria 0 0 0 0 17 27 

Proteobacteria 0 0 13 21 7 11 

Firmicutes 66 100 51 79 0 0 

Acidobacteria 0 0 0 0 27 42 

Verrucomicrobiales 0 0 0 0 8 12 

Planctomycetes 0 0 0 0 5 8 

Total 66 100 64 100 64 100 

* E1, L layer leaf litter; E2, F layer leaf litter; E5, Soil (0-10 cm). 
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Table 3.  RDP results of 16S rRNA gene sequences from leaf litter and forest 
soil clone libraries 

Clone 
Number 

Closest sequence 
match 

(Accession number) 
Accession 

number 
Similarity 

(%) Taxonomy 

E1-03 Anoxybacillus 
beppuensis MU3  
(AB243446) 

EF600593 100 Firmicutes; 
Bacillaceae; 
Anoxybacillus 

E1-15 Anoxybacillus 
contaminans  
LMG 21881 
(AJ551330) 

EF600594 97 Firmicutes; 
Bacillaceae; 
Anoxybacillus 

E1-27 Anoxybacillus 
beppuensisMU3 
(AB243446) 

EF600595 97 Firmicutes; 
Bacillaceae; 
Anoxybacillus 

E1-34 Uncultured 
saccharococcus sp.  
ETV-T2  
(AJ306648) 

EF600596 97 Firmicutes; 
Bacillaceae; 
Unclassified 
Bacillaceae 

E1-38 Uncultured 
saccharococcus sp.  
ETV-T2  
(AJ306648) 

EF600597 98 Firmicutes; 
Bacillaceae; 
Saccharococcus 

E1-39 Anoxybacillus 
beppuensisMU3  
(AB243446) 

EF600598 100 Firmicutes; 
Bacillaceae; 
Anoxybacillus 

E2-01 Uncultured 
saccharococcus sp.  
ETV-T2  
(AJ306648) 

EF600581 100 Firmicutes; 
Bacillaceae; 
Unclassified 
bacillaceae 

E2-02 Paenibacillus sp 5T01 
(AM162346) 

EF600582 98 Firmicutes; 
Paenibacillaceae; 
Paenibacillus 

E2-06 Bacillus sp. CCR3 
(AJ810551) 

EF600583 98 Firmicutes; 
Bacillaceae; 
Bacillus 

E2-08 Beta proteobacterium 
PII_GH1.2.A10 
(AY162057) 

EF600584 99 Proteobacteria; 
Burkholderiaceae; 
Ralstonia 

E2-19 Bacillus sp. BGSC 
W9A59  
(AY608952) 

EF600585 99.5 Firmicutes; 
Bacillaceae; 
Geobacillus  



Examination of the bacterial phylogenetic diversity of leaf litter and forest soil 

64 

E2-22 Uncultured soil 
bacterium TIIF1 
(DQ297956) 

EF600586 99 Proteobacteria; 
Burkholderiaceae; 
Ralstonia 

E2-27 Burkholderia sp. oral 
clone AK168 
(AY005032) 

EF600587 98 Proteobacteria; 
Burkholderiaceae; 
Ralstonia 

E2-33 Anoxybacillus 
beppuensisMU3  
(AB243446) 

EF600588 96 Firmicutes; 
Bacillaceae; 
Anoxybacillus 

E2-37 Geobacillus  
caldoproteolyticus  
DSM 15730 
(AY327448) 

EF600589 95 Firmicutes; 
Bacillaceae; 
Geobacillus  

E2-41 Uncultured Ralstonia sp 
TM1_9  
(DQ279343) 

EF600590 95 Proteobacteria; 
Burkholderiaceae; 
Ralstonia 

E2-43 Paenibacillus sp 
H10-05  
(AM162315) 

EF600591 98 Firmicutes; 
Paenibacillaceae; 
Paenibacillus 

E2-46 Brevundimonas sp 
CHNTR43  
(DQ337577) 

EF600592 97 Proteobacteria; 
Caulobacteraceae; 
Brevundimonas 

E5-01 Bacterium Ellin5021 
(AY234438) 

EF600557 96 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-02 Uncultured bacterium  
AS14  
(AY963383) 

EF600558 97 Unclassified bacteria 

E5-03 Uncultured 
acidobacteria bacterium 
JG36-GS-69  
(AJ582046) 

EF600559 95 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-04 Uncultured 
acidobacterium UA3 
(AF200699) 

EF600560 94 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-05 Uncultured soil 
bacterium 55-2 
(AY326547) 

EF600561 96 Unclassified bacteria 

E5-06 Uncultured 
acidobacteria bacterium 
EB1108  
(AY395427) 

 

 

EF600562 100 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 
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E5-08 Uncultured 
acidobacteria bacterium 
EB1109  
(AY395428) 

EF600563 99 Acidobacteria; 
Acidobacteriaceae; 
Unclassified 
acidobacteriaceae 

E5-09 Uncultured bacterium  
BS35  
(AY963473) 

EF600564 90 Planctomycetes; 
Planctomycetaceae; 
Unclassified-
Planctomycetaceae 

E5-10 Uncultured soil 
bacterium 271-2 
(AY326529) 

EF600565 89 Unclassified bacteria 

E5-11 Uncultured bacterium 
1921-2  
(AY425778) 

EF600566 91 Unclassified bacteria 

E5-17 Bacterium Ellin371 
(AF498753) 

EF600567 95 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-18 Uncultured bacterium 
655006  
(DQ404673) 

EF600568 99 Unclassified bacteria 

E5-19 Uncultured bacterium 
BS64  
(AY963500) 

EF600569 99 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-24 Uncultured forest soil 
bacterium; DUNssu183 
(-7A) (OTU#104); 
(AY913389) 

EF600570 95 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-25 Uncultured bacterium 
FAC73  
(DQ451512) 

EF600571 98 Proteobacteria; 
Acetobacteraceae 
Stella 

E5-26 Uncultured bacterium 
655013  
(DQ404677) 

EF600572 96 Proteobacteria; 
Unclassified  
α-proteobacteria 

E5-33 Uncultured soil 
bacterium 55-2 
(AY326547) 

EF600573 96 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-34 Uncultured 
acidobacteria bacterium 
EB1108  
(AY395427) 

EF600574 100 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-35 Uncultured bacterium 
BS42  
(AY963480) 

 

EF600575 96 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 
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E5-36 Uncultured bacterium 
BS125  
(AB240266) 

EF600576 98 Verrucomicrobia; 
Unclassified- 
Verrucomicrobiales; 

E5-39 Uncultured organism 
ctg_CGOGA67 
(DQ395944) 

EF600577 100 Verrucomicrobia; 
Verrucomicrobiaceae;
Verrucomicrobium 

E5-40 Uncultured forest soil 
bacterium DUNssu185 
(-7A) (OTU#014) 
(AY913391) 

EF600578 96 Proteobacteria; 
Acetobacteraceae 
Stella 

E5-47 Uncultured bacterium 
BS64  

(AY963500) 

EF600579 96 Acidobacteria; 
Acidobacteriaceae; 
Acidobacterium 

E5-48 Uncultured bacterium 
FW101  

(AF523998) 

EF600580 92 Planctomycetes; 
Planctomycetaceae; 
Gemmata 

 

The sequences clustered into six putative phyla. Seven phylogenetic trees 

for the six phyla including Acidobacteria (Fig. 8), Proteobacteria [α-

Proteobacteria (Fig. 9), β-Proteobacteria (Fig. 10)], Plancetomycetes (Fig. 

11), Verrucomicrobia (Fig. 12), Unclassified bacteria (Fig. 13), and Firmicutes 

(Fig. 14) were constructed using TreeCon software with the neighbour-joining 

method as described previously (Section 3.13). 
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FIG. 8. The phylogenetic analysis of the phylotypes within the phylum 
Acidobacteria 

The phylogenetic tree includes 12 clone library sequences and 23 reference 

sequences. The bacteria clones are shown by the clone name and GenBank 

sequences are shown by species or clone name followed by a GenBank accession 

number. Bootstrap values (1000 replicates) of ≥80 % are given as percentage. The 

tree is constructed using TreeCon software with the neighbour-joining method. 

Deferribacter thermophilus (T); DSM 14813; U75602 was used as an out-group 

species. Bar, 10 changes per 100 nucleotides. 
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FIG. 9. The phylogenetic analysis of the phylotypes within the phylum α-
Proteobacteria 

The phylogenetic tree includes 4 clone library sequences and 22 reference 

sequences. The bacteria clones are shown by the clone name and GenBank 

sequences are shown by species or clone name followed by a GenBank accession 

number. Bootstrap values (1000 replicates) of ≥70 % are given as percentage. The 

tree is constructed using TreeCon software with the neighbour-joining method. 

Deferribacter thermophilus (T); DSM 14813; U75602 was used as an out-group 

species. Bar, 10 changes per 100 nucleotides. 
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FIG. 10. The phylogenetic analysis of the phylotypes within the phylum β-
Proteobacteria 

The phylogenetic tree includes 4 clone library sequences and 14 of their most similar 

GenBank sequences. The bacteria clones are shown by the clone name and 

GenBank sequences are shown by species or clone name followed by a GenBank 

accession number. Bootstrap values (1000 replicates) of ≥70 % are given as 

percentage. The tree is constructed using TreeCon software with the neighbour-

joining method. Deferribacter thermophilus (T); DSM 14813; U75602 was used as an 

out-group species. Bar, 10 changes per 100 nucleotides. 
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FIG. 11. The phylogenetic analysis of the phylotypes within the phylum 
Planctomycetes 

The phylogenetic tree includes 2 clone library sequences and 16 reference 

sequences. The bacteria clones are shown by the clone name and GenBank 

sequences are shown by species or clone name followed by a GenBank accession 

number. Bootstrap values (1000 replicates) of ≥40 % are given as percentage. The 

tree is constructed using TreeCon software with the neighbour-joining method. 

Deferribacter thermophilus (T); DSM 14813; U75602 was used as an out-group 

species. Bar, 10 changes per 100 nucleotides. 
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FIG. 12. The phylogenetic analysis of the phylotypes within the phylum 
Verrucomicrobia 

The phylogenetic tree includes 2 clone library sequences and 10 of their most similar 

GenBank sequences. The bacteria clones are shown by the clone name and 

GenBank sequences are shown by species or clone name followed by a GenBank 

accession number. Bootstrap values (1000 replicates) of ≥40 % are given as 

percentage. The tree is constructed using TreeCon software with the neighbour-

joining method. Deferribacter thermophilus (T); DSM 14813; U75602 was used as an 

out-group species. Bar, 10 changes per 100 nucleotides. 
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FIG. 13. The phylogenetic analysis of the phylotypes within the phylum 
Unclassified bacteria 

The phylogenetic tree includes 5 clone library sequences and 14 reference 

sequences. The bacteria clones are shown by the clone name and GenBank 

sequences are shown by species or clone name followed by a GenBank accession 

number. Bootstrap values (1000 replicates) of ≥40 % are given as percentage. The 

tree is constructed using TreeCon software with the neighbour-joining method. 

