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Abstract  

Viruses are biological agents that infect cellular organisms. Most viruses are 

bacteriophages, these are the most abundant biological entities on earth. Not much is 

known about virus diversity in the human mouth, including dental plaque, compared 

to other environments. A culture-independent based approach was tried using 

metagenomic analysis to characterize uncultured virus gene fragments in human 

dental plaque. The isolated viral genomes were amplified using a multiple 

displacement amplification method. Eighty, eleven and ten clones were sequenced 

from three volunteers, respectively. TBLASTX analysis showed that 44% of the 

sequences had significant identities to the GenBank databases. Of these 66% were 

viral; 12% human; 10% bacterial; 6% mobile and 6% eukarya. These sequences were 

sorted into six contigs and forty five single sequences. Four contigs and one single 

sequence were found to have a significant identity to a small region of a putative 

prophage in the Corynebcterium diphtheria genome. The gaps between these were 

filled by primer walking and PCR to give a continuous contig of 11554 bp.  

 

Two viruses A1 and A2 and their bacterial host were isolated from the human mouth. 

The 16S rRNA gene sequence of the host had a 99% identity to several Neisseria sp. 

The A1 virus was found to appear spontaneously on soft top agar plates, and might be 

a lysogenic virus. The A2 virus was a lytic virus. The two viruses have different 

morphological shapes. A1 has a varied isometric head size that ranges from 32 to 58 

nm and no tail; it may belong to the Tectiviridae family. It has a linear dsDNA 

genome with a size between 12 kb and 23kb. A limited amount of the genome of the 

A1 virus was sequenced. The A2 virus has an icosohedral head with size of 60±3 nm 

and a sheathed rigid tail about 175 nm long with no detectable base plate or tail fibres. 

It can be classified into the order Caudovirales family Siphoviridae. The size of the 

A2 virus genome is estimated to be 35 to 40 kb.  31703 bp of unique sequence has 

been determined and sorted into three contigs and 14 single sequences. Further 

attempts at gap filling using primer walking and PCR were unsuccessful. It has a 

linear dsDNA genome, with a GC content of 49 mol%.  A latent period of 25 min and 

a burst size of 25±2 particles were determined by a single step growth curve. 

Bioinformatic approaches were used to identify ORFs in the genome. A2 virion 

associated proteins were analysed by SDSïPAGE gel electrophoresis, and some 

proteins sequences were directly related to the translated genomic sequence. 
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1: Introduction  

 

Viruses are biological agents that infect organisms. They cannot replicate themselves 

outside their hosts for a variety of reasons e.g., because they lack ribosomes and other 

initiation factors required for protein synthesis, which they must obtain from their 

hosts (Sarnow et al., 2005). Viruses are a diverse group of organisms differing greatly 

in their structure and processes of replication. This has been recently been further 

confirmed using metagenomic analysis, a method which directly extracts genomic 

DNA from the environment. Most environmental viruses are phages (viruses of 

bacteria). At least six viral metagenomic DNA libraries have so far been described in 

the literature: two from near-shore marine water samples (Breitbart et al., 2004), a 

human faecal sample (Breitbart et al., 2003), an equine faecal sample (Cann et al., 

2005), one from a marine sediment sample (Breitbart et al., 2002) and one from 

Chesapeake Bay virioplankton (Bench et al., 2007). The total global viral population 

has been estimated to be around 10
31 

viruses (Edwards and Rohwer, 2005). However, 

knowledge of the viral diversity in the human mouth is limited.  

 

This work used two methods to study viral diversity in the human mouth. Firstly, 

culture-independent methods were employed to measure viral diversity; secondly, 

culture-based methods were used to detect unknown lytic viruses. 

1.1:  A Historical Perspective of Viruses 

The discovery of phages may be traced back to 1896, when Ernest Hankin found that 

the water of the Ganges and Jumna rivers could destroy cholera bacteria (Parfitt, 

2005). In 1901 Emmerich and Low stated that autolysed bacterial cultures caused the 

lysis of other cultures. It is unclear if these observations were due to the action of 

bacteriophages, bacteriocins or lytic enzyme production (Kutter and Sulakvelidze, 

2005). Fredrick Twort at the Brown Institution of London first independently 

identified phages in the UK in 1915; he believed that viruses could infect bacteria. 

Later, in 1917, Felix dôHerelle at the Pasteur Institution in Paris named these viruses 

óbacteriophagesô which means óeaters of bacteriaô (Duckworth, 1976).  
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1. 2: The Oral Cavity and Microflora  

The oral cavity within the human mouth has a wide range of surfaces providing 

different microenvironments, including the mucosa, tongue and tooth (Figure 1.1). 

The mucosa includes gingival, buccal and palatal tissues, which are covered by an 

epithelium, teeming with microorganisms. The gingival microenvironment, with a 

low-level of O2 is inhabited by a large number of Gram-negative anaerobes. The 

tongue is covered with papillae, providing a sheltered habitat for microbial 

colonization. The teeth are considered the hardest tissue in the body, and are also 

colonised by complex bacterial communities (Rogers, 2008).  

 

 Briefly, cleaned teeth are coated with salivary proteins called the pellicle, which 

enables microbial attachment to the tooth surface. The organisms produce a large 

accumulated mass called dental plaque (Rogers, 2008). The term ódental plaqueô 

refers to biofilm formed on teeth; however, this term is now used in reference to 

biofilms on all the oral surfaces (Lamfon et al., 2003). Biofilms consist of complex 

microbial communities. The most common oral microbial communitiesô residents are 

known to be bacteria, virus, fungi and protozoa (Macarthur and Jacques, 2003). Fungi 

are also common in the mouth, and it estimated that 50% of the population carry 

harmless fungi in the form of Candida species; however, they can also cause 

opportunistic infections (Cannon et al., 2001). 

 

Protozoa exist in the human mouth, which feed on bacteria and food debris (Wantland 

et al., 1958). Pathogenic protozoa also exist, for example, the Entamoeba gingivalis 

found in patient with destructive periodontal disease, attacks and destroys both 

erythrocytes and leukocytes (Lyons et al., 1983). Eukaryotic viruses are present in the 

human mouth, for example the herpes simplex virus present cold sores (Mille r et al., 

2005). Examples of viruses found in the mouth during systemic viral infections 

including the Human Immunodeficiency Virus (HIV), herpes and rabies virus, also, 

paramyxovirus may present in the mouth.  
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Figure 1.1: An image of a healthy human mouth. 

 

                               

Figure 1.2: False-coloured scanning electron micrograph of a cavity  

 

 

 

1.3: Ecology of Mouth Microbes and Viruses 

Microbes from different environments are known to have important roles in global 

nutrient cycles, e.g. the carbon cycle (Breitbart et al., 2005). In clinical environments 

such as the human mouth, the roles of microbes are likely to be symbiotic, 

commensal, parasitic or pathogenic. Many of the bacteria in the mouth are anaerobes, 

particularly those inhabiting the gap between the gums and the teeth. Bacteria in the 

mouth can cause diseases which require treatment, such as inflammation of the gums, 

known as gingivitis, which can lead to a serious condition known as periodontal 

disease, where bone damage will result in the loss of teeth (Figure1. 2) (Spratt, 2008). 

In addition, the mouth is an important reservoir of bacteria that can cause infections in 

other sensitive areas of the body. Bacteria can migrate in the blood to the brain or the 

heart valves. This can also lead to septicaemia (Logan et al., 2006). Individuals who 

have diets high in sucrose may be at risk of dental caries caused by certain bacteria 

such as Streptococcus mutans (Spratt, 2008).  

In the human oral cavity, some bacteria ferment carbohydrates to produce lactic acid 

and produce antibacterial materials. These bacteria are known to be gram-positive; 

some of these are Lactobacillus lactis, Lactococcus lactis, Enterococcus faecalis, 

Lactobacillus thermophilus, Streptococcus thermophilus and Enterococcus durans. 

This inhibits the growth of some other harmful bacteria, but not Streptococcus mutans 

(Hegde et al., 2005). 

Bacteriophages have been found to have significant influence on bacterial abundance 

and gene transfer in various microbial environments; however, very little is known 

about their impact on oral ecology (Bachrach et al., 2003). In addition, the extent of 
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the diversity of viruses in the human mouth is unknown. The culture-based and 

culture-independent studies reported here measured the diversity of these 

communities to give insight into the structure of microbial communities from different 

environments.   

1.4: General Diversity of Bacteria  

The diversity of organisms in a sample is a given number that results from measuring 

the species richness and evenness. The richness of species is defined as the total 

number of different species, while evenness refers to the distribution of the richness 

among the species. The diversity of organisms in an environment depends on the 

conditions of the environment, the number of species and their distribution in the 

community. The higher the number of species and the more even their distribution in 

the sample, the greater is the diversity of the community (Magurran, 2004). Both 

culture-based and culture-independent methods have been used to assess the microbial 

communities in different environments, then the diversity has been measured using 

various statistical approaches to determine a biodiversity index.  

 

Culture-based methods using plates have been in use since the early days of 

microbiology. This approach allows researchers to determine some features of the 

microbial physiology and the ecology of an organism. However, culturing all bacteria 

with standard techniques is difficult (Amann et al., 1995). It has been estimated that 

99% of environmental bacteria (Torsvik et al., 1996; Amann et al., 1995) and 50-60% 

of the flora from the human oral cavity (Krose et al., 1999; Paster et al., 2001; Kumar 

et al., 2005) could not be cultured using standard techniques. The fact that laboratory 

media and environmental conditions are different may explain why most 

microorganisms fail to grow (Keller et al., 2004). The estimation of uncultured 

bacteria in various environments has therefore become necessary, using culture-

independent methods. Firstly, microscopy showed that different cell morphologies 

were not accounted for by the growth measured using plate culture methods (Roszak 

et al., 1987; Staley and Konopka, 1985); this was called ñthe great plate count 

anomalyò (Staley and Konopka, 1985). The difference between microscopic 

observation and results from culture methods has driven the development of non-

culture methods, including the direct analysis of nucleic acids (Stephen, 2007).  

 



 

 

16 

 

The structure of microbial communities has become clearer since the introduction of 

nucleic acid analysis. One powerful tool has been the use of 16S ribosomal RNA 

(rRNA) gene sequence analysis. This gene is found in all bacteria and can be 

employed to identify and determine the evolutionary relationships among them 

(Rogers 2008). In this method polymerase chain reaction (PCR) is used to amplify the 

16S rRNA gene from extracted environmental DNA without cultivation of the 

organisms (Giovannoni et al., 1990). The amplified sequence can then be determined 

and compared to known examples. This showed that most microbes present in a wide 

variety of different environments were not found in the cultured group (Rappe et al., 

1997). The growing database that has been generated by this method shows that the 

diversity of the microbial world is much larger than had been estimated before the 

advent of the molecular techniques (Pace 1997; Hugenholtz et al., 1998).  

 

Many environmental and clinical microbial communities have been characterized 

using culture-independent methods. For example, it is predicted that there are more 

than 10
10 

bacteria cells in one gram of soil (Torsvik et al., 1996), about 10
8 

bacteria 

cells in every millilitre of saliva ((Logan et al., 2006) and up to 10
11 

bacteria cells in 

one gram of human faeces (Suau et al., 1999).  

 

Other culture-independent methods are used to detect, identify and characterise 

bacteria. This has also improved the understanding of microbial communities. Some 

of these methods are amplified ribosomal DNA restriction analysis (ARDRA), 

ribosomal intergenic spacer analysis (RISA), terminal restriction fragment length 

polymorphism (t-RFLP), random amplified polymorphic DNA (RADP), denaturing 

gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis 

(TGGE) and fluorescent in-situ hybridization (FISH). Most of these techniques 

require PCR amplification of the target DNA for bacterial analysis. The products of 

the amplification can then be further characterised using the above techniques, 

depending on their sequence polymorphism or based on their separation sizes, using 

gel electrophoresis (Rogers, 2008). However, with the advent of cheap sequencing 

technologies, the method of choice for determining bacterial diversity is probably 16S 

rRNA sequencing and increasing direct sequence analysis of isolated nucleic acid. 

 



 

 

17 

 

Since 1987 more than 85 novel bacterial phyla have been discovered using both 

methods (Achtman and Wagner, 2008). Figure 1.3 shows the number of bacterial and 

archaeal phyla identified using culture-based and culture-independent methods, which 

has been greatly increased by the development of the latter. 

 

Figure 1.3: Numbers of phyla among bacteria and archaea since 1987.  

 

 

 

1.5: Diversity of Viruses 

1.5.1: Culture-based Methods of Measuring Viral Diversity 

The culture-based method is applied to both prokaryotic and eukaryotic viruses 

(Breitbart et al., 2005). In the case of prokaryotic viruses, the plaque assay method is 

used, resulting in a clear area in the soft top agar due to the lysis from the host. Soft 

top agar is a semifluid gel giving viruses more flexibility to diffuse and move to attack 

other bacteria growing nearby, which results in the formation of a clear area called a 

plaque (Breitbart et al., 2005). The results obtained using this method have proved 

that environmental viruses are more diverse than their hosts are: one marine bacterium 

can be infected with at least one or two types of virus, some of which are specific to 

only one host (Pull et al., 1995; Sullivan et al., 2003). Another study found that E. 

coli can be infected with more than 50 phage types (Rohwer, 2003). These studies 

strongly proved that phage types are more diverse than their host, probably by a ratio 

of >10 phages per microbe. Therefore 100 million types of phage may exist, based on 

the estimation of 10 million free-living and eukaryotic-associated microbial species in 

the world (Rohwer, 2003).  

 

However, only a few studies have isolated bacteriophages from the oral cavity (Hitch 

et al., 2004). In one of these studies, when human saliva from 31 donors was screened 

for the presence of bacteriophages using a wide range of gram positive bacteria, only 

a bacteriophage specific for Enterococcus faecalis was found. It should be noted that 

the saliva donors had not received any antibiotics for three months before the 
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collection of the samples (Bachrach et al., 2003). An extensive search for lytic 

bacteriophages was also conducted on oral cavity samples from 23 volunteers, but the 

only lytic phage isolated was that for Pr. mirabilis, which is not recognized as an 

inhabitant of the oral cavity (Hitch et al., 2004). 

 

Isolated phages are currently classified by the morphology of phage particles, by 

nucleic acid type and by resistance to chemical solvents (Ackermann, 2001). Their 

host range, restriction mapping, hybridisation analysis and genome sequencing further 

characterize cultured phages. Presently 503 phages have been reported as completely 

sequenced (www.ncbi.nlm.nih.gov/genomes/static/phg.html). The analysis of cultured 

phages has extended the information on virus diversity. Single bacteria can be 

infected with many different phages and whole genome sequences of interested 

phages can be easily obtained from cultured phages. 

1.5.2: Culture-independent Methods of Measuring Viral Diversity  

1.5.2.1: Morphology of Viruses Using Electron Microscopy  

Since 1959, more than 5500 phages have been examined using electron microscopy 

(Ackermann, 2007). Electron microscopy has helped to characterise viral 

communities based on their morphological features, e.g. their capsid diameter and tail 

length. Viruses have been visualised by electron microscopy from different 

environments and the results showed high morphological diversity among the viral 

particles, some of which were from very high temperature water (>80°C) 

(Prangishvili and Garrett, 2004) and others from sediments (Haring et al., 2005). 

Electron microscopy analysis has demonstrated that the morphological diversity of 

phages obtained by culturing methods is very different from that of phages obtained 

from natural environmental communities (Ackermann, 2001). For example, more 

filamentous viruses with elongated capsid were found in soil compared to the known 

viruses that were obtained by cultured phage isolate studies (Williamson et al., 2005). 

Cultured phage isolates were also found to be larger on average than those found in 

the environment, indicating that culturing methods produce different sized viruses 

compared to environmental viruses (Borsheim, 1993).   

 

 

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0xqdI2ljXiPQjD1yPT1f4hqJtaTEXuOZmTaGoA5mq&reftype=extlink&artid=1283531&iid=124605&jid=2&FROM=Article%7CBody&TO=External%7CLink%7CURI&article-id=1283531&journal-id=2&rendering-type=normal&&www.ncbi.nlm.nih.gov/genomes/static/phg.html
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1.5.2.2: Conserved Gene Studies of Viral Diversity 

Eukaryota, bacteria and archaea have marker genes that can be used to identify and 

characterise them. However, no single gene is sufficient to classify and characterise 

diverse viral communities. There are some conserved genes among certain related 

viral taxonomic groups which share similarities (Breitbart et al., 2005). A short 

sequence (592 bp) of the structure g20 gene of the cyanophages was used extensively 

to test the diversity and genetic richness of the cyanophage communities and other 

phages in the environment (Dorigo et al., 2004; Short and Suttle, 2005; Wilhelm et 

al., 2006). These studies suggested that the diversity of the cyanophages is high and 

that there are genetic relationships between viruses within different environments. 

