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ABSTRACT 

Mitis group oral streptococci are opportunistic human pathogens that live primarily in 

the oral cavity, and potentially cause infective endocarditis (IE) in neutropenic patients 

with haematological disease. Among the members of Mitis group, Streptococcus 

sanguinis and Streptococcus gordonii are two pioneer colonizing species of dental 

plaque that are often associated with streptococcal IE infection. In this study, 

comparative genome analyses of these two closely-related species were performed in 

order to provide a better understanding of the co-existence of S. gordonii and S. 

sanguinis and their biology, evolution, genomics and virulence in invasive infections. 

Here I have successfully sequenced, assembled, identified and annotated 27 strains of 6 

species of Mitis group oral streptococci that were isolated from patients in different 

geographical areas.  

A comparative whole-genome study was performed on 14 S. gordonii strains and 5 S. 

sanguinis strains along with the reference strains of S. gordonii Challis and S. sanguinis 

SK36 using different bioinformatics approaches such as phylogenetic analysis, 

functional enrichment analysis, orthologous genes and pan-genome analysis, 

comparative pathogenomics analysis, comparative prophage analysis and genomic 

island (GI) analysis. The data showed that both species have generally high sequence 

homology with evidence of their considerable number of core genes and virulence 

genes. Significantly, S. sanguinis carries genes involved in nickel, cobalt and cobalamin 

utilization in their core genomes. Interestingly, both S. sanguinis and S. gordonii 

harbour open pan-genomes, indicating their potential in exhibiting greater virulence by 

acquiring antibiotic resistance and new virulence genes in the future. While S. gordonii 

has been found to recruit additional copies of ComCDE quorum-sensing system as 

competence mechanism to support its virulence, S. sanguinis has acquired a broad array 

Univ
ers

ity
 of

 M
ala

ya



iv 

of potential antibiotic resistance genes including the drug/metabolite transporter (DMT) 

superfamily, rsmE, TetR/AcrR family transcriptional regulator (TFR) and GNAT 

acetyltransferase through horizontally-transferred GIs to further support its bacterial 

adaptation in the host cells during infections. 

To facilitate the expanding Streptococcus genus research worldwide, I developed a 

Mitis group oral streptococci genomic resource and analysis platform, StreptoBase 

(http://streptococcus.um.edu.my), allowing researchers to access and browse the 

comprehensive Streptococcus genomes and annotations. It currently hosts 104 Mitis 

group genomes including 27 strains which were sequenced using the high-throughput 

Illumina HiSeq technology platform, enabling comparative analyses and visualization of 

both cross-species and cross-strain characteristics of Mitis group bacteria. StreptoBase 

incorporates sophisticated in-house designed bioinformatics web tools such as Pairwise 

Genome Comparison (PGC) tool and Pathogenomic Profiling Tool (PathoProT), which 

facilitate comparative pathogenomics analysis of Streptococcus strains.  

In conclusion, this comparative genome study has successfully characterised the core 

genomes of S. sanguinis and S. gordonii, and identified key differences between the 

species. These new insights into the genomic differences, biology and virulence of the 

two closely-related species will provide a foundation for further investigations into how 

these bacteria make the transition from oral commensal species into important 

pathogens in IE. Ultimately, this may lead to improved measures for dental plaque 

control and/or better management of diseases caused by these opportunistic pathogens. 

With addition of new genome sequences of S. sanguinis and S. gordonii in StreptoBase, 

it will be an invaluable platform to accelerate Mitis group streptococci research in their 

impact on human health and disease. 
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ABSTRAK 

Kumpulan Mitis streptokoki mulut merupakan patogen oportunis manusia yang 

berhabitat di  rongga mulut dan berpotensi menyebabkan Endokarditis Infektif (IE) 

kepada pesakit neutropenic yang menjangkiti penyakit hematologi. Antara ahli-ahli 

kumpulan Mitis, Streptococcus sanguinis dan Streptococcus gordonii adalah dua 

spesies perintis menjajah plak gigi yang sering diasosiasikan dengan penyakit 

streptococcal IE. Untuk kajian penyelidikan ini, genom perbandingan analisis bagi 

kedua-dua spesies yang berkait rapat telah dilakukan untuk menimbul pengetahuan 

mengenai S. gordonii dan S. sanguinis dalam aspek biologi, evolusi, genomik dan 

virulen dalam jangkitan pergigian invasif. Di sini saya telah berjaya menyusunkan, 

menentukan dan menganotasikan 27 strain dari 6 spesies Mitis kumpulan streptococci 

oral yang diperolehi melalui klinikal prosedur dari pesakit antarabangsa. 

 

Saya juga telah melancarkan penyelidikan genom perbandingan bagi 14 strain S. 

gordonii dan 5 S. sanguinis strain bersampingan dengan strain rujukan S. gordonii 

Challis dan S. sanguinis SK36 dengan mengaplikasikan pendekatan bioinformatik yang 

berbeza seperti analisis filogenetik, analisis gen berfungsi, kesamaan gen dan analisis 

pan-genom, pathogenomics perbandingan analisis, analisis prophage perbandingan dan 

analisis pulau genomik (GI). Data saya menunjukkan bahawa kedua-dua spesies 

mempunyai homologi yang tinggi dibuktikan dengan sebilangan besar kesamaan gen 

dan gen virulen. Secara khususnya, S. sanguinis membawa gen yang melibati dalam 

proses nikel, kobalt dan kobalamin di dalam kesamaan genom S. sanguinis. Tambahan 

pula, kedua-dua S. sanguinis dan S. gordonii mempunyai pan-genom terbuka. Ini 

menunjukkan potensi S. sanguinis and S. gordonii dalam penguguhan virulen dengan 

memperolehi gen rintangan antibiotik dan gen baru pada masa depan. S. gordonii telah 

memiliki salinan tambahan ComCDE sistem penderiaan kuorum sebagai mekanisme 
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untuk menabahkan virulen. Jika dibandingkan dengan S. gordonii, S. sanguinis telah 

memperolehi pelbagai jenis gen rintangan antibiotik termasuk kumpulan dadah / 

metabolit pengangkut (DMT), kumpulan RSME, TetR / AcrR kumpulan pengawal selia 

transkripsi (TFR) dan GNAT acetyltransferase melalui GI untuk terus menyokong 

penyesuaian bakteria dalam sel pesakit semasa jangkitan. 

 

Untuk melajukan penyelidikan genus Streptococcus yang berkembang di seluruh dunia, 

saya menubuhkan StreptoBase (http://streptococcus.um.edu.my) sebagai satu sumber 

sumber genomik dan analisis plakfom bagi streptokoki mulut kumpulan Mitis. 

StreptoBase berfungsi untuk memudahkan penyelidik untuk mengakses dan melayari 

keseluruhan genom Streptococcus dengan lebih teliti dan menyeluruh. Kini, 

StreptoBase mengandungi 104 genom kumpulan Mitis termasuk 27 jenis yang telah 

disusun menggunakan platform teknologi Illumina HiSeq yang berprosesan tinggi. 

Selain itu, StreptoBase dapat menandaskan analisis perbandingan dan visualisasi bagi 

kedua-dua spesies sekali gus dengan ciri-ciri bakteria. StreptoBase melindungi peralatan 

bioinformatik yang canggih seperti alat perbandingan selaras gen (PGC) dan alat 

patogenomik (PathoProT) untuk melampiaskan perbandingan analisis patogenomik bagi 

bakteria Streptococcus. 

 

Kesimpulannya, ulasan sistematik ini telah berjaya memperbandingkan ciri-ciri genom 

bagi S. sanguinis dan S. gordonii disamping itu juga menilaikan perbezaan utama antara 

spesies Streptococcus. Bukti-bukti novel ini yang melampaikan perbezaan genomik, 

biologi dan kebisaan S. gordonii dan S. sanguinis akan menyediakan asas untuk 

pengajian lanjut dalam cara evolusi peralihan bakteria ini dari bakteria mulut sehingga 

menjadi patogen penting IE. Seterusnya, penyelidikan ini dapat memanfaatkan dalam 

pencegahan dan pengurusan penyakit Streptococcus melalui langkah-langkah 
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pengawalan plak gigi. Dengan penambahan genom baru S. sanguinis dan S. gordonii 

dalam StreptoBase, ia akan memuncul sebagai satu plakfom yang berharga dan penting 

untuk memacukan penyelidikan kumpulan Mitis streptokoki mulut bagi menjamin 

kesihatan pergigian masyarakat. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

The human oral streptococci are commensals which often inhabit the gastrointestinal and 

the oral mucosa and tooth surfaces. In healthy individuals, streptococci can constitute more 

than 50% of the oral microbiota (Human Microbiome Project 2012) and these bacteria 

generally possess low pathogenic potential. However, oral streptococci can invade the 

bloodstream, and have the potential to cause infective endocarditis (IE) or septicaemia 

following antineoplastic therapy in neutropenic patients with haematological disease 

(Westling 2005). Other oral Streptococcus-associated conditions including odontofacial 

infections, brain abscesses and abdominal infections have also been reported (Westling 

2005). The largest and most abundant group of oral streptococci is the Mitis group, which 

comprised of 13 species including some of the most common human oral colonizers such 

as Streptococcus mitis, Streptococcus oralis, Streptococcus sanguinis and Streptococcus 

gordonii as well as species such as Streptococcus tigurinus, Streptococcus oligofermentans 

and Streptococcus australis that have only recently been classified and are poorly 

understood at present. 

Within the Mitis group, there are two distinct groups: Sinensis group (S. sinensis, S. 

oligofermentans, and Streptococcus cristatus) and Sanguinis group (S. sanguinis and S. 

gordonii) (Teng, Huang et al. 2014). The Sanguinis group members of S. sanguinis and S. 

gordonii were considered as a single species until the late 1980’s, as their 16S rRNA 

sequences are highly homologous (Kilian, MIKKELSEN et al. 1989). S. sanguinis and S. 

gordonii are closely related not only in terms of their phylogenetic relationship but also in 

their biological traits (Teng, Hsueh et al. 2002). These two opportunistic pathogens are 
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often isolated from the same intraoral sites (Nobbs, Zhang et al. 2007) and also sometimes 

from patients with endocarditis or with neutropenic bloodstream infections (Presterl, 

Grisold et al. 2005). It is expected that these two Streptococcus species are likely to 

compete for the same array of host receptors, particularly as they express a similar set of 

surface proteins (Nobbs, Zhang et al. 2007). It has also been reported that S. sanguinis and 

S. gordonii can antagonize S. mutans through the production of H2O2, whereas S. mutans 

also competes with S. sanguinis and S. gordonii through bacteriocin secretion (Kreth, 

Zhang et al. 2008). Despite its low-level presence in the oral cavity, S. gordonii tends to 

persist and co-exist with S. sanguinis over time even though S. sanguinis is almost always 

more abundant (Nobbs, Zhang et al. 2007). Investigating the genomic differences between 

S. gordonii and S. sanguinis is critical for understanding the different strategies of these 

species for colonizing and co-existing within dental plaque. S. sanguinis and S. gordonii are 

important early colonizers and potentially have a strong influence on the subsequent 

accumulation of dental plaque  Insights gained from these intermicrobial interactions might 

contribute to the development of new interventions and potential medical treatment for 

maintaining oral health in the future (Nobbs, Zhang et al. 2007). 

To obtain a better understanding of these two closely related human colonizers, the present 

study sequenced 19 whole-genomes of S. sanguinis and S. gordonii; 13 were isolated from 

the United Kingdom, 4 from United States, 1 from Denmark and 1 from Australia. Six 

strains were isolated from dental plaque or the oral cavity; 10 strains were sub-acute 

bacterial endocarditis isolates and three were of unknown origin. Comparative genome 

analyses were then performed using different bioinformatics approaches to investigate the 

phylogeny, virulence, biology and genomics of S. sanguinis and S. gordonii. To classify the 

19 Steptococcus strains, phylogenetic analyses, using both whole genome data and single 
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gene markers, were performed to verify the taxonomic position of the 19 strains. After the 

genome identification and phylogeny inference studies, I performed orthologous gene 

comparison and pan-genome analyses in order to identify the core genomes shared between 

the two closely related species. Functional enrichment study was conducted to examine the 

enrichment of the specific categories of genes of interest in different biological processes. 