Deferribacter thermophilus (T); DSM 14813; U75602 was used as an out-group 

species. Bar, 10 changes per 100 nucleotides. 
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FIG. 14. The phylogenetic analysis of the phylotypes within the phylum 
Firmicutes 

The phylogenetic tree includes 13 clone library sequences and 16 of their most similar 

GenBank sequences. The bacteria clones are shown by the clone name and 

GenBank sequences are shown by species or clone name followed by a GenBank 

accession number. Bootstrap values (1000 replicates) of ≥70 % are given as 

percentage. The tree is constructed using TreeCon software with the neighbour-

joining method. Deferribacter thermophilus (T); DSM 14813; U75602 was used as an 

out-group species. Bar, 10 changes per 100 nucleotides. 
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4.1.4 Discussion 

4.1.4.1 Genomic DNA extraction, purification and 16S rRNA gene 
amplification 

In assessing bacterial diversity, one of the vital steps is to separate bacteria 

that exist in or on the surfaces of soil aggregates from the soil components. 

Using gentle methods for cell extraction, Gram-negative bacterial cells instead 

of Gram-positive bacterial cells would be lysed, while using harsh methods, 

most bacterial cells may be lysed, but the nucleic acids may be sheared. The 

Ultra CleanTM Mega Prep Soil DNA kit (Mo Bio Labs, Solana Beach, CA) 

provides a consistent and sensitive DNA extraction method (Whitehouse and 

Hottel, 2007), which is important for diversity studies. 

The application of DNA-based methods requires highly purified DNA 

(Morgan and Winstanley, 1997). However, DNA purification of environmental 

sediments and soils is very difficult, given the presence of the humic acids and 

other contaminants (He et al., 2005; Tsai and Olson, 1992; Proteous and 

Armstrong, 1991). Many methods have been performed to remove the humic 

substances from environmental DNA. These treatments include SephadexTM 

spin column (Flemming et al., 1994), the addition of polyvinylpolypyrrolidone 

(PVPP) or polyvinypyrrolidone (PVP) (Frostegard et al., 1999; Zhou et al., 

1995), hexadecyltrimethylammonium bromide (CTAB) (Cho et al., 1996; 

Zhou et al., 1995), the addition of bovine serum albumin (BSA), gelatin and 

high concentration of Taq polymerase, ion exchange (Tas et al., 1995), size 

exclusion chromatography (Hurt et al., 2001), and agarose gel electrophoresis 
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(Zhou et al., 1995) followed by the excision and DNA extraction from the gel 

matrix (Zhou et al., 1995). It has been proven that the use of CTAB, BSA, 

gelatin and high concentration of Taq polymerase is unreliable for the removal 

of inhibitors (Zhou et al., 1995). In this study, comparing the four DNA 

purification methods (the PVPP spin columns, SephadexTM spin column, low 

melting agarose gel, and the modified gel purification method) in application to 

the leaf litter samples, only DNA purified by the modified gel purification 

method could be amplified efficiently. This may be attributed to running, the 

low melting agrose gel for a longer time which can remove substantial humic 

substances and also some other compounds from the samples and thus prevents 

them from being involved in PCR amplification. Moreover, the procedure of 

gel digestion by PCR purification kits is simple, easy to operate, and is also 

able to reduce the DNA loss. The modified gel purification method has been 

proven to be an efficient approach for the DNA purification and recovery. The 

simplicity, speed, and cost-effectiveness of this approach yielded highly 

purified and high-molecular weight, and PCR ready DNA samples, making it 

especially attractive for the problematic environmental samples.  

4.1.4.2 Phylogenetic profiles and taxonomic distribution of the 16S 
rDNA clones among different fractions of leaf litter and soil 

The culturable microorganisms in soil microbial communities are 

estimated to be less than 0.1 % of the total microorganisms in forest soils (He 

et al., 2006). It is impossible to capture all the bacterial types in soils, but 

whole community DNA extraction, and PCR amplification followed by cloning 

and 16S rDNA sequence analysis was a direct and powerful strategy to gain an 
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insight into the soil microbial communities. To evaluate the phylogenetic 

diversity represented by the 16S rRNA sequences identified for the 16S rRNA 

gene clone libraries, 194 partial 16S rRNA sequences (about 510 bp) were 

obtained. The 16S rRNA sequences were analysed and sequences with a 

similarity value > 98% were regarded as phylogenetically similar and grouped 

into phylogroups. Sequencing the most consequent 16S rRNA genes from each 

phylogenetic group revealed that five bacterial phyla were represented in the 

forest soil clone library (Fig. 2). The phylum Acidobacteria was the most 

abundant phylogenetic group in terms of the number of clones which 

accounted for 42 % of the all examined soil clones. Verrucomicrobia and 

Proteobacteria were the second and third most abundant phylogenetic groups 

found in the soil clone libraries, accounting for 12 % and 11 % of the soil 

clones, respectively. About 8 % of the examined soil clones were 

Planctomycetes and 27 % of soil clones were phylogenetically unidentified. 

The large amount of unclassified clone sequences could imply that novel 

groups of bacteria were presented in this forest soil.  

Microbial diversity of Australian subtropical soils has been analysed 

previously and the present results are different from the results from those 

studies. Liesack and Stackebrandt (1992) investigated the bacterial diversity of 

a forest soil sample (pH 4-7) from Mt. Coot-tha, QLD, Australia, by sequence 

analysis of 16S rDNA clones. They obtained 113 clones, and found that the 

majority of clones (50.4 %) are related to α-Proteobacteria and 6 % of the 

clones belong to Verrucomicrobiales. More importantly, they found a large 

portion of the sequence (41.5 %) within novel or unidentified bacterial groups. 
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It was pointed out that soil pH is likely to be one of the most important 

selection factors affecting the microbial community structure in different soils 

(Kim et al., 2007) and that the results were not comparable since one of the 

PCR primers used in the study was designed to amplify streptomycete rDNA, 

rather than eubacteria (Stackebrandt et al., 1993). More recently, He et al. 

(2006) studied the bacterial diversity of a forest soil sample from Toolara, 

QLD, Australia, using a similar strategy. They sequenced 318 clone sequences 

and found that Acidobacteria (37.7 %) and Proteobacteria (35.8 %) were the 

dominant components, followed by Actinobacteria (14.5 %), 

Chlamydiae/Verrucomicrobia (7.2 %), Unclassified Bacteria (3.8 %), and 

Gemmatimonadetes (1.0 %). The results from He et al. (2006) are different 

from this study since the organic matters providing nutrient through the litter 

decomposition process are from F1 hybrid pine, rather than the Slash pine 

selected for this project. Different leaf litter available to the decomposer’s 

community can influence the decomposition process, and affect nutrient 

cycling and substrate supply for soil microbes, subsequently affecting soil 

bacterial communities.  

Anlysis of 16S rRNA gene clone libraries allowed in the identification of 

the most dominant members of the bacterial communities (Hackl et al., 2004). 

Other studies have indicated that α-Proteobacteria members were dominant in 

16S rRNA gene clone libraries from non-rhizosphere LTSP forest soil samples 

from BC, Canada (Axelrood et al., 2002), Scotland grassland rhizosphere soil 

(McCaig et al., 1999), Australian subtropical soils (Stackebrandt et al., 1993; 

Liesack and Stackebrandt, 1992) and Siberian soils (Zhou et al., 1997). In 
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contrast, Acidobacteria members were most abundant in clone libraries from 

Arizona pinyon pine rhizosphere and bulk soil samples (Dunbar et al., 1999), 

Austrian oak-hornbeam and spruce-fir-beech forest soils (Hackl et al., 2004), 

and Amazon terra preta and pristine forest soil (Kim et al., 2007). Such 

differences can most likely be explained by differences in temperature, 

moisture, pH and vegetation, and could also testify the great variations of 

bacterial diversity in different places.  

Plant litter can influence the activity of soil microbes and fauna by 

providing them with a food source and habitat (Bengtsson et al., 1998; Zak et 

al., 1994). Zimmerman et al. (1995) reported that the experimental removal of 

litter and woody debris 3 years after a hurricane increased soil nitrogen 

availability and litterfall by 40 % compared to unmanipulated control plots in 

tropical wet forest of Puerto Rico. Li et al. (2005) suggested that litter removal 

in forests could reduce soil microbial activity and deplete the light fraction of 

labile carbon pools. The study by Dilly et al. (2004) showed that in addition to 

litter type, climate, vegetation, and indigenous microbes in the surrounding soil 

affected the development of the bacterial communities in the litter. Based on 

the interactions of soil microbes and plant litter revealed by the previous 

studies, it is interesting and investigative if the bacterial community of forest 

leaf litter is discovered. This study made the first attempt to discover the 

bacterial community in the forest leaf litter. The experimental data provided 

important information on bacterial diversity in forest leaf litter, though 

additional surveys and comparisons at different locations are needed to further 

characterise. It may then be possible to discover the ecology of these bacterial 
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communities and study the role of specific bacterial groups that contribute to 

the many interesting properties of these environments. In this study, Firmicutes 

was the only phylum presented in the L layer leaf litter clone library. Similarly, 

Firmicutes dominated the F layer leaf litter (79 % of the library), which was 

followed by Proteobacteria (21 %). Some brief information on phyla whose 

members were related to this study is summarised in the following. 

The phylum Firmicutes includes three classes, the Clostridia, the 

Mollicutes and the Bacilli. The Firmicutes have a wide variety of the 

phenotypic characteristics including Gram-negative and Gram-positive, non-

sporulating and endosporeforming, aerobic and anaerobic, mesophilic, 

thermophilic and hyperthermophilic, organotrophic and phototrophic, gliding, 

dissimilatory sulphate- or sulphite-reducing as well as symbiotic and parasitic 

to eukaryotic species (Ahmad et al., 2000). The phylum Firmicutes was 

represented by both F and L layer leaf litter. The leaf litter had 8 phylotypes 

spreading through the class Bacilli. Paenibacillaceae only presented in the L 

layer leaf litter 16S rRNA clone library.  

The relatively newly-described phylogenetic group, Acidobacteria, is 

made up of two genes of bacteria which possess different phenotypic and 

phylogenetic characteristics. The species of genus Acidobacterium are aerobic, 

nonsporeforming bacteria and they are acid tolerant mesophiles with 

chemoheterotrophic growth (Dunbar et al., 1999). Phylogenetically, they are 

located near the Firmicutes. This phylum constitutes large environmental soil 

clone sequences. In the 16S rRNA gene clone-libraries, only the genus 

Acidobacterium was obtained from the forest soil and this genus includes 10 
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phylotypes. The physiology and roles of these organisms is still speculative 

(Smit et al., 2001), although few isolates have been obtained in the laboratory. 

And novel organisms from groups were poorly represented by cultivated 

representatives.  

The phylum Proteobacteria has the widest diversity of phenotypes among 

the bacterial domain. The phylogenetic grouping of this phylum is based on 

numerous physiological and phylogenetic characterisations. It contains five 

classes, namely α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, δ-

Proteobacteria, and ε-Proteobacteria (Gupta, 2000). Anoxygenic 

photosynthesis is prevalent within the Proteobacterial phylum and most 

members of Proteobacteria are heterotrophic growth (Gupta, 2000). 

Photosynthesis is inhibited by oxygen as it represses photopigment synthesis. 

The α-Proteobacteria not only comprises most phototrophic genera, but also 

several genera metabolising C1-compounds, symbionts of plants (Madigan and 

Martinko, 2005). β-Proteobacteria play an important role in nitrogen fixation 

in various types of plants, oxidizing ammonium to produce nitrite- an 

important chemical for plant function (Madigan and Martinko, 2005). 