Another recent study has designed general primers to target the major capsid protein 

(MCP) gene of the large dsDNA algal viruses. One aim of this study was to use the 

MCP gene to determine the genetic diversity of algal viruses in culture and their 

phylogenetic relationships with marine viral assemblages. A further aim was to 

determine the diversity of this gene among the viral communities in different 

environments. The result of amplifying this conserved gene was that nine new 

additional MCP genes of algal viruses were detected, suggesting that this gene can be 

useful as a genetic marker in the construction of preliminary phylogenetic trees 

among the algal viruses (Larsen et al., 2008). 

1.5.2.3: Metagenomic Studies of Viral Diversity 

Conserved gene studies of viral diversity have not yet given enough information to 

obtain a complete analysis of the virus groups (Breitbart et al., 2005). Since no single 

conserved gene has been found for viruses and due to the difficulties of culturing the 

viral host, metagenomic analysis, which can counter these problems, is used. 

Metagenomics is a term applied to the direct extraction of all the genomes from an 

environment, including the sequences and complete analysis of the extracted genomes 

(Edwards and Rohwer, 2005). The metagenomic study of viruses is a new technique, 

which began in 2002 with two publications concerning uncultured marine viral 

communities (Edwards and Rohwer, 2005). At the time of writing (January 2008), 

seven viral metagenomic libraries have been described in the literature; six of these 

contain only sequences from double-stranded DNA (dsDNA) viruses (Edwards and 

Rohwer, 2005; Bench et al., 2007), and at least one study of RNA virus diversity in 

the human gut (Zhang et al., 2006). The analysis of these libraries showed that about 



 

 

20 

 

75% of the sequences were unknown and did not match any gene in the non-

redundant GenBank database. Therefore, culture-independent studies of viral diversity 

have proved that the majority of viral diversity is still unknown (Breitbart et al., 

2005). As indicated above, metagenomic analysis has been used to explore virus 

diversity in many environments; however, there are some difficulties that may be 

faced by the metagenomic method of obtaining novel virus sequences.  

1.5.2.3.1: Methods for Metagenomics Analysis of Viral Genomes  

There are some problems associated with viral genomes, which makes cloning 

difficult. These are the abundance of free DNA and host DNA in samples, low content 

of viral DNA and the presence of lethal genes such as holins, lysozymes and modified 

viral DNA (Edwards and Rohwer, 2005). These problems have been at least partially 

solved by filtration, digestion of the free DNA (Edwards and Rohwer, 2005) and 

increasing the content of viral genomes by using PCR-based methods (Abulencia et 

al., 2006). Increasing the viral genomes can be achieved by many techniques, such as 

sequence-independent single primer amplification (SISPA), linker amplified shotgun 

library (LASL) (Figure 1.4), arbitrary primed PCR (AP-PCR), random PCR 

amplification and multiple displacement amplification (MDA) (Figure 2.2). All these 

methods have greatly increased the discovery of new viruses that have not yet been 

characterized (Delwart, 2007).  

1.5.2.3.2: Purification of Viruses 

The majority of phages and eukaryotic viruses are recovered using purification 

methods; however, some viruses may be lost using this approach because of their size, 

density and sensitivity to chemicals. Virus particles must be separated from 

microorganisms and free DNA before the extraction of the viral genomes. Different 

sizes of filter are applied to clear samples from particles that are larger than virus 

particles; but however large it is, the filter may stop viruses. The sample is usually 

filtered through a filter with a larger pore size, such as 0.45 nm or more, then a 

smaller size, such as 0.2 nm, is used. Free nucleotides (DNA and RNA) can be 

removed from the sample by treatment with DNase and RNase. Solid samples can be 

re-suspended in neutral solution before the filtration step. In the case of large volumes 

or large amounts of solid sample, the proportion of viral particles can be increased by 

using concentration methods such as polyethylene glycol (PEG) precipitation. The 
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concentrated viral particles are loaded into a caesium chloride gradient, then 

centrifuged in an ultracentrifuge at 55,000 rpm. Fractions from the sample are 

collected and dialysed, then virus genomes are extracted (Sambrook et al., 1989). 

 

If large samples cannot be obtained, an alternative is to use a PCR-based method 

(Abulencia et al., 2006) such as PEG precipitation, then extraction of the precipitated 

viral particles, followed by additional amplification methods. 

1.5.2.3.3: Amplification and Sequencing of Viral Genomes  

Viral metagenomic libraries from different environments can be created using the 

LASL approach. In this procedure, the total extracted viral genomes are physically 

and randomly sheared and end-repaired, then dsDNA linkers are ligated to the ends 

and the fragments are amplified using polymerase. The resulting fragments are then 

ligated into a vector. The vector with its insert is transformed into competent cells 

(Breitbart et al., 2002). In the present project an alternative method was employed to 

make a virus library from the human mouth by using an isothermal MDA kit . The 

extracted viral genomes were directly amplified using the MDA method (Figure 2.2), 

the amplified genomes were physically sheared, fragments were end-repaired and 

inserted into a vector,  then the vector and the insert were transformed into competent 

cells. Figure 1.4 shows the differences between the LASL and MDA methods of 

creating virus libraries for metagenomic studies. 
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 Figure 1.4: Comparison of two methods (LASLs and MDA) . 

The two methods have been used to access the viral communities. Chart A shows the 

method of construction of a shotgun library (Edwards and Rohwer 2005) which has 

been used in several environments. Chart B illustrates the construction of an MDA 

library, used in this project to amplify viral genomes that were directly extracted from 

the human mouth.  
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1.5.2.3.4: Multiple Displacement Amplification  

MDA is a technique to amplify whole genomes (Ambrose and Clewley, 2006). It has 

been used to overcome the limitation of the small amount of DNA from different 

sample sources (Abulencia et al., 2006). In addition, it has recently been used to 

amplify a complex DNA library. The results were compared to a DNA library made 

by using the classic protocol and the differences between the two methods were 

minimal (Fullwood et al., 2008). In addition, several billion-fold of genomic DNA 

was amplified from a single bacterium using MDA, and a length of 662 bp of the 16S 

rRNA gene was sequenced from the amplified bacteria (Raghunathan et al., 2005).  

20-30 µg of product was also amplified from as few as 1-10 copies of human genomic 

DNA using MDA. MDA could be employed in the discovery of new species, 

population and polymorphism analysis, diagnostics and rapid detection of pathogens 

(Raghunathan et al., 2005).  

 

The MDA method has some disadvantages, one of which is that during its 

manufacture, background DNA products can be produced, even in the absence of 

templates. Amplification bias and chimera formation have also been detected using 

this method (Dean et al., 2001; Lasken et al., 2007), and these problems will be 

discussed briefly in chapter 3. 

 

The MDA method, which amplifies single or double linear DNA templates, has been 

also used to amplify circular viral DNA (Tanaka et al., 2001). The MDA method uses 

the bacteriophage Phi29 DNA polymerase, which has the ability to cause strand 

displacement and random start points using random primers (Aviel-Ronen et al., 

2006). These processes occur without thermal cycling during incubation at 30°C for 

16-18 h. The products generated can be over 10 kb in size (Dean et al., 2002). The 

quantity of product generated by this method is estimated to be 1 µg DNA from 1 ng 

DNA (protocol). The polymerase has an error rate of 1 in 10
6
 to 10

7
 nucleotides, when 

compared with Taq polymerase, which has an error of 3 in 10
4
 nucleotides. One of the 

main advantages of using the MDA method is that in one step a high content of 

genomic DNA is generated with large fragments (Ambrose and Clewley, 2006). 
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1.6: The Current State of Bacterial and Archaeal Diversity in the Human 

Mouth  

As described earlier, the human mouth is a complex environment, which has various 

sites offering different ecological niches. In order to measure bacterial diversity in the 

human mouth, specimens should be collected from different sites of the mouth, 

different ages, sexes and individuals having both a healthy and diseased oral status. 

These very important issues must be taken into account in order to best estimate 

microbial diversity.  

 

Prior to the advent of independent molecular techniques, culture-based studies did not 

offer a full picture regarding the diversity of bacterial communities (Roger, 2008). 

Culture-based methods were only used to detect bacteria that caused or were 

associated with disease. However, after discovering the independent molecular 

method the knowledge of the bacteria has been extended to cover and explore the 

uncultured microbial community structure in various environments and clinical 

samples. Of these, the 16s rRNA gene sequence have been widely used as a marker to 

characterise and estimate bacterial diversity in the human mouth (Roger, 2008).   

 

In 1994, The 16s rRNA gene was amplified from a subgingival plaque sample in 

order to estimate the genetic diversity of cultivable and uncultivable spirochaetes. 

This was the first clone library analysis of bacteria in the human mouth. The result fell 

into 23 clusters differing by about 1-2%, displaying unbelievable diversity from a 

one-patient sample (Choi et al., 1994). A study to characterise and analysis the 

bacterial diversity of the middle and front of carious dental lesions obtained from five 

sample using two different methods, cultural-based and the molecular methods (16S 

rRNA). Table 1.1 represent the names and the frequency numbers of isolation by 

these methods. In total 95 taxa were detected based on the 16S rRNA gene sequence 

identity from 496 isolates and 1,577 clones. Of the 95 taxa, only 44 taxa were 

identified by the molecular method (Wade et al., 2004). Subsequently, many studies 

have aimed to characterise and determine the diversity amongst oral bacterial 

communities. Most study samples were collected from specific sites of the mouth, 

such as the subgingival site (Muyzer et al., 1993; Krose et al, 1999; Paster et al., 

2001; Sakamoto et al., 2002; Kumar et al., 2003; Kumar et al., 2005; Kumar et al., 
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2006).  The diversity of bacteria in human subgingival plaque based on these studies 

(analysis of 2522 16S rRNA gene clones) was estimated to be 347 species falling into 

9 bacterial phyla. Thus, the estimated number of species present in the oral cavity is 

between 415 species and 500 species (if the number of the other oral surfaces such as 

cheek, tongue and teeth were added) (Paster et al., 2001). 

 

Another extensive study intended to extend the knowledge of bacterial diversity in the 

human mouth used the same method. Samples from different sites of the mouth were 

collected from five volunteers, and 2589 clones were amplified and sequenced. The 

analysis of the sequences demonstrated that more than 700 different bacteria species 

or phylotypes inhibit the oral cavity of the human mouth.  These two studies revealed 

that over 50% of the bacteria within the human mouth have not been cultured (Aas et 

al., 2005), which indicates that based on the accounted number of cultived oral 

bacteria (509 taxa) (More and More, 1994) the human mouth may be inhabited by at 

least 1000 different bacteria (Roger, 2008)  

 

Professor William Wade from King's College London Dental Institute stated that; 

"The healthy human mouth is home to a tremendous variety of microbes including 

viruses, fungi, protozoa and bacteria. The bacteria are the most numerous: there are 

100 million in every millilitre of saliva and more than 600 different species in the 

mouth. Around half of these have yet to be named and we are trying to describe and 

name the new species" (Society for General Microbiology, 2008). 

 

All the studies above show that diversity amongst the bacterial communities is vast 

and more than half is found to be uncultured. The high percentage of cultivable 

bacteria is due to significant effort which has extended the cultivate oral bacteria 

(Paster, 2001), which has resulted in the discovery of new species.  Recently, new 

species inhabiting the human mouth found to be associated with various oral diseases 

and infections in other parts of the body (Downes et al., 2008) were discovered and 

called Prevotella histicola. This indicates that the human mouth may still have species 

that have not yet been discovered, therefore, further efforts are needed in order to give 

more exact estimations of bacterial diversity in the human mouth.  
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The presence or detection of the domain Archaea from the human mouth is limited, 

only members such as Methanobrevibacter oralis-like species have been isolated 

from subgingival plaque samples.  It is found that archaea are more abundant with 

periodontal disease, and only detected in patients with severe disease (Leep et al., 

2003; Vickerman et al., 2007).  

 

As indicated, the diversity of virus in the human mouth has not yet been fully 

characterised, and only a few reports describe the isolation of phages from the human 

mouth. The estimation of viral diversity could be predicted from the estimation of the 

bacterial diversity, as it has been proven that viruses are more diverse than microbial 

prey, on average by a ratio of >10 phages per microbe (Rohwer, 2003) and several 

types. As indicted above there are more than 10
8 
bacteria in every ml of saliva within 

the human mouth, thus, the number of viruses in every ml could be as high as 10
9
 

consisting of several thousand different types. These would be expected to have a 

significant effect on the oral bacterial flora. 
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Table 1.1: Identificantion of bacterial strains isolated by two differents methods 
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1.7: The Order Caudovirales Bacteriophages 

The word Caudovirales is Latin in origin; ócaudaô means óa tailô (Kutter and 

Sulakvelidze, 2005). Caudovirales is an order of tailed viruses to which 96% of 

known bacteriophages belong (Ackermann, 2003). 

1.7.1: Taxonomy 

The phage classification system started in the 1920s and 1930s, and was based on 

different host specificities of different phage types. In the 1940s and 1950s, phages 

were classified using electron microscopy based on their morphotypical features, such 

as size, length and capsid shapes (Figure 1.5) (Nelson, 2004). During the 1960s new 

methods were developed which helped to isolate and characterise the nucleic acid of 

viruses as single stranded DNA (ssDNA), double-stranded DNA (dsDNA), single-

stranded RNA (ssRNA) or double-stranded RNA (dsRNA). This classification has 

improved the taxonomy of phages (Nelson 2004; Ackermann et al., 1978). The order 

Caudovirales consists of three families, Myoviridae, Siphoviridae and Podoviridae, 

which are all the tailed phages. Other families have different features which have still 

not been grouped into orders (Table 1.1) (Ackermann, 2007). 

 

 

 

Table 1.2: Overview of phage taxonomy  
 

 

Figure 1.5: The morphological structure of bacteriophages 
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1.7.2.1: Head (Capsid)  

Using electron microscopy, the capsid of the tailed phages appears smooth, thin 

walled, not enveloped (Lwoff et al., 1962) and its diameter varies from 34 to 160 nm. 

The capsid is composed of protein subunits called capsomeres and is seldom visible 

(Bradley, 1967). The capsids of tailed phages are found to have either isometric or 

prolate icosahedral shapes (Xiang et al., 2006). The capsid and tail are connected by a 

small disc called a connector, which is located inside the capsid at the site of the tail 

attachment. The connector plays important roles in DNA encapsidation and head 

assembly (Ackermann, 1998). Within the capsid, DNA is present as tightly packed 

coils which have no bound proteins.  

 

1.7.2.2: Tail  

The tail consists of proteins forming a tubular shape that is connected to the capsid. Its 

length varies according to family from 10 to 800 nm. In the case of the family 

Myoviridae, tails are found to be long, rigid and contractile, while those of the family 

Siphoviridae are long, flexible and non-contractile; and those of the family 

Podoviridae are found to be short. The tail shafts in these families have six-fold 

symmetry. In addition, tailed phages can have various numbers of base plates, tail 

spikes and tail fibres (Ackermann, 1998). These have different roles in infection of 

bacteria and will be described later (attachment and penetration). 

            

 

Figure 1.6: Bacteriophage structure  
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1.7.3: Genomic Structure 

The tailed phages of the order Caudovirales have linear dsDNA genomes. The size of 

the DNA in these phages ranges from 17 kb to 700 kb, with an average of about 50 

kb. The genetic map is known to be complex and genes that have related functions are 

found to cluster together (Ackermann, 2003). The head and tail genes are generally 

separated from each other, so that for example the former come before the latter 

(Casjens, 2003). It was found that there are about 290 genes in phage T4 and there 

may be more genes in larger phages (Ackermann 2003; Ackermann, 1998). ñThe 

genome has end redundant sequences. The double stranded DNA may have single-

stranded gaps, and have covalently bound terminal proteins that may be linked at 

both ends. The end of the linear molecule can be blunt, or have complementary 

protruding 5'ï or 3'ï ends (cohesive or sticky ends, which can base pair to circularize 

the molecule). Nucleotide sequences at the 3'ïterminus are complementary to similar 

regions on the 5' endò (http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/02.htm). 

1.7.4: Lifecycle 

The complete lifecycle of prokaryotic viruses has many steps that are common to all 

viruses (Weinbauer, 2004). These include attachment of virus receptors to the surface 

of the host, penetration of the host cell wall and replication of the viral nucleic acids 

inside their host.  

1.7.4.1: Attachment and Penetration  

In order to initiate infection, the tailed phages have to attach to specific receptors on 

the cell surface of the host. Simply, without a recognition signal between phage and 

host, attachment cannot be initiated; this is called specificity. Some phages infect 

more than one host, while others infect just one specific host. When the tail is bound 

to a specific receptor on the cell surface, the base plate is brought closer to the cell 

surface. In the case of T4-like phages, the baseplate will provide the energy for 

infection and will change from a hexagonal to a star shape. When three or more of the 

long tail fibres fix  the baseplate to the cell surface, six short tail fibres will be bound 

to the lipopolysaccharide (LPS) inner core (Crawford and Goldberg 1980; Riede et 

al., 1985; Montag et al., 1987). As the conformation of the base plate is changed, this 

will cause the tail sheath to contract and push the inner tail tube into the cell 

http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/02.htm


 

 

31 

 

membrane (Kanamaru et al., 2004). The peptidoglycan layer of the host is digested by 

the enzyme lysozyme that is present in the baseplate (Leiman et al., 2004). 