Since regulation of virulence factor expression plays a major role for pathogenic species in 

adapting to their dynamic host environments, a comparative virulence gene analysis study 

was performed to identify potential virulence genes in S. gordonii and S. sanguinis. As the 

pan-genome analysis study suggested the plasticity of the Streptococcus genomes, I aimed 

to investigate evidence that lateral gene transfer has occurred within genomes of S. 

sanguinis and S. gordonii and to assess the impact of this on the acquisition of species-

specific genes for possible virulence enhancement and potential adaptive evolution.  

To support the expanding research into the Mitis group of oral streptococci, I have also 

developed StreptoBase, which provides a resource and analysis platform for the research 

community. Through this platform and the provided in-house designed analysis tools, I 

hope to provide insights into the biology, phylogeny, genetic variation and virulence of 

particular strains or species of interest for research worldwide. In addition to the 77 public 

available genomes downloaded from the National Center for Biotechnology Information 

(NCBI) resources, I have included my 27 newly sequenced, assembled and annotated 

genomes of novel strains from six different species of Mitis group into the StreptoBase. 

These new genomes include 5 genome sequences of the recently classified species S. 

oligofermentans and S. tigurinus. The ultimate objective of StreptoBase is to provide a 

user-friendly database resource and analysis platform particularly for comparative analyses. 

Users can search, browse, visualize, download and analyze the Mitis group genomes, and 

Univ
ers

ity
 of

 M
ala

ya



4 

conduct comparative whole-genome analysis on the fly using the in-house developed 

bioinformatics tools. StreptoBase is designed to support the expanding Streptococcus genus 

research community. 

1.2 Project Objectives 

The overarching aim of this project was to employ genome sequencing and genomic 

analyses for the identification of genotypic differences between S. gordonii and S. 

sanguinis that will help to understand their subtly different ecological niches and their 

pathogenic potentials. In addition, I aimed to developed tools to facilitate research into 

Mitis group streptococci more broadly. The objectives of this study were: 

1. To sequence, assemble and annotate the functional elements in the genomes 

of S. gordonii and S. sanguinis  

2. To study the phylogenetic relationships between all sequenced clinical 

isolates 

3. To perform comparative analyses between the closely related S. gordonii 

and S. sanguinis 

4. To design and develop a new genomic resource and comparative analysis  

platform for oral streptococci   
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CHAPTER 2: LITERATURE REVIEW 

2.1 Oral streptococci: Mitis group 

Streptococcus is a major genus of spherical Gram-positive bacteria which belong to the 

phylum Firmicutes. Streptococci are classified as alpha-hemolytic, beta-hemolytic or 

gamma-hemolytic according to their appearance on blood agar. Alpha-hemolysis involves 

the bleaching of heme iron by streptococcal hydrogen peroxide (H2O2), resulting in a 

greenish tinge on blood agar (Barnard and Stinson 1996). Alpha-hemolytic streptococci 

used to be known as the ‘Viridans group’ for the greenish color produced by hemolysis. 

However, alpha-hemolysis is not entirely consistent between different strains of individual 

streptococcal species, and therefore the term ‘Viridans’ is somewhat misleading and is no 

longer used. These organisms are now more commonly known as the oral streptococci. 

Overall, the streptococci are divided into six groups, namely the Mitis, Anginosus, 

Salivarius, Mutans, Bovis and Pyogenic groups, using sequence analysis of the 16S rRNA 

gene or of a group of housekeeping genes (Bentley, Leigh et al. 1991, Kawamura, Hou et 

al. 1995, Jakubovics, Yassin et al. 2014). In 2002, Facklam proposed a phenotypic 

identification scheme which included an additional new cluster called the Sanguinis group 

which includes S. gordonii and S. sanguinis (Facklam 2002). More recently, Teng and his 

colleagues proposed another new cluster named Sinesis which encompasses three species, 

namely S. sinensis, S. oligofermentans and S. cristatus  (Teng, Huang et al. 2014). In the 

present study, both the Sanguinis group and Sinesis groups are categorized under the Mitis 

group of oral streptococci. 

The Mitis group is comprised of 13 known species including S. australis, S. cristatus 

(formerly S. crista), S. gordonii, S. infantis, S. mitis, S. oligofermentans, S. oralis, S. 

parasanguinis (formerly S. parasanguis), S. peroris, S. pneumoniae, S. pseudopneumoniae, 
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S. sanguinis (formerly S. sanguis), and the latest grouped species, S. tigurinus. Currently, 

the complete genome sequences of 7 species of this Mitis group (S. pneumoniae, S. 

pseudopneumoniae, S. mitis, S. oralis, S. gordonii, S. sanguinis and S. parasanguinis) are 

stored on the National Center for Biotechnology Information (NCBI)’s FTP site. Recent 

work has shown that Mitis group streptococci play a major role in exacerbating influenza 

infection particularly among immunocompromised individuals; S. oralis and S. mitis were 

found to produce neuraminidase (NA), a vital target of anti-influenza drugs. The NA 

activity exhibited by these oral bacteria stimulates the release of influenza virus, boosts 

viral M1 protein expression levels and activates the ERK cell signaling pathway, 

potentially enhancing viral infections (Kamio, Imai et al. 2015). 

2.2 Streptococcal Infective endocarditis (IE) 

The oral streptococci are common commensals which are usually found at sites within the 

oral cavity, such as buccal epithelium, palate, tongue, teeth, epithelial linings of gingival 

crevices and periodontal pockets. Excessive buildup of plaque biofilms can trigger 

inflammatory conditions such as gingivitis or chronic periodontitis, which in turn leads to 

proliferation of the periodontal vasculature, permitting entry of these oral streptococci into 

the bloodstream. Occasionally, this may result in infective endocarditis (IE) which is a 

potentially lethal endovascular disease caused by a bacterial infection on heart valves 

(Wilson, Taubert et al. 2007, Parahitiyawa, Jin et al. 2009). Platelets and fibrin are 

deposited on exposed extracellular matrix proteins induced by trauma of the damaged 

endocardium (Ruggeri 2009). Subsequently, a sterile platelet-fibrin vegetation is formed on 

the endocardium where bacteria from the bloodstream enter, adhere and colonize during 

bacteremia (Durack and Beeson 1972).  These bacteria then recruit platelets from the blood 

circulation, stimulating platelet activation and platelet aggregation. Large septic thrombi 
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occur on the heart valves, and eventually disrupt cardiac hemodynamic patterns. The 

extreme pressure acts on the compromised valves and typically causes congestive heart 

failure (Yvorchuk and Chan 1994).. The detailed mechanisms of IE are described in Figure 

2.1. 

 

Figure 2.1: The mechanism of streptococcal IE.  (a) Pathogens gain access to the 

bloodstream via health-care procedures or intravenous drug use. (b) Pathogens adhere via 

platelet fibrin deposition to an inflammed or damaged valves surfaces. (c) Pathogens access 

to the valve endothelium, causing inflammation and aggressive tissue destruction. (d) 

Proliferation of the pathogens on the valve endothelium leads to formation of vegetations. 

(e) Embolization of vegetation particles and dissemination of pathogens causes downstream 

clinical implications (Source: (Werdan, Dietz et al. 2014). 

Among the multiple species of bacteria which have been isolated from patients with IE, 

streptococci are the second most common (Durack and Beeson 1972, Schierholz, Beuth et 
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al. 1999). In fact, previous studies have identified streptococci as a major cause of IE in the 

normal population, although the high incidence of staphylococcal IE on prosthetic valves 

and in intravenous drug users means that the occurrence of streptococcal IE is often 

overshadowed (Fowler, Miro et al. 2005, Tleyjeh, Steckelberg et al. 2005, Vogkou, 

Vlachogiannis et al. 2016). Within the oral Mitis group streptococci, S. gordonii and S. 

sanguinis are prominent agents of biofilms on tooth surfaces called dental plaque (Kreth, 

Merritt et al. 2009). These two pioneer colonizing Streptococcus species contribute to 

dental plaque formation by attaching to tooth surfaces via specific cell surface adhesions 

such as PAAP, Hsa, Srp and S. sanguinisp (Figure 2.2). In human streptococcal infections, 

these oral pathogens enter the bloodstream from the dental plaque biofilm by surgery or 

routine oral hygiene. This results in bacteraemia which can lead to infection of the 

endocardial surfaces of heart valves and streptococcal infective endocarditis (IE) (Hall‐

Stoodley, Stoodley et al. 2012).  Recent studies have reported that formation of the sterile 

platelet fibrin thrombus is the key approach of S. gordonii and S. sanguinis in the 

development of IE with the predisposition of the heart valve endothelium defects (Turner 

2008, Keane 2010). . 
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Figure 2.2: A series of species-specific of Streptococcal cell surface adhesions targeted 

by Streptococcus bacteria during dental plaque formation (Source: (Tilley and 

Kerrigan 2013). 

2.3 Next-Generation Sequencing (NGS) technologies 

In the early 1990s, Sanger sequencing was the widely employed method of sequencing 

which was performed either through shotgun de novo sequencing (cloning of fragmented 

DNA into a high-copy-number plasmid) or targeted resequencing (PCR amplification 

involving primers-flanked target) (Shendure and Ji 2008). At present, there are several 

next-generation sequencing technologies which utilize real time, cyclic-array sequencing 

such as 454 sequencing (454 Genome Sequencers and Roche Applied Science), Solexa 

technology (Illumina platforms), the SOLiD platform (Applied Biosystems (ABI)), the 

Polonator (Dover) and the HeliScope Single Molecule Sequencer technology (Helicos 

BioSciences) (Shendure and Ji 2008). Next-generation DNA sequencing allows 

comprehensive analysis of genomes and transcriptomes which ultimately accelerates the 

progress of biological and biomedical research (Fullwood, Wei et al. 2009). The recent 

NGS benchmark analysis studies demonstrated the differences of the 5 most 
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commercialized NGS technologies as summarized in Table 2.1 (Dunne Jr, Westblade et al. 

2012, van Dijk, Auger et al. 2014): 

Table 2.1: Summary of benchmarking analysis on different type of NGS technologies. 

Type of NGS 

technologies 

Chemistry Pros Cons 

454  Pyrosequencing  Suitable for de

novo genome

assemblies or

metagenomics

applications

facilitated by

the efficient

mapping of

long reads to a

reference

genome

 Faster run

times

(approximately

23 hours)

 Low

throughput

 High reagent

cost.

 High error

rates in

homopolymer

repeats

(Metzker

2010) 

Illumina  Dye termination

or synthesis

 High

compatibility

with most of

the library

preparation

protocols

 Highest

throughput

 Lowest per-

base cost (read

lengths up to

300 base pairs)

(Liu, Li et al.

2012) 

 Risk of

overloading

(resulting in

overlapping

clusters and

poor sequence

quality)

 Requirement

for sequence

complexity

SOLiD  Ligation  High

throughput

 Low error

rates

 Shortest reads

(not more than

75 nucleotide

read length)
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 High accuracy 

(two times 

reading of 

each base) 

(Liu, Li et al. 