Members from the α-Proteobacteria were present in the forest soil and the 

clones from β-Proteobacteria were present in the L layer leaf litter. The α-, and 

β- groups share the characteristic that most of them are able to utilise a variety 

of organic compounds as an electron donor and photoautotrophic growth is 

also possible. 

Planctomycetes are morphologically distinct microorganisms. Their cells 

are Gram-negative with spherical, ovoid or bulbiform shapes and their cell 
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walls lack peptidoglycan and are proteinaceous in nature. This phylum is 

primarily aquatic organisms and they are typically facultative aerobic 

possessing a chemoorganotrophic metabolism (Griepenburg et al., 1999). The 

only representative genus Planctomycetaceae was represented in the 16S 

rRNA gene clone libraries from the forest soil.  

The phylum Verrucomicrobia is represented by genus Verrucomicrobium 

and Prosthecobacter. The only representative genus Verrucomicrobiaceae was 

represented in the 16S rRNA gene clone libraries from the forest soil. The 

members of this phylum are Gram-negative aerobic mesophiles that have 

peptidoglycan containing diaminopimelic acid and the species of this phylum 

contain menaquinones (Janssen et al., 2002). 
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4.2 Section II: Culture-dependent studies 

4.2.1 Introduction 

The bacterial component of the soil microflora contains a wide 

phylogenetic diversity, most of which remains sparsely studied (Hugenholtz et 

al., 1998; Liesack et al., 1997). This is because over 99 % of microorganisms 

in the soil have not been cultivated on the standard laboratory media (Torsvik 

et al., 1990). Various media have been used to isolate a range of new species 

(Sait et al., 2002). Gelrite is an agar substitute and is used to grow bacteria 

because gelrite is more stable, optically clear and less inhibitory than agar to 

bacterial growth (Lin and Casida, 1984).  

Enrichment cultures were used previously to investigate the soil bacterial 

diversity (Balestra and Misaghi, 1997; Maloney et al., 1997) and it was found 

that the culturable proportion tended to be unrepresentative of the total 

phylogenetic diversity of soil bacteria because the organisms of numerical 

significance, but with low growth rates, may be outgrown by those with high 

growth rates. An alternative to enrichment culture is cultivation by dilution 

series. The advantage of this technique is that, at higher dilution levels, 

numerically dominant organisms can be isolated, given that they are able to 

grow in the selected medium (Ferris et al., 1996).  

In this study, gelrite was used as agar substitute to grow bacteria and 

isolates were obtained from the serial dilutions of the leaf litter and soil 
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samples. The leaf litter and soil bacterial communities were examined using the 

culture-dependent methods established in the previous chapter. 

4.2.2 Materials and methods 

4.2.2.1 Plating of samples and bacterial isolates 

The pure isolates were selected and stored as described in Section 3.4.1. 

4.2.2.2 DNA extraction from pure cultures 

The DNA was extracted from pure cultures as described in Section 3.3.1.2. 

4.2.2.3 16S rRNA gene amplification, sequencing and phylogenetic 
analysis 

The 16S rRNA gene was amplified by PCR and the product was purified 

as described in Section 3.3.2.1. The PCR product was sequenced as stated in 

Sections 3.3.2.3.  

The phylogenetic analysis of 16S rRNA gene sequences was carried out 

according to Section 3.3.2.4. 
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4.2.3 Results 

4.2.3.1 Phylogenetic analysis of 16S rRNA gene from isolates 

On gelrite plates, the colonies’ characteristics were grouped based on the 

colour, size, shape and margin. The colonies which represent the different 

colony types were selected. A total of 21 isolates which were considered to 

represent 334 colonies from the leaf litter and forest soil had their DNA 

extracted (Section 3.3.1.2) and their 16S rRNA genes were amplified via PCR 

and identified by 16S rRNA gene sequence analysis (Table 4). A phylogenetic 

tree was constructed from the sequence data (Fig. 15). From these isolates, it 

was found that 48 % of the isolates from the L layer leaf litter sample were 

Firmicutes, which was followed by Proteobacteria (34 %), and Actinobacteria 

accounted for 18 % of the isolates. Compared with the L layer leaf litter, the F 

layer leaf litter was dominated by Proteobacteria (69 %). The second most 

dominating phylogroup was Firmicutes, and Actinobacteria was the least 

dominating phylogroup, accounting for only 5 % of the isolates. The forest soil 

sample was dominated by Firmicutes. 
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Table 4.  Phylogenetic groups of isolates on the basis of 16S rRNA gene 
sequences. Isolates’ names and their most similar Genbank species 
(Name, Accession Number, Similarity) 

Phyla 
representative 
isolate number 

Number 
of 

Colonies 

Nearest phylogenetic 
neighbour 

(Accession number) 

Similarity 
(%) 

Taxonomy 

E1HC-01 
38 

Bacillus mycoides (T);  
ATCC 6462;  
(AF155956) 

99 
Firmicutes; 
Bacillaceae; 
Bacillus 

E1HC-02 
9 

Frigoribacterium faeni (T); 
DSM 10309 
(Y18807) 

98 
Actinobacteria; 
Microbacteriaceae; 
Frigobacterium 

E1HC-03 

31 

Novosphingobium  
hassiacum (T);  
DSM 14552 ; 
(AJ416411) 

95 

Proteobacteria; 
Sphingomonadaceae; 
Novosphingobium 

E1HC-04 
5 

Bacillus psychrodurans 
(T); DSM 11713; 
(AJ277984) 

93 
Firmicutes; 
Bacillaceae; 
Bacillus 

E1HC-05 
7 

Subtercola boreus (T);  
DSM 13056; 
(AF224722) 

97 
Actinobacteria; 
Microbacteriaceae; 
Subtercola 

E2HC-06 
3 

Curtobacterium citreum 
(T); DSM 20528; 
(X77436) 

98 
Actinobacteria; 
Microbacteriaceae; 
Curtobacterium 

E2HC-07 
1 

Bacillus thuringiensis (T); 
ATCC10792;  
(AF290545) 

100 
Firmicutes; 
Bacillaceae; 
Bacillus 

E2HC-08 
59 

Bacillus thuringiensis (T); 
ATCC10792;  
(AF290545) 

100 
Firmicutes; 
Bacillaceae; 
Bacillus 

E2HC-09 

140 

Novosphingobium  
hassiacum (T);  
DSM 14552 ; 
(AJ416411) 

98 

Proteobacteria; 
Sphingomonadaceae; 
Novosphingobium 

E2HC-10 
18 

Burkholderia glathei (T);  
ATCC 29195;  
(Y17052) 

96 
Proteobacteria; 
Burkholderiaceae; 
Burkholderia 

E2HC-11 

8 

Streptomyces 
flavogriseus (T);  
DSM 40323;  
(AJ494864) 

 

92 

Actinobacteria; 
Streptomycetaceae; 
Streptomyces 
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E2HC-12 

1 

Subtercola boreus (T);  
DSM 13056;  
(AF224722) 97 

Actinobacteria; 
Actinobacteria; 
Microbacteriaceae; 
Subtercola 

E2HC-13 
1 

Bacillus mycoides (T);  
ATCC 6462;  
(AF155956) 

99 
Firmicutes; 
Bacillaceae; 
Bacillus 

E2HC-14 
2 

Burkholderia fungorum 
(T); LMG16225; 
(AF215705) 

98 
Proteobacteria; 
Burkholderiaceae; 
Burkholderia 

E2H3-40 
3 

Bacillus thuringiensis (T); 
ATCC10792;  
(AF290545) 

100 
Firmicutes; 
Bacillaceae; 
Bacillus 

E5HC-29 
1 

Bacillus arvi (T); LMG 
22165;  
(AJ627211) 

99 
Firmicutes; 
Bacillaceae; 
Unclassified bacillales 

E5HC-30 
1 

Bacillus barbaricus (T);  
DSM 14730 
(AJ422145) 

99 
Firmicutes; 
Bacillaceae; 
Bacillus 

E5HC-31 
3 

Bacillus arvi (T); LMG 
22165;  
(AJ627211) 

99 
Firmicutes; 
Bacillaceae; 
Unclassified bacillales 

E5HC-32 
2 

Bacillus sphaericus (T); 
IAM 12420 ; 
(D16280) 

87 
Firmicutes; 
Bacillaceae; 
Bacillus 

E5HC-33 
2 

Bacillus sphaericus (T); 
IAM 12420 ; 
(D16280) 

87 
Firmicutes; 
Bacillaceae; 
Bacillus 

E5H3-43 
1 

Micrococcus luteus (T);  
DSM 20030;  
(AJ536198) 

99 
Actinobacteria; 
Micrococcaceae; 
Micrococcus 
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FIG. 15. Phylogenetic tree of representative isolates from forest soil and leaf 
litter 
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The tree includes 21 isolates and 29 reference sequences obtained from GenBank. 

The bacteria isolates are shown by the isolate name and Genbank sequences are 

shown by species name followed by an accession number. Bootstrap values (1000 

replicates) of ≥70 % are given as percentage. The tree is constructed using TreeCon 

software with neighbour-joining method. Taxonomic assignment of different phyla: A-

Firmicutes; B-Actinobacteria; C-α-Proteobacteria; D-β-Proteobacteria. Deferribacter 

thermophilus (T); DSM 14813; U75602 was used as an out-group species. Bar, 10 

changes per 100 nucleotides. 

4.2.4 Discussion 

4.2.4.1 Phylogenetic profiles and taxonomic distribution of the 
isolates among different fractions of leaf litter and soil 

The previous investigation of the bacterial diversity in forest leaf litter and 

soil was based on enrichment cultures (Balestra and Misaghi, 1997; Maloney et 

al., 1997). Enrichment cultures are selective in different ways due to the media 

used. Organisms of numerical significance but with low growth rates may be 

outgrown by those with high growth rates, even if the latter are of smaller 

numerical importance in the habitat under investigation. An alternative to 

enrichment culture is cultivation by dilution series. The advantage of this 

technique is that, at higher dilution levels, numerically dominant organisms can 

be isolated, given that they are able to grow in the medium selected (Ferris et 

al., 1996).Therefore, dilution series is chosen for cultivation in this study. 

Agar is extensively used as a gelling agent for growing microorganisms. 

However, after prolonged incubation required for growing soil bacteria, agar-

based media usually lose gel strength and often exhibit syneresis, with 

significant amounts of surface water escaping from the gel (Lin and Casida, 
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1984). Gelrite is stable and optically clear. In this aspect, it is easier to evaluate 

the characteristics of colonies on gelrite-containing media. In addition, gelrite 

is less inhibitory than agar to bacterial growth (Lin and Casida, 1984) and 

higher viable bacterial counts would be able to be expected on gelrite-

containing media. In this study, gelrite as agar substitute was chosen to grow 

bacteria and 334 colonies in total were obtained from the serial dilutions of the 

leaf litter and soil samples incubated on 0.3 % TSB gelrite plates at 27 oC for 2 

- 7 days. 