1.7.4.2: Replication  

When the viral genome is inserted into the bacterial host cell, phages undergo either 

lytic, lysogenic, pseudolysogenic or chronic infections, as shown in Figure 1.7 

(Weinbauer, 2004). In the case of the lytic cycle, phages replicate directly without 

integrating their genome into the hostôs genome, which results in the destruction of 

the host. An example of a lytic phage is T4 bacteriophage, which lyses the host a short 

time after infection, releasing new phage particles (Hadas et al., 1997) 

 

In contrast, in the lysogenic cycle, phages either integrate their genomes into the 

hostôs genome, or replicate along with its offspring until the lytic cycle is induced. 

Phages that follow the lysogenic cycle are known as temperate phages; one example is 

the bacteriophage lambda (). The third type of phage life cycle is chronic infection, 

where after infection phages bud or exit from the host cells without lysis occurring. 

The best example of this type is the M13 bacteriophage (Weinbauer, 2004). 

 

The final type life cycle is pseudolysogeny, otherwise known as the phage carrier 

state; the term ócarrier stateô is applied to bacteria with a plasmid-like prophage 

(Bergh, 1989). In the carrier state, after infection, phages can undergo lytic and 

pseudolysogenic cycles. In the latter case, after infection, phage genomes are not 

integrated into the host genome, nor do the phage genomes segregate and replicate 

equally into all progeny cells (Kutter and Sulakvelidze, 2005). 

 

Figure 1.7: Different types of viral life cycle  
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1.7.5: Lysis  

When the viral genome is inserted into host cells, two steps can be taken to release 

new virions from them. The first is immediate recognition by the host RNA 

polymerase, which will lead to the transcription of the early genes, which are needed 

for the replication process of the viral genome and include genes encoding DNA 

polymerase, ligase, helicase and primase (Mikhailov and Rohrmann, 2002). These 

genes will protect the viral genome by blocking some of the host proteases and 

restriction enzymes or destroying some of the host proteins (Kutter and Sulakvelidze, 

2005). The second step is the transcription of the late genes, which include those 

encoding for the assembly of the head and tail. Finally, all tailed phages use two 

factors for lysis, which are holin and lysin. The former is a protein that creates or 

forms a hole in the inner membrane of the host cells, providing access for the latter to 

lyse the peptidoglycan layer and to rupture the cell wall of the host (Kutter and 

Sulakvelidze, 2005). These very complex steps allow new progeny phages to be 

released within an hour. 

1.8: Single-Step Growth Curve 

An understanding of the interaction between viruses and their hosts can be obtained 

by drawing a single-step growth curve. Simply, the viruses and their host are mixed at 

low multiplicity of infection in an appropriate growth medium (Ellis and Delbruck, 

1939). Samples are then taken at various time points and plated to determine the latent 

period and burst size. The number of plaques remains constant during the latent 

period, after which it increases sharply. The burst size is determined by the ratio 

between the number of plaques obtained before and after lysis (Figure 4.10). The 

length of the latent period varies according to the phage species, the incubating 

temperature and the condition of the medium (Kutter and Sulakvelidze, 2005). In 

addition, the burst size that is calculated from a single cell is known to have different 

estimations, from a few to 500 phages (Weinbauer, 2004). 

1.9: Phage Therapy 

Many pathogenic bacteria are resistant to existing antibiotics, which is a serious 

problem to which a solution needs to be found. Before the development of ampicillin, 

phages were used as treatment tools. In 1917 Felix dôHerelle was interested in using 

bacteriophages to treat dysentery after publishing his first paper on them. In the 
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summer of 1919, he started the treatment at a hospital in Paris, under the clinical 

supervision of Professor Victor-Henri Hutinel. The first known treatment with phages 

in humans was in August 1919, where a 12-year-old boy who had severe dysentery 

producing about 10 to 12 bloody stools per day. After microbiological analysis of the 

stool samples, dôHerelle administered 2 ml of an anti-dysentery phage preparation. 

The condition of the boy improved quickly and he had recovered by the next day. In 

September 1919, three brothers were reported as having bacterial dysentery after their 

sister had died of the same symptoms. They started to recover within 24 hours of the 

anti-dysentery phage preparation treatment. The doses of phage preparation ingested 

by these early volunteers were 100-fold higher than the therapeutic dose, but none of 

them showed any side effects one day after treatment (Kutter and Sulakvelidze, 2005)  

 

More recently, three men who had ulcerated wounds caused by radiation poisoning 

became infected with Staphylococcus aureus. Treatment of the wounds did not 

succeed after one month because the bacterium was resistant to antibiotics. A 

successful treatment occurred with a preparation of biodegradable polymer 

impregnated with ciprofloxacin, with a mix of bacteriophages. This eliminated the 

infection and healing of the wounds occurred after seven days of exposure to the 

polymer (Jikia et al., 2005). In addition, bacteriophages have been proved to pass the 

peripheral blood and migrate to the site of infection (Dabrowska et al., 2005).  

 

In the oral cavity, it is found that infection with Enterococci, specifically E. faecalis, 

is restricted to the root canal system of the teeth and is present as a major bacterium 

when endodontic treatment has failed (Peciuliene et al., 2000; Hancock et al., 2001). 

This bacterium has the ability to survive in extreme environments and is resistant to 

medication and other irrigants used during endodontic treatment (Siqueira et al., 

2000). A study isolating lytic phages from this pathogenic bacterium found them in 

22% of human donor saliva. This suggests that phages may play an important role in 

controlling the outbreak of these and other bacteria, thus protecting the tooth root 

system (Bachrach et al., 2003). 
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1.10: THESIS AIMS AND OBJECTIVES  

This thesis consists of two parts: 

First part is: To measure the viral diversity in the human mouth based on the aims and 

objectives below: 

- Metagenomic analysis of the viral diversity in the human mouth 

- Using sensitive nucleic acid amplification method, multiple displacement 

amplification method (MDA), to overcome the difficulties of cloning and 

sequencing viral genes. 

- Sequencing unknown viral genes fragments  

The second part is: Isolate lytic viruses from the human mouth based on the aims and 

objectives below: 

- Detect lytic phages on bacterial lawns 

- Determine virus morphological structure by transmission electron microscopy  

- Perform a typical single-step growth curve for the isolated lytic virus 

- Sequence the genome of lytic virus and annotate and characterise the genes 

- Protein analysis of the isolated virus particles using Mass spectral technique   
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Chapter 2 
 

2.1: Materials 

The GenomiPhi DNA Amplification Kit was supplied by Amersham Biosciences, the 

1 kb DNA ladders by Invitrogen, the antibiotic ampicillin by Sigma, the QIAEX® II 

Gel Extraction Kit and the QIAquick PCR Purification Kit by Qiagen and the 

Wizard® Plus SV Minipreps kit by Promega. Another gel extraction kit, called 

Sephaglas
TM

 BandPrep, was supplied by Amersham Biosciences. Oligonucleotides 

were synthesised by VH Bio. A nebulizer unit was supplied by Invitrogen, protein 

molecular weight markers by Fermentas Life Sciences, the restriction enzymes, 

DNase I, Exonuclease III, T4 DNA ligase and Phusion High-Fidelity DNA 

Polymerase by New England Biolabs (NEB), Taq polymerase by ABgene, Herculase
R 

II Fusion DNA Polymerase by Stratagene, Brilliant Blue G-colloidal by BIO-RAD, 

the lambda DNA purification kit Vira prep Lambda by Cambio Ltd and a low range 

PFG marker by NEB. E. coli JM109 competent cells and the pGEM T-Easy TA 

cloning kit were supplied by Promega. 
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Figure 2.1: pGEM-T Easy Vector circle map and sequence reference points  

(Source: Promega).  

Table 2.1: PCR primers used to amplify the 16S rRNA gene from the isolated virus 

host 

16S RNA Sequence (5ô to 3ô) Reference 

Forward AGA GTT TGA TCC TGG CTC AG  

( Weisburg et al., 1991) Reverse ACG GHT ACC TTG TTA CGA CTT 

 

Table 2.2: Vector sequencing primers 

Vector 

Primers 

Forward sequence (5ô to 3ô) Reverse sequence (5ô to 3ô) Reference 

M13F GTT TTC CCA GTC ACG AC   

Promega M13R  CAG GAA ACA GCT ATG AC 

T7F TAATACGACTCACTATAGGG   

AGOWA T7R  GCTAGTTATTGCTCAGCGG 

 

See appendix for the list of virus genome sequences and contig PCR primers. 
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2.2: Sterilisation 

All media, glassware, equipment and toothpicks were sterilised by autoclaving at 

121°C for 15 min. Deionised distilled water (dH2O), produced by reverse osmosis 

using Elga water purification equipment, was used to prepare all the media and 

solutions, which were then sterilised by autoclaving at 121C for 15 min. Nanopure 

water (nH2O) from Sigma was used for sensitive work such as polymerase chain 

reaction (PCR).  

2.3: Media 

Luria Bertani Broth  (LB)  

                                                              Per litre 

NaCl                                                       10 g 

Tryptone                                                 10 g 

Bacto-yeast Extract                                  5 g 

The pH was adjusted to 7.0 and the broth autoclaved at 121°C for 15 min. 

 

Luria Bertani Agar  (LA)  

LB broth with addition of 0.5% w/v agar. 

 

Brain Heart Infusion Broth (BHIB)  

 

Distilled water was added to 37 g brain heart infusion broth to make up to 1 litre. The 

pH was adjusted to 7.4 and the broth autoclaved at 121°C for 15 min. 

 

Blood agar                           

Following the manufacturerôs instructions, 39 g of Columbia Agar Base was added to 

1 L of distilled water. The mixture was boiled until completely dissolved, then 

sterilised by autoclaving at 121°C for 15 min. The autoclaved medium was cooled to 

50°C in a water bath, then 5% horse blood was added and shaken well to mix, and the 

mixture poured out into plates. These were inverted after the blood agar had solidified 

and left overnight at room temperature, then stored at 10°C for up to one month. 

 

Soft top agar 

0.35% agarose was added to LB broth with the addition of 10 mM MgSO4. This was 

autoclaved at 121°C for 15 min.                                                
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SOC broth  

The first four ingredients listed in the table below were combined and dissolved in 

dH2O to 95 ml. This was autoclaved at 121°C for 15 min and cooled to room 

temperature. Then 1 ml of 2M MgSO4 and 1 ml of 2 M glucose were added, and this 

was made up to a volume of 100 ml with dH2O. The SOC was then filter-sterilised 

and stored at -20°C until used. 

 

SOC broth per 100 ml 

Tryptone                                            2 g 

Yeast extracts 0.5 g 

1 M NaCl 1 ml 

1 M KCl 0.25 ml 

2 M Mg 1 ml 

2 M glucose 1 ml 

dH2O to make up to 100 ml  

 

2.4: Solutions 

Solutions were made up according to the ingredients listed in the tables below 

Tris -acetate (TAE) buffer (50x) per litre  

Tris 242 g 

Glacial acetic acid 57.1 ml 

0.5M EDTA (pH 8.0) 100 ml 

Distilled water to make up to 1 L  

  

 

Phosphate buffer saline (PBS) per litre  
NaCl 8 g 

Na2HPO4 1.44 g 

KH2PO4 0.24 g 

KCl   0.2 g 

  

The PBS was made up to 900 ml with dH2O and adjusted to Ph 8 before the volume 

was made up to 1 L with dH2O. It was then autoclaved at 121°C for 15 min.                                                

 

 

 

 

 

The SM buffer was also made up to 1 L with dH2O and autoclaved at 121°C for 15 

min. 

SM Buffer per litre  
NaCl 5.8 g 

MgSO4 2 g 

1M tris-HCl (pH 8) 5 ml 

Gelatin 2 % (v/v) 
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Sodium dodecyl sulphate (SDS) (10 %) 

dH2O was added to 100 g SDS to make up to one litre.  

 

2.5: Bacterial Methods 

2.5.1: Culturing Organisms from the Human Mouth  

Toothpicks and dental floss (Johnson and Johnson, REACH) were used to collect 

materials attached to the dental plaque and between the teeth in the human mouth. 

These were first collected from three volunteers for bacterial host isolation. Each 

sample was mixed with 1 ml of PBS buffer to dissolve dental plaque materials. 10 µl 

from each mixed sample was added to separate tubes of 10 ml of LB and BHIB. 

These tubes were incubated aerobically over night at 37°C with shaking at 150 rpm in 

an orbital shaker. Serial dilutions from overnight growth were streaked out onto 

blood, LB and BHI agar plates and incubated at 37°C for 24 and 48 h. Colonies were 

selected according to their colour, morphological features and size. Isolated colonies 

were picked and plated again to ensure purity of the isolated bacteria.  

 

Next, 20 ɛl from each mixed sample was streaked out directly into blood and LB agar 

plates to grow bacteria that might not grow well in the broth media. These were 

incubated for 24 and 48 h, then colonies were selected and purified as described 

above. 

2.5.2: Quantification of Host Cells  

Bacterial cell concentrations were determined using the Miles-Misra assay (Miles et 

al., 1938). Serial dilutions of the host growth in PBS buffer were applied and 50 ɛl of 

each dilution was spread out onto blood agar plates, which were inverted and 

incubated overnight at 37°C. Colonies on the plates were counted and the average was 

taken. Colony forming units (CFU) per ml were calculated according to the following 

equation: 

CFU/ml = average colony count x 20 x dilution  
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Plates were prepared for cloning by taking LB as indicated with the addition of 100 

mg/ml ampicillin, 20 mg/ml 5-Bromo-4-Chloro-3-Indolyl-ɓ-d Glactopyranoside (X-

Gal) and 23.8 mg/ml isopropyl ɓ-D thiogalactopyranoside (IPTG). 

 

2.6: Virus Methods 

2.6.1: Plaque Assay 

The plaque assay is a technique that is used to study viruses for many reasons. It is a 

clear area in the soft agar that results from the lysis of the host. This happens when the 

bacterial host grows in the soft agar to form a confluent lawn, then viruses propagate 

and replicate in the host cells and kill them, which results in a clear area called a 

plaque. The number of infected particles in a plate can be determined by counting the 

number of plaques. 

2.6.2: Detecting Lytic Phages 

LB agar was used as a bottom agar, while LB and BHIB containing 0.35% agarose 

were used as the soft top agar, which was prepared and kept molten in a water bath at 

50ÁC.  For infection, 100 ɛl of filtered sample was added to 300 ɛl of the host cell 

culture that had been grown overnight. The virus particles were allowed to adsorb 

onto the host cells for 15 min at room temperature, then the infected cells were added 

to 3 ml of the molten soft top agar in universal tubes and mixed well before being 

poured onto the bottom agar. This was left to set for a few minutes, then the plates 

were inverted and incubated at 37°C. After 24 to 48 h, they were checked for the 

appearance of plaques. 

2.6.3: Increasing the Titre of Virus Particles  

A single plaque was selected from a lawn and used to infect subsequent cultures to 

increase the yield of the same virus particles as described. 1 ml of SM buffer was 

added to plates confluent with virus plaques. The soft top agar was scraped from 15 

plates and collected into a 250 ml Sorvall tube. 40 ml of SM buffer was added to the 

collection tube and mixed well, then incubated overnight at 10°C to allow the virus 

particles to diffuse from the soft top agar into the buffer. The tube was centrifuged in 

a Beckman centrifuge at 250 x g for 25 min, then the supernatant was transferred to a 
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fresh tube. The supernatant was filtered with Millipore filters of sizes 0.45 ɛm and 

then 0.22 ɛm to ensure the removal of agar and cell debris.  

2.6.4: Determining Titre of Phages 

The soft top agar was used to determine the titre of the phage as plaque forming units 

(PFU/ml), as described by Adams (1959). Serial dilutions were prepared from phage 

stock in SM buffer. 0.1 ml of each dilution was added to 0.2 ml of actively growing 

culture (10
8
 CFU/ml) and was added to 3 ml of top soft agar. This was mixed and 

immediately poured on top of the first layer of LB agar plate. Plates were kept for 20 

min at room temperature to allow the agar to solidify. They were then inverted and 

incubated overnight at 37°C. Plaques were counted as PFU/ml to determine the titre 

of the phage stock. 

PFU/ml = Total number of plaques on plate / d x V 

where d is the dilution factor and V is the volume of viruses that is added to the plate. 

2.6.5: One Step Growth Curve  

The latent period and burst size were determined by the one step growth curve 

method, as described by Ellis and Delbruck (1939). The cells were infected with 

phage at low multiplicity of infection (MOI), see below calculation, to ensure that 

each cell was infected with only one phage. The MOI is defined as the ratio of the 

number of virus particles to that of bacterial cells. After infection the culture media 

was diluted at 100-fold to avoid multiple cycles of growth and lysis inhibition.  