2012) 

 Long run times  

 Less-well-

suited for de 

novo genome 

assembly 

 Less-well-

developed 

panel of 

sample 

preparation 

kits and 

services 

Ion Torrent  Semi-conductor  Fast run times 

 Wide range of 

applications 

 High error 

rates in 

homopolymer 

repeats 

PacBio  Direct detection  Enable optimal 

performance in 

genome 

assembly with 

its extreme 

long reads 

 Fast run times 

 Expensive 

(US$2–17 per 

Mb) 

 High overall 

error rates 

(approximately 

14%)  

 Lowest 

throughput  

 Limited range 

of applications 

 

Bacterial NGS have been proved to provide better understanding in the bacterial evolution 

and diagnostic of bacterial infections (Hasman, Saputra et al. 2013). In a recent 

Tuberculosis (TB) study conducted in the UK, NGS has been demonstrated in successfully 

investigating the microevolution within Mycobacterium tuberculosis genomes by 

determining the genetic diversity of the bacterial strains (Walker, Ip et al. 2013). Besides, 

previous whole-genome sequencing study using NGS technology has shown the dynamic 
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populations of Staphylococcus aureus nasal carriage which carry genetic variation that 

contributes to its bacterial evolution over time (Young, Golubchik et al. 2012). More 

broadly, the use of NGS enabled the early inspection of the enterohemorrhagic Escherichia 

coli O104:H4 outbreak in Germany which enabled the characterization of the whole 

bacterial genome (Mellmann, Harmsen et al. 2011). 

 

2.4 Phylogenetic analyses 

Bacterial phylogenetic analyses involve the alignment of marker gene sequences or the 

identification of whole genome core-SNPs to reconstruct the evolutionary relationships 

between bacteria and to identify their taxonomic position. Stackebrandt and Goebel 

proposed that 16S rRNA gene-based phylogenetic analysis is an appropriate tool for 

classification when the sequence homologies of prokaryotic species are below 97% 

(Stackebrandt and Goebel 1994). When the homology values are more than 97%, DNA-

DNA hybridization can be conducted, in order to verify the taxonomic position of the 

prokaryotic strains. Kawamura and colleagues performed phylogenetic analysis on 34 

Streptococcus species using 16S rRNA sequences of the type strain of oral streptococci 

(Kawamura, Hou et al. 1995). They extracted all the 16S rRNA sequences of each oral 

Streptococcus member from the GenBank and the European Molecular Biology Laboratory 

(EMBL) databases except for two type strains, S. mitis NCTC 12261 and S. gordonii NCTC 

7865. The 16S rRNA of these two type strains were determined from position 8 to position 

1392 (E. coli numbering) of their sequenced genomes. Next, they utilized the ODEN 

program set of the DNA Data Bank of Japan to align the 16S rRNA sequences. Using 

neighbour-joining (NJ) method to construct the phylogenetic tree, Kawamura and 
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colleagues identified six major clusters of the Streptococcus genus: pyogenic group, 

anginosus group, Mitis group, salivarius group, bovis group and mutans group. 

Additionally, they successfully classified the species of oral streptococci Mitis group into 

the same cluster. This cluster of Mitis group species included S. mitis, S. gordonii, S. 

pneumoniae, S. sanguinis, S. oralis and S. parasanguinis (Figure 2.3). Kawamura et al. 

indicated that S. mitis, S. oralis and S. pneumoniae were closely related, with 16S rRNA 

gene sequence homology of more than 99%. Since the members of the Mitis group 

achieved less than 60% of DNA similarity, the authors concluded the distinct taxa of each 

of these Streptococcus Mitis group species. Nevertheless, they found that S. suis and S. 

acidominimus were unrelated to any of these groups. Lastly, they excluded S.  pleomorphus 

from the genus of Streptococcus based on both sequence homology data (less than 85% 

sequence homology with the other Streptococcus species) and neighbour-joining data.     

(Teng, Huang et al. 2014) 
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Figure 2.3: The phylogenetic tree constructed based on 34 Streptococcus species using 

16S rRNA sequences of the type strain of oral streptococci. (Source: (Kawamura, Hou 

et al. 1995) 

 

In 1999, Kawamura and colleagues generated a Streptococcus Mitis group species 

neighbour-joining (NJ) phylogenetic tree using the partial sequences of sodA gene from 96 

strains (Figure 2.4).  The resulting eight clusters formed were corresponded to the DNA–

DNA hybridization results. Noticeably, S. pneumoniae strains formed a distinct sub-cluster 

within the S. mitis cluster on the sodA-based phylogenetic tree. Judging from the species-

specific base differences, S. pneumoniae can be clearly distingushed from other species 

including S. mitis (Kawamura, Whiley et al. 1999). Univ
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Figure 2.4: The sodA-based phylogenetic tree of Streptococcus Mitis group species 

with the 100 bootstrappings  (Kawamura, Whiley et al. 1999).  

 

In the most recent Mitis group oral streptococci phylogenetic study, Teng and co-workers 

investigated the phylogenetic relationship among 87 Streptococcus genomes using two 
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single gene loci, namely 16S rRNA and groEL. In the 16S rRNA gene phylogenetic tree, 

the group observed that S. sinensis clearly distinguished from the Anginosus, Mitis, and 

Sanguinis group members but S. sinensis closely clustered with S. oligofermentans and S. 

cristatus. However, S. sinensis was clustered with the Anginosus and Sanguinis group 

members in the groEL gene-based phylogenetic tree. Further phylogenetic analysis using 

50 ribosomal protein genes and hierarchical cluster analysis of MALDI-TOF MS 

spectra using S. sinensis  HKU4T and 28 nonduplicated Streptococcus species (Figure 2.5) 

indicated that S. sinensis, S. oligofermentans and S. cristatus formed a distinct clade known 

as the Sinesis group (Teng, Huang et al. 2014).  
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Figure 2.5: The 50 ribosomal protein genes-based phylogenetic tree of S. sinensis 

HKU4T and the other 28 Streptococcus species. The phylogenetic tree was generated via 

maximum-likelihood method with bootstrap values of 1,000 replicates. The scale bar 

indicated the mean number of nucleotide substitutions per site on each branch (Teng, 

Huang et al. 2014). 
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2.5 Pan-genome analyses 

Pan-genome analyses describe a complete gene set of all strains of a species, namely the 

core genome (genes present in all strains), the accessory genome which is comprised of 

both the dispensable genome (genes present in two or more strains) and the unique genome 

(genes specific to single strains) (Tettelin, Masignani et al. 2005). A bacterial pan-genome 

can be either closed or open. An open pan-genome is indicated by an infinite size with new 

genes continually being taken up by the bacteria. By contrast, a closed pan-genome harbors 

a definite size, with a constant pan-genome size that represents the whole bacterial species 

(Tettelin, Masignani et al. 2005).    

The first ever pan-genome analysis was performed on Streptococcus agalactiae, a 

pathogenic species, which occasionally infects the elderly and and is a major cause of lethal 

infections in newborn infants (Remm, Storm et al. 2001). In the study conducted by 

Tettelin and colleagues, eight genomes of S. agalactiae were selected and their predicted 

genes clustered using the Jaccard algorithm (Tettelin, Masignani et al. 2005). The 

thresholds were set as 80% identity and Jaccard coefficient above 0.6 in order to classify 

the core and accessory genes. For the prediction of pan-genome size of S. agalactiae, the 

identified core genes were extrapolated by fitting the decaying function Fc = Kcexp[-n/Tc] 

+ Ω and Fc = Ks exp [-n/Ts] + tg(Θ), where n is the number of strains and Kc, Ks, Tc, Ts, Ω 

and tg(Θ) are free parameters and the number of core genes were plotted (Figure 2.6).  Univ
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Figure 2.6: S. agalactiae core genome plot. The number of core genes was plotted as a 

function of the number of genome (n) sequentially added. Using the formula 8!/[(n-1)!.(8-

n)!], each circle indicates the number of core genes by different strains combination. The 

extrapolated core genes are shown as a dashed line (Source: (Tettelin, Masignani et al. 

2005)). 

Tettelin and co-workers observed that the number of core genes was reducing with the 

addition of newly sequenced genomes from the pan-genome analysis. Based on the curve 

(Figure 2.7), the decline of core genome reached a plateau around 1,806 genes (95% 

confidence interval = 1,750-1,841) and remained constant as the number of sequenced 

genomes grows. Meanwhile, the authors estimated the number of new genes added by a 

new genome, applying the decaying exponential function as mentioned previously. An 

average number of 161 new genes were recorded with the addition of the second genome of 

S. agalactiae while this number dropped to 54 genes when the fifth genome of S. 

agalactiae was included. Using a threshold of 95% confidence interval, Tettelin deduced 

that average of 33 new genes will be recruited to the pan-genome of S. agalactiae for every 
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newly sequenced S. agalactiae genome, further indicating the open pan-genome 

characteristic of S. agalactiae. 

 

Figure 2.7: Pan-genome plot of S. agalactiae. The blue curve showed the least square fit 

of the decaying function Fc = Kcexp[-n/Tc] + Ω and Fc = Ks exp [-n/Ts] + tg(Θ) with its 

extrapolated average number of new genes shown in dashed line. The red curve indicated 

the pan-genome size of S. agalactiae with new added different number of genomes 

(Source:(Tettelin, Masignani et al. 2005). 

 

In contrast, Donati’s group performed a pan-genome analysis of 44 strains of S. 

pneumoniae using two different approaches: the finite supragenome model and the power 

law regression model (Donati, Hiller et al. 2010) The finite supragenome model enables 

prediction of the number of genes within a particular fraction of the S. pneumoniae 

genomes, varying from rare genes which are present in less than 3% of the genomes to core 

genes. On the contrary, the power law regression model which is similar to the method used 

by Tettelin et al. allows the extrapolation to an infinite number of genomes, predicting 

genes found in S. pneumoniae is finite (closed pan-genome) or unlimited (open pan-
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genome).  Both approaches showed consistent pan-genome results when the number of 

genomes is less than 40 strains. Based on the finite supragenome model, Donati et al. 

observed a significant drop in number of new genes identified for each genome at 100 

strains and stabilization in the number of core genes at 1,647 (Figure 2.8b). Besides, the 

supragenome model identified 48% of core genes and approximately 27% are rare genes. 

They estimated S. pneumoniae posseses an open pan-genome with 44 strains including 

92.7% of the pneumococcal pan-genome. On the contrary, as the number of genomes grows 

above 40 strains, the power law regression model portrayed an average number of new 

genes as a function of the number of genomes, well-fitted with exponent ξ = -1.0 ± 0.15 

(Figure 2.8). Hence, Donati et al. suggested open pan-genome of S. pneumoniae as the 

pneumococcal pan–genome size increases logarithmically (ξ >-1). In short, this study 

conducted by Donati et al. proved that S. pneumoniae harbors an open pan-genome using 

both finite supragenome and power law regression models. 
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Figure 2.8: Pan-genome of S. pneumoniae. The number of specific genes is plotted as a 

function of sequentially added number of strains (n), fitted with a decaying power law y = 

A/nB. Each n refers to the values obtained for the different strain combinations while red 

symbols indicate the average of these values, and error bars represent standard deviations. 

2.6 Horizontal Gene Transfer (HGT) analysis 

Horizontal gene transfer (HGT) is a lateral transmission of genetic material between 

organisms, possibly of different species. The concept of Genomic Island (GI) originated 

from Pathogenicity Islands (PAIs) and was first described by Hacker and his colleagues 

when they discovered a genomic region of virulence gene clusters in E. coli (Hacker and 

Kaper 2000). Later, they revealed antibiotic resistance islands which carry cluster of genes 

encoding adaptive resistance and metabolic islands which harbor gene groups that encode 

adaptive metabolic properties. GIs often carry large sets of genes (mostly strain-specific 
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genes) (Hacker and Kaper 2000). Furthermore, GIs can confer significant genetic 

differences particularly between closely related species and their analysis is able to reveal 

ecologically relevant features of genomes (Coleman, Sullivan et al. 2006, Cuadros-

Orellana, Martin-Cuadrado et al. 2007).  On the contrary, prophages are viral sequences 

integrated into bacterial genomes by bacteriophage that infect and reproduce within their 

bacterial hosts. Likewise, prophages have significant impacts on bacterial evolution and 

ecology by influencing the pathogenicity and virulence of their bacterial hosts (Mitchell 

2014). Furthermore, prophages have had some success in coping with bacterial infections 

and antibiotic resistance (Keen 2012, Rea, Alemayehu et al. 2013).  