On gelrite plates, the colonies’ characteristics were grouped based on the 

colour, size, shape and margin, and selected representatives of the different 

colony types. These isolates were further analysed by 16S rRNA sequence 

(Table 4). From these isolates, it was found that 48 % of the isolates from the L 

layer leaf litter sample were Firmicutes, which was followed by Proteobacteria 

(34 %), and Actinobacteria accounted for 18 % of the isolates. Compared with 

the L layer leaf litter, the F layer leaf litter was dominated by Proteobacteria 

(69 %). The second most dominating phylogroup was Firmicutes, and 

Actinobacteria was the least dominating phylogroup, which only accounted for 

5 % of the isolates. The forest soil sample was dominated by Firmicutes. It was 

notable that a number of isolates, those belonging to the α- and β- 

Proteobacteria, resembled isolates previously found in freshwater or other 

sediment samples (Mannisto et al., 2000). Other studies had also detected 

sequences affiliated with isolates from more extreme environments, such as 

cold ground water (Kampfer et al., 2000). Some colonies not only represented 

in low concentration media but also represented in high concentration media.  
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The investigations on improving the culturability of the soil bacteria have 

been done previously. Sait et al. (2002) studied the soil cultivated-bacteria in 

an Australian pasture soil. They obtained 71 isolates, including 10 

Acidobacteria, 14 Actinobacteria, 2 Bacteroidetes, and 45 Proteobacteria. 

Moreover, it is the first description of isolates from subdivision 3 of the 

phylum Acidobacteria. The authors noted that a minimal change in cultivation 

strategy, such as longer incubation times and using a polymeric growth 

substrate, can result in isolation of globally distributed but previously 

uncultured phylogenetically novel soil bacteria. Later, the number of isolates 

from the phylum Acidobacteria was greatly extended (Joseph et al., 2003). 37 

isolates from subdivisions 1, 2, 3, 4 of the phylum Acidobacteria were 

reported. In addition, only one single isolate from Verrucomicrobia was 

obtained in the study from Sangwan et al. (2005), and it was found that colony 

development by members of Verrucomicrobia was inhibited by other 

culturable bacteria. In our investigation, isolates from the members of 

Actinobacteria, Firmicutes, and Proteobacteria were obtained, including four 

novel strains, i.e. 1 Firmicutes, 1 Actinobacteria, 2 Proteobacteria; and the 

details of the description were described in Chapter 5. None of isolates, 

however, belonged to Acidobacteria and Verrucomicrobia, probably because 

members of these groups are generally slow-growing, or they may have 

specific physiological requirements and therefore may have been lost during 

subculture, or their colony development was inhibited by other culturable 

bacteria. 
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The culturable portion of the microbial community is an important 

ecological parameter and it is important to assess the bacteria activity. These 

methods are fast, inexpensive and can provide information on the active, 

heterotrophic components of the community. Furthermore, it is a great 

challenge to assess bacterial function only by 16S rRNA genes and detailed 

investigation of their physiologies and genomes is even more difficult. The 

availability of pure cultures greatly simplifies these studies. However, its 

limitations could not be ignored. Although there have been attempts to devise 

suites of culture media to maximise the recovery of diverse microbial groups 

from soils (Hayashidani et al., 1995), it has been estimated that at least 99 % of 

soil bacteria cannot be cultured by the currently laboratory techniques. It is 

possible that this 1 % of culturable bacteria is representative of the whole 

bacteria community and the 99 % is simply in a physiological state that eludes 

our ability to culture them (Rondon et al., 1999). However, it is also likely that 

the 1 % of culturable bacteria only represents the minority of the community, 

which is phenotypically and genetically different from the rest of bacteria 

(Rondon et al., 2000). Therefore, performing cultivation-based methods alone 

to study soil bacterial diversity can produce misleading results. 

4.2.4.2 Comparing the diversity data obtained from culture-
dependent methods with culture-independent methods 

The bacterial diversity was investigated in forest leaf litter and surface soil 

for 21 isolates and 194 16S rRNA clones. It was assumed that the biases 

operated uniformly for the forest leaf litter and soil samples and that therefore 

the samples could be compared. Although the data were not replicated, they 
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provided a starting point for assessing bacterial diversity. The data showed that 

the 16S rDNA clone libraries provided more comprehensive phylogenetic 

diversity in the soil and leaf litter samples than the culture collections provided 

as expected (Fig. 16). The data from the forest soil and leaf litter indicated that 

Firmicutes were present from all of the samples. When Firmicutes were found 

in clone libraries, they were at a much lower proportion than in plated 

communites. Several reasons can explain this, such as PCR bias, the difficulty 

of lysing spores, and fast growth of these bacteria on plates. Acidobacteria, 

Verrucomicrobia and Planctomycetes seem only to be present in soil. 

Acidobacteria appear to be numerically dominant and active members of most 

of soils (Chen and Xu, 2005; Felske et al., 2000; Nogales et al., 1999; Kuske et 

al., 1997). However, only a few isolates were obtained from soil samples 

(Joseph et al., 2003; Sait et al., 2002; Kishimoto and Tano, 1987). The 

Proteobacteria not only had a large number of isolates, they also represented a 

large group by clone library. Using molecular methods, Actinobacteria 

appeared to be absent from the L and F layer leaf litter samples. The possible 

reasons could be either the nucleic acids of the Actinobacteria are difficult to 

extract, or Actinobacteria are over-presented in culture-dependent examination. 

Both culture-dependent and culture-independent studies provide important 

insights into bacterial diversity in forest soil and leaf litter despite the biases 

that can occur in both methods. Therefore, both of culture-dependent and 

culture-independent approaches should be performed to improve the prediction 

of microbial diversity.  
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FIG. 16. Division level phylogenetic diversity identified in culture collections 
(above) and 16S rDNA clone libraries (below) 

Division level affiliations were determined by phylogenetic analysis of partial or nearly 

full-length 16S rDNA sequences from 21 isolates and 194 clones from forest litter and 

surface soil (0-10 cm) in an exotic pine plantation of southeast Queensland, Australia. 

Previous research showed that microbial diversity increased during the 

course of litter decomposition, and bacterial diversity differed in the same litter 

buried in similar soil at different location (Dilly et al., 2004). Thus, it is not 

difficult to infer that the bacterial diversity in leaf litter is not only affected by 

the origin of the litter, but also the surrounding soil. The bacterial-

phylogenetic-diversity in leaf litter, however, had not been studied before. To 

the best of my knowledge, this study is the first attempt to assess bacteria 

diversity in different fractions of forest soil and leaf litter using both culture-

dependent and culture-independent methods. This study showed that bacterial 
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culturabilities in different fractions of leaf litter were similar, and both of them 

were higher than the bacterial culturability in soil. Unculturable bacterial 

diversity in soil, however, was much higher than leaf litter bacterial diversity. 

The bacterial diversity on top layer leaf litter was slightly less than that on the 

bottom layer leaf litter. The information provided by assessing the different 

fractions of leaf litter and forest soil improved our understanding of the 

phylogenetic relationship between soil and above-leaf litter. The comparative 

analysis of bacterial communities in different fractions of leaf litter and soil has 

also provided important baseline information about bacterial diversity and 

composition in exotic pine forest explantations. These data will allow us to go 

forward with studies in which the effects of management practices or 

environmental pollution on the leaf litter and soil bacterial communities and 

their functions will be evaluated. 
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5 Isolation and characterisation of the novel 
strains 

5.1 Introduction  

Nutrients released from the microbial decomposition of plant residues, 

such as leaf litter, in both natural and agricultural ecosystems, are important for 

plant growth. It is well-known that the leaf litter quantities decrease during the 

process of decomposition due to loss of readily available carbon with a 

concomitant increase in microbial numbers and an accumulation of refractory 

compounds (Wardle et al., 2006). The extensive studies on culture-dependent 

and culture-independent microbial diversity studies of soils and plant 

rhizosphere, and to a lesser extent leaf litter biosphere, have suggested that 

members of the phyla Firmicutes, Actinobacteria and Proteobacteria dominate 

these environments (Sharma et al., 2005; Hugenholtz et al., 1998).  

During our culture-dependent bacterial diversity studies of leaf litter and 

forest soil of a slash pine forest (details in Chapter 4), four novel strains were 

isolated. Bacillus decisifrondis strain E5HC-32T (isolated from 0-10 cm forest 

soil) has been proposed a new species member of genus Bacillus, phylum 

Firmicutes. Frondicola australicus strain E1HC-02T (isolated from L layer leaf 

litter) has been proposed a new species of a new genus, phylum 

Microbacteriaceae. Strain E1HC-05T (isolated from L layer leaf litter) has 

been proposed a new species member of genus Subtercola, phylum 
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Proteobacteria. Strain E4HC-28T (isolated from 10-15 cm forest soil) has been 

proposed a new species member of genus Fulvimonas, phylum Proteobacteria. 

This chapter describes the characterisation of these four strains, in terms of 

their morphological chacteristics, physiological characteristics, biochemical 

chacteristics, chemotaxonomic chacteristics, DNA base composition, and 16S 

rRNA gene sequence analysis.  

5.2 Materials and methods 

5.2.1 Bacterial strains and cultivation 

Strains were isolated from leaf litter and forest soil in a slash pine 

plantation of southeast Queensland, Australia as described in Section 3.4.1. 

5.2.2 Morphological characteristics 

Cell morphology and cell wall ultra structure were determined using light 

and electron microscopy respectively as previously described (Section 3.4.3).  

5.2.3 Physiological characteristics and biochemical 
characteristics 

The optimal temperature and pH ranges for growth were determined 

according to Section 3.4.4 using 0.3 % TSB medium. Growth characteristics of 

strains were studied in duplicated in 0.3 % TSB medium and growth was 
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determined spectrophotometrically at 660 nm in a Novaspec LKB 

spectrophotometer (Pharmacia-Biotech Pty Ltd, Australia) after 24 hours 

growth (details in Section 3.4.4.). 

For Biolog metabolic fingerprinting, strains were grown on Biolog 

Universal Growth (BUG) agar plates. Suspensions were prepared and BiologTM 

GN2 plates (Hayward, CA, USA) were used to characterise the biochemical 

capacity of the strains, following the manufacture’s recommended procedures, 

as described previously (Section 3.4.5).  

5.2.4 Chemotaxonomic characteristics 

The peptidoglycan of strains were isolated and analysed at the Deutche 

Sammlung von Mikroorganismen und Zellkulturen (DSMZ) using the existing 

procedures (MacKenzie, 1987; Schleifer, 1985; Schleifer and Kandler, 1972; 

Rhuland et al., 1955). 

Fatty acid methyl esters (FAMEs) analysis was performed using Gas 

Chromatography-software system (Microbial ID, Inc. [MIDI], Newark, Del.) at 

the Deutche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). 

Polar lipid analysis was carried out by the identification services of DSMZ 

and Dr B. J. Tindall, DSMZ, Braunschweig, Germany. 

Analysis of respiratory quinones was carried out by the identification 

services of DSMZ and Dr. Brian Tindall, DSMZ, Braunschweig, Germany. 
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5.2.5 DNA base composition 

The DNA was extracted from a pure culture as described in Section 3. 

3.1.3, and the mol% G+C of the genomic DNA was determined as described in 

Section 3. 4.5.  

5.2.6 16S rRNA sequence analysis 

The genomic DNA was extracted from strains as described in Section 

3.3.1.2. The methods used for 16S rRNA gene amplification, and sequencing 

have been described in Section 3.3.2.1 and Section 3.3.2.3. The sequence 

generated was analysed and phylogenetic tree was constructed using a standard 

suite of computer programs as described in Section 3.3.2.4. 