 

Basically, a phage stock was added to an overnight cell culture containing 10 mM of 

MgSO4 and incubated on ice for 10 min. The infected cells were centrifuged at 10,000 

x g for 5 min at 4ºC. The supernatant was removed and infected cells were washed 

twice with PBS buffer, and then pelleted. They were next resuspended in fresh LB 

broth containing 10 mM MgSO4 to aid adsorption and subsequently incubated in a 

water bath at 37ºC. Samples were taken every 5 min up to 95 min, and were 

immediately titred by the plaque assay method. The one step growth experiment was 

repeated three times to observe if there was any variation in the results.  
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Calculation of the MOI was used: 

Total number of phage was used:  

0.01 ml x (12 x 10
6
) / ml = 12 x 10

4 
PFU/ml 

Total number of cells was used: 

 0.5 x (145 x 10
7
) / ml = 725 x 10

6 
 CFU/ml 

Therefore the MOI was 6042 cells for each phage 

2.6.6: Host Range Experiments 

Several Neisseria sp were obtained as indicated and grown overnight in 5 ml of BHIB 

at 37ÜC in an orbital shaker at 150 rpm. 300 ɛl of growing cells at the stationary face 

were infected with the different dilutions of the two isolated lytic viruses. These were 

incubated for 20 min at 37ºC and mixed with 3 ml of soft top agar of BHI. This 

mixture was poured onto a BHI agar plate. The plaques were checked as indicated.  

2.7: Storage of Isolates 

Isolated bacteria were kept on beads at -80°C to be used later, because most of the 

isolated bacteria could not survive for a long time when they were kept at 4°C or -20 

°C. 30% (v/v) of sterile glycerol was added to bacteria grown overnight and stored at -

80°C until needed.  

 

2.8: Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

SDS-PAGE is a method used in protein analysis; SDS is an anionic detergent that has 

the ability to denature and cover proteins with a negative charge. Two gel layers were 

used: resolving gel as the bottom layer and stacking gel as the top layer. A 12% 

acrylamide mix of resolving gel was prepared by mixing the following components in 

a falcon tube: 32% of dH2O, 40% (v/v) of  30% acrylamide/bis-acrylamide (37.5:1) 

solution, 26% (v/v) of 1.5 M Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.1% (w/v) 

ammonium persulphate and 0.1% (v/v) TEMED. The ammonium persulphate and 

TEMED were added last, then the mixture was poured immediately into the gap 

between the glass plates and left to polymerise. To avoid air bubbles on the top of the 

resolving gel and to form a smooth horizontal surface, isopropanol was poured 

immediately onto the resolving gel. When the gel had set, the isopropanol was poured 
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off and the top of the resolving gel was washed three times with dH2O. The remaining 

dH2O was dried from the top of the gel, which was left for 30 min at room 

temperature.  

 

A small space on the top of the resolving gel was left for the 5% stacking gel, which 

consisted of 68% (v/v) dH2O, 17% (v/v) of 30% acrylamide mix, 13% (v/v) 1.0 M 

Tris-HCl, pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate and 0.1% 

(v/v) TEMED. As indicated, the ammonium persulphate and TEMED were added 

last. This mixture was quickly poured onto the resolving gel after the insertion of a 

suitable comb. Once the stacking gel was set, the comb was removed to form wells. 

The prepared SDS-PAGE gel was placed in the tank and covered with running buffer, 

consisting of 3.03 g/L Tris base, 14.4 g/L glycine and 1.0 g/L SDS, which were 

dissolved in dH2O. The protein samples were loaded and run at 100 mV until they 

passed the staking gel, then the voltage was reduced to 30 mV when the samples 

separated in the resolving gel and the samples were left overnight.   

2.8.1: SDS-PAGE Staining and Destaining  

After electrophoresis, the proteins were fixed for 1 h in a solution of 7% glacial acetic 

acid in 40% (v/v) methanol. Following the manufacturerôs protocol, Brilliant Blue G-

Colloidal (Sigma) was used as the protein staining suspension, into which the gel was 

placed for 1-2 h. The gel was destained with 10% acetic acid in 25% (v/v) methanol 

for 60 s with shaking, rinsed with 25% methanol (which was discarded), then 

destained with 25% methanol overnight. 

2.8.2: Determining Sizes of Protein Bands 

The Marker 12Ê Unstained Standard, a protein standard marker, was run in one side 

of the protein sample to determine the sizes of the bands. This protein standard 

consists of the following fragments (kDa): 116, 66.2, 40, 35, 25, 18.4 and 14.4. A 

Kodak EDAS 290 camera was also used with the software provided, which 

automatically constructed a  molecular weight distance calibration curve when the 

position of the standard was entered, allowing the position of the protein bands of 

unknown size to be calculated. 
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2.8.3: Protein Sequence Using LC-MS/MS 

Bands of interest were excised from the gel and an in-gel trypsin digest performed 

(Speicher et al., 2000). The bands were destained using 200 mM ammonium 

bicarbonate/20% acetonitrile, followed by reduction (10 mM dithiothreitol, Melford 

Laboratories Ltd., Suffolk, UK), alkylation (100 mM iodoacetamide, Sigma, Dorset, 

UK) and enzymatic digestion (sequencing grade modified porcine trypsin, Promega, 

Southampton, UK) using an automated digest robot (Multiprobe II Plus EX, Perkin 

Elmer, UK). 

 

LC-MS/MS was carried out upon each sample using a 4000 Q-Trap mass 

spectrometer (Applied Biosystems, Warrington, UK). Peptides resulting from in-gel 

digestion were loaded at high flow rate onto a reverse-phase trapping column (0.3 mm 

i.d. x 1 mm), containing 5 µm C18 300 Å Acclaim PepMap media (Dionex, UK) and 

eluted through a reverse-phase capillary column (75µm i.d. x 150 mm) containing 

Jupiter Proteo 4 µm 90 Å media (Phenomenex, UK) that was self-packed using a high 

pressure packing device (Proxeon Biosystems, Odense, Denmark). The output from 

the column was sprayed directly into the nanospray ion source of the 4000 Q-Trap 

mass spectrometer. 

 

Fragmentation spectra generated by LC-MS/MS were searched using the MASCOT 

search tool (Matrix Science Ltd., London, UK) against the nucleotide contig 

sequences supply using appropriate parameters. The criteria for protein identification 

were based on the manufacturerôs definitions (Matrix Science Ltd). Candidate 

peptides with probability-based Mowse scores exceeding threshold (p < 0.05), thus 

indicating a significant or extensive homology, were referred to as óhitsô. In addition, 

as the contig sequence was essentially just a very long single sequence, it was 

necessary to manually apply a peptide ion score cut-off of 40 in order to remove 

multiple low-scoring peptide matches from the data set. 
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2.9: Nucleic Acid Isolation   

2.9.1: Direct Extraction of Viral Nucleic Acids for Metagenomic Studies 

Samples were collected from healthy volunteers. Materials attached to the dental 

plaques were collected from the mouth by toothpick and dental floss (Johnson and 

Johnson, REACH). Each sample collected was dissolved in 1 ml of PBS in an 

Eppendorf tube and mixed well to release the sample from the toothpick and the 

dental floss. The sample was then vortexed well to release the viral particles from 

attached materials. The sample was passed through a 0.45 ɛm filter and then a 0.2 ɛm 

filter to free the viral particles from other contaminants like food, blood cells and 

other cell debris. The viral particles were precipitated by the addition of 1 M NaCl 

and 10% (w/v) PEG 6000, then incubated for 2 h on ice and pelleted by centrifugation 

at 16000 x g for 10 min. The supernatant was removed and the pellets were 

resuspended in 0.5 ml of 10 mM Tris pH 7.5, 10 mM MgCl2 and 100 mM NaCl. The 

free nucleic acids were digested by adding 10 U of DNase and 10 µg/ml RNase A, 

then incubated at 37°C for 30 min. Phenol:chloroform was used to extract the viral 

nucleic acids, as described below. 

2.9.1.1: Isothermal Amplification of Extracted Viral Nucleic Acids  

The concentration of viral nucleic acids directly extracted from the samples was 

insufficient to be visualised on agarose gel. Therefore, the viral nucleic acid was 

amplified using a Genomiphi DNA Amplification kit, which amplifies both single and 

double stranded linear DNA templates. The concentration generated can be 

microgram quantities from a nanogram template of starting material after an overnight 

incubation at 30°C. This kit has three components: sample buffer, reaction buffer and 

enzyme mix (Phi29 DNA polymerase with random primer). According to the 

manufacturerôs instructions, during amplification at 30°C, strands displace each other 

when being synthesised, while other random primers anneal to the new strands that 

are synthesized (Figure 2.2). This process is repeated, resulting in a high 

concentration of amplified DNA. 

 

1 ɛl of template was added to 9 ɛl of sample buffer and heated to 95°C for 3 min to 

denature the DNA template. This was cooled and added to a cooled mixture of 9 ɛl of 

reaction buffer and 1 ɛl of enzyme mix, then incubated at 30°C overnight (about 16-
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18 h). The temperature was then increased to 65°C for 10 min to stop enzyme activity. 

The mixture was cooled by placing it on ice for a few minutes, then stored at -20°C 

for later use. Two controls were run: a positive one containing Lambda DNA and a 

negative one with no template material, only nH2O, which still amplifies products 

because of the sensitivity of this technique. According to the manufacturerôs 

instruction, these products are not expected to be used in downstream processes. The 

amplified viral genomes were visualised by agarose gel electrophoresis, as shown in 

the figures 3.1 and 3.8.  

 

Figure 2.2: Schematic diagram shows the steps of the amplification process using 

the MDA method.  

 

2.9.1.2: Shearing the Amplified Viral Nucleic Acids 

The amplified viral genomes were broken into small fragments that could be cloned 

and sequenced by means of a nebuliser, which had two ports: one was a wide blocked 

outlet port and the other was a narrow inlet port connected to a source of nitrogen 

under pressure. This method gives completely randomly sheared DNA products that 

have either blunt ends or short 5ô or 3ô overhangs, with terminal 5ô phosphate and 3ô 

hydroxyl groups. 

 

25 ɛl of 2 ɛg of the isothermally amplified viral DNA was added to 725 ɛl of TE 

buffer pH 8 containing 10% glycerol. This mixture was pipetted into the bottom of the 

nebuliser, which was placed on ice to keep the DNA cold. The DNA was sheared for 

60 s at 9-10 psi, then the sample was transferred to a sterile microcentrifuge tube and 

ethanol precipitated as previously described. The pellet was resuspended in 30 ɛl of 

TE buffer pH 8.0 and 3 ɛl of the sheared DNA was visualised on a 1% agarose gel 

(see Figure 3.2).  

2.9.2: Purification and Concentration Techniques  

Three methods were used to concentrate the viral particles from soft top agar plates 

before extraction.  
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2.9.2.1: PEG Precipitation Method 

Polyethylene glycol 6000 (PEG) is a high molecular weight polymer of ethylene 

oxide used in many applications, one of which is to concentrate virus particles. The 

filtered viral particles (section 2.6.3) were precipitated by the addition of 1M NaCl 

and 10% (w/v) PEG 6000, then incubated for 30 min on ice. The particles were 

pelleted by centrifugation at 12000 x g in a Beckman centrifuge for 30 min, the 

supernatant was removed and the pellet was resuspended in 1 ml of 10 mM Tris pH 

7.5, 10 mM MgCl2 and 100 mM NaCl, then transferred to a fresh 1.5 ml Eppendorf 

tube. Free nucleic acids were digested by adding 10 U of DNase and 10 µg/ml RNase 

A and incubating for 30 min at 37°C.  

2.9.2.2: ViraPrepÊ Lambda kit  

The second method of purifying the virus particles was to use a ViraPrepÊ Lambda 

kit. According to the manufacturerôs instructions (Biotech Support Group), this is 

designed to purify viral DNA based upon the unique virus binding reagent, 

ViraffinityÊ Matrix, whose performance characteristics are listed in Table 2.3. The 

polymer matrix can capture virus particles from plate or liquid. The matrix with virus 

was pelleted and washed of contaminants using the buffer supplied, then the particles 

were lysed to release the DNA while the coat proteins and exonuclease remained 

bound. The viral DNA was concentrated by ethanol precipitation. Among the many 

advantages of this method are that it is non-hazardous, it produces a high yield, it is 

simple to use and the entire protocol can be completed in a short time. 
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Table 2.3: Performance characteristics of ViraPrepÊ Lambda kit  

 

Culture Conditions Titer  DNA Yield % Bound 

150mm plate lysate, solubilised in 10ml 

ViraPrepÊ Lambda HS1 buffer, and clarified 

10
9
 pfu/ml 

(approximate) 

10 - 20 ɛg >95 

10ml liquid lysate, plus addition of LL1 

buffer,and clarified 

10
9
 pfu/ml 

(approximate) 

10 - 20 ɛg >95 

 

Items required ViraPrepÊ 

Lambda 

Storage 

LL1, Buffer (for liquid lysates) Supplied 4 °C 
HS1, Solubilization Buffer (for plate lysates) Supplied 4 °C 

RNase Cocktail Supplied -20 °C 

HL2, Lysis Buffer Supplied 4 °C 

AA3, Ammonium Acetate Supplied 4 °C 
V1062, ViraffinityÊ Supplied 4 °C 

Ethanol Not Supplied -- 

Growth Media Not Supplied -- 

Final Resuspension Buffer Not Supplied -- 

 

10 ml of HS1 buffer was added to a plate with confluent lysis and incubated for 30 

min at room temperature. The soft top agar was scraped into a 50 ml centrifuge tube 

and centrifuged in a Beckman centrifuge at 1250 x g for 10 min. The supernatant was 

transferred to a fresh 15 ml tube, 2 ml of vortexed ViraffinityÊ was added, then the 

tube was inverted 10 times to mix and incubated at room temperature for 5 min. The 

tube was then centrifuged at 300 x g for 10 minutes to pellet the phage-matrix 

complex, the supernatant was removed and the pellet was resuspended and washed 

with 10 ml of buffer HS1. After a second centrifuge and wash with HS1 buffer, 200 ɛl 

of RNase was added and the tube incubated for 15 minutes at 37°C. The tube was 

again centrifuged at 300 x g for 10 min and the supernatant was removed. The pellet 

was resuspended with 2 ml of HL2 lysis buffer and heated at 65°C for 10 min to 

release the DNA. The tube was centrifuged at 16000 x g for 10 min and the 

supernatant containing the viral DNA was transferred to a fresh tube. 200 ɛl of AA3 

buffer was added and mixed well, then 5.5 ml of 95% ethanol was added and mixed 

well; this was left to stand for 10 min at room temperature. To pellet the viral genome, 

the tube was again centrifuged at 16000 x g for 10 min. The supernatant was removed 

and the pellet was air dried at room temperature. The pellet was resuspended with 50 

ɛl TE buffer pH 8.0. 
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2.9.2.3: Caesium Chloride Gradient Method 

Caesium chloride (CsCl) is used in a purification method that was developed in 1957 

and is widely used today for many purposes, one of which is the purification and 

concentration of virus particles. Ultracentrifugation is used to separate the virus 

particles from other components on the basis of their buoyant density. Usually the 

sample is sedimented based on a step density gradient using a high concentration of 

CsCl. Components in the sample move to the appropriate position during the 

ultracentrifuge procedure, in a process known as equilibrium sedimentation.  

 

1 g/ml of CsCl was added directly to the filtered virus particles (see section 2.6.3). 

This was mixed well until the CsCl was dissolved. 8 ml of this mixture was 

transferred to four ultracentrifuge tubes, which were centrifuged at 55000 rpm for 2 h 

at 4ºC. After centrifugation the tubes were checked for the appearance of a layer. A 

21-gauge needle was used to puncture the plastic centrifuge tube at the level of the 

layer. A small piece of autoclaved dialysis tubing membrane was clamped at one end 

and the purified phage sample was gently pipetted into the dialysis tubing, then the 

upper end was clamped. 1 L of SM buffer was used as a dialysis buffer to remove the 

CsCl from the purified phage. The SM buffer was stirred during dialysis and changed 

twice. 