2.7 Genomic Island (GI) analysis 

A Genomic Island (GI) is a cluster of genes acquired by horizontal transfer. In general, 

there are two different types of GIs: 1) ‘ecological islands’ which usually found in 

environmental bacteria and 2) ‘saprophytic islands’, ‘symbiosis islands’ or ‘pathogenicity 

islands’ (PAIs) which are frequently detected in bacteria associated with a host (Hacker and 

Carniel 2001). GIs potentially change bacterial traits in antibiotic resistance, virulence, 

symbiosis and fitness as well as microbial adaptation, resulting in a great impact on 

bacterial evolution (Langille, Hsiao et al. 2010).  In a comprehensive analysis of GIs done 

by Gómez and his colleagues, 70 marine bacterial genomes were studied to explore the 

distribution, patterns and functional gene content of GIs found in their genomes 

(Fernández-Gómez, Fernàndez-Guerra et al. 2012). The GIs of 53 genomes were extracted 

from IslandViewer database (Langille and Brinkman 2009). IslandViewer is a web-based 

interface that integrates three methods for GI identification and visualization: IslandPick, 

IslandPath-DIMOB and SIGI-HMM. IslandPick (Langille, Hsiao et al. 2008) compares 

phylogenetically related genomes; SIGI-HMM (Langille and Brinkman 2009) estimates 
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codon usage and IslandPath (Hsiao, Wan et al. 2003) measures abnormal sequence 

composition or genes related to mobile elements withinpredicted GIs. The remaining 17 

genomes which consisted of 8 Alphaproteobacteria and 9 marine Bacteroidetes, were 

downloaded from the NCBI website and the J. Craig Venter Institute 

(http://www.jcvi.org/). These 17 genomes were then uploaded to IslandViewer database in 

order to predict GIs in their genomes. IslandPick GIs prediction involved selection of 

minimum of three closely related genomes along with a distant genome. IslandPath-

DIMOB and SIGI-HMM were then used to detect overlapped GIs predicted by at least two 

of the predictors. Additionally, Gómez et al. performed manual refining of these putative 

GIs using Artemis and Integrated Microbial Genomes (IMG) genome browser (Markowitz, 

Chen et al. 2012) to insert tRNA found within or flanking the GIs. They successfully 

detected 438 GIs which carry a total of 8152 genes. They indicated the overall GI number 

per genome was strongly and positively correlated with the total GI size. An average GI 

genome length of 3% to as high as 12% was detected in half of the marine bacterial 

genomes analysed.  

2.8 Prophage analysis 

A prophage is an integrated bacteriophage genome found in bacteria. It can either be 

incorporated into the circular bacterial DNA chromosome or exist as an extrachromosomal 

plasmid. A recent study has reported the significance of prophages in altering the lifestyle, 

fitness, virulence, and evolution of their bacterial host (Fortier and Sekulovic 2013). In S. 

pneumoniae, temperate prophages have been linked to affect the dynamics of oral biofilm 

establishment with a localized release of eDNA during spontaneous phage induction 

(Carrolo, Frias et al. 2010).In 2014, Scott Mitchell carried out a benchmark study by 

comparing different tools and methods for detecting prophages such as the PHAST, 
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Prophage Finder and Basic Local Alignment Search Tool (BLAST) search method 

(Mitchell 2014).  Based on the prophage prediction results of 41 sequenced S. aureus 

genomes, he concluded that the PHAST program had significant advantages (Zhou, Liang 

et al. 2011) over BLAST and Prophage Finder (Bose and Barber 2006). PHAST which 

analyzes a variety of genome elements such as unusual genes, attachment site recognition 

and tRNA, was found to include more prophage sequences than traditional BLAST search. 

In addition, the latest released PHAST program has been shown to have greater sensitivity 

and higher accuracy in attachment site prediction while more defective prophages (false-

positive) were detected by Prophage Finder (Mitchell 2014). PHAST applies Gene Locater 

and Interpolated Markov ModelER (GLIMMER) gene prediction to detect prophages along 

with the position, length, number and boundaries of genes. Remarkably, PHAST 

concatenates a variety of different prediction information including open reading frame 

prediction through GLIMMER, proteins and phage sequences identification via BLAST, 

tRNA analysis using tRNAscan-SE, attachment site recognition via ARAGORN as well as 

gene clustering density readings through Density-Based Spatial Clustering of Applications 

with Noise (Zhou, Liang et al. 2011). Identified prophages are classified into intact, 

questionable or incomplete prophage based on their ‘completeness score’. An intact 

prophage has a score above 90; questionable prophage achieved scores between 60 to 90 

and incomplete prophage has less than 60 score. In this study, Scott has revealed six 

virulent prophages in S. aureus subspecies TCH60: one intact prophage, two questionable 

prophages and three incomplete prophages. 

2.9 Summary 

Based on the literatures reviewed, I selected the methods and bioinformatics 

softwares/platforms which are able to achieve the optimal results of the Mitis group oral 
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streptococci comparative analysis. Illumina Hiseq2000 platform was selected for NGS 

analysis due to its relatively low price but efficient sequencing performance by producing 

high-throughput parallel sequencing (Minoche, Dohm et al. 2011). Further, Illumina Hiseq 

is very well-established and it is one of the most widely used sequencing devices in many 

genome sequencing projects (Minoche, Dohm et al. 2011, van Dijk, Auger et al. 2014). In 

reference to the recent Streptococcus Mitis group species phylogenetic study performed by 

Teng and colleagues (Teng, Huang et al. 2014), the widely used 16S rRNA was selected as 

the single gene marker to construct the phylogenetic tree using the Neighbour-Joining 

method. The pan-genome study conducted by Tettelin and co-workers suggested that both 

S. gordonii and S. sanguinis might have a tendency to harbor an open pan-genome 

correspond to their Streptococcus Mitis group species of S. pneumoniae (Tettelin, 

Masignani et al. 2005). For horizontal gene transfer study, the efficiency of the 

IslandViewer tool and PHAST pipeline have been well-demonstrated in Gómez and 

Mitchell studies (Fernández-Gómez, Fernàndez-Guerra et al. 2012, Mitchell 2014).  In the 

present study, I aimed to apply these bioinformatics tools for the analysis of two important 

dental plaque colonisers and occasional invasive pathogens, S. sanguinis and S. gordonii. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Bacterial strains and DNA extraction 

77 genome sequences of Mitis group streptococci were downloaded from the public NCBI 

database. Additionally, 27 novel strains/genomes of Mitis group streptococci generated 

from the laboratory were included in the sequencing project. All 27 Mitis group 

streptococci strains were originally isolated from oral sites or infective endocarditis cases at 

a variety of different geographical locations and were used in this study due to their strain 

availability. These Streptococcus strains were cultured in THYE medium (30 g/L Todd 

Hewitt broth, 5 g/L yeast extract) for 16 hours at 37°C prior to DNA extraction using 

standard protocols (Old, Lowes et al. 2006). The bacterial culture and DNA extraction were 

performed by Lesley A. Old, a laboratory technician of School of Dental Sciences in 

Newcastle University, United Kingdom. .  

3.2 Library preparation and next-generation sequencing 

The Streptococcus bacterial DNA library preparation involved fragmentation of DNA 

samples using Covaris S2 for 120 seconds at temperature of 5.5 – 6.0 degree Celsius. The 

quantity and quality of the fragmented DNA were evaluated by Agilent BioAnalyzer 2100. 

The sample size was selected using Invitrogen 2% agarose E-gels. For DNA library 

construction, only the fragments tagged with adapter molecules at both ends underwent 10 

cycles of PCR. The constructed genomic library was validated using Agilent BioAnalyzer 

2100. The 19 Streptococcus genomes were sequenced using Next Generation Sequencing 

Illumina Hiseq2000 platform. The paired-end sequencing of Streptococcus genomes uses a 

standard read length of 100 base pairs. The Streptococcus genomes run on a single lane, 

employing the TruSeq LT assay. The paired-end sequencing generates two FASTQ output 
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data files: one containing the forward primer 

(“AGATCGGAAGAGCACACGTCTGAACTCCAGTCA”) derived reads “_R1” and one 

containing the reverse primer (“AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT”) 

derived reads “_R2”. The library preparation and sequencing services were outsourced to 

Source BioScience Ltd in the United Kingdom. 

3.3 Raw read quality checking and preprocessing 

The raw read quality was verified through FastQC software (Andrews 2011). The overall 

sequencing reads showed satisfactory results of per base N content and optimal per base 

sequence quality with no over-represented sequences. The quality score is directly 

proportional to the level of base call. Data pre-processing was completed by a trimming 

approach using CLC Genomic Workbench V6.5 (CLC BIO Inc., Aarhus, Denmark). A 

series of trimming operations offered by CLC Genomic Workbench V6.5: quality trimming 

based on quality scores, ambiguity trimming of gaps in scaffold genomes, adapter trimming, 

base trimming by removing a specified number of bases at either 3' or 5' end of the reads 

and length trimming within a specified threshold. Quality trimming which applies the 

Modified-Mott trimming algorithm was selected. All sequencing reads were trimmed based 

on a Phred score of Q20. The default parameter for quality trimming allows a maximum 

number of two ambiguities.  

3.4 Genome assembly and contamination checking 

The preprocessed reads were de novo assembled using CLC Workbench 6.5 (CLC BIO Inc., 

Aarhus, Denmark). In general, the assembly involved two steps: 1) Generation of simple 

contig sequences using the information within the read sequences, 2) Mapping of reads 
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based on the previously generated simple contig sequence. The later step serves to show 

coverage levels along the contigs and facilitate downstream analysis activity such as Single 

Nucleotide Polymorphism detection (CLC BIO Inc., Aarhus, Denmark). The N50 contig is 

estimated by summarizing the lengths of the largest contig number until half of the total 

contig length. Significantly, high N50 values and low contig numbers of genomes indicate 

a greater assembly performance. After the genome assembly, potential contaminated 

sequences were filled out by searching against common contaminant databases including 

VecScreen database (http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html) and 

mitochondrial disease database (http://www.mitodb.com/) through sequence continuity and 

contamination screening.  

3.5 Genome annotation 

To facilitate comparative analysis across different Mitis group Streptococcus genomes, 

consistency in genome annotation is important. Therefore, all 104 genome sequences were 

annotated using the Rapid Annotation using Subsystem Technology (RAST) pipeline, 

which is a well-established and fully open web-based engine, supporting annotation of both 

complete and draft genomes (Aziz, Bartels et al. 2008). The RAST pipeline enables 

genome identification of an array set of distinct genome components including protein-

coding genes, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and gene function 

prediction. The RAST genome annotation works by mapping a set of genes to their 

correspond subsystems as well as their metabolic reconstructions. Moreover, it predicts 

functional proteins assignment according to their relatedness in the subsystems of FIGfams 

database.  
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3.6 Multiple sequence alignment (MSA) and phylogenetic inference 

To reconstruct a single gene marker 16S rRNA-based phylogeny tree, 16S rRNA gene 

sequences were predicted from every single Streptococcus genome using RNAmmer 1.2 

Server (Lagesen, Hallin et al. 2007). All extracted 16S rRNA sequences were aligned using 

MAFFT web-based program (Katoh, Kuma et al. 2005). The core-genome SNP sequences 

of each Streptococcus genome were determined via Panseq web server (Laing, Buchanan et 

al. 2010) by searching the SNPs within core genome and identifying the distribution of 

their accessory genomic regions. The Multiple Sequence Alignment (MSA)  of these core 

genome SNPs was done using ClustalW from the European Bioinformatics Institute 

(Thomopson, Higgins et al. 1994). Ultimately, the generated MSA results from both the 

MAFFT and Panseq servers were imported into MEGA6 (Molecular Evolutionary Genetics 

Analysis 6) software (Tamura, Stecher et al. 2013) in order to construct the phylogenetic 

trees. Both 16S rRNA-based and core-genome SNP-based phylogenetic trees were 

constructed using 1000 times bootstrapping replication using the Neighbour-Joining (NJ) 

algorithm method (Saitou and Nei 1987). 