5.3 Results and discussion: Characterisation of 
novel bacterium, Bacillus decisifrondis, sp. 
nov. 

5.3.1 Morphological characteristics 

After 3 to 5 days of incubation at 30 °C, the cream round smooth colonies 

were formed. The cells of strain E5HC-32T were motile, rod-shaped (0.8 - 1.6 

× 2.6 - 4.8 µm) and produced sub-terminal spherical spores which distended 

the cells. Electron microscopy of negatively–stained cells showed the presence 

of peritrichous flagellation (Fig. 17) and examination of thin sections revealed 

the presence of a typical Gram-positive cell wall ultrastructure (Fig. 18).  
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FIG. 17. Transmission electron micrograph of Bacillus decisifrondis strain 
E5HC-32T showing pertrichous flagellation 

 

FIG. 18. Thin sections showing a multi-coated spore and an inclusion body 
(arrow) 
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5.3.2 Physiological and biochemical characteristics 

Fig. 19. shows the relationship between temperature and growth. In this 

study, stain E5HC-32T grew at temperature between 25 and 40° C, and the 

optimum temperature was about 30 °C (the absorbance was measured after 

24h). Fig. 20 shows the relationship between pH and growth. Stain E5HC-32T 

grew at pH between 7.1 and 9.1, and the optimum pH was 8.4. A generation 

time of strain E5HC-32T was calculated from the growth curve depicted in Fig. 

21. In addition, use of Biolog system revealed that Strain E5HC-32T 

metabolised pyruvic acid methyl ester, D-galactonic acid lactone, α-keto 

butyric acid, α-keto valeric acid, L-proline, L-alaine, urocanic acid, inosine, 

uridine, thymidine, glycerol, α-cyclodextrin, α-D-lactose, D-psicose, D-

raffinose, L-rhamnose, D-sorbitol, turanose, cis-aconitic acid, α-

hydroxybutyric acid, L-alaninamide, and 2-aminoethanol but could not 

metabolise the any other carbon sources on the GN2 Biolog plates including 

dextrin, glycogen, tween 40, tween 80, N-acetyl-D-galactosamine, N-acetyl-D-

glucosamine, adonitol, L-arbinose, D-arbitol, D-cellobiose, i-erythritol, D-

fructose, L-fucose, D-galactose, gentiobiode, α-D-glucose, m-inositol, 

lactulose, maltose, D-mannitol, D-mannose, D-melibiose, β-methyl-D-

glucoside, sucrose, D-trehalose, xylitol, succinic acid mono-methyl-ester, 

acetic acid, citric acid, formic acid, D-galacturonic acid, D-gluconic acid, D-

glucosaminic acid, D-glucuronic acid, β-hydroxybutyric acid, γ-

hydroxybutyric acid, p-hydroxy phenylacetic acid, itaconic acid, α-keto 

glutaric acid, D, L-lactic acid, malonic acid, propionic acid, quinic acid, D-

succharic acid, sebacic acid, succinic acid, bromosuccinic acid, succinamic 



Isolation and charcterization of the novel strains  

101 

acid, glucuronamide, D-alaine, L-alanyl-glycine, L-asparagine, L-aspartic acid, 

L-glutamic acid, glycyl-L-aspartic acid, glycly-L-glutamic acid, L-histidine, 

hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-pyroglutamic 

acid, D-serine, L-serine, L-threonine, D, L-carnitine, γ-amino butyri acid, 

phenyethyl-amine, putrescine, 2, 3-butanediol, D, L-α-glycerol phosphate, α-

D-glucose-1-phosphate, and D-glucose-6-phosphate. Strain E5HC-32T 

hydrolysed casein but not starch. Catalase activity was positive and oxidase 

was negative. 
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FIG. 19.  Effect of temperature on the growth of strain E5HC-32T 
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FIG. 20.  Effect of pH on the growth of strain E5HC-32T 
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FIG. 21.  Growth curve of strain E5HC-32T 
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5.3.3 DNA base composition 

Strain E5HC-32T had a G+C content of 41 ± 1 mol %, determined using a 

Cintra20 spectrophotometer (GBC Scientific Equipment). 

5.3.4 16S rRNA gene sequence analysis 

The 1309 bp 16S rRNA gene sequences of strain E5HC-32T was generated 

using four primers and has been deposited in GenBank with the accession 

number DQ465405. The phylogenetic analyses concurred with the 

physiological and morphological studies and indicated that strain E5HC-32T 

shared a close phylogenetic relationship with the round spore-forming Bacillus 

rRNA group 2. The closest phylogenetic relatives were B. sphaericus IAM 

13420T (Nakamura, 2000) and B. oddsseyi ACTT PTA-4993T (La Duc et al., 

2004) and were equidistantly placed from strain E5HC-32T (similarity of 93 %) 

(Fig. 22). 
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Table 5. Differential table comparing Bacillus decisifrondis strain E5HC-32T 
from related species 

 Bacillus 
decisifrondis* Bacillus sphaericus 

Bacillus 

odysseyi 

Type species JCM 13601T  = 
DSM 17725T IAM 13420T ATTC PTA-

4993T 

Isolated source 
Forest soil 

Soil, marine and 
fresh water 

sediments, etc. 

Mars odyssey 
spacecraft 

Spore formation + + + 

Optimum temperature 
growth range (◦C) 30 25-30 20-35 

pH range growth range  7.1-9.1 7-10 6-10 

Growth at pH 10 - + + 
Substrate oxidised:     
 acetate - + + 
 pyruvate + + + 
 α-hydroxybuturate + - + 
 β-hydroxybuturate + - + 
 methy puruvate + + + 
 L-alanine + + + 
 glycyl L-glutamate - + + 
 adenosine + + - 
 inosine + + + 
 glucose + - - 
 Starch hydrolysis - - ND 
 Casein hydrolysis + + ND 
Decomposition of :    
 tween 40 - + ND 
 tween 80 - + ND 

G+C content (mol %) 41 37 ND 

16S rRNA sequence 
similarity (%) of strain to 
Bacillus decisifrondis 

100 93 93 

 

• This study, +, Positive; -, negative; ND, not determined. 
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5.3.5.1 Description of Bacillus decisifrondis, sp. nov. 
de.ci.si.fron’dis.L. part. adj. decisus, thrown off, dead, died; 
L. gen fem n. frondis, of / from foliage; N.L.gen. fem n. 
decisifrondis, from thrown off decayed foliage 

Cell size ranges from 0.8 to 1.6 µm by 2.6 to 4.8 µm. Electron microscopy 

of strain E5HC-32T reveals the presence of peririchous flagella, round spores, 

inclusion bodies and a rough outer wall surface. Growth is strictly aerobic and 

occurs at temperature between 25 and 40° C (optimum temperature, 30 °C), 

and at pH 7.1 to 9.1 (optimum pH, 8.4). Strain E5HC-32T metabolised pyruvic 

acid methyl ester, D-galactonic acid lactone, α-keto butyric acid, α-keto 

valeric acid, L-proline, urocanic acid, inosine, uridine, thymidine, glycerol acid 

α-cyclodextrin, α-D-lactose, D-psicose, D-raffinose, L-rhamnose, D-sorbitol, 

turanose, cis-aconitic acid, α-hydroxybutyric acid, L-alaninamide, L-alanine, 

and 2-aminoethanol. But strain E5HC-32T could not use the other carbon 

sources on the GN2 Biolog plates including dextrin, glycogen, tween 40, tween 

80, N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, adonitol, L-arbinose, 

D-arbitol, D-cellobiose, i-erythritol, D-fructose, L-fucose, D-galactose, 

gentiobiode, α-D-glucose, m-inositol, lactulose, maltose, D-mannitol, D-

mannose, D-melibiose, β-methyl-D-glucoside, sucrose, D-trehalose, xylitol, 

succinic acid mono-methyl-ester, acetic acid, citric acid, formic acid, D-

galacturonic acid, D-gluconic acid, D-glucosaminic acid, D-glucuronic acid, β-

hydroxybutyric acid, γ-hydroxybutyric acid, p-hydroxy phenylacetic acid, 

itaconic acid, α-keto glutaric acid, D, L-lactic acid, malonic acid, propionic 

acid, quinic acid, D-succharic acid, sebacic acid, succinic acid, bromosuccinic 

acid, succinamic acid, glucuronamide, D-alaine, L-alanyl-glycine, L-

asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-aspartic acid, glycly-L-
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glutamic acid, L-histidine, hydroxy-L-proline, L-leucine, L-ornithine, L-

phenylalanine, L-pyroglutamic acid, D-serine, L-serine, L-threonine, D, L-

carnitine, γ-amino butyri acid, phenyethyl-amine, putrescine, 2, 3-butanediol, 

D, L-α-glycerol phosphate, α-D-glucose-1-phosphate, and D-glucose-6-

phosphate. The strain hydrolysed casein but not starch and produced catalase 

but not oxidase. The DNA base composition is 41 ± 1 mol % G+C. Strain 

E5HC-32T was isolated from soil underlying decaying leaf litter of slash pine 

forest in southeast Queensland, Australia. The type strain E5HC-32T has been 

deposited in the Japan Collection of Microorganisms (= JCM 13601T) and in 

the Deutche Sammlung von Mikroorganismen und Zellkulturen (= DSM 

17725T) 
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5.4 Results and discussion: Characterisation of 
novel bacterium, Frondicola australicus gen. 
nov. sp. nov., 

5.4.1 Morphological characteristics 

The cells of strain E1HC-02T were non-flagellated and non-sporulating 

irregular short rods (0.5 - 1 x 0.2 – 0.4 μm) as shown in Fig. 23. Electron 

micrographs of thin section revealed Gram-positive cell wall ultrastructure 

with electron dense inclusion bodies and an S-layer (Messner and Sleytr, 1992; 

Sleytr et al., 1988) (Fig. 24). 

 

FIG. 23. Transmission electron micrograph of negative stain of 
Frigoribacterium veterifrondis strain E1HC-02T showing irregular 
rod-shaped cells. Bar = 200 nm 
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FIG. 24. A typical Gram-positive cell wall ultra-structure with inclusion 
bodies and an S layer (SL). Bar = 200nm 

5.4.2 Physiological and biochemical characteristics 

The relationship between temperature and growth is given in Fig. 25. Stain 

E1HC-02T grew at temperature between 15 and 37 °C, and the optimum 

temperature was about 25 °C. Fig. 26 shows the relationship between pH and 

growth. Stain E1HC-02T grew at pH between 8.4 and 9.4, and the optimum pH 

was 9.1. A generation time 5 hours of strain E1HC-02T was calculated from the 

growth curve depicted in Fig. 27. 