2.9.3: Plasmid Extraction 

Plasmids were extracted from overnight broth culture using a Wizard® Plus SV 

Minipreps kit supplied by Promega. A single white colony was added to 10 ml of LB 

broth containing 100 mg/ml ampicillin. This was incubated overnight at 37°C with 

shaking at 150 rpm in an orbital shaker. Following the manufacturerôs protocol, 1.5 

ml of overnight broth culture was centrifuged at 16000 x g for 5 min. The pellet was 

resuspended by pipetting with 250 ɛl of cell resuspension solution. 250 ɛl of cell lysis 

solution was added to lyse the cells and the tube was inverted four times to mix. 10 ɛl 

of alkaline protease solution was added and the tube was incubated for 5 min at room 

temperature to inactivate endonuclease and other proteins that can affect the quality of 

the isolated plasmid. 
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Composition of Buffers and Solutions 

Cell Resuspension Solution 

(CRA) 

50 mM Tris-HCl (pH 7.5, 10 mM EDTA, 100 µg/ml 

RNase A 

Cell Lysis Solution (CLA) 0.2M NaOH, 1% SDS 

Alkaline Protease Solution ----------- 

Neutralization Solution 

(NSB) 

4.09 M guanidine hydrochloride, 0.759 M potassium acetate 

2.12 M glacial acetic acid, final pH approximately 4.2. 

Column Wash Solution 

(CWA) 

162.8 mM potassium acetate, 22.6 mM Tris-HCl (pH 7.5) 

0.109 mM EDTA (pH 8.0), 95% ethanol added 

Nuclease-Free Water ----------- 

 

350 ɛl of neutralisation solution was added and the tube was immediately inverted 

four times before being centrifuged at 16000 x g for 10 min at room temperature. A 

spin column was placed into a 2 ml collection tube and the cleared lysate was 

transferred to the spin column. This was centrifuged at 16000 x g for 1 min, the flow-

through was discarded and the spin column was reinserted into the same collection 

tube. 750 ɛl of column wash solution was added to the spin column and centrifuged at 

16000 x g for 1 min. This step was repeated with 250 ɛl of column wash solution and 

it was centrifuged at 16000 x g for 2 min. The spin column was transferred to a new 

sterile 1.5 ml Eppendorf tube. To elute the plasmid from the spin column, 100 ɛl of 

nuclease-free water was added to the centre of the spin column and centrifuged at 

16000 x g for 1 min. The eluted plasmid was stored at -20°C for later use. 

 

2.10: Manipulation of Nucleic Acid  

2.10.1: Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to separate and purify DNA fragments based on 

the molecular size. As DNA has a negative charge at neutral pH, DNA fragments 

migrate towards the anode when an electric field is applied (Sambrook and Russel 

2001). The electrophoresis was carried out on Tris-acetate (TAE) buffer, consisting of 

24.2% (w/v) Tris-base, 5.71% (v/v) acetic acid and 10% (v/v) 0.5 M EDTA, pH 8, 

84.29% dH20. Based on the size of the DNA fragments, different percentages of 

agarose were dissolved in TAE buffer, which was then heated until molten and poured 

into a plastic tray containing a suitable comb to develop the wells. This was left to set 

at room temperature, then the comb was removed and the gel with its tray were 
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transferred to the platform inside the electrophoresis tank. Before loading the DNA 

samples into the gel wells, they were mixed with loading buffer (0.25 % (w/v) 

bromophenol blue, 0.25 % (w/v) xylene cyanol FF and 15 % (w/v) Ficoll in dH2O). 

These mixes were loaded into the gel wells.  

2.10.2: Pulse Field Gel Electrophoresis (PFGE) 

2% low melting point agarose (Seaplaque® CTG agarose) in 0.5 × TBE (20 mg in 1.0 

ml) was prepared. This was difficult to dissolve, so the eppendorf tube was held in 

boiling water to keep the agarose warm. 40 µl of sample was added into an eppendorf 

tube, followed by the addition of 40 µl of agarose, which was mixed gently by 

pipetting to avoid the presence of bubbles. The mixed sample was transferred into a 

plug mould and left on the bench for 2 hours. 1 ml of lysis buffer was added to the 

eppendorf tube, followed by the agarose plug, pushing the agarose out from the back. 

This was incubated overnight in a water bath at 55°C. On the second day, 200 ml 

pulsed field certified agarose (1%) in 0.5 × TBE was prepared and was then melted by 

microwave for 3 min. The melted agarose was poured into a plastic tray with a 

suitable comb; this was left at room temperature for 2 hours to set. The agarose plugs 

were washed three times using 1 × TE buffer. Dried plugs and PFGE ladder were put 

into the wells. Gels were run for 18 hours at 14°C using a CHEF DR-III system (Bio-

Rad) at 6.0 V/cm with initial and final pulse times of 5 s and 13 s respectively. 

Following electrophoresis, the gel was stained for 30 min in 0.5 × TBE containing Gel 

Red (Biotium). The gel image was captured using a G:BOX gel documentation 

system (Syngene). 

2.10.3: Phenol Chloroform Extraction 

An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was used to extract 

the viral nucleic acid from the viral capsid and denatured proteins associated with 

DNA. An equal volume of phenol chloroform was added to the sample. The mixture 

was inverted for about 30 s, then centrifuged at 16000 x g for 1 min. It formed two 

layers; the upper aqueous layer containing the viral DNA was carefully removed to a 

fresh tube. The viral DNA then was precipitated by ethanol precipitation, as described 

below. 
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2.10.4: Ethanol Precipitation 

The extracted viral DNA was precipitated by the addition of 0.1 times the sample 

volume of 3 M sodium acetate (pH 5.2) and twice the sample volume of 95% ethanol. 

The tube was mixed and chilled on ice for 15 min, or incubated at -20°C overnight, 

then the sample was centrifuged at 16000 x g for 10 min. The supernatant was 

removed and the pellet was washed with 70% ethanol. The DNA pellet was air dried 

at room temperature for 15 min, then dissolved in 30 ɛl TE buffer. This was stored at 

-20°C until needed. 

2.10.5: Extraction of the Gel Slice  

Viral DNA fragments 1-5 kb long were extracted from agarose gels using a 

SephaglasTM  
BandPrep Kit, whose components were: Sephaglas BP (a DNA binding 

reagent), gel solubilizer (containing sodium iodide, to dissolve the gel slice and help 

to promote binding of the DNA), washing buffer (to remove gel contamination such 

as proteins, nucleotides and linkers from matrix-bound DNA) and elution buffer (to 

elute the DNA). Following the manufacturerôs protocol, 1 ɛl of gel solubilizer was 

used for each mg of agarose. The tube was incubated at 60°C with vortexing for 5 to 

10 min or until the agarose slice was dissolved. The Sephaglas was added for scale-up 

to 5 ɛl for each estimated ɛg of template DNA in the gel slice. This was incubated at 

room temperature for five minutes with gentle vortexing every minute to resuspend 

the Sephaglas. The tube was centrifuged at 12000 x g for 30 s to pellet the Sephaglas 

and the DNA. The supernatant was removed and the tube was centrifuged again to 

remove any residual liquid. The pellet was washed with buffer for scale up to 16 times 

the volume of the added Sephaglas. This was centrifuged at 12000 x g for 30 s to 

pellet the Sephaglas and the supernatant was removed. The washing step was repeated 

three times. The residual ethanol was removed from the matrix by air drying and a 

low ionic buffer was used to elute the DNA from the dried matrix.  

2.10.6: Determining Sizes of DNA Fragments 

The 1 kb DNA ladder and the Lambda DNA Hind III Digest marker were used to 

determine the sizes of the DNA fragments. The 1 kb ladder was used to determine the 

sizes of fragments between 100 and 12000 bp, while the Lambda DNA Hind III was 

used for larger fragments, ranging from 1503 to 23000 bp.  
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2.10.7: Measuring DNA Concentration 

Two methods were used to quantify the DNA. One was using the 1 kb DNA ladder 

band 1636 bp, which gave 200 ng if 2 ɛg of the 1 kb DNA ladder was loaded. Simply, 

unknown DNA concentration was visualized by agarose gel electrophoresis and 

compared to the 1636 bp band to estimate the unknown DNA concentration.  

 

Ultraviolet spectrophotometry was used to measure the quantity of DNA. Although 

UV can be used to estimate the DNA or RNA in a sample, it cannot distinguish 

between them. The DNA sample was placed in a cuvette and quantified by the 

absorbance at wavelengths of 260 nm and 280 nm. First, the cuvette was washed with 

nH2O and a blank control solution of nH2O was put in it to set the zero reading. Then 

the blank control was removed using a pipette and the DNA sample was placed in the 

cuvette and read at 260 nm and 280 nm. The following formula was used to calculate 

the DNA concentration: 

 

[DNA] (ɛg) = (A 260 ï A 280) x 50 (dilution factor) 

2.11: Polymerase Chain Reaction Amplification 

In this project PCR was used to fill the gaps between the contigs of the viral genome. 

Several forward and reverse primers were designed at the ends of the contigs. Low 

concentrations of DNA template were used to amplify the unknown fragments of viral 

DNA. The components of the PCR used were reaction buffer, MgCl2, dNTPs mix, 

forward primer, reverse primer and Taq polymerase. 

 

For each reaction carried out, the following were mixed: 

- 34.75 ɛl of nH2O 

- 5 ɛl reaction buffer 

- 6 ɛl of 25 mM MgCl2  

- 1 ɛl dNTPs mix  

- 1 ɛl forward primer 

- 1 ɛl reverse primer 

- 1 ɛl DNA template 

- 0.25 ɛl Taq polymerase 

- 50 ɛl final volume 



 

 

55 

 

 

A negative control was always carried out with each reaction, using 1 ɛl of nH2O in 

place of the DNA template. Initially, the strands of template DNA were denatured at 

95°C for 5 min, then cycles were carried out as follows: 

- Step 1:  95°C held for 5 min 

- Step 2:  95°C for 1 min 

- Step 3:  (annealing) 55°C for 45 seconds 

- Step 4:  (extension) 72°C for 1 min  

- Step 5:  repeat steps 2 to 4 for more 29 cycles 

- Step 6:  (extension) 72°C for 10 min 

- Step 7: incubate at 15°C for 96 hours. 

 

The annealing temperature might be varied according to the primer length and G+C 

content; primers with a higher G+C content require a higher annealing temperature. 

The extension at step 4 may also be varied according to the length of the amplified 

DNA.  

2.11.1: Gradient PCR 

The gradient PCR is used to detect the optimal annealing temperature, in order to 

avoid amplifying multi, or non-specific bands that may have appeared after the PCR 

reaction. To obtain the specificity of a PCR reaction, 10°C below and above the 

calculated temperature of the primer melting point (Tm) were used. Twelve different 

annealing temperatures could be run simultaneously using the universal block of the 

Peltier thermal cycler machine. Thus, the gradient process was set dependant up on 

the Tm of the primers used. For example, if the Tm of the used primers were 55°C, 

the gradient was set between 45 to 65°C. 

2.11.2: PCR of 16S ribosomal RNA (rRNA) Genes 

To identify the origin of bacteria isolated and used in this study, 16S rRNA genes 

were amplified by PCR as indicated. First the bacterial DNA was extracted, then the 

16S rRNA gene was amplified using the specific forward and reverse primers in a 

total volume of 50 ɛl, as indicated. 
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2.11.3: PCR Product Purification  

A QIAquick PCR Kit, supplied by QIAGEN, was used to clean up the amplified DNA 

fragments generated by PCR. It is designed to purify single or double stranded DNA. 

According to the manufacturerôs protocol, using this kit will clean all the enzymatic 

reactions, primers, nucleotides and salts that were used in the PCR reaction.  

 

A QIAquick spin column was placed in a 2 ml collection tube. Five volumes of buffer 

PB were added to the PCR sample and mixed well. To bind the DNA, the mixture was 

transferred to the QIAquick column and centrifuged at 16000 x g for 30-60 s, the 

flow-through was discarded and the QIAquick column was replaced in the collection 

tube. 750 ɛl of PE buffer was added to the QIAquick column to wash the bound DNA 

and then centrifuged at 16000 x g for 30-60 s. The flow-through was discarded and 

the QIAquick column was replaced in the same tube. This was again centrifuged at 

16000 x g for 1 min to remove residual ethanol. To elute the DNA, the QIAquick 

column was placed in a clean 1.5 ml centrifuged tube and 50 ɛl of elution buffer was 

added in the centre of the QIAquick membrane. This was centrifuged at 16000 x g for 

1 min and the eluted DNA was stored at -20°C for later use.     

2.12: Cloning  

2.12.1: A-Tailing for the Sheared Viral DNA 

The TA cloning vector needs the DNA fragments to be A-tailed because the cloning 

vector has T-overhangs at the cloning site. A-tailing will fill all gaps at the ends of 

fragments and add an A-overhang. The following were mixed in a 0.5 ml Eppendorf 

tube: 

-  25 ɛl DNA fragments 

 -  5 ɛl 10x Taq polymerase reaction buffer 

 -  5 ɛl 25 mM MgCl2 

 -  1 ɛl deoxynucleotide triphosphate mix (dNTPs) 

 -  1 ɛl Taq polymerase 

 -  nH2O to a final volume of 50 ɛl 
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This was incubated at 72°C for 30 min. The A-tailed sample was cleaned of Taq 

polymerase, salts and free dNTPs using the PCR purification kit (Qiagen) and stored 

at -20°C. 

                      

2.12.2: Ligation of A -tailed DNA Fragments 

Following the manufacturerôs protocol, the A-tailed DNA fragments were ligated to 

the pGEM-T Easy vector.  

- 5 ɛl  ligation  buffer 

- 1 ɛl  pGEM-T Easy vector (50 ng) 

- 2 ɛl of  the sheared viral fragments 

- 1 ɛl T4 DNA Ligase (3 Weiss units/ɛl) 

- 1 ɛl dH2O 

- 10 ɛl final volume 

 

This preparation was mixed by pipetting and incubated for 1 h at room temperature or 

overnight at 4°C if the maximum number of transformants were required.  

2.12.3: Transformation by Heat Shock 

Following the manufacturerôs protocol, 50 ɛl of frozen E. coli JM109 competent cells 

were thawed on ice for 5 min and added to 2 ɛl of the ligation preparation. The tube 

was gently flicked to mix the cells and placed on ice for 20 min. The tube was heat 

shocked by incubating at 42°C for exactly 45 to 50 s, then quickly returned to ice for 

2 min. Next, 950 ɛl of SOC was added to the tube, which was incubated at 37°C in an 

orbital shaker for 1.5 h with shaking at 150 rpm. 100 ɛl of the grown cells were plated 

out onto a medium containing ampicillin, IPTG and X-Gal, then the plates were 

incubated overnight at 37°C. The cells containing the inserts were able to grow 

because the ampicillin resistance gene was present on the vector. The plates were 

stored at 4°C to facilitate blue/white screening. 
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2.13: DNA Sequencing 

DNA fragments were sequenced by Lark Technologies (Essex, UK) or AGOWA 

(Berlin, Germany) or PNACL, University of Leicester.  

2.14: Transmission Electron Microscopy 

Preparations of virus particles were visualised by transmission electron microscopy at 

the Electron Microscopy facility of the University of Leicester. Approximately 3 ɛl of 

virus sample was placed on fresh glow-discharged Pioloform-coated grids and fixed 

in glutaraldehyde vapour for 2 min. Excess solution was removed from the grid using 

filter paper. The grid surface was washed with dH2O, then left to dry at room 

temperature for about 3-5 min and  negatively stained  with 1% (v/v) uranyl acetate 

and viewed on a JEOL 1220 microscope (Pagaling,  et al., 2007).  

2.15: Computer Analysis 

2.15.1: Viewing Gels 

A White/Ultraviolet Transilluminator (Ultra Violet Products) was used to visualise 

polyacrylamide and agarose gels. Images were captured and transferred using a 

Kodak EDAS 290 camera.  

2.15.2: Viewing DNA Sequence Data 

Chromas version 2 (Technelysium Pty Ltd) was used to visualise and edit 

chromatograms of DNA sequences. 

2.16: Assembling DNA Sequences  

The genomic viral DNA sequences were assembled using the Lasergene SeqMan 

version 7.0 program (DNAStar).  

2.17: Homology and Annotation of the Viral Genomes 

The nucleic acid sequences were first analysed using the online Basic Local 

Alignment Search Tool (BLAST), a search program that can be accessed at 

http://www.ncbi.nlm.nih.gov/ . This program has the ability to find similarities 

between a protein or DNA query sequence and any of the available sequences in the 

GenBank databases. BLAST uses a heuristic algorithm that seeks out local, as 

opposed to global alignments; therefore, it is able to detect relationships amongst 

http://www.ncbi.nlm.nih.gov/
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sequences that only share isolated regions of similarity (Altschul et al., 1990). 

BLASTN was first used to check if there  was any known match to gene homology in 

the GenBank, via comparing each nucleotide query sequence against a nucleotide 

sequence database. Latter, TBLASTX was used to uncover the sequence identity by 

comparing the six-frame translations of each query sequence, against the six-frame 

translations of the database.  

Open Reading Frame Finders (ORFs) at http://www.ncbi.nlm.nih.gov/projects/gorf/  

and GeneMark at http://opal.biology.gatech.edu/GeneMark/index.html  were 

used to predict and analyse the genes present in the sequences. The predicted ORFs 

were compared to the GenBank databases using the BLASTP search program, which 

compares an amino acid query sequence against a protein sequence database. 

Statistics for each of the ORFs were calculated using the ProtParam program 

(http://www.expasy.ch/too ls/protparam.html ). GC content in the virus 

countings were calculated using the online base composition tools at 

http://atmolbiol - tools.ca/Jie_Zheng .  