3.7 Orthologous gene family comparisons and pan-genome analysis 

The pan-genomes of the Streptococcus isolates were analyzed using the pan-genome 

analysis pipeline (PGAP) which implements functional ortholog clustering (Zhao et al., 

2012). Each RAST-predicted protein sequence was labelled with unique strain identifiers 

that were later concatenated into a single input sequence file. Using the BLASTALL 

algorithm, the min. score value was set to 50 and E-value<1e-8 (Altschul, Gish et al. 1990). 

Based on the Markov Cluster Algorithm (MCL) algorithm, the amino acid cutoff was 

adjusted to 50% sequence identity and 50% sequence coverage in order to group two genes 

into the same cluster (Enright, Van Dongen et al. 2002). Finally, in-house perl scripts were 
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used to retrieve the protein sequences of accessory genes and search against all oral 

Streptococcus genome sequences used in this analysis using TBLASTN program. This 

method is used to identify any genes in the genomes that might be overlooked by the RAST 

pipeline and any genes identified by this approach were retrieved and included in the genes 

list of the genome/strain. 

3.8 Functional enrichment analysis 

To examine whether the unique core genes of both S. sanguinis and S. gordonii  implicated 

in the biological aspects are functionally relevant and to discover unexpected shared 

functions between these unique core genes, functional enrichment analysis was performed 

using Blast2GO software (Conesa and Götz 2008). Firstly, the Blast2GO predicted the 

function of each gene which involved three steps: BLAST to find homologous protein 

sequences, MAPPING to retrieve Gene Ontology (GO) terms and ANNOTATION to select 

reliable functions. BLAST mappings were implemented using the protein sequences of S. 

sanguinis and S. gordonii unique core genes against their reference strains of S. sanguinis 

SK36 and S. gordonii Challis, respectively. After MAPPING and ANNOTATION, I ran 

the InterPro Scan prior to functional enrichment process. InterPro scan helps to improve the 

outcome of the annotations by adding the GO terms retrieved through motifs to the current 

annotations in a sequence-wise manner. This step is crucial prior to the functional 

enrichment test which involved comparison of two of GO function between two sets of 

functional annotations. The functional enrichment was performed by a Fisher's Exact Test 

along with the False Discovery Rate (FDR) which used for correction in multiple test 

comparisons.  A node fillter value of 0.05 is set as the adjusted FDR p-value to define 

statistically significant enriched GO terms. Target lists of both S. sanguinis and S. gordonii 

unique core genes were selected respectively for specialized functional enrichment 
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analysis, generating GO graphs from tables of under- and over-enriched Streptococcus 

unique core genes.  

3.9 Virulence gene prediction 

All virulence genes of Mitis group Streptococcus strains were predicted by BLASTing all 

RAST-predicted protein sequences against the Virulence Factors Database (VFDB) that 

stores experimentally verified known virulence genes (L. Chen, Xiong, Sun, Yang, & Jin, 

2011). In-house Perl scripts were then used to process BLAST outputs (generated by 

searching these query sequences against VFDB) for each RAST-predicted protein (query 

sequence) in the Mitis group Streptococcus genomes. Based on the sequence homology, a 

gene is defined as a putative virulence gene if it has at least 50% sequence identity and at 

least 50% sequence completeness with the BLAST hit from the VFDB database. The 

filtered BLAST results were consolidated the virulence genes with minimum mapped 

sequence identity and sequence coverage of 50% in both query and subject were organized 

in a matrix table. Lastly, in-house R scripts were used for hierarchical clustering and a heat 

map was generated for visualization of the virulence gene profiles across all studied 

bacterial strains/genomes. The presence of a virulence gene in a genome was shown in red, 

whereas the absence of the virulence gene was shown in black in the heat map.  

The predicted rps gene locus in the sequenced genomes of 19 S. gordonii and S. sanguinis 

strains was analyzed manually using in-house scripts. The protein sequences of the first 

four regulatory genes: wzg (gi|157075510|gb|ABV10193.1|:1-486), wzh 

(gi|157075683|gb|ABV10366.1|:1-243), wzd (gi|157076133|gb|ABV10816.1|:1-231) and 

wze (gi|157076456|gb|ABV11139.1|:1-231) were extracted from the S. gordonii Challis 

genome stored in the NCBI database, while the predicted protein sequences of the 10 
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genes: wchA (Q83YQ3), wchF (Q83YS0), wefA (Q83YR9), wefB (Q83YQ5), wefC 

(Q83YR8), wefD (Q83YR4), wzy (Q83YR3), wzx (Q83YR2), glf (A0A0F2CL65) and wefE 

(Q83YR0) were retrieved from the same species in the Universal Protein Resource 

(UniProt) resource (www.uniprot.org/). Next, protein BLAST was performed using these 

rps gene sequences against Streptococcus protein sequences. The protein BLAST results 

were then filtered based on the threshold of 50% sequence identity and 50% sequence 

coverage. To determine whether similar genome arrangements were present in other S. 

gordonii and S. sanguinis strains, their genomes were further analyzed for the presence of 

‘locally collinear blocks’ (LCBs) via the Mauve genome analysis tool. 

3.10 Comparative prophage analysis 

Putative prophages of S. gordonii and S. sanguinis were identified using the PHAST (Phage 

Search Tool) web server (Zhou, Liang et al. 2011). The genome contig sequences of the 

Streptococcus species were concatenated to serve as input files to locate, annotate and 

visualize prophage sequences and prophage features. The identification and completeness 

of these putative prophages were evaluated through a series of operations including the 

genome-scale ORF prediction and translation via GLIMMER, protein, phage sequence and 

tRNA identification, attachment site recognition and gene clustering density measurements 

as well as sequence annotation text mining. The predicted putative prophages were verified 

by eliminating the prophages mapped located within two contigs. All putative prophages 

were then BLAST searched across strains of S. sanguinis and S. gordonii for genome 

completeness checking to verify their presence in oral streptococci genomes with cutoff 

values (at least 70% sequence identity and 70% sequence coverage). An intact prophage 

was defined by achieving a score of at least 90 by the PHAST software.  

Univ
ers

ity
 of

 M
ala

ya



34 

To predict the lifestyle of the prophage, I utilized Phage Classification Tool Set (PHACTS) 

which involved a novel similarity algorithm and Random Forest Classifier (Pal 2005). The 

amino acids sequences of each phage were uploaded for phage lifestyle annotation using 

similarity algorithm. Datasets consisting of various sizes of partial proteomes were created. 

Each proteome was created by randomly selecting a replacement phage with a known 

lifestyle followed by randomly choosing a set of contiguous proteins in that phage. Lastly, 

the classification of the lifestyle of a phage (either ‘virulent’ or ‘temperate’) was performed 

by Random Forest classifier (Pal 2005). 

3.11 Comparative Genomic Island (GI) analysis 

All putative GIs in S. sanguinis and S. gordonii were predicted using the IslandViewer 

software tool (Langille and Brinkman 2009), involving three different GI identification 

approaches: sequence composition-based approaches SIGI-HMM and IslandPath-DIMOB, 

and the comparative genomics approach IslandPick.  The predicted GIs were then further 

filtered by removing GIs with genomic length less than 10 Kbp. BLASTClust was utilized 

to perform clustering of all predicted GIs, eliminating duplicated GIs based on threshold of 

at least 50% sequence identity and 50% sequence coverage. Likewise, the predicted 

putative GIs were further filtered by omitting any GI mapped across two different contigs. 

To cluster homologous GIs, all putative GIs from S. sanguinis and S. gordonii strains were 

clustered if they have >50% sequence identity and >50% sequence coverage. 

3.12 Development of Mitis group oral Streptococcus database – StreptoBase 

A total number of 104 Mitis group oral Streptococcus genomes including 77 genome 

sequences from the public NCBI database and the genome sequences of 27 isolated 

bacterial strains from 11 species: S. australis, S. cristatus, S. gordonii, S. infantis, S. mitis, 
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S. oligofermentans, S. oralis, S. parasanguinis, S. peroris, S. sanguinis, and S. tigurinus 

have been incorporated in StreptoBase. To systematically predict subcellular localization of 

each RAST-predicted gene, I utilized the latest PSORTb subcellular localization tool 

(version 3.0) program (Nancy, Wagner et al. 2010). PSORTb is an efficient, open-source 

tool which supports high precision of proteome-scale prediction coverage and refined sub-

categories localization. The predicted subcellular localization sites were computationally 

calculated based on the values of feature variables which infer the sequences 

characteristics. Each of the generated values was then sorted to their respective candidate 

site through their estimated relativity.  Besides the subcellular localization information, I 

ran an in-house Perl script to estimate the GC content, hydrophobicity and molecular 

weight of each protein or gene. 

The web interface of StreptoBase was developed using HyperText Markup Language 

(HTML), HyperText Preprocessor (PHP), JavaScript, jQuery, Cascading Style Sheets (CSS) 

and AJAX. StreptoBase is supported by Linux, Apache, MySQL and PHP (LAMP) 

architecture. The Apache web server is equipped with Linux Operating System to manage 

the comprehensive Streptococcus genomic data housed in StreptoBase. The front end PHP 

framework of CodeIgniter version 2.1.3 was implemented to offer model-view-controller, 

dividing application data, presentation and background logic and process into three distinct 

modules. With this advanced feature, all Streptococcus related sources codes and biological 

data are arranged in a clear and organized fashion which facilitate future updating of new 

Streptococcus genomes into the existing database system. For Streptococcus biological data 

storage and management, I utilized MySQL version 14.12 in order to store the extensive 

Streptococcus genome information into a well-designed database schema and tables. The 
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backend process of StreptoBase is monitored by Perl script, Python script and R script 

which support the efficiency and functionality of the integrated bioinformatics tools. 
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CHAPTER 4: RESULTS – COMPARATIVE GENOMIC ANALYSIS OF 

STREPTOCOCCUS SANGUINIS AND STREPTOCOCCUS GORDONII  

4.1 Sample source and genome assemblies 

Total cellular DNA was extracted from fourteen S. gordonii strains and five S. sanguinis 

isolates present in the culture collection. Of these, thirteen were originally isolated from the 

United Kingdom, four from the United States and one each from Denmark and Australia. 

Six strains were originated from dental plaque or the oral cavity; ten strains were from 

subacute bacterial endocarditis and the origin of the other three was not known. The 

genomes of these Streptococcus isolates were sequenced using the Illumina HiSeq2000 

sequencing technology platform. The generated raw sequencing reads were pre-processed 

using a trimming approach at a Phred quality score of 20 and de novo assembled using 

CLC Genomic Workbench V6.5 (CLC BIO Inc., Aarhus, Denmark). The assembled 

genomes had an average genomic size of 2,290,927bp with an average G+C content of 

41.2%.  

4.2 Genome Overview 

To gain better insights into the assembled genomes and to evaluate the coverage of how 

complete are these Streptococcus genomes, all assemblies were mapped onto the complete 

reference genomes of S. sanguinis SK36 and S. gordonii Challis using the NUCmer 

program (Delcher, Phillippy, Carlton, & Salzberg, 2002). The genome coverages and 

genome identities of 14 S. gordonii strains ranged from 88%-95% and 95-98%, 

respectively. The other 5 S. sanguinis strains achieved genome coverages between 84% to 

97% and genome identities between 95 to 96%. The RAST annotation pipeline predicted 

approximately 2,117 to 2,429 functional genes and 2-12 ribosomal RNA genes in both 

Streptococcus species. In general, S. gordonii genomes harbored between 38-59 transfer 
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RNAs with an average GC content of 40.5%, whereas S. sanguinis genomes had 40-61 

transfer RNAs with a relatively higher average GC content of 43.2% compared to S. 

gordonii (Table 4.1). 