Strain E1HC-02T metabolised dextrin, Tween 40, Tween 80, maltose, D-

melibiose, α-D-glucose, sucrose, D-trehalose, turanose, succinic acid mono- 

methyl-ester, α-keto butyric acid, α-keto glutaric acid, α-keto valeric acid, 

D,L-lactic acid, L-glutamic acid, L-pyroglutamic acid, and urocanic acid but 
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could not metabolise the any other carbon sources on the GN2 Biolog plates 

including α-cyclodextrin, glycogen, N-acetyl-D-galactosamine, N-acetyl-D-

glucosamine, adonitol, L-arbinose, D-arbitol, D-cellobiose, i-Erythritol, D-

fructose, L-fucose, D-galactose, gentiobiose, m-inositol, α-D-lactose, lactulose, 

D-mannitol, D-mannose, β-methyl-D-glucoside, D-psicose, D-raffinose, L-

rhamnose, D-sorbitol, xylitol, pyruvic acid methyl ester, acetic acid, Cis-

aconitic acid, citric acid, formic acid, D-galactonic acid lactone, D-galacturonic 

acid, D-gluconic acid, D-glucosaminic acid, D-glucuronic acid, α-

hydroxybutyric acid, β-hydroxybutyric acid, γ-hydroxybutyric acid, p-

hydroxyphenylacetic acid, itaconic acid, malonic acid, propionic acid, quinic 

acid, D-saccharic acid, sebacic acid, succinamic acid, glucuronamide, L-

alaninamide, L-alanine, D-alanine, L-alanyl-glycine, L-asparagine, L-aspartic 

acid, glycly-L-glutamic acid, L-histidine, hydroxy-L-proline, L-leucine, L-

ornithine, L-phenylalanine, L-proline, L-serine, D-serine, L-threonine, D,L-

carnitine, γ-amino butyric acid, inosine uridine, thymidine, phenyethylamine, 

2-aminoethanol, 2,3-butanediol, glycerol, D, L-α-glycerol phosphate, α-D-

glucose-1- phosphate, and D-glucose-6-phosphate. Catalase activity was 

determined to be positive and oxidase test was negative. 
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FIG. 25. Effect of temperature on the growth of strain E1HC-02T 
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FIG. 26. Effect of pH on the growth of strain E1HC-02T 
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FIG. 27. Growth curve of strain E1HC-02T 

5.4.3 Chemotaxonomic characteristics 

The total hydrolysate was found to contain the amino acids ornithine, 

alanine, glycine, homoserine and glutamic acid in the molar ratio of 1.0: 0.9: 

1.7: 0.5: 1.0. The presence of these amino acid was confirmed by gas 

chromatography and mass spectrometry (MacKenzie, 1984). Hydroxyglutamic 

acid was not detected. The partial hydrolysate of peptidoglycan showed the 

strain E1HC-02T contained the peptides Gly-L-Glu and D-Orn-D-Ala. On the 

basis of amino acid and peptide analyses of cell-wall hydrolysates, strain 

E1HC-02T show a peptidoglycan of type B2β [L-Hsr] D-Glu-D-Orn (Schleifer 

and Kandler, 1972). No glycollate was detected in the cell wall acid 

hydrolysate, which suggested that muramic acid occurred in N-acetyl form. 
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Strain E1HC-02T has a large amount of 18:1 ω7c (77.9 %) with smaller 

amounts of 17:1 ω9c (4.3 %), 16:0 (1.8 %), unknown 13.565 (1.1 %) 16:0iso 

(1.0 %), 15:0anteiso (0.7 %), 15:0iso (0.6 %), 13:1at12-13 (0.57 %) and 

17:0anteiso (0.42 %). The major hydroxy fatty acids of strain are 2-OH 14:0 

(6.26 %), 3-OH 14:0iso (3.49 %) and 3-OH 13:0iso (0.25 %) (Details are 

shown in Table 6) 

Strain E1HC-02T possessed disphosphatidylglycerol (DPG), 

phosphatidylglycerol (PG), at least 6 Glycolipids (GL) which 3 were probably 

diglycosyl diglycerides (the natures of sugars and their linkages have not been 

identified) and 4 unidentified phospholipids (PL). The major menaquinones 

detected are MK 8 (76 %) and MK 7 (24 %). 

5.4.4 DNA base composition. 

The G+C of strain E1HC-02T was determined to be 71 ± 1 mol % using a 

Cintra20 spectrophotometer (GBC Scientific Equipment). 

5.4.5 16S rRNA gene sequence analysis. 

1433 nucleotides of the 16S rRNA gene of strain E1HC-02T were 

generated using five primers and the sequence has been deposited in GenBank 

with the accession number DQ52589. Phylogenetic analysis undertaken with 

representative members of the family Microbacteriaceae, placed strain E1HC-

02T almost equidistantly between the cluster represented by the psychrophile 

Frigoribacterium faeni strains (Miteva et al., 2004; Kampfer et al., 2000) and 
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Table 6. Cellular fatty acid compositions of strain E1HC-02T 

Fatty acid Strain E1HC-02T 

Saturated  
16:0 
SUM 

 
1.77 
1.77 

Saturated branched  
i15:0 
a15:0 
i16:0 
i17:0 
a17:0 
SUM 

 
0.57 
0.74 
0.99 

- 
- 

2.3 

Monounsaturated fatty 
acids 
17:1 9c 
18:1 7c 
SUM 

 
 

4.29 
77.86 
82.15 

Hydroxy fatty acids  
13:0 iso3-OH 
14:0 2-OH 
14:0 iso3-OH 
SUM 

 
0.25 
6.26 
3.49 
10.0 

Summed features*  
SF1 
SF4  
SUM 

 
1.36 
0.35 
1.71 

 
Values are percentages of total fatty acids; fatty acids representing less than 0·5 % 

were omitted. –. 

*Summed features represent groups of two or three fatty acids which could not be 

separated by GLC with the MIDI system. SF1, iso C15:1 H/C13:0 3-OH or/and C13:0 3-

OH/ C15:1 i I/H; SF4, iso C17:1 I/antei B or/and C17:1 anteiso B/Ii. 
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5.4.6.1 Description of Frondicola gen. nov. Frondicola (Fron.di' 
co.la.  L. fem n. frons (genitive: frondis) fallen leaves, L. 
masc. suffix n. -cola, from incola inhabitant,  N.L. masc. n. 
inhabitant of leaves, leaf dweller) 

Cells are aerobic, non-endospore-forming, irregular-shaped rods which 

stain Gram-positive. No mycelium is produced. A wide range of carbon 

sources are used for growth and various organic compounds are hydrolysed. 

16S rRNA gene analysis indicates that the genus is a member of the the family 

Microbacteriaceae within the radiation of members of the genus 

Frigoribacterium faeni. The cell wall peptidoglycan type is B2β, the major 

cellular fatty acid is 18:1 ω7c and menaquinones MK7 and MK8 are present. 

The type species and the sole member of this genus is Frondicola australicus. 

5.4.6.2 Description of Frondicola australicus sp. nov. Frondicola 
australicus (aus.tra' li.cus.  N.L. masc. adj. australicus 
pertaining to Australia).  

The cells are non-motile, non-spore forming, aerobic, irregular, short rods 

(0.5- 1x 0.2 – 0.4 μm) which stain Gram-positive. Cell wall appears to be made 

of a protein sub-unit layer and inclusion bodies are present. Growth occurs at 

temperature between 15 and 37 °C (optimum temperature, 25 °C), and at pH 

6.0 to 9.5 (optimum pH, 9.1). Strain E1HC-02T metabolizes dextrin, Tween 40, 

Tween 80, maltose, D-melibiose, α-D-glucose, sucrose, D-trehalose, turanose, 

succinic acid mono- methyl-ester, α-keto butyric acid, α-keto glutaric acid, α-

keto valeric acid, D,L-lactic acid, L-glutamic acid, L-pyroglutamic acid, 

urocanic acid but could not metabolise α-cyclodextrin, glycogen, N-acetyl-D-

galactosamine, N-acetyl-D-glucosamine, adonitol, L-arbinose, D-arbitol, D-
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cellobiose, i-Erythritol, D-fructose, L-fucose, D-galactose, gentiobiose, m-

inositol, α-D-lactose, lactulose, D-mannitol, D-mannose, β-methyl-D-

glucoside, D-psicose, D-raffinose, L-rhamnose, D-sorbitol, xylitol, pyruvic 

acid methyl ester, acetic acid, Cis-aconitic acid, citric acid, formic acid, D-

galactonic acid lactone, D-galacturonic acid, D-gluconic acid, D-glucosaminic 

acid, D-glucuronic acid, α-hydroxybutyric acid, β-hydroxybutyric acid, γ-

hydroxybutyric acid, p-hydroxyphenylacetic acid, itaconic acid, malonic acid, 

propionic acid, quinic acid, D-saccharic acid, sebacic acid, succinamic acid, 

glucuronamide, L-alaninamide, L-alanine, D-alanine, L-alanyl-glycine, L-

asparagine, L-aspartic acid, glycly-L-glutamic acid, L-histidine, hydroxy-L-

proline, L-leucine, L-ornithine, L-phenylalanine, L-proline, L—serine, D-

serine, L-threonine, D,L-carnitine, γ-amino butyri acid, inosine uridine, 

thymidine, phenyethylamine, 2-aminoethanol, 2,3-butanediol, glycerol, D, L-

α-glycerol phosphate, α-D-glucose-1- phosphate, D-glucose-6-phosphate. 

Catalase positive and oxidase negative. The type B2β Gly [L-Hsr] D-Glu-D-

Orn peptidoglycan contains the amino acids ornithine, alanine, glycine, 

homoserine and glutamic acid in a molar ratio of 1.0: 0.9: 1.7: 0.5: 1.0 

respectively. The major cellular fatty acid is 18:1 ω7c (78%) and the major 

menaquinones detected are MK 8 (76 %) and MK 7 (24 %). Glycolipids, 

disphosphatidylglycerol, phosphatidylglycerol and three unidentified 

phospholipids are present. The DNA base composition is 71 ± 1 mol % G+C. 

Isolated from decaying leaf litter of a slash pine forest located in southeast 

Queensland, Australia. 
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The type strain E1HC-02T has been deposited in the Japan Collection of 

Microorganisms (= JCM 13598T) and in the Deutche Sammlung von 

Mikroorganismen und Zellkulturen (= DSM 17894T).  
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5.5 Results and discussion: Characterisation of 
novel strain E1HC-05T 

5.5.1 Morphological characteristics 

After 7 days of incubation at 28 °C, strain E1HC-05T formed radiating, 

filamentous, white colonies. The cells of strain E1HC-05T were irregular short 

rod (1 - 2 × 0.5 - 1 μm). Electron micrographs of thin section of strain E1HC-

05T revealed the presence of spores (Fig. 29) and with an extremely thick 

surface coat (Fig. 30). 