2.18: Statistical Analyses 

2.18.1: Phylogenetic Tree Evolutionary Relationships  

The Molecular Evolutionary Genetics Analysis (MEGA) version 3.1program (Kumar 

et al., 2004) was download freely from http://www.megasoftware.net/ . It was used to 

align and compare the 16S rRNA generated from the isolated bacterial host with other 

related species. 

2.18.2: Richness Estimation 

The abundance of viral communities was calculated using Chao1, which is used to 

estimate the number of classes in a population (Chao, 1984). 

1 1

1

2

1

2 1
Chao obs

n n
S S

n
          When n1>0 and n2Ó0 and when n1=0 and n2=0 

2

1

2

1

2
Chao obs

n
S S

n
  When n1=0 and n2Ó0 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/projects/gorf/
http://opal.biology.gatech.edu/GeneMark/index.html
http://www.expasy.ch/tools/protparam.html
http://atmolbiol-tools.ca/Jie_Zheng
http://www.megasoftware.net/


 

 

60 

 

In this equation, SChao1 is the total number of different clones in a population, Sobs is 

the number of observed clones, n1 is the number of clones observed once and n2 is the 

number of clones observed more than once.  

 

2.18.3: Measuring Biodiversity 

The Shannon-Weaver Index is calculated using DOTUR program for every distance 

level that was used, by the equation: 
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Chapter 3  

Cloning and Sequencing of Uncharacterized Virus Gene Fragments 

Isolated from Human Dental Plaque 
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Chapter 3 
 

3: Results and Discussion  

3.1: Introduction  

The aim of this project was to produce a metagenomic virus library from dental 

plaque in the human mouth. This seems desirable in order to measure the virus 

diversity present in an important niche of the human mouth. This is the first such 

study to attempt to estimate viral diversity in the human mouth. Such knowledge has 

the potential both to reveal novel virus sequences and to provide more information 

about the virus community in the human mouth. 

 

In principle, when measuring virus diversity using metagenomic methods, samples 

should either contain a high population of viruses or be of a large volume, which is 

then concentrated to increase the virus population. Dental plaque samples are 

obviously difficult to collect in large volumes when compared to samples previously 

used for virus metagenomic analysis i.e. water, sediment and faeces. For example, in 

previous studies the volume of samples collected to analyse viral diversity using 

metagenomic methods were 200 litres of water (Breitbart et al., 2002), 1 kg of 

sediment (Breitbart et al., 2004), approximately 500 g human faeces (Breitbart et al., 

2003) and 500 g of horse faeces (Cann et al., 2005), all of which were enough to 

create good viral metagenomic libraries and provide significant information about the 

virus diversity in these different environments. 

 

Collecting dental plaque samples in large quantities from the human mouth thus 

presented a major problem in this project. Small amounts of sample yielded a low 

content of extracted viral genomes, which could not be visualized on agarose gels 

when stained with ethidium bromide or SYBR Green I, and which were not suitable 

for the linker amplified shotgun library (LASL) (section 1.5.2.3.3). One solution to 

these difficulties in accessing or exploring the viral diversity in some clinical samples 

or other environments is to use recently-developed nucleic acid amplification 

(Abulencia et al., 2006). The recently commercialized technique involving the 

multiple displacement amplification kit (MDA) was used to amplify the viral genes 
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extracted from the human mouth (section 2.9.1.1). This allows the technically facile 

amplification of ng amounts of nucleic acid to ɛg amounts. It has been widely used to 

amplify ópreciousô DNA samples for community distribution and was initially 

reported as doing so in an unbiased and reliable fashion (Abulencia et al., 2006). For 

these reasons we chose to attempt to amplify virus nucleic acid sequences isolated 

from dental plaque by MDA and to take this amplified material as the starting point 

for community sequence analysis.  

 

The MDA method was used to generate a metagenomic virus library from the human 

mouth, beginning in the year 2005, when we were not aware of any disadvantages to 

the MDA method. Obviously the template to be amplified should be as pure as 

reasonably possible, undesired amplification of contaminant DNA has been observed 

(Dean et al., 2002; Hosono et al., 2003). MDA uses the Phi29 proof reading 

polymerase enzyme. One feature of the use of this enzyme is that it generates 

amplified DNA products even in the absence of input DNA template; this is called a 

DNA background (Abulencia et al., 2006; Blanco et al., 1989). According to the 

manufacturerôs protocol, the DNA background generated in negative controls is 

artefacts such as primer-derived multimers and cannot be cloned (Lasken et al., 2007).   

However, in a previous study from our laboratory (Pagaling, 2007), samples from the 

negative control were able to be cloned and sequenced. These sequences had no 

significant matches to the GenBank databases. Another possibility is that in negative 

control samples, trace nucleic acid contamination associated with the purification of 

the enzyme from its bacterial expression system is amplified; such contamination is a 

well known feature of enzyme reagent manufacture.  Template DNA, especially if 

added in high concentrations relative to any óendogenous contaminationô, would be 

expected to preferentially amplify in this system and reduce or eliminate the 

óbackgroundô DNA. Although we are not aware of systematic experiments supporting 

this supposition, its widespread use and manufacturers claims would seem to justify 

such a supposition. 

 

Perhaps more seriously both amplification bias and chimeric rearrangements have 

also been observed using the MDA method (Dean et al., 2001; Dean et al., 2002; 

Lasken and Egholm 2003; Lasken and Stockwell 2007). Some modifications of the 

MDA procedure to ameliorate these problems have been described. One study used a 
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combination of MDA and rolling circle amplification methods to amplify a circular 7 

kb DNA template by reducing the standard volume of the MDA reaction from 50 µl 

to 600 nl, which improved the specificity of the amplification (Hutchison et al., 2005). 

However, the effect of the lower volume on amplification bias was not determined. 

Another study which aimed to amplify a single cell genome using MDA showed that 

reducing the volume from microlitres to nanolitres reduced the bias, while the specific 

amplification was increased (Marcy et al., 2007).  

 

Notwithstanding the attempts to address them, these disadvantages created doubts 

about the origin of some sequences that had no significant matches to the databases. 

Sequences which were not generated from the specific input template DNA are a 

concern that affects the statistical analysis of the virus diversity in the human mouth. 

Nevertheless, using the MDA method was the only choice to explore the virus 

genomes in such a DNA sample obtained from the dental plaque of the human mouth 

at that time.  

3.2: Collection of Samples  

Materials attached to the dental plaque and between the teeth were collected from the 

mouths of three volunteers with no history of taking antibiotics in the three months 

prior to sampling. Toothpicks and dental floss (Johnson and Johnson, REACH) were 

used to collect the samples. The volunteers were asked not to brush their teeth the 

night and morning immediately before collection of the samples and not to have 

breakfast on the day of collection. Thus, dental plaque mass would be increased 

without undue contamination with recent food debris. Each sample, with toothpicks 

and dental floss, was added to 1 ml of PBS buffer and rigorously agitated to disperse 

the dental plaque material into solution. Samples were obviously contaminated with 

saliva and blood, indicative of mild gingivitis.  

 

A virus genomic library was constructed for each volunteer from these samples. 

Briefly, viral nucleic acids were extracted from each sample and were then amplified, 

sheared, cloned and sequenced. Eighty, ten and eleven clones were sequenced from 

the first, second and third volunteers respectively. These results and the problems 

associated with using the MDA method to amplify genomic DNA are described 

below.   
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3.3: Extraction and Amplification of the Viral Genomes 

Each plaque sample in 1 ml of PBS was filtered twice: first through a 0.45 nm filter 

and then through a 0.2 nm filter to separate viral particles from bacteria and other 

debris. A final concentration step, precipitation with PEG 6000, as described in 

section 2.9.1, was applied to concentrate the viral particles. The concentrated virus 

samples in 0.5 ml of 10 mM Tris pH 7.5, 10 mM MgCl2 and 100 mM NaCl were then 

treated with DNase and RNase to degrade extracellular, non-viral nucleic acids 

(section 2.9.2.1). Virus genomes were then extracted by adding an equal volume of 

phenol: chloroform (section 2.10.3). Viral nucleic acids were then precipitated with 

ethanol and the pellet was dissolved in 30 ɛl of TE buffer. 10 Õl of the sample was run 

on 0.8% agarose gel and stained with ethidium bromide or SYBR Green I; no bands 

were detected.   

 

This was obviously an unpromising start for library construction. Accordingly, an 

isothermal amplification of the extracted viral nucleic acid was used to increase the 

amount of genomic DNA (section 2.9.1.1). High molecular weight amplified viral 

genomes were obtained, as shown in Figure 3.1. Band 2 is the control reaction using 

lambda DNA (1 ɛl of 10 ng/ɛl) added as a starting template. By comparison with 

DNA markers (section 2.10.6), about 4 ɛg of product was generated, which 

corresponds with the amount expected to be generated within 16-18 h at 30°C, 

according to the manufacturerôs protocol. Band 3 shows that the quantity of DNA was 

about 2 µg.  Band 4 is the negative control reaction; although no input template was 

used, this still generated a background smear (section 2.9.1.1). 
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Figure 3.1: 0.8% agarose gel showing the amplified viral genomes from the 

first volun teer 

Lane 1: 1 kb marker 

Lane 2: control reaction (using lambda DNA (1 ɛl of 10 ng/ɛl)) 

Lane 3: amplified viral genomes that show increase of level of viral genoic DNA.  

Lane 4: no input template DNA; still showed a background. 

 

3.4: Fragmenting and Sequencing the Amplified Viral Genomes 

The amplified nucleic acid, presumptive viral genomes (band 3, Figure 3.1) were 

physically sheared by passing them through a nebulizer (section 2.9.1.2). This 

resulted in shearing of the nucleic acid sample to small fragments, which were 

electrophoresed on a 1% agarose gel; see Figure 3.2. Fragments between 1 and 5 kb 

were extracted from the gel slice using the Sephaglas
TM

 BandPrep Kit.  The purified 

fragments were A-tailed and then cloned into the pGEM-T Easy vector (section 

2.12). Minipreps were made to purify the recombinant plasmids. Then endonuclease 

EcoRI was used to check the size of the insert (Figure 3.3). Clone sizes varied from 

2-3kb to 0.5kb. Inserts having the same size on the gel were not sent to be 

sequenced, in order to avoid duplicates. Fragments of interest were sent for 

sequencing by Lark in the UK and AGOWA in Germany 
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Figure 3.2: Nebulizer sheared amplified viral genomes 

Lane 1: 1 kb marker 

Lane 2:  The amplified viral genomes was sheared for 60 s at 9-10 psi, and sample 

was run on a 1% agarose gel, band shows the fragments estimated sizes.  
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Figure 3.3: Plasmid with its inserts digested with endonuclease EcoRI  

Restriction enzyme digestion of sheared DNA optain from foluntter 1. The 1 kb 

marker was run on the left and right sides of the gel. Bands marked ñaò are the uncut 

plasmid, bands marked ñbò are those where the insert was cut from its plasmid using 

the EcoRI enzyme. Fragments generated different in size suggesting sequence 

diversity.  

 

3.5: Sequence Analysis 

Clones from the first volunteer were sent to be sequenced only from forward 

primers P7 and M13. Figure 2.1 shows where the insert was cloned and where these 

primers were primed on the plasmid. Eighty sequences were obtained and 

contiguous overlapped sequences were identified after assembling all the sequences 

using the Lasergene SeqMan version 7.0 program (DNAStar). Assembly of the 80 

sequences at 98% identity and a minimum overlap length of 20 bp was used to 

identify contigs.  Resulted in 6 contigs and 45 single sequences appeared, as shown 

in Table 3.1.  
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The only contigs to be used for the population analysis were those created from two 

different sequences, not from one clone that occured twice (Breitbart et al., 2002). 

Note that the second and third volunteersô sequences were not used for the estimation 

of the viral diversity or for the population analysis reported in this chapter, because 

the number of sequences in each case was too small. Only the identities of these 

sequences were searched against the GenBank databases (section 3.5 and 3.6).                      

Table 3.1: The outcome of assembling the 80 sequences 

    Seq: single sequence 

 

TBLASTX was used to try to identify the origin of these sequences, which were 

compared to sequences in the GenBank non-redundant (nr) database. Sequences 

Name Contig 

Length 

Total 

Sequence 

Length 

Number of 

Sequences 

Name Contig 

Length 

Total 

Sequence 

Length 

Number of 

Sequences 

Contig 1 3137 8248 11 seq  27 287 287 1 

Contig 2 2420 7049 9 seq  28 287 287 1 

Contig 3 2053 3024 4 seq  29 217 217 1 

Contig 4 1161 1411 3 seq 30 865 865 1 

Contig 5 1059 2076 3 seq  31 400 400 1 

Contig 6 273 442 2 seq  32 298 298 1 

seq 7 888 1740 2 seq  33 354 354 1 

seq 8 744 1468 2 seq  34 400 400 1 

seq 9 449 886 2 seq  35 855 855 1 

seq 10 565 565 1 seq  36 873 873 1 

seq 11 515 515 1 seq  37 890 890 1 

seq  12 864 864 1 seq  38 289 289 1 

seq  13 881 881 1 seq  39 761 761 1 

seq  14 345 345 1 seq  40 857 857 1 

seq  15 789 789 1 seq  41 892 892 1 

seq  16 875 875 1 seq  42 152 152 1 

seq  17 780 780 1 seq  43 904 904 1 

seq 18 820 820 1 seq  44 853 853 1 

seq  19 724 724 1 seq  45 833 833 1 

seq  20 714 714 1 seq  46 698 698 1 

seq  21 285 285 1 seq  47 213 213 1 

seq  22 640 640 1 seq  48 628 628 1 

seq  23 437 437 1 seq  49 400 400 1 

seq  24 486 486 1 seq 50 639 693 1 

seq  25 489 489 1 seq 51 189 189 1 

seq  26 852 852 1 Total  37804 51964 80 
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compared to the GenBank were considered significant if they had an E-value of less 

than 0.001 (Breitbart et al., 2002). Sequences that resulted in significant matches to 

those in GenBank were then divided into groups based on the sequence annotation. 

The groups obtained were: viruses, bacteria, mobile elements or eukarya. A sequence 

was classified as a virus if it appeared within the top five significant database matches 

(Breitbart et al., 2002). This significant match to a virus was then classified into a 

family group based on the International Committee on Taxonomy of Vir uses (ICTV) 

classification. 

3.5.1: Estimates of Viral Community Diversity 

Metagenomic analysis overcomes the difficulties of estimating the viral diversity in 

any given sample. Sequences must first be assembled to check the production of 

overlapping sequences; if many contigs are identified, this means that the viral 

diversity is not as high as when fewer contigs are identified (Breitbart et al., 2004). 

The results shown in Table 3.1 immediately suggest that my library exhibits low clone 

diversity a conclusion supported by the statistical analysis, described below. 

3.5.2: Population Analysis of the Sequences 

The Shannon-Wiener Index, also known as the Shannon-Weaver Index, is used to 

estimate the diversity of species in terms of richness (the number of genotypes) and 

evenness (the relative abundance of each genotype) (Magurran, 2004). The average 

length of the 80 sequences was 649 nucleotides, ranging from 152 to 926 nucleotides. 

The total length of the 80 sequences was 52294 base pairs. Eight sequences were 

found to appear twice; thus the total number of unique sequences was 72 only. Based 

on the Shannon Index (Shannon, 1997), the value of species diversity and evenness 

was found to be 1.9, by applying the following formula:  

1/80 (72 times), 8/80 (once)  

                           
log

ShannonH
E

N
 

N is the number of individual sequences 

 
Shannon index = - 72 x (1/80 log (1/80)) - 1 x (8/80 log (2/80)) = 1.9  
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This value is much lower than the reported values for virus communities, which 

ranged from 5.6 in equine faeces (Cann et al., 2005) and 6.4 in human faeces 

(Breitbart et al., 2003) to 9 in marine sediments (Breitbart et al., 2002).  

 

3.5.2.1: Richness Estimation 

The abundance of viral communities was calculated using Chao 1, which is used to 

estimate the number of classes in a population (Chao, 1984). 

 SChao1 = Sobs+ (n1
2
 /2n2) 

 

In this equation: SChao1 is the total number of different clones in a population,  Sobs  is 

the number of the observed clones, n1 is the number of clones observed once and n2 is 

the number of clones observed more than once.  

= 80 + (72
2
 /2 x 8) = 404 

Based on this equation, this library has 404 distinct clones with an average size of 649 

bp. As the average virus genome size is 50 kb,  typical of the tailed bacteriophages 

that constitute the majority of virus clones in this library (see below), then 50000/649 

or 77 clones comprise a complete virus genome and the equation (1) library contains 

(404/77) or 5 different virus genomes, , assuming all the clones are derived from virus 

sequences.    