Table 4.1: Summary of the genome features of 19 newly sequenced S. gordonii and S. 

sanguinis strains. The details include genome size, GC content (%), number of coding 

sequences (CDS), tRNAs, rRNA, genome identity and genome coverage. There are a total of 

14 S. gordonii strains (grey) and five S. sanguinis strains (yellow). The reference genomes of 

S. gordonii Challis and S. sanguinis SK36 are highlighted in red. 

Strain PV40 Blackburn Channon FSS2 FSS3 

Status of genome Contigs Contigs Contigs Contigs Contigs 

Genome Size (Mbp) 2.19 2.16 2.23 2.19 2.31 

GC Content (%) 40.5 40.5 40.6 40.5 40.2 

Number of CDS 2170 2132 2236 2165 2212 

Number of tRNAs 46 42 42 46 42 

Number of rRNAs 3 3 3 3 5 

Genome Identity (%) 98 96 96 98 96 

Genome Coverage 

(%) 
95 90 89 92 92 

Strain FSS8 M5 M99 MB666 MW10 

Status of genome Contigs Contigs Contigs Contigs Contigs 

Genome Size (Mbp) 2.15 2.16 2.17 2.31 2.19 

GC Content (%) 40.6 40.6 40.5 40.3 40.5 

Number of CDS 2132 2117 2128 2314 2158 

Number of tRNAs 38 41 43 46 38 

Number of rRNAs 2 3 3 3 3 

Genome Identity (%) 95 95 95 96 98 

Genome Coverage 

(%) 
90 88 89 90 92 

Strain 
NCTC 

7863 
FSS4 FSS9 MB451 PJM8 

Status of genome Contigs Contigs Contigs Contigs Contigs 

Genome Size (Mbp) 2.3 2.31 2.43 2.45 2.37 

GC Content (%) 43.3 43.2 43.1 42.9 43.2 

Number of CDS 2284 2294 2418 2429 2326 

Number of tRNAs 40 49 47 47 42 

Number of rRNAs 6 3 3 3 5 

Genome Identity (%) 95 95 95 96 95 

Genome Coverage 

(%) 
84 85 97 94 92 
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Strain PK488 SK12 SK120 SK184 

S. 

gordonii 

Challis  

S. 

sanguinis 

SK36 

Status of genome Contigs Contigs Contigs Contigs Complete Complete 

Genome Size (Mbp) 2.2 2.15 2.16 2.26 2.2 2.39 

GC Content (%) 40.4 40.6 40.4 40.5 40.5 43.4 

Number of CDS 2176 2143 2119 2273 2173 2385 

Number of tRNAs 37 47 47 42 59 61 

Number of rRNAs 3 3 3 3 12 12 

Genome Identity (%) 96 95 96 97 100 100 

Genome Coverage 

(%) 
91 89 90 92 100 100 

 

4.3 Phylogenetic inference 

To identify the taxonomic position of each sequenced isolate, I reconstructed phylogenetic 

trees using both single gene and core-genome SNP-based approaches. The single gene 

approach utilized the 16S rRNA housekeeping gene to construct a phylogenetic tree using 

S. parasanguinis as an outgroup species (Figure 4.1A). 16S rRNA gene sequences have 

been widely used as gene markers to differentiate species of Streptococcus genus, 

particularly for α-hemolytic streptococci including S. sanguinis and S. gordonii (Thompson, 

Emmel et al. 2013). The 16S rRNA-based phylogenetic tree clearly classified the 19 

Streptococcus strains into two clades: 14 strains of S. gordonii (PV40, Blackburn, 

Channon, FSS2, FSS3, FSS8, M5, M99, MB666, MW10, PK488, SK12, SK120 and 

SK184) and five strains of S. sanguinis (NCTC 7863, FSS4, FSS9, MB451 and PJM8). S. 

gordonii and S. sanguinis are closely related and are approximately 97% identical across 

the 16S rRNA genes. 

To further support the classification results, a more robust and reliable phylogenetic tree 

was constructed using the core-genome SNP data. Encouragingly, the data showed that the 

classification results from the core-genome SNP-based tree (Figure 4.1B) were consistent 
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with the classification from the 16S rRNA-based tree. Interestingly, the S. gordonii FSS2, 

MW10 and PV40 are almost identical at the level of 16S rRNA gene sequence and core-

genome SNP, even though these strains were isolated from different sources at different 

times. S. gordonii FSS2 and PV40 were from Newcastle upon Tyne, UK, whereas the S. 

gordonii MW10 strain was isolated in Sydney Australia; S. gordonii PV40 and MW10 

were from the oral cavity, whereas FSS2 originated from a case of bacterial infective 

endocarditis. 

 

Figure 4.1: Phylogenetic inference of S. gordonii and S. sanguinis. (A) single gene 

marker 16S rRNA-based phylogenetic tree (B) a core genome-SNP based phylogenetic 

tree. Both approaches consistently identified 14 strains as S. gordonii and five strains as S. 

sanguinis. S. parasanguinis was used as outgroup in the phylogenetic analyses. 

 

4.4 Open pan-genomes of S. sanguinis and S. gordonii 

Gathering all the functional genes of 14 strains of S. gordonii, a total number of 4,401 

pangenomic gene families of S. gordonii were determined. The accessory gene families 

contributed a larger part of the pan-genome composition (2,774 genes) than the core gene 
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families (1,627 genes).  The accessory gene families were further classified into 1,968 

dispensable genes (shared by 2 to 13 strains) and 806 strain-specific genes (shared by only 

one strain). The core gene families of S. gordonii accounted for approximately 37.0% of the 

total gene families. Due to the low number of S. sanguinis isolated strains (5 strains), I 

included 22 other S. sanguinis genomes from the public NCBI database in this analysis in 

order to have a better representation of this species as a whole. These were all the S. 

sanguinis genomes available at the time of conducting the analysis. Based on the 27 S. 

sanguinis strains, a total of 5,100 pangenomic gene families were identified. The core gene 

families comprise 1,739 genes (34.1%) and the remainders are accessory gene families. Of 

the 3,361 accessory gene families, 7% are strain-specific. The pan-genome and core-

genome sizes of S. sanguinis and S. gordonii were estimated by extrapolation of the above 

genome data. Briefly, the gene clusters and core gene families of Streptococcus genomes 

were calculated, represented by N (N = 1,2,3…..25,26,27). All permutations of genome 

comparisons for every pan-genome size and core genome of N genomes were analyzed to 

avoid random bias. Simultaneously, their mean values were predicted and depicted along 

the core genome family curve and pan-genome family curve. The generated pan-genome 

curves of both S. gordonii and S. sanguinis are well-represented by the Heaps law 

mathematical functions: Y = 573.705131118841 X0.603 + 1559.42450454357 and Y = 

816.330402837524 X0.455 + 1410.909236541, respectively, where Y refers to the pan-

genome size while X refers to the number of sequenced Streptococcus genomes. According 

to these equations, the pan-genome size (Y) of both S. gordonii and S. sanguinis appeared 

to reach infinity when the number of genomes (X) increased to infinity (Figure 4.2A and 

Figure 4.2C). Therefore, my data suggest that both S. gordonii and S. sanguinis have open 

pan-genomes, which indicates that both species have infinite genomes. The infinite pan-
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genome of S. sanguinis and S. gordonii suggests these bacterial species may keep acquiring 

new genes as they evolve independently over evolutionary time.  

For S. gordonii, the rate of new discovery stabilizes at approximately 110 new genes per 

additional new genome (Figure 4.2B).  For example, 295 new genes were detected when a 

second genome was added to the first S. gordonii genome. The mathematical equation 

predicted 119 new genes gained by the S. gordonii species with every new S. gordonii 

genome added. For S. sanguinis, I estimated about 61 new genes detected when each 

additional genome is added (Figure 4.2D). Here, I inferred that S. gordonii and S. sanguinis 

have approximately 34 - 37% of core genes of their total gene clusters, probably inclining 

to an open pan-genome. The intake of new genes may alter the bacterial genome structure 

and facilitate adaptation of Streptococcus species to a dynamic or changing niche (Kurland, 

Canback et al. 2003). 
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Figure 4.2: Pan-genome analyses. Curves for S. gordonii (A) and S. sanguinis (C) pan-

genomes and core genomes. The blue dots denote the Streptococcus pan-genome size for 

each genome comparison whereas the green dots indicate the Streptococcus core genome 

size for each genome comparison. The median values were connected to represent the 

relationship between number of genomes and gene families. Curves for S. gordonii (B) and 

S. sanguinis (D) illustrate the number of expected new genes detected with every increase 

in the number of Streptococcus genomes. 

 

4.5 Orthologous gene family comparisons 

To identify the overlap between the predicted gene functions within the S. gordonii and 

S. sanguinis genomes, I clustered all predicted genes from both species that were generated 

during the pan-genome analysis. I compared the core genes of S. gordonii and S. sanguinis 
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and found they shared a large set of gene families (1,372), reflecting a high similarity 

between the two species (Figure 4.3). Notably, S. sanguinis has a relatively higher number 

of unique core gene families (367) compared to the unique core genes of S. gordonii (255).    

                          

Figure 4.3: Venn diagram showing comparative analysis of orthologous genes in S. 

gordonii and S. sanguinis. Both species shared a high number of core genes. S. sanguinis 

has relatively higher species-specific genes compared to S. gordonii. 

 

To examine the biological functions of unique core genes, I performed a functional 

enrichment analysis using Blast2GO software (Conesa, Götz et al. 2005). No statistically 

enriched functions of the unique core genes of S. gordonii were observed. In contrast, I 

found the unique core genes of S. sanguinis are significantly over-represented in the 

porphyrin-containing compound biosynthetic and cobalamin biosynthetic processes (Figure 

4.4). 
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Figure 4.4: Functional enrichment analysis of S. sanguinis-specific core genes. The 

functional enrichment analysis indicates S. sanguinis unique core genes (orange bars) are 

statistically enriched in two conserved biological processes: cobalamin biosynthesis and 

biosynthesis of porphyrin-containing compounds. S. sanguinis SK36 genes were used as 

background dataset for comparison. 

 

4.5.1 Porphyrin-containing compound biosynthetic process 

The porphyrin-containing compound biosynthetic pathway leads to biosynthesis of 

porphyrin-containing compounds such as heme or siroheme (Ryter and Tyrrell 2000). In S. 

sanguinis (NCTC 7863), the superpathway of heme biosynthesis includes a number of 

branch points that lead to the biosynthesis of a variety of important compounds such as 

vitamin B12 (cobalamin), siroheme and heme D (Caspi, Altman et al. 2014). Eight genes 

involved in the porphyrin-containing compound biosynthetic pathway were identified in the 

unique core genome of S. sanguinis (S1 Table). Four of these genes encode enzymes 

predicted to be involved in the biosynthesis of uroporphyrinogen III from glutamyl-tRNA: 

glutamyl-tRNA reductase (EC 1.2.1.70), glutamate-1-semialdehyde aminotransferase (EC 

5.4.3.8), porphobilinogen deaminase (EC 2.5.1.61) and uroporphyrinogen III synthase (EC 

4.2.1.75). Therefore, the ability to synthesise uroporphyrinogen III appears to be conserved 

among S. sanguinis strains. 
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4.5.2 Cobalamin biosynthetic process 

Besides the porphyrin-containing compound biosynthetic process, the unique core genes of 

S. sanguinis in the cobalamin biosynthetic process were also over-represented. 

Uroporphyrinogen III is the first macrocyclic intermediate in the biosynthesis of 

tetrapyrroles. In S. sanguinis it is likely that uroporphyrinogen III is particularly important 

for cobalamin biosynthesis since genes encoding all components of the cobalamin 

biosynthetic pathway were present in the unique core genes of S. sanguinis. Interestingly, 

two types of gene clusters, cobCMTU and cbiACDGHKMNP are primary cobalamin 

(vitamin B12) biosynthesis genes have been well-characterized in Salmonella 

Typhimurium (Raux, Lanois et al. 1996). The cbi genes located at the 5’ end of the operon 

are devoted to synthesis of the corrin ring, while the cob genes located at the 3’ end of the 

operon are required for the assembly of the nucleotide loop of cobalamin (Banerjee 1999). 