 

FIG. 29. Transmission electron micrograph of thin sections of strain E1HC-
05T showing irregular rod-shaped cells with spores 
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FIG. 30. Transmission electron micrograph showing the heavy surface coat 

5.5.2 Physiological and biochemical characteristics 

The relationship between temperature and growth is given in Fig. 31. Stain 

E1HC-05T grew at temperature between 25 and 35 ° C, and the optimum 

temperature was 30 ° C. Fig. 32 shows the relationship between pH and 

growth. Stain E1HC-05T grew at pH between 7 and 9, and the optimum pH 

was 8.4. A generation time of five hours was obtained (Fig. 33). Strain 

metabolised dextrin, glycogen, tween 40, tween 80, α-D-glucose, maltose, 

sucrose, D-trehalose, pyruvic acid methyl ester, succinic acid mono- methyl-

ester, α-keto glutaric acid, D, L-lactic acid, L-alanyl-glycine, and thymidine, 

but could not metabolise the any other carbon sources on the GN2 Biolog plates 

including α-cyclodextrin, N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, 

adonitol, L-arbinose, D-arbitol, D-cellobiose, i-Erythritol, D-fructose, L-

fucose, gentiobiose, m-inositol, α-D-lactose, lactulose, D-mannitol, D-

mannose, β-methyl-D-glucoside, D-psicose, D-raffinose, L-rhamnose, D-
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sorbitol, xylitol, pyruvic acid methyl ester, acetic acid, Cis-aconitic acid, citric 

acid, formic acid, D-galactonic acid lactone, D-galacturonic acid, D-gluconic 

acid, D-glucosaminic acid, D-glucuronic acid, α-hydroxybutyric acid, β-

hydroxybutyric acid, γ-hydroxybutyric acid, p-hydroxyphenylacetic acid, 

itaconic acid, malonic acid, propionic acid, quinic acid, D-saccharic acid, 

sebacic acid, succinamic acid, glucuronamide, L-alaninamide, L-alanine, D-

alanine, L-asparagine, L-aspartic acid, glycly-L-glutamic acid, L-histidine, 

hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-proline, L—

serine, D-serine, L-threonine, D,L-carnitine, γ-amino butyric acid, inosine 

uridine, phenyethylamine, 2-aminoethanol, 2, 3-butanediol, glycerol, D, L-α-

glycerol phosphate, α-D-glucose-1- phosphate, and D-glucose-6-phosphate. 
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FIG. 31. Effect of temperature on the growth of strain E1HC-05T 
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FIG. 32. Effect of pH on the growth of strain E1HC-05T 
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FIG. 33. Growth curve of strain E1HC-05T 
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5.5.3 DNA base composition 

The G+C of strain E1HC-05T was determined to be 68 ± 1 mol % using a 

Cintra20 spectrophotometer (GBC Scientific Equipment). 

5.5.4 16S rRNA gene sequence analysis 

The nearly complete 16S rRNA gene sequence (1315 bp) of strain E1HC-

05T was determined and the phylogenetic tree was created by comparing the 

new sequence with other known relevant sequences in the GenBank database. 

The tree (Fig. 34) clearly indicated that strain E1HC-05T and Subtercola 

boreus are closest relatives, with a sequence similarity of 97.7 %. The 16S 

rRNA sequence of the strain E1HC-05T showed high similarity to that of 

Subtercola frigoramans (97.5 %), Agreia (97 %), and Frigoribacterium faeni 

(97 %). 
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FIG. 34. Phylogenetic tree of strain E1HC-05T within the radiation of 
members of the Proteobacteria.  

The type cultures and their representives 16S rRNA gene sequences GenBank 

accession numbers are given in parenthesis which include: Subtercola boreus DSM 

13056T (AF224722), Subtercola frigoramans DSM 13057T (AF224723), Agreia 

pratensis DSM 12426T (AJ310412), Agreia bicolorata VKM Ac-1804T (AF159363), 

Frigoribacterium faeni DSM 10309T (Y18807), Curtobacterium flaccumfaciens pv. 

LMG 3645T (AJ312209), Curtobacterium herbarum DSM 14013T (AJ310413), 

Curtobacterium citreum DSM 20528T (X77436), Curtobacterium luteum DSM 20542T 

(X77437), Clavibacter michiganensis DSM 7483T (X77434), Leifsonia poae VKM Ac-

1401T (AF116342), Leifsonia rubra DSM 15304T (AJ438585), Plantibacter flavus DSM 

14012T (AJ310417), Rathayibacter rathayi DSM 7485T (X77439), and Rathayibacter 

tritici DSM 7486T (X77438). Deferribacter thermophilus was included as an outgroup. 

Bootstrap values of braches involved are shown as percentages of 1000 replicates. 

Bar ═ 10 changes per 100 nucleotides. 
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5.5.5 Discussion 

The genus Subtercola was first described five years ago (Mannisto et al., 

2000). Currently, three species, Subtercola boreus, S. frigoramans, and S. 

pratensis were considered to represent the genus Subtercola. Among them, 

Subtercola boreus, and S. frigoramans were isolated from boreal groundwater 

(Mannisto et al., 2000), and S. pratensis was from the phyllosphere of grasses 

(Behrendt et al., 2002). All of these three species are capable of growth at the 

temperature down to –2 °C. In this study, the bacterium was isolated from the 

leaf litter in southeast Queensland, Australia and the growth temperature is 

between 25 - 37 °C. Cells are spore forming, irregular short rods (1 - 2 × 0.5 - 1 

μm). Electron micrographs of thin section of strain E1HC-05T revealed the 

extremely heavy surface coat. 

Phylogenetic analysis of the 1315 bp 16S rRNA gene sequences of strain 

E1HC-05T was determined and subjected to comparative analysis. Both 

phylogenetic analyses concurred and indicated that strain E1HC-05T is within 

the phylum Proteobacteria. Strain E1HC-05T and Subtercola boreus are 

closest relatives, with a sequence similarity of 97.7 %. The 16S rRNA 

sequence of the strain E1HC-05T showed high similarity to that of Subtercola 

frigoramans (97.5 %), Agreia (97 %), and Frigoribacterium faeni (97 %). A 

number of phenotypic differences are set out in Table 8. 
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Table 8.  Differential table comparing strain E1HC-05T from related species  

 
E1HC-05T* 

Subtercola 
boreusy  

DSM 13056T 

Subtercola 
frigoramansy  
DSM 13057T 

Colony characteristics White, 
Filamentous, 

Radiating 

Yellow, Cirular, 
convex, smooth 

Bright-yellow, 
mucoid 

Spores forming  + - - 

Growth temp. range (°C)  25-35 -2-28 2-28 

Optimal growth temp. (°C) 30 15-17 15-17 

Growth pH range 7-9 ND ND 

Assimilation of:    

 Tween 40 + - - 

 Tween 80 + - - 

 Dextrin + - - 

 Glycogen + - - 

 Adonitol - + + 

 D-Cellobiose - + + 

 α-D-Glucose + + + 

 D-Fructose - + + 

 D-Galactose - + + 

 Maltose - + + 

 D-Mannitol - + + 

 D-Mannose - + + 

 Sucrose + + + 

 D-Trehalose + - - 

 Pyruvic Acid 
 Methyl Ester 

+ - - 

 Succinic Acid 
 Mono Methyl Ester 

+ - - 

G+C (mol %) 68±1 68 64 

Isolate source Leaf litter Boreal 
groundwater 

Boreal 
groundwater 

* This study; +, Positive; -, negative; ND, not determined. 
ydata from MännistÖ, et al. 2000. 
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5.5.5.1 Description of E1HC-05T 

Cells are spore forming, irregular rods (1 - 2 × 0.5 - 1 μm). Electron 

micrographs of thin section of strain E1HC-05T revealed the presence of spores 

and a very heavy surface coat. In addition one polar side of surface coat was 

absent and the reasons were still unknown. Colonies on 3 % TSB agar plates 

are radiating, filamentous, white colour within 7 days at 28 °C. Optimal growth 

occurs at 30 °C and pH 8.4. Strain E1HC-05T can metabolise dextrin, 

glycogen, tween 40, tween 80, α-D-glucose, maltose, sucrose, D-trehalose, 

pyruvic acid methyl ester, succinic acid mono-methyl-ester, α-keto glutaric 

acid, D, L-lactic acid, L-alanyl-glycine, and thymidine. Strain E1HC-05T and 

Subtercola boreus are the closest phylogenetic relatives, with a sequence 

similarity of 97.7 %. The 16S rRNA sequence of the strain E1HC-05T showed 

high similarity to that of Subtercola frigoramans (97.5 %), Agreia (97 %), and 

Frigoribacterium faeni (97 %). The DNA G+C content was determined to 

68±1 mol %. The bacteria strain E1HC-05T was isolated from the forest soil in 

southeast Queensland, Australia. 
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5.6 Results and discussion: Characterisation of 
novel strain E4HC-28T 

5.6.1 Morphological characteristics 

After 2 to 5 days of incubation at 30 °C, the yellow irregular colonies were 

performed. The cells of strain E4HC-28T were non-spore-forming, round-

shaped (2 - 5 × 0.5 - 1 μm). Electron micrographs of negative stained cells 

show the presence of single-polar flagella (Fig. 35) and examination of thin 

sections revealed the presence of a typical single, rough Gram-negative cell 

wall ultrastructure. 

  

FIG. 35. TEM showing single-polar flagella 
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5.6.2 Physiological and biochemical characteristics 

The relationship between temperature and growth is given in Fig. 36. Stain 

E4HC-28T grew at temperature between 25 and 45 °C, and the optimum 

temperature was 30 °C. Fig. 37 shows the relationship between pH and growth. 

Stain E4HC-28T grew at pH between 5 and 9, and the optimum pH was 5. A 

generation time of 5 hours was obtained (Fig. 38). Strain E4HC-28T could 

metabolise tween 40, tween 80, N-acetyl-D-galactosamine, N-acetyl-D-

glucosamine, adonitol, D-arbitol, D-fructose, L-fucose, D-galactose, α-D-

glucose, M-inositol, D-galactose, D-mannose, L-rhamnose, D-sorbitol, D-

trehalose, pyruvic acid methyl ester, D-galactonic acid lactone, D-galacturonic 

acid, D-gluconic acid, D-glucosaminic acid, D-glucuronic acid, α-

hydroxybutyric acid, β-hydroxybutyric acid, itaconic acid, α-keto butyric acid, 

α-keto glutaric acid, D, L-lactic acid, malonic acid, quinic acid, succinamic 

acid, L-alaninamide, L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic 

acid, L-glutamic acid, glycly-L-glutamic acid, L-histidine, hydroxy-L-proline, 

L-leucine, L-ornithine, L-phenylalanine, L-proline, L-pyroglutamic acid, L-

serine, L-threonine, D, L-carnitine, γ-amino butyric acid, glycerol, inosine 

uridine, putrescine, 2-aminoethanol, D, L-α-glycerol phosphate, and D-

glucose-6-phosphate.  
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FIG. 38.  Growth curve of strain E4HC-28T 

5.6.3 DNA base composition 

The G+C of strain E4HC-28T was determined to be 65 ± 1 mol % using a 

Cintra20 spectrophotometer (GBC Scientific Equipment). 

5.6.4 Chemotaxonomic characteristics 

Strain E4HC-28T has 17:0iso (23.39 %), iso17:1w9c (21.58 %), 15:0iso 

(16 %), with smaller amount of 11:0iso (6.6 %), 15:0anteiso (3.84 %), 

unknown11.799 (3.74 %), 17:0anteiso (2.63 %), 16:0iso (1.39 %), 16:0 (1.3 

%), 19:0iso (1.3 %), 20:0 (0.40 %), 13:0iso (0.27 %), 18:0 (0.23 %), and 15:1 

isoF (0.22 %). The major hydroxy fatty acids of the strain are 11:0iso-3OH 
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(7.28 %), 13:0iso-3OH (6.56 %), 17:0iso-3OH (0.47%), and 13:0-2OH (0.43 

%). 