3.6: Sequences Identity in Sample from the First Volun teer 

BLASTN analysis was carried out on the 72 sequences and only three matches to the 

databases were detected. Two of them matched to the human genome that came from 

a read of 400 and 237 nucleotides respectively (accession numbers AC083867 and 

AC107070), and showed 97% identity over the 310 nucleotides, with an E value of 

2e-144. The second was shorter, over 110 nucleotides, and showed 89% identity, with 

an E-value of 1e-30. The third match came from a read of 688 and showed a match 

over only 67 nucleotides, with 92% identity to a partial 16S rRNA gene of 

Streptomyces sp SHX-102 (accession number AM889493.1). The matches were not 

over the whole clone length; this may be due the formation of chimera which occurred 

during the multiple displacement amplification.  
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3.6.1: Sequences with no Similarity to the Databases   

After analysis with TBLASTX, 40 of the 72 clones (55.5%) were found to have no 

significant matches to the GenBank database with E-values less than 0.001 (Figure 

3.4A). These unknown sequences could be unknown virus sequences generated by the 

MDA method or other unknown genomic contaminates e.g. bacterial genome. If the 

unknown sequences belonged to virus genomes, the results show that the diversity of 

viral communities in the human mouth is a little lower than the 59% of unknown 

sequences observed from a genomic library of human faeces (Breitbart et al., 2003).  

 

It is impossible to detect the origin of single virus sequence when no similarities are 

detected with the GenBank databases using TBLASTX, but it is easy to establish the 

origin of an unknown sequence when it overlaps with other known sequences and 

forms a contig. Recently, independent amplification methods have built up a large 

fraction of sequences (5%-30%) from animal and environmental samples including 

viruses that have no significant similarities to the current GenBank database 

sequences (Delwart et al., 2007).  

3.6.2: Sequences with Significant Similarities to the Databases 

Among the 72 sequences, 32 (44.5%) showed identity with known sequences using 

TBLASTX. Thus, the proportion of known sequences obtained in this library was 

slightly higher than those of the five DNA viral metagenomic libraries that use the 

random shotgun cloning method, which are between 21% and 41% (Breitbart et al., 

2002; Breitbart et al., 2003; Breitbart et al., 2004; Cann et al., 2005). Of the 32 known 

sequences, twenty-one  matched to viruses, two matched to mobile elements, four 

matched to human DNA, three matched to bacteria and two matched to eukarya; see 

Figure 3.4B and Table 3.2 lists the identities and other characteristics of these except 

viruses, which they will be discussed below the table.  
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Table 3.2:  Significant matches to human, bacteria, mobile and eukara sequences were detected using TBLASTX analysis

Organism Seq 

name 

Total seq 

length bp 

LMN  

bp 

E-value Identity  Accession 

number 

Similarity using TBLASTX  

 

Human 

Seq 38 289 93  3e-10 77% AC107070 Homo sapiens BAC clone RP11-293H4 

Seq 31 400 264  2e-41 91% AC083867 Homo sapiens chromosome 7 clone RP11-183I20 

Seq 47 213 99  6e-09 66% AC107070 Homo sapiens BAC clone RP11-293H4 

Contig 2 417 87  1e-12 82% AC107070 Homo sapiens BAC clone RP11-293H4 

Bacteria Seq 32 298 288 2e-73 95% AE017283 DeaD/DeaH box helicase, Propionibacterium acnes KPA171202 

Seq 40 857 729  2e-109 65% AM398681 Citrate (Si)-synthase Flavobacterium psychrophilum JIP02 

Contig 3 731 255 5e-19 31% BX248359 Hypothetical exported protein Corynebacterium diphtheriae 

gravis NCTC13129 

Mobile Seq 18 820 81  2e-04 48% AL939131 Secreted protein of Streptomyces coelicolor A3 

Seq 30 865 213  7e-05 33% AE014275  Hypothetical protein Streptococcus agalactiae 2603V/R 

Eukara Contig 1 750 138  2e-04 36% AC132444 Mus musculus BAC clone RP23-160D6 

Seq 44 853 171  0.001 28% X56010 Sorghum vulgare hydroxyproline-rich glycoprotein gene 
LMN:  length of matched nucleotides over the total sequence 
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Among the virus groups, there were seven significant hits to Siphoviridae, one to 

Myoviridae and one to Podoviridae, which are the major tailed bacteriophage families. 

Two sequences were similar to the Bicaudaviridae family, five were similar to prophages 

and the remaining five sequences were unclassified viruses; see Figure 3.4C. The number 

of Siphoviridae (7 sequences) and prophages (5 sequences) were thus found to be the 

highest, possibly because Siphoviridae is the most common family of cultivated and 

uncultivated temperate phages. It was found that the siphophages and prophages were 

strongly represented and more abundant in the marine sediment (Breitbart et al., 2004) and 

faecal libraries (Breitbart et al., 2003) than in the seawater libraries (Breitbart et al., 2002). 

No matches were observed for the T7-like podophages or Y-like siphophages, while in the 

marine viral communities these were found to be the most abundant groups (Breitbart et al., 

2004).  

                                                                                       

Based on BLASTP with predicted ORF finder and TBLASTX, 61% of the known viral 

sequences were found to match genes of known function, as indicted in Table 3.3. These 

functions were phage portal protein, terminase, minor tail protein, tail accessory factor 

gp26,  predicted ATPase, binding protein gp32, proteases gp76, gp28 and  gp50,  two-tailed 

virus,  endolysin, RTX toxins and related Ca2
+
-binding protein, and repeat sequences of 

human herpes virus 6B. It was found that 39% of known sequences were similar to proteins 

of unknown function or presented as hypothetical proteins. Most of the hypothetical 

proteins may be classified as prophage sequences, based on their location in the bacterial 

genome.    
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Table 3.3: Categories of significant matches to uncultured virus proteins in the database 

 

Protein classification Number of matches 

Unknown 14 

Phage portal protein 6 

Terminase 3 

Minor tail protein 2 

Tail accessory factors gp26 2 

Predicted ATPase 2 

Binding protein gp32 1 

Protease /gp76 1 

gp28 1 

gp50  two-tailed virus 1 

Endolysin 1 

RTX toxins and related 

Ca2+-binding protein 

1 

Repeated sequence of human 

herpes virus 6 

1 
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       Figure 3.4A: Number of known and unknown sequences using TBLASTX 

 

                          

Figure 3.4B: The biological groups of known sequences 

                     

Figure 3.4C: Phage types detected 
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Contigs Analysis 

Using TBLASTX and BLASTP analysis of the predicted ORF finder results, I noticed that 

four contigs, 1, 2, 3 and 4, and one single sequence, seq 12 (Table 3.1), had a significant 

similarity to a putative prophage genome in the Corynebcterium diphtheria genome. These 

contigs matched a small region in the bacterial genome of about 12,000 bp. Four differently 

sized gaps exist between these contigs, as shown in Figure 3.4A. Primers were designed at 

the end of each contig. Several primer walking and PCR reactions were used to join the 

contigs using the MDA amplified extracted viral nucleic acid sample genomes as a 

template DNA, and all the gaps were filled successfully (Figure 3.5A). However, the PCR 

product of gap D gave several bands, so a gradient PCR was set up to observe more 

specific bands (Figure 3.7). All the contigs were assembled after the gaps had been filled 

using Lasergene SeqMan (DNAStar) and CAP3 (http://pbil.univ-lyon1.fr/pbil.html) to 

ensure that the gaps were filled correctly; see appendix for the total nucleotides (11554 bp) 

of the joined contigs.  

 

It was found that the lengths of the PCR products for filling the gaps were not exactly the 

same length as the predicted gaps using TBLASTX and BLASTP analysis: the PCR 

products of gaps A, B, C and D were about 400, 1840, 50 and 690 bp respectively. 

GeneMark and ORF Finder were used to predict the genes of the joined contigs. TBLASTX 

was also used to find the function and the origin of these genes (Table 3.2). 
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Figure 3.5: The predicted contigs and gap filling of the overlapping sequences 

Part A shows the order of the contigs that were based on similarities to the partial phage in the 

Corynebacterium diphtheriae genome using BLASTP and TBLASTX analysis. All the contigs 

were joined by primer walking and PCR sets. Part B shows the predicted genes of the joined contigs 

using ORFs and GeneMark; the red arrows represent genes of known function and the blue arrows 

those of unknown function. Part C shows the order of genes in the partial phage in the 

Corynebacterium diphtheriae genome. 
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Figure 3.6: Gap filling using PCR reaction 

PCR primer walking to fill sequence gaps in Figure 3.5. 

Lane 1: 1 kb marker; lanes 2 and 4: no product was generated; lanes 3 and 5: same 

product of 2 kb was generated for gap B; lane 6: product for gap A. 

 

          
 

Figure 3.7: Gradient PCR reaction to avoid non-specific generated bands 

A gradient PCR (section 2.11.1) was set up to avoid multiple non-specific bands. Band A 

and B represent the filling of gap D. The circled bands are sharp ones which were chosen to 

be sequenced. Bands at A had higher molecular weights than bands at B, due to the use of 

different primers sites. 
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Table 3.2:  Sequence analysis of the partial phage of Corynebacterium diphtheriae using ORFs and TBLASTX analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                               

 

                 D = Direction of translation 

                 aa = Number of amino acids 

 

 

ORF Start Stop D 

 

aa E-value Identities 

(%)  

Function (domain) Significant Matches (accession number) 

1 70 1704 + 520 7e-34 31 Terminase ï large subunit 

(COG4626) 
C. diphtheria NCTC 13129 (NP_940162) 

2 1733 1984 + 83 -------- -------- No match  

3 1988 2194 + 68 -------- ------- No match  

4 2229 2705 + 158 2e-14 35 Unknown  C. diphtheria NCTC 13129 (NP_940163) 

5 2878 3321 + 147 2e-14 34 Phage portal protein C. diphtheria NCTC 13129 (NP_940163) 

6 3324 4061 + 245 11e-36 46 Unknown (pfam01510) Lactococcus phage asccphi28  

(YP_001687532) 

7 4093 4287 - 64 -------- -------- No match  

8 4326 5201 + 291 4e-26 30 Unknown  C. diphtheria NCTC 13129 (NP_940166) 

9 5290 6156 + 288 1e-06 27 Unknown C. diphtheria NCTC 13129 (NP_940166) 

10 6157 6525 + 122 ------- ------- No match  

11 6535 7362 + 275 22-24 46 Unknown C. diphtheria NCT C 13129 (NP_940169) 

12 7359 7586 + 75 ------- ------- No match  

13 7652 7990 - 112 ------- ------- No match  

14 7881 9227 + 448 1e 29% Minor tail subunit Mycobacterium phage  D29 (NP_046842) 

15 9286 9927 + 213 3e-08 30% Unknown Clostridium hiranonis DSM 13275 

(ZP_03292433) 

16 10116 10364 + 82 ------- ------- No match  

17 10430 10603 - 57 ------- ------- No match  

18 10597 11166 + 189 3e-04 50% gp50 Acidianus two-tailed virus     (YP_319881) 

19 11034 11553 3 173 ------- ------- No match  
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3.7: Sequence Identities in Samples from the Second Volunteer  

As indicated, only 10 sequences were obtained. BLASTN sequencing was done to check whether there were any matches to the GenBank 

databases. Two sequences, B3 and B4, (Table 3.4) overlapped to form a contig (the overlapped length was 478 bp with an identity of 98%). This 

contig had a significant identity (E= 9e-139 with an identity of 77% over 838 nucleotides) to a genomic sequence 

from Ralstonia solanacearum (accession number AL646053). Sequence B6 also had a short match (E= 7e-47 with 

an identity of 100% over 105 nucleotides) to a partial 16S rRNA gene of Pseudomonas acephalitica (accession 

number AM407893). BLASTX was also used to detect the identities of these sequences. Two sequences (B2 and 

B6) and one contig (B3 and B4) of the second volunteer had significant matches to the GenBank database (Table3.4).  

Table 3.4: Sequences analysis of the second volunteer using TBLASTX                                                                              

 

 

 

 

 

 

Seq 

number 
Seq 

length 
Matched 

length bp 
E-Value Identity  

(%)  
Nearest match to the GenBank identified by  

TBLASTX 

B1 812    No match detected 

B2 765 213 6e-19 38% Corynebacterium phage P1201 

B3 +B4 1269 807 0.0 76% Anaerobic ribonucleoside triphosphate reductase,  

Acidovorax sp. JS42 

B5 762    No match detected 

B6 537 105 2e-14 100% partial 16S rRNA gene of Pseudomonas acephalitica 

B7 810    No match detected 

B8 783    No match detected 

B9 538    No match detected 

B10 811    No match detected 

 

Figure 3.8: Amplified viral 

genomes of the second 

volunteer using the MDA 

method 

Lane 1: 1 kb marker 

Lane 2: control reaction 

Lane 3: amplified viral genomes 
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3.8: Sequence Identities of the Third Volunteer  

Only 11 clones were sequenced for the third volunteer. No matches were detected against the GenBank database using BLASTN analysis, which 

indicates that these sequences are highly novel and not contaminated with other known genomic DNA rather than virus genomes. BLASTX 

analysis was done for the 11 sequences of the third volunteer, showing significant matches to 4 different phages, 

a plasmid and the genomic DNA of Streptomyces avermitilis (Table 3.5). All the sequences of the three volunteer 

were aligned against each other, however, no similarity match was found. 

  

Table 3.5:  Sequence analysis of the third volunteer using TBLASTX 

 

Sequence  

number 

Sequence 

length pb 

Matched 

length bp 

E-Value Identity  

(%) 

Nearest match to the GenBank 

identified by  TBLASTX 
   C1 409    No match detected 

C2 483    No match detected 

C3 629 162 1e-05 44% Oligomycin biosynthetic gene of  
Streptomyces avermitilis 

C4 617    No match detected 

C5 520    No match detected 

C6 602 213 1e-17 43% Genomic DNA, Rhodococcus phage YF1 

C7 537 303 2e-24 39% Genomic DNA, Lactococcus phage 1706 

C8 491 375 3e-30 43% Plasmid pAYS DNA, Nitrosomonas sp. 

C9 610    No match detected 

C10 427 225 7e-10 41% Phage-related terminase, Leifsonia xyli subsp. 

xyli str. CTCB07 

C11 456 174 8e-19 67% Genomic DNA, Mycobacterium phage Kostya 

 

Figure 3.9: Amplified viral 

genomes of the third volunteer 

using the MDA method 
Lane 1: 1 kb marker 
Lane 2: control 
Lane 3: amplified viral genomes 
Lane 4: no input template DNA; 

still showed background 
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3.9: Conclusion  

The new culture-independent methods have solved many problems of accessing the viral 

communities in a variety of samples. The six earlier metagenomic viral libraries were 

constructed using the LASL method, which required large samples. The average 

percentage of unknown sequences of these libraries against the GenBank databases is 

about 67% (75-59) when they were initially analyzed. However, the reported 

metagenomic dental plaque viral library discussed in this part of the thesis was derived 

from samples of limited size (human dental plaque) which were then amplified using the 

MDA method. The unknown sequences with reference to the GeneBank databases were 

found to constitute more than half (55%). This result shows that the percentage of 

unknown viral sequences was still high, even though the GenBank non-redundant 

database had doubled in size (Delwart 2007; Edwards and Rohwer 2005). 

  

All the viral sequence libraries received were annotated and were found to contain novel 

sequences, except for sequences that had no similarity to the GenBank database. 

However, these sequences could be novel sequences if they were not artefact sequences 

that had been generated by the MDA method. Thus, use of the MDA method created 

doubt about the origin of the unknown sequences, and the effect of artefact sequences 

could be reduced, as indicated above.  

 

Most viruses were found to be related to phages in the dental plaque viral library as well 

as to other published metagenomic viral libraries. The Siphoviridae and prophage 

members were strongly represented, forming 57% of the total viral matches in the dental 

plaque library. These were also identified strongly as ~80% in the faecal (Breitbart et al., 

2003) and marine sediment (Breitbart et al., 2004) libraries. However, they were found to 

constitute fewer than 50% of the total viral matches in the seawater libraries. On the other 

hand, the members of the Myoviridae and Podoviridae families were found to be as high 

as 83% of the total viral matches of the Chesapeake Bay Virioplankton library (Bench et 

al., 2007).  

 

It was hoped that this library would allow us to estimate the viral diversity in the human 

mouth and characterise the viral genes present. The viral diversity in this library appears 

to be very low: according to the Shannon Index calculation, the value of species diversity 
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and evenness is 1.9, which is lower than the reported virus libraries. Even if we assume all 

the clones in this library are virus related it appears that the library only contains the 

equivalent of 5 or so bacteriophages. One might reasonably assume that the ~1000 

bacterial species occupying the oral cavity have ~1-10, 000 associated bacteriophage 

types. Why this obvious discrepancy is unclear. Perhaps the most reasonable suggestion is 

that the source of DNA used in this work was limiting. It could be scaled up considerably 

by using pooled volunteer samples. Future work could then compare results obtained with 

MDA and other nucleic acid amplification methods to results obtained using unamplified 

DNA samples. It would be very surprising if such work did not identify a much richer 

virus flora associated with the oral cavity. 

 

As well as identifying a low population complexity in our analysis we also identified 

many clones related to a putative phage from Corynebacterium diphtheriae. We might 

conclude that this phage is real and was actively lytic and at relatively high titre 

(compared to other viruses) in the sample we determined. This itself may account for the 

low complexity of our library 80 unique sequences would have led to very different 

numbers and the conclusion of high sample richness. It would appear that most viruses in 

the mouth are phage related and most are unknown, but much more work is required to 

confirm all these hypotheses. 
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Chapter 4 

 Characterization of Two Lytic Bacteriophages Isolated from Human 

Dental Plaque 
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Chapter 4 

 

4: Results and Discussion  

4.1: Detecting Lytic Phages in the Human Mouth  

Lytic phages probably play an important role in the ecology of the human mouth because 

they control and interact with the population of bacteria. They could also be used to treat 

bacterial diseases (Skurnik and Strauch 2006), as some of the multidrug-resistant 

pathogenic bacteria have increased their resistance to a variety of available antibiotics 

(Fortuna et al., 2008; Jado et al., 2003; Wang et al., 2006). Few attempts have been made 

to isolate lytic phages from the human mouth (Hitch et al., 2004), and detecting more of 

them would increase our knowledge of oral lytic phages and their hosts, and would further 

increase our understanding of diseases and viral structures.  

 

Detecting a lytic phage using culture-based methods, usually plaque assays, requires 

patience and careful examination of the small plaques formed by lysis of the bacterial 

host. It can be difficult to even see let alone distinguish between different plaques, and 

even if the plaques have the same morphological appearance different viruses may cause 

them. The examination of every plaque detected, however, is impractical. 

 

More than one hundred different bacterial colonies were isolated from the mouth in this 

study, using morphological features such as colour, shape and size on blood, LB and brain 

heart infusion agar plates. The colonies were re-plated to ensure purity. All bacteria were 

assessed for their ability to form a lawn in soft-top agar. The majority of bacterial isolates 

formed lawns. Different types of soft-top, LB and brain heart infusion, which contained 

0.35% w/v agar, were used. Soft tops were supplemented with horse blood to various 

percentages (2%, 3%, 5% v/v) for bacteria that grew better in the presence of blood.  

 

Dental plaque containing saliva from volunteers was mixed, filtered and used to infect 

overnight cultures of the isolated bacteria (section 2.6.2); these infected cultures were 

plated in soft tops, resulting in many instances in the appearance of plaques. A single 

plaque was then used to re-infect the same host culture; however, this procedure produced 

plaques only at the first and second times of propagation, after which plaques did not 

appear. The reason why infection upon serial passage was so often lost is unknown but 
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fairly common. It would be interesting to find the cause of the change in the virus host 

interaction leading to the inability to form plaques. Possible reasons are lost receptors, 

host resistance and growth conditions affecting the host virus interactions. 

 

One putative plaque-forming virus was an exception and continued to re-plaque on soft-

top agar through multiple rounds of propagation. Its host, called Oral Isolated Bacterium 

(OIB), turned out to have two different plaque morphologies, caused by two viruses. This 

strain gave confluent lawns with no plaques when grown with low passage from -80°C 

cultures. Upon repeated passaging plaques spontaneously formed in this strain due to the 

activation of a prophage ; this was called A1 virus. The other plaque was due to a lytic 

phage and was called A2 virus. The lytic phage was isolated from saliva following the 

infection experiment. 

4.2: Description of the OIB Strain 

4.2.1: Identification and Taxonomic Classification 

When the 16S rRNA gene was amplified from the OIB strain, the PCR product gave the 

expected band of approximately 1500 bp in size (Figure 4.1). This band was first 

sequenced with the forward primer. Analysis using BLASTN gave the first match in the 

list with 99% similarity to the uncultured Neisseria sp. clone EMP_C13 (accession 

number EU794238), and the first match in the list to a cultured bacterium was Neisseria 

subflava NJ9703 (accession number AF479578). Sequencing the amplified band with 

forward and reverse primers gave a read of 1365 bp (see nucleotide sequence below).  

 

Analysis of the 1356 bp using BLASTN showed hits to many cultured Neisseria sp (Table 

C page 201). To show the relationships between the OIB strain and the matched database 

strains, a phylogenetic tree was created (Figure 4.2), based on the 16S rRNA gene 

sequence, 12 of which were chosen from the BLASTN database matches (Table 4.1). 

Four bacterial strains were also added to the tree, as three of them were used for the host 

range experiment (section 4.4), and in the case of Neisseria gonorrhoeae FA 1090, 

because most of the genomic A2 virus has highly significant matches to a phage in this 

strain. Based on the tree results, the closest match is to N. subflava, but bootstrap 

confidence on the N. perflava lineage is low, at 57%, so it could equally be most closely 

related to that. Indeed, the 73% bootstrap makes it possible that it could be most closely 
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related to any of the Neisseria sp. in this figure, including the pathogenic strains. The only 

exception is N. lactamica L 13AJ239305, which appears to be grouped alone.   

 

Neisseria species are known to be among the bacteria that frequently exchange 

chromosome genes. Attempts were made to analyse about fifty isolates of human 

commensal Neisseria species, including the pathogenic N. meningitidis and N. 

gonorrhoeae, using specific genes such the 16S rRNA, recA, argF and rho genes. These 

were found to fall into five phylogenetic groups, supported by high bootstrap values; 

however, the phylogenetic relationships among these groups, based on the gene analyzed, 

were found to be varied (Smith et al., 1999). 
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Figure 4.1: Amplified 16S rRNA from OIB strain  

Lane 1: 1 kb marker 

Lane 2: amplified 16S rRNA from OIB strain 

  

The amplified 16S rRNA gene sequence (5ô-3ô) from OIB strain 

 5ô 1 TGGCGAGTGG CGAACGGGTG AGTAATATAT CGGAACGTAC CGAGTAATGG 

   51 GGGATAACTA ATCGAAAGAT TAGCTAATAC CGCATATTCT CTGAGGAGGA 

  101 AAGCAGGGGA CCTTCGGGCC TTGCGTTATT CGAGCGGCCG ATATCTGATT 

  151 AGCTAGTTGG TGGGGTAAAG GCCTACCAAG GCGACGATCA GTAGCGGGTC 

  201 TGAGAGGATG ATCCGCCACA CTGGGACTGA GACACGGCCC AGACTCCTAC 

  251 GGGAGGCAGC AGTGGGGAAT TTTGGACAAT GGGCGCAAGC CTGATCCAGC 

  301 CATGCCGCGT GTCTGAAGAA GGCCTTCGGG TTGTAAAGGA CTTTTGTCAG 

  351 GGAAGAAAAG GCTGTTGCTA ATATCGACAG CTGATGACGG TACCTGAAGA 

  401 ATAAGCACCG GCTAACTACG TGCCAGCAGC CGCGGTAATA CGTAGGGTGC 

  451 GAGCGTTAAT CGGAATTACT GGGCGTAAAG CGAGCGCAGA CGGTTACTTA 

  501 AGCAGGATGT GAAATCCCCG GGCTCAACCT GGGAACTGCG TTCTGAACTG 

  551 GGTGACTAGA GTGTGTCAGA GGGAGGTAGA ATTCCACGTG TAGCAGTGAA 

  601 ATGCGTAGAG ATGTGGAGGA ATACCGATGG CGAAGGCAGC CTCCTGGGAT 

  651 AACACTGACG TTCATGCTCG AAAGCGTGGG TAGCAAACAG GATTAGATAC 

  701 CCTGGTAGTC CACGCCCTAA ACGATGTCAA TTAGCTGTTG GGCAACTTGA 

  751 TTGCTTAGTA GCGTAGCTAA CGCGTGAAAT TGACCGCCTG GGGAGTACGG 

  801 TCGCAAGATT AAAACTCAAA GGAATTGACG GGGACCCGCA CAAGCGGTGG 

  851 ATGATGTGGA TTAATTCGAT GCAACGCGAA GAACCTTACC TGGTCTTGAC 

  901 ATGTACGGAA TCCTCCAGAG ACGGAGGAGT GCCTTCGGGA GCCGTAACAC 

  951 AGGTGCTGCA TGGCTGTCGT CAGCTCGTGT CGTGAGATGT TGGGTTAAGT 

 1001 CCCGCAACGA GCGCAACCCT TGTCATTAGT TGCCATCATT AAGTTGGGCA 

 1051 CTCTAATGAG ACTGCCGGTG ACAAGCCGGA GGAAGGTGGG GATGACGTCA 

 1101 AGTCCTCATG GCCCTTATGA CCAGGGCTTC ACACGTCATA CAATGGTCGG 

 1151 TACAGAGGGT AGCCAAGCCG CGAGGTGGAG CCAATCTCAC AAAACCGATC 

 1201 GTAGTCCGGA TTGCACTCTG CAACTCGAGT GCATGAAGTC GGAATCGCTA 

 1251 GTAATCGCAG GTCAGCATAC TGCGGTGAAT ACGTTCCCGG GTCTTGTACA 

 1301 CACCGCCCGT CACACCATGG GAGTGGGGGA TACCAGAAGT AGGTAGGGTA 

 1351 ACCGCAAGGA GCCCG 3ô
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Table 4.1: Some of the significant matches to the 16S rRNA gene sequence of the OIB strain 

 

Accession 

number 

Description Query 

coverage 

E -

value 

Max 

identity  
Source of isolate 

EU794238.1 Uncultured Neisseria sp. clone EMP_C13 16S ribosomal RNA gene, partial sequence 100% 0 99% Fecal 

EF512007.1 Uncultured bacterium clone P1D1-725 16S ribosomal RNA gene, partial sequence 100% 0 99% Endotracheal aspirate (human) 

EF511998.1 Uncultured bacterium clone P1D1-762 16S ribosomal RNA gene, partial sequence 100% 0 99% Endotracheal aspirate (human) 

AJ786809.1 Neisseria sp. R-22841 partial 16S rRNA gene, isolate R-22841 100% 0 99% Commercial nitrifying inoculum 

DQ279353.1 Neisseria sp. TM10_4 16S ribosomal RNA gene, partial sequence 99% 0 99% Tuber magnatum 

EF512003.1 Uncultured bacterium clone P1D1-542 16S ribosomal RNA gene, partial sequence 97% 0 99% Endotracheal aspirate (human) 

AY138232.1 Uncultured Neisseriaceae bacterium Sto1-2 16S ribosomal RNA gene, complete sequence 100% 0 99% Human stomach biopsy 

EF511861.1 Neisseria perflava 16S rRNA gene (partial), strain U15 97% 0 99% Upper respiratory tract of human 

AJ239279.1 Neisseria flavescens 16S rRNA gene (partial), strain LNP444 97% 0 99% Upper respiratory tract of human 

EF511915.1 Neisseria subflava NJ9703 16S ribosomal RNA gene, partial sequence 97% 0 99% Upper respiratory tract of human 

AF310565.1 Neisseria meningitidis strain M7724 16S ribosomal RNA gene, partial sequence 100% 0 98%  

AF310417.1 Neisseria meningitidis strain M8172 16S ribosomal RNA gene, partial sequence 100% 0 98%  

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=54887547&dopt=GenBank&RID=D8HT8XJ1016&log$=nucltop&blast_rank=18
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Figure 4.2: Phylogenetic tree showing evolutionary relationships of the OIB strain to 17 

taxa. 

ñThe evolutionary history was inferred using the Neighbor-Joining method (Saitou and 

Nei 1987). The optimal tree with the sum of branch length = 0.25118560 is shown. The 

percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (500 replicates) are shown above the branches (Felsenstein, 1985) (next to 

the branches). The evolutionary distances were computed using the Jukes-Cantor method 

(Jukes and Cantor 1969) and are in the units of the number of base substitutions per site. 

All positions containing gaps and missing data were eliminated from the dataset (complete 

deletion option). There were a total of 1312 positions in the final dataset. Phylogenetic 

analyses were conducted in MEGA4ò (Tamura et al., 2007). 
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 Uncultured bacterium clone P1D1-762 
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4.2.2: Comparison of the Phenotypes of the OIB Strain and Neisseria subflava 

(ATCC) 

Based on the close relationship between OIB and subflava the latter was obtained from 

the ATCC. The OIB strain and Neisseria subflava (ATCC) showed some phenotypic 

differences, such as in colony morphology, when cultured on blood agar plates at 37°C 

for 24 hours (Table 4.2). The OIB strain requires further genotypic and phenotypic 

characterisation to identify its taxonomy. It may possibly be a pathogenic bacterium, or a 

commensal that plays an important role in human health. 

Table 4.2: Comparison of OIB strain and Neisseria subflava (ATCC)  

 
Features Isolated Bacteria Ordered Neisseria subflava 

Colony colour Yellow White 

Colony size Bigger  Smaller 

Growing Faster Slower 

Shape Entire, domed Entire, domed 

Negative control  Formed plaques No plaques formed 

Lawn Formed  Formed  

Gram stain Negative Negative 

Hemolysis Ŭ-hemolytic Non- hemolytic 

 

 

                       OIB strain                                               Neisseria subflava (ATCC)  

 
 

Figure 4.3: Colony morphologies of the OIB strain and Neisseria subflava (ATCC) 

bacteria on blood agar plates 
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4.2.3: Phage Typing of the OIB Strain and Neisseria subflava (ATCC) 

When the 16S rRNA gene of the OIB strain had sequenced using the forward primer, 

Neisseria subflava NJ9703 was the first cultured bacterium in the matched list with 99% 

identity using BLASTN analysis. Thus it was ordered from the American Type Culture 

Collection (ATCC). It was then infected by the A1 and A2 viruses; however, no plaques 

were detected in the infected plates, nor did the negative control lawn show spontaneous 

plaques. 

4.3: Description of the Two Isolated Viruses 

4.3.1: Plaque Morphologies  

4.3.1.1: Plaque Morphology of A1 Virus    

Plaques caused by the A1 virus occurred spontaneously on the soft-top agar after repeated 

passage of strain OIB. The sizes of plaque varied from 0.5 mm to 0.7 mm. These were 

visible on the soft tops after 8 h of incubation at 37°C. Some plaques were difficult to see 

because they were small and cloudy (total lysis had not occurred), while others had very 

clear lysis. The percentage of different plaque types varied from plate to plate. The total 

number of plaques in each plate also varied: some plates formed few while others had 

hundreds, even though the preparation of the plates was the same. Increasing the plaque 

number on the soft-top agar was impossible, as the plaques occurred spontaneously and 

there was no way to control their number. While some plates had a normal plaque 

distribution (Figure 4.4 I), others showed an unusual distribution; for example, in some 

plates plaques formed only on one side or only in the middle of the soft-top agar. 

Sometimes plaques formed a line from one side of the plate and spread to the other side, as 

shown in Figure 4.4 II. Previously it was thought that poor mixing could cause this; 

however, this was not the case, because the procedure was repeated many times with 

inversion and agitation of the soft top before pouring.  

 

It is known that several genera of bacteria form autoplaques on confluent lawns, but some 

of the mechanisms that induce lysis remain unknown. Autoplaquing is a term used to 

distinguish the spontaneous occurrence of plaques on bacterial lawns where the host has 
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not been deliberately infected on a soft top agar as opposed to plaques that form on a 

sensitive strain after incubation with a virus (Breyen and Dworkin 1984). For example, two 

different strains of Neisseria gonorrhoeae, RUN5287 and RUN5290, form irregularly 

shaped autoplaques (medium lacking arginine causes these autoplaques). The cell density, 

the agar base and incubating temperature influence autoplaques, but phage induction 

agents such as UV, mitomycin C and ethylmethanesulfonate do not (Campbell et al., 

1985). It was found that the OIB strain often exhibited background plaques when plated 

from -80 C storage, grown in broth and used as a lawn; however, when repeatedly 

streaked from plate to plate and grown in broth, plaques of the A1 virus appeared. It is not 

clear if the A1 virus causes the plaques present on the soft-top agar, because this lysis 

could be due to some form of bacterial lysis and the A1 virus could be released in this 

process; but A1 is associated with these plaques. 

4.3.1.2: Plaque Morphology of A2 Virus  

As the two viruses (A1 and A2) infect one host, the plaques of the A1 virus that occurred 

spontaneously on the soft-top agar could contaminate the plaques of A2 virus. It was 

found that the OIB exhibited background plaques when plated from -80 C storage, grown 

in broth and used as a lawn; however, when repeatedly streaked from plate to plate and 

grown in broth, plaques of the A1 virus appeared. So effectively strain O1B could be 

ócuredô of A1 infection by using and infecting single passage cultures with A2. The A2 

virus seemed to be a typical lytic virus, as its titre was increased by the plaque assay 

method and the lysis formed by the virus was very clear, not cloudy. The size of the 

plaques on the soft-top agar varied from 1 mm to 1.5 mm (Figure 4.4 IV). Plaques caused 

by A2 virus were visible within 3 h of incubation on the soft tops at 37°C. 
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                                  I                                        II  

Plaque morphology of A1 virus, normal plaques.     Plaque morphology of A1 virus, strange plaques. 

 

 

 

   
                                             III                                                  IV  

                          The OIB strain lawn   

                            

                              Plaque morphology of A2 virus 

Figure 4.4: Plaque morphology