Cobalamin is required as a cofactor in the enzymatic pathways for degradation of 

ethanolamine into ammonia and acetaldehye and breakdown of propanediol. Previous 

studies have reported that cobalamin can enable different bacterial species to obtain carbon 

and nitrogen in anaerobic conditions within the host when ethanolamine and propanediol 

are abundant (Khatri, Khatri et al. 2012). 

Cobalamin is a cobalt-containing vitamin and genes associated with cobalt/nickel uptake 

cbi/nikMNQO were also present in the unique core genome of S. sanguinis. These were 

functionally annotated under the membrane transport group. This gene cluster was first 

identified in the genome sequence of S. sanguinis SK36 (Xu, Alves et al. 2007). These 

genes are encoded within the upstream region of the cobalamin biosynthesis genes in 

bacterial genomes including S. sanguinis (Chen and Burne 2003). Previous research 

reported that the periplasmic binding protein NikA and ATPase NikE transporters from the 
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NikABCDE system of E. coli belong to the nickel/peptide/opine ABC transporter family 

(Navarro, Wu et al. 1993). The cbiMNQO operon encodes an Energy Coupling Factor 

(ECF) transporter. These systems are a subgroup of ABC transporters and CbiMNQO is 

essential for cobalt and nickel uptake in bacteria (Rodionov, Hebbeln et al. 2006). 

Moreover, the transport of nickel and cobalt along with cobalamin synthesis is particularly 

important in bacteria to support survival in host environments (Zhang, Rodionov et al. 

2009). Hence, cobalamin synthesis and high-affinity cobalt/nickel uptake might contribute 

to the survival and growth of S. sanguinis in dental plaque and/or to its ability to cause 

infective endocarditis (Xu, Alves et al. 2007). 

4.6 Comparative prophage analysis 

Prophages may carry new genes that play important roles in the acquisition of new traits 

and the generation of genetic diversity (Pallen and Wren 2007). Prophages in the genomes 

of S. gordonii and S. sanguinis were predicted using the Phage Search Tool (PHAST) 

software (Zhou, Liang et al. 2011). In total, twelve putative prophages were identified: 

eight in S. gordonii and four in S. sanguinis (Table 4.2). These included five intact 

prophages, four of which were S. gordonii-specific prophage and one was S. sanguinis- 

specific prophages (Figure 4.5).
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Table 4.2: Summary of the comparative prophage analyses of S. sanguinis and S. gordonii. Four intact prophages (pink), six 

incomplete prophages (green) and a questionable prophage (blue) were identified by PHAST software. The presence of the 

predicted prophages in the bacterial genomes are colored in yellow for S. gordonii and orange for S. sanguinis. Two conserved 

prophages were identified in the genomes of all S. sanguinis strains. The cutoff was set as 70% prophage sequence coverage and 

70% prophage sequence identity. 
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Figure 4.5: Predicted intact prophages in S. gordonii and S. sanguinis. Five putative 

prophages were detected, of which four were present in S. gordonii (FSS8_1, SK12_1, 

SK184_1 and SK184_3) and only one was found in S. sanguinis (7863_1). 

 

Only two prophages (FSS4_1 and MB451_1) are conserved across all S. sanguinis 

strains. In addition to the phage protein orthologs, two putative attachment sites: attL and 

attR and ancillary enzymes such as integrase were detected in most of these prophages, 

providing further evidence to support the likely possibility that they were acquired by 

horizontal gene transfer (Table 4.3). 
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Table 4.3: Overview of putative prophages including the size of the prophage, the 

number of CDS, ATT-site (special attachment site in the bacterial and phage 

genomes) status and GC content.   

Prophages 
 Genomic 
size (kb) CDS ATT-site identified GC content 

7863_1 5.8 6 No 40.99% 
FSS8_1 43.2 58 Yes 38.80% 
SK12_1 36.5 54 No 41.25% 

SK184_1 59.2 57 Yes 41.08% 
SK184_3 48.7 75 Yes 40.74% 

Channon_2 39.4  62 Yes 38.76% 
FSS4_1 30.9 25 Yes 43.52% 
FSS4_2 16.4  29 Yes 40.31% 

MB451_1 23.3  26 Yes 43.51% 
SK184_2 36 21 Yes 37.94% 
SK184_4 6.9 11 No 43.49% 
MB666_1 47  32 Yes 40.29% 

 

Interestingly, an operon composed of the efeUOB system along with genes of the twin-

arginine translocation (Tat) pathway, tatA (Sec-independent protein secretion pathway 

component) and tatC (Sec-independent protein translocase) was found within the 

conserved prophage FSS4_1 in all six S. sanguinis genomes. The EfeUOB system can 

import ferrous iron under acid conditions whereas the Tat system exports folded proteins 

across bacterial cytoplasmic membranes (Lee, Tullman-Ercek et al. 2006, Cornelis and 

Andrews 2010). Streptococcus thermophilus was the first Streptococcus species reported to 

possess genes of the Tat system (Bolotin, Quinquis et al. 2004). Subsequently, tatA and 

tatC genes were detected in S. sanguinis SK36, encoded by SSA_1133 and SSA_1132, 

respectively (Lee, Tullman-Ercek et al. 2006, Xu, Alves et al. 2007).  
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Another conserved prophage MB451_1 found in S. sanguinis contains a gene encoding N-

acetylmuramoyl-L-alanine amidase, a streptococcal phage lysin found in Streptococcal C1 

bacteriophage (Oliveira, Melo et al. 2013). This enzyme hydrolyzes the N-acetylmuramoyl-

l-alanine amide bond between the glycan strand and the cross-linking peptide of 

peptidoglycan (Llull, López et al. 2006). The Phage Classification Tool Set (PHACTS), 

which is an online computational tool, was used to classify the lifestyle of the MB451_1 

prophage (McNair, Bailey et al. 2012). PHACTS predicted the prophage MB451_1 to have 

a temperate lifestyle (including both lytic and lysogenic phases) with an averaged 

probability of 0.55 and standard deviation of 0.045. Hence, I deduced that the lysogenic 

phase might enable the prophage MB451_1 which carries N-acetylmuramoyl-L-alanine 

amidase to survive without killing the host.  

4.7 Comparative Pathogenomics Analysis 

The genetic basis that underlies the transition of oral streptococci from commensals in the 

mouth to pathogens in infective endocarditis is currently unclear. To identify potential 

virulence factors of S. gordonii and S. sanguinis, I performed a comparative virulence gene 

profiling analysis using 27 S. sanguinis genomes and 15 S. gordonii genomes. 

I screened for putative virulence genes in all genomes by BLASTing all protein-coding 

genes against the VFDB with stringent criteria (section 3.9). In total, 150 non-redundant 

virulence genes were identified across all 42 Streptococcus genomes. Of the 150 genes, S. 

gordonii strains possessed 97 to 126 of the virulence genes, whereas S. sanguinis strains 

had 101-139 putative virulence genes (Appendix DD). In total, 79 of these genes were 

shared between both S. gordonii and S. sanguinis. These common virulence genes include a 

variety of loci involved in polysaccharide biosynthesis, including homologues of cps, rml 
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and rgp gene clusters. Interestingly, the core loci for polysaccharide production appear to 

fall into two distinct groups that are fairly evenly distributed across S. gordonii and S. 

sanguinis. This provides further evidence that these species are continually evolving and 

exchanging genetic material in order to adapt and thrive within the host. 

In S. pneumoniae, synthesis of capsular polysaccharides is dependent upon a large gene 

cluster that consists of four regulatory genes followed by serotype-specific cps genes 

(Mavroidi, Aanensen et al. 2007). This locus encodes the machinery to synthesize and 

export capsular polysaccharides from the cell (Bentley, Aanensen et al. 2006). Oral 

streptococci generally do not produce clear capsules in vitro, but most strains examined to 

date include homologous loci with four regulatory genes upstream of genes for 

polysaccharide biosynthesis and export. In many oral streptococci, including strains of S. 

gordonii and S. sanguinis, these genetic loci mediate production of receptor 

polysaccharides (RPS. sanguinis) that participate in cell-cell adhesion (coaggregation) with 

other oral bacteria (Yang, Yoshida et al. 2014). The structure and function of these RPS. 

sanguinis are determined by the precise combinations of transferases and polymerases 

present in a particular strain. For example, S. gordonii 38 and S. sanguinis SK45 contain 

similar rps gene clusters located downstream of the nrdG gene, but produce antigenically 

distinct RPS. sanguinis, probably due to the presence of glycosyl transferases encoded by 

wefB and wefC in S. gordonii38, compared with wefH in S. sanguinis SK45 (Yoshida, 

Ganguly et al. 2006, Yang, Yoshida et al. 2014). Polysaccharides produced by some strains 

of S. gordonii and S. sanguinis, including S. gordonii Challis and S. sanguinis SK36, are 

not involved in coaggregation (Yang, Yoshida et al. 2014). Disruption of the 

polysaccharide gene locus in S. gordonii Challis abrogated adhesion to collagen type I or II 
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indicates that the S. gordonii Challis polysaccharide may be more important for the 

recognition of host tissue rather than other bacteria (Giomarelli, Visai et al. 2006). 

Closer examination of genome sequences in the strains presented here identified rps gene 

clusters similar to those of S. gordonii 38 and S. sanguinis SK45 in several S. gordonii 

strains, but not in the S. sanguinis strains (Figure 4.6). Only S. gordonii MB666 contained 

wefB, whereas S. gordonii M99, SK12 and SK120 contained similar gene clusters without 

wefB. All other streptococci sequenced here contained the first four genes downstream of 

nrdG (wzg, wzh, wzd and wze) but lacked clear homologues of the S. gordonii 38 genes 

such as wchA, wchF, wefA, wefB, wefC, wefD, wzy, wzx, glf and wefE. Homologues of 

wchF were identified, but these were always at a separate locus from nrdG-wze. Analysis of 

the S. gordonii Challis genome region downstream of wze identified a number of other 

putative glycosyltransferases and polysaccharide production enzymes that have not yet 

been well characterized (Figure 4.6). 
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Figure 4.6: Illustration of rps/polysaccharide gene clusters of S. gordonii 38 and S. 

gordonii Challis in Streptococcus genomes. Color coding is as follows: nrdG gene 

upstream of the polysaccharide gene cluster (purple), regulatory genes (red), transferases 

(yellow), putative phosphorylcholine transferase licD3 (orange), polysaccharide 

polymerases (green), flippases (blue), nucleotide-linked sugar synthesis (magenta). 

The Mauve program was used to facilitate the visualization of the S. gordonii Challis-type 

polysaccharide gene cluster structure in both S. gordonii and S. sanguinis genomes. The 
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Mauve genome analysis tool separated the S. gordonii Challis polysaccharide biosynthesis 

locus intonine locally contiguous blocks (LCB’s) (S2 Figure). All of these were present in 

the same order in the S. gordonii strains PV40, FSS3, Blackburn, MW10, SK184, PK488 

and FSS2. S. gordonii FSS8 lacked a large central region containing 5 LCB’s. S. gordonii 

Channon displayed an absence of a smaller region of 2 LCB’s and S. gordonii M5 was 

missing a region of 2 LCB’s at the 3’ end of the locus. All S. sanguinis strains shared the 

core polysaccharide locus structure with S. gordonii Challis, with the exception that they 

lacked the 3’ LCB. Moreover, the S. gordonii 38-type rps loci in S. gordonii MB666, 

SK12, SK120 and M99 were clearly distinguishable from S. gordonii Challis (Figure 4.7). 
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Figure 4.7: The visualization of S. gordonii Challis-type polysaccharide gene cluster 

structure in S. gordonii and S. sanguinis using Mauve software. Seven strains of S. 

gordonii (PV40, FSS3, Blackburn, MW10, SK184, PK488 and FSS2) shared the same rps 

locus structure with S. gordonii Challis while all S. sanguinis strains have clearly different 

rps locus structure with S. gordonii Challis. 
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Genes encoding enzymes involved in the production of key substrates for polysaccharide 

biosynthesis are located at a number of loci that are distinct from the polysaccharide 

biosynthesis/export operons. For instance, dTDP-L-rhamnose, is synthesized by the 

products of the rml genes. Of these, rmlACB are located downstream of gufA, whilst rmlD 

is on a separate operon downstream of orf15(Yang, Yoshida et al. 2014). These rml genes 

appear to be conserved in S. gordonii and S. sanguinis strains, indicating that they play key 

functions in the metabolism of these species. The rml genes, together with rgp genes, may 

also be involved in the synthesis of other rhamnose glucose polymers (RGPs) that have 

been identified in a range of known streptococci (Yamashita, Tsukioka et al. 1998). In S. 

suis, RGPs have been reported to be  linked to several pathology-induced functions such as 

triggering sepsis, stimulating release of inflammatory cytokines and provoking nitric oxide 

production (Holden, Hauser et al. 2009). Further, the RGPs of oral streptococci have been 

shown to stimulate platelet aggregation, a process that is thought to be important in the 

pathogenesis of streptococcal infective endocarditis (Kerrigan and Cox 2012). and play 

significant roles in assisting bacteria to escape killing by human polymorphonuclear 

leukocytes (Tsuda, Yamashita et al. 2000). Overall, it is suggested that the synthesis of 

RGPs by S. sanguinis and S. gordonii may contribute to their pathogenesis in infective 

endocarditis, as well as modulating initial adhesion during the colonization of tooth 

surfaces and the formation of dental plaque. Univ
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Figure 4.8: A heat map shows the main differences of virulence genes harbored by S. 

sanguinis and S. gordonii. (A) shows the S. sanguinis-specific virulence genes(highlighted 

in purple box). (B) depicts the S. gordonii-specific virulence genes (highligted in orange 

box). 

Figure 4.8 shows the comparison ofthe virulence gene profiles between S. gordonii and S. 

sanguinis. Virulence-associated genes present uniquely in S. sanguinis include SSA1511, 

SSA1512, SSA1515 and SSA1516, which encode hypothetical membrane proteins and 

glycosyltransferases. Additionally, mf2 and mf3 (mitogenic factor 2 and 3), which were 

only detected in S. sanguinis, encode DNases which have been reported in other 

streptococci to reduce the viscosity of pus via their enzymatic activity, facilitating the 

colonization of bacteria across tissue surfaces during invasive streptococcal infections 

(Relman, Falkow et al. 2000).  
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My virulence gene analysis also identified the iga gene among the list of the unique genes 

of S. sanguinis. The iga gene encodes IgA protease, and previous studies have shown IgA 

protease activity in S. sanguinis but not in S. gordonii (Kilian, MIKKELSEN et al. 1989). 

The IgA protease has been shown to enhance adhesion of oral bacteria to saliva-coated 

hydroxyapatite (Reinholdt, Tomana et al. 1990). The proteolytic activity of IgA proteases 

decreases the efficiency of secretory antibodies (Reinholdt and Kilian 1987). However, Fab 

alpha fragments are generated to sustain the antigen-binding function on the bacterial cell 

surface, promoting S. sanguinis adherence to tissues in the oral cavity (Reinholdt and 

Kilian 1987). The IgA proteases have exquisite specificity for human IgA, and therefore the 

presence of IgA proteases in S. sanguinis suggests an independent evolution of the enzymes 

in proteolysis during colonization or infection of humans (Gilbert, Plaut et al. 1991).  

Strikingly, the S. gordonii-specific cyl gene cluster appears to be unique to S. gordonii and 

the β-haemolytic Group B streptococci (Rosa-Fraile, Dramsi et al. 2014). Together, 

cylA and cylB encode an ATP-binding cassette (ABC) transporter (Spellerberg, Pohl et al. 

1999) that plays important roles in antibiotic resistance as multidrug resistance (MDR) 

transporters in addition to its core function as an exporter of the Cyl cytolysin (Gottschalk, 

Bröker et al. 2006). I investigated the homologs of cylA and cylB genes and found three 

homologs for each gene in S. agalactiae, which are currently annotated as hypothetical 

proteins, cylA/cylB proteins and cylA/cylB permeases separately. I assessed the 

completeness of the S. agalactiae cyl genes against the S. gordonii cyl genes. There was 

remarkably high sequence coverage and sequence identity for cylA and cylB genes which 

were (100/78.64)% and (100/80.82)%, respectively. To further verify this finding, I also 

tested the sequence coverage of cyl genes in the complete whole-genome of S. sanguinis 

SK36 and the results showed that cyl genes are likely to be absent in S. sanguinis genomes. 
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Given the presence of these genes in all S. gordonii strains, this may provide the first 

evidence of CylA and CylB production by the α-haemolytic S. gordonii. The role of 

CylA/B in multidrug resistance in S. gordonii remains to be determined.  

4.8 Comparative Genomic Island (GI) analysis 

Oral streptococci encounter significant fluctuations in environmental conditions such as 

surrounding pH, oxygen tension or osmolarity when growing in dental plaque. The 

transition to the bloodstream environment involves an even greater shift in the conditions of 

the external environment. It is postulated that the adaptation and evolution of streptococci 

to cope with different environments within the human body may have been mediated 

through the acquisition of gene clusters or GIs by horizontal gene transfer. Typically, GIs in 

bacteria harbor genes encoding important traits such as antibiotic resistance, symbiosis and 

fitness (Dobrindt, Hochhut et al. 2004). Therefore, horizontally transferred GIs in the 

genomes of S. gordonii and S. sanguinis were predicted using the IslandViewer software 

tool (Langille and Brinkman 2009). 

In total, 13 putative GIs were identified: two conserved GIs shared by all S. gordonii and S. 

sanguinis strains, 6 S. gordonii-specific GIs and five S. sanguinis-specific GIs (Table 4.3 

and Table 4.4). For example, GI_55 was found to be conserved in S. gordonii and S. 

sanguinis and is composed of a series of putative V-type ATP synthase subunits (C, E, F,G, 

I and K) and a GCN5-related N-acetyltransferase (GNAT) family acetyltransferase. V-type 

ATP synthases are exclusively found in low GC, gram-positive bacteria and utilize the free 

energy released from phosphoenol pyruvate (PEP) or ATP hydrolysis to pump solutes 

across the membrane against concentration gradients (Samuels 2010). A recent report has 

suggested V-type ATPases in S. pyogenes are regulated by a group of small RNAs. Most 
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V-type ATPases pump hydrogen ions from the cytosol, ensuring the survival of 

Streptococcus species by overcoming acid stress during growth or infection. It is possible 

that these systems help S. sanguinis and S. gordonii to survive cycles of acidification within 

dental plaque. Alternatively, these systems may pump Na+ ions rather than H+ since it has 

been shown that the Enterococcus hirae V-type ATPase pumps Na+ ions, and promotes 

survival in high pH (Soontharapirakkul and Incharoensakdi 2010). However, the actual 

function of this system is still unclear and further work is required to determine the 

substrate specificity and physiological roles of streptococcal V type ATPases. On the other 

hand, GNAT acetyltransferase is believed to convey aminoglycoside antibiotic resistance 

for S. sanguinis and S. gordonii (Vetting, de Carvalho et al. 2005) which has also been 

reported in other oral streptococci (Richards, Palmer et al. 2014). Overall, it is likely that 

the acquisition of the 5,516 bp GI_55 by S. gordonii and S. sanguinis through lateral gene 

transfer may have enhanced their ability to survive in low-pH environments such as 

cariogenic dental plaque.  

Another conserved GI, GI_16, consists of: iojap (Iowa-japonica) protein, a 

methyltransferase, a hydrolase from the Haloacid Dehalogenase (HAD) superfamily, yqeK 

gene and nicotinate-nucleotide adenylyltransferase (NAD). In bacteria, the ybeB gene is the 

ortholog of iojap protein which usually forms a conserved operon with the ybeA gene 

encoding a predicted methyltransferase. This ybe operon gene is often found adjacent to 

the nadD gene encoding nicotinate-nucleotide adenylyltransferase in nicotinamide-adenine 

dinucleotide (NAD) biosynthesis (Bernhardt and De Boer 2004). Additionally, this ybe 

operon has been reported to have an overlapping coding region with the yqeK gene, 

encoding a metal-dependent phosphatase (Branda, González-Pastor et al. 2004). Together, 

nadD and ybeB appear to form a two-domain fusion protein (Bernhardt and De Boer 2004).  
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Hence, I deduced the methyltransferase found in GI_16 is a likely a homologue of the ybeA 

gene which shares an operon with ybeB gene. However, the significance of the association 

between yqeK and nadD as well as the structural terminology of nadD-YbeB complex 

remains unknown.
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Table 4.4: Summary of predicted GIs in the genomes of S. gordonii and S. sanguinis. Two conserved GIs were shared by S. 

sanguinis and S. gordonii (coloured in blue), six S. gordonii-specific GIs (coloured in green) and five S. sanguinis-specific GIs 

(coloured in orange). 

  S. gordonii S. sanguinis 
Genomic 

Island 

Size 

(bp) PV40 Blackburn Channon FSS2 FSS3 FSS8 M5 M99 MB666 MW10 PK488 SK12 SK120 SK184 

NCTC 

7863 MB451 PJM8 FSS4 FSS9 

GI_5 5253                                       

GI_14 10312                                       

GI_16 5085                                       

GI_31 5557                                       

GI_43 7035                                       

GI_45 5556                                       

GI_47 7627                                       

GI_51 7355                                       

GI_53 4194                                       

GI_55 5516                                       

GI_58 7364                                       

GI_67 4094                                       

GI_75 4183                                       
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Table 4.5: The details of the putative GI including the size of the GI, the number of 

CDS, GC contents and key genes incorporated in each GI.  

 

 

GI Size 

(bp) 

Number

of CDS. 

sanguini

s 

GC 

content 

Key Genes 

GI_5 5253 5 33.70% DNA recombination and repair protein RecF; FIG001621: Zinc 

protease; FIG009210: peptidase, M16 family and Transcriptional 

regulator in cluster with unspecified monosaccharide ABC transport 

system 

GI_14 10312 6 20.50% hypothetical proteins 

GI_16 5085 6 38.90% FIG007079: UPF0348 protein family; FIG145533: 

Methyltransferase (EC 2.1.1.-); Iojap protein;Hydrolase (HAD 

superfamily), YqeK and Nicotinate-nucleotide adenylyltransferase 

(EC 2.7.7.18)  

GI_31 5557 6 33.60% Permease of the drug/metabolite transporter (DMT) superfamily; 

TetR/AcrR family transcriptional regulator 

GI_43 7035 10 42.20% Integrase; ž Chromosome segregation helicase and MutT/nudix 

family protein; 7,8-dihydro-8-oxoguanine-triphosphatase 

GI_45 5556 8 33.60% Chromosome (plasmid) partitioning protein ParB / Stage 0 

sporulation protein J; Serine protease, DegP/HtrA, do-like (EC 

3.4.21.-);  LSU m3Psi1915 methyltransferase RlmH and 

Competence pheromone precursor 

GI_47 7627 12 43.20% Integrase; Chromosome segregation helicase; MutT/nudix family 

protein; 7,8-dihydro-8-oxoguanine-triphosphatase; 

acetyltransferase,GNAT family;Ribosomal protein L11 

methyltransferase (EC 2.1.1.-); Ribosomal RNA small subunit 

methyltransferase E (EC 2.1.1.-), and Mobile element protein (2 

units)  

GI_51 7355 9 31.90% Chromosome (plasmid) partitioning protein ParB / Stage 0 

sporulation protein J; Serine protease, DegP/HtrA, do-like (EC 

3.4.21.-);LSU m3Psi1915 methyltransferase RlmH; Competence 

pheromone precursor; Histidine kinase of the competence regulon 

ComD; Response regulator of the competence regulon