5.6.5 16S rRNA gene sequence analysis 

1399 nucleotides of 16S rRNA gene of strain E4HC-28T were generated 

using four primers and subjected to comparative analysis. The 16S rRNA 

sequence indicates that strain E4HC-28T is most closely related to Fulvimonas 

soli (similarity 97 %), the sole representative of the genus Fulvimonas of the 

phylum Proteobacteria, class Gamma-Proteobacteria, order 

Xanthomonadales, family Xanthomonadaceae (Figure 39). The 16S rRNA 

sequence similarity value between strain E4HC-28T and Frateuria aurantia 

LMG 19981T (Swings et al., 1980) and Rhodanobacter lindaniclasticus 

RP5557T (Nalin et al., 1999) were 96.6 % and 95.5 %, respectively. Other 

members of the γ-Proteobacteria showed less than 92 % sequence similarity. 
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FIG. 39.  Phylogenetic tree of strain E4HC-28T within the radiation of 
members of the r-Proteobacteria 

Deferribacter thermophilus DSM 14813T (U75602) was included as an outgroup. 
Bootstrap values of braches involved are shown as percentages of 1000 replicates. 
Bar ═ 10 changes per 100 nucleotides. 

5.6.6 Discussion 

Soil is one of the most complex and heterogeneous environments, which 

contains significant microbial diversity (Tiedje et al., 1999). Chapter 4 

revealed that, from the culture-dependent study, Proteobacteria is one of the 

dominant groups in soils. The cells of strain E4HC-28T were non-spore-

forming, round-shaped (2 - 5 × 0.5 - 1 μm). Electron micrographs of negative 

stained cells show the presence of single-polar flagella and examination of thin 
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sections revealed the presence of a typical single, rough Gram-negative cell 

wall ultrastructure. 

The 16S rRNA sequence indicates that strain E4HC-28T is most closely 

related to Fulvimonas soli (similarity 97 %), the sole representative of the 

genus Fulvimonas of the phylum Proteobacteria, class Gamma-

Proteobacteria, order Xanthomonadales, family Xanthomonadaceae. The 16S 

rRNA sequence similarity values between strain E4HC-28T and Frateuria 

aurantia LMG 19981T (Swings et al., 1980) and Rhodanobacter 

lindaniclasticus RP5557T (Nalin et al., 1999) were 96.6 % and 95.5 %, 

respectively. Other members of the Gamma-Proteobacteria showed less than 

92 % sequence similarity.  

Fulvimonas soli and strain E4HC-28T share a number of characteristics 

including high mol % G+C content of the DNA, Gram-negative cell wall 

ultrastructure with a single polar flagellum, without spores or capsules. Cells 

contain almost exclusively branched fatty acids, with 15:0iso, 17:1w9c and 

17:0iso as the main constituents. However, a number of differences also exist. 

Strain E4HC-28T can use substrates D-Glucose, D-Galactose, D-Mannose for 

growth whereas Fulvimonas soli cannot ferment sugars. In addition, the 16S 

rRNA gene sequence revealed that E4HC-28T is most closely related to 

Fulvimonas soli (similarity 97 %). The large distance separating strain E4HC-

28T from its nearest neighbour Fulvimonas soli together with a number of 

phenotypic differences set out in Table 9 suggests that strain E4HC-28T is a 

new species within genus Fulvimonas of the phylum Proteobacteria, class 

Gamma- Proteobacteria, order Xanthomonadales, family Xanthomonadaceae. 
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Table 9.  Differential table comparing strain E4HC-28T from related species 

 E4HC-28T* Fulvimonas 
Soliy 

DSM 14263T 

Franteuria 
aurantiay 
LMG 1558T 

Motility + + + 

Temperature range °C 25-45 28-37 ND 

pH range  5-9 ND ND 

Catalase + + + 

Growth on:    
 D-glucose + - + 
 D-galactose + - + 
 D-mannose + - + 
 L-arbinose - - + 
 fructose + - + 
 N-acetylglucosamine + - - 
 D-mannose + - + 
 D-sucrose - - - 
 L-fucose + - - 
 p-nitrophenyl-β-D-
 galactosidase 

+ + - 

 β-D-glucosidase - + - 
 N-acetyl-β-D-
 glucosaminidase 

+ + - 

Hydroxy fatty acid 
composition 

Iso-C11:0, Iso-
C13:0, 

Iso-C11:0, Iso-
C13:0, Iso-C12:0 

Iso-C11:0, Iso-
C13:0, Iso-C17:0 

G+C content (mol %) 65±1 71.7 63.5 

* This study; +, Positive; -, negative; ND, not determined. 

ydata from Nalin et al., 1999. 

 

5.6.6.1 Description of E4HC-28T 

Cells are aerobic, motile rods (2 - 5 × 0.5 - 1 μm). Colonies on 3 % TSB 

agar plates are irregular and yellow in colour within 5 days at 30 ° C. Optimal 
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growth occurs at 30 °C and pH 5. Growth occurs with carbon sources, such as 

tween 40, tween 80, N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, 

adonitol, D-arbitol, D-fructose, L-fucose, D-galactose, α-D-glucose, M-

inositol, D-galactose, D-mannose, L-rhamnose, D-sorbitol, D-trehalose, 

pyruvic acid methyl ester, D-galactonic acid lactone, D-galacturonic acid, D-

gluconic acid, D-glucosaminic acid, D-glucuronic acid, α-hydroxybutyric acid, 

β-hydroxybutyric acid, itaconic acid, α-keto butyric acid, α-keto glutaric acid, 

D, L-lactic acid, malonic acid, quinic acid, succinamic acid, L-alaninamide, L-

alanine, L-alanyl-glycine, L-asparagine, L-aspartic acid, L-glutamic acid, 

glycly-L-glutamic acid, L-histidine, hydroxy-L-proline, L-leucine, L-ornithine, 

L-phenylalanine, L-proline, L-pyroglutamic acid, L-serine, L-threonine, D, L-

carnitine, γ-amino butyri acid, glycerol, inosine uridine, putrescine, 2-

aminoethanol, D, L-α-glycerol phosphate, and D-glucose-6-phosphate. The 

bacterium was positive to catalase activity. The DNA G+C content was 

determined to be 65±1 mol %. The strain E4HC-28T was isolated from the 

forest soils in southeast Queensland, Australia. 
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6 Conclusion and future perspectives 

6.1 Conclusion 

Bacteria are an essential component of the biotic communities in forest 

soils and they are largely responsible for ecosystem functioning, because they 

participate in biotransformations and degradation. The structural diversity of 

bacterial communities in soils is tightly related to the above-ground plant 

species composition, thus providing an important link between the above- and 

the below-ground processes in the terrestrial ecosystem (Pankhurst, 1997). The 

bacterial activity is affected by the litter decomposition and, particularly, the 

bacterial communities are forced to adapt to cope with changes in litter 

chemistry (Bragazza et al., 2007). The bacterial diversity in leaf litter, on the 

other hand, is not only affected by the origin of the litter but also the 

surrounding soil (Dilly et al., 2004). In addition, decomposed material 

produced by microbes in leaf litter often penetrates the soil layer, subsequently 

affecting the soil bacterial communities. It is therefore important to understand 

the distribution of bacterial communities both within soils and leaf litter. To the 

best of my knowledge, this study is the first attempt to assess bacterial diversity 

in different fractions of forest soil and leaf litter using both culture-dependent 

and culture-independent methods. 

In the culture-independent study, a strategy of whole community DNA 

extraction, PCR amplification followed by cloning and 16S rDNA sequence 

analysis was used. The phylogenetic analysis showed that five bacterial phyla 
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were represented in the forest soil clone library; i.e. Acidobacterium (42 %) 

was the dominant phylum, followed by Verrucomicrobiales (12 %), 

Proteobacteria (11 %), Planctomycetes (8 %) and phylogenetically 

unidentified bacteria (27 %). The large amount of unidentified bacteria 

indicates that these samples have not been studied previously and it is likely 

that they referred to a novel group of bacteria. Firmicutes was the only phylum 

presented in the L layer leaf litter clone library. Similarly, Firmicutes 

dominated the F layer leaf litter (79 % of the library), which was followed by 

Proteobacteria (21 %). Uncultivable bacterial diversity in soil was much 

higher than leaf litter bacterial diversity and the bacterial diversity on top layer 

leaf litter was slightly less than that on the bottom layer leaf litter. One possible 

explanation for the higher diversity of forest soil, apart from the complexity 

itself of forest soils, is nutrient input from decomposed leaf litter.  

From the culture-dependent study, it was found that the forest soil sample 

was dominated by Firmicutes. The L layer leaf litter sample was dominated by 

Firmicutes (48 %) and Proteobacteria (34 %), and Actinobacteria accounted 

for 18 % of the isolates. Compared with the L layer leaf litter, the F layer leaf 

litter was dominated by Proteobacteria (69 %). The second most dominating 

phylogroup was Firmicutes, and Actinobacteria was the least dominating 

phylogroup, accounting for only 5 % of the isolates. In our investigation, 

isolates from the members of Actinobacteria, Firmicutes, and Proteobacteria 

were obtained, including four novel strains, i.e. 1 Firmicutes, 1 Actinobacteria, 

2 Proteobacteria. None of isolates, however, belonged to Acidobacteria and 

Verrucomicrobia, probably because members of these groups are generally 
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slow-growing, or they may have specific physiological requirements and 

therefore may have been lost during subculture, or their colony development 

was inhibited by other culturable bacteria. More effort, therefore, should be 

made in the future to isolate more uncultivated bacteria. This would simplify 

bacterial functional study. 

This investigation provided a feasible strategy for the forest soil and leaf 

litter communities’ study, and the information from this study provided by 

assessing the different fractions of leaf litter and forest soil improved our 

understanding of the phylogenetic relationship between soil and above-leaf 

litter. The comparative analysis of bacterial communities in different fractions 

of leaf litter and soil has also provided important baseline information about 

bacterial diversity and composition in exotic pine forest explantations. These 

data will allow us to go forward with studies in which the effects of 

management practices or environmental pollution on the leaf litter and soil 

bacterial communities and their functions can be evaluated. 

This study is the first to report and describe four novel bacterial strains 

(E1HC-02T, E1HC-05T, E4HC-28T and E5HC-32T) from forest leaf litter and 

soils in an exotic pine plantation of subtropical Australia. They greatly extend 

the ecological niche of these bacteria species, though the functions of these 

novel strains need further study. 
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6.2 Future perspectives 

Together with culture-dependent methods, the culture-independent, 

molecular-based techniques have greatly improved our understanding of the 

bacteria diversity in forest leaf litter and soils. The future work from this 

project should focus on linking phylogentic groups to their activities and 

functions. The following methods could be performed in the studies of soil 

bacteria towards a functional understanding. 

(1) Soil functional gene arrays could be constructed using 

oligonucleotid probes to target gene expression or genes coding for key 

enzymes in all biogeochemical cycles. These can be used for specific detection 

of gene expression in the soil. 

(2) Microradioautography can be used to detect and quantify the active 

bacteria groups which utilise specific radio-labelled substrates. In order to link 

the utilisation of a specific substrate by a specific bacterial group, 

microradioautography has been used in combination with fluorescent in situ 

hybridisation (FISH) using fluorescent, group-specific phylogentic probes and 

fluorescence microscopy. The stable isotope probing (SIP) and phospholipid 

fatty acid (PLFA) labelling can also be applied to determine functionally active 

components of bacterial community in soil bacterial ecology. Another method 

in which activity can be linked to phylogenetic information is the incorporation 

of 5-bromo-2-deoxyuridine (BrdU) into DNA to detect metabolically active 

community members in response to substrate addition. 
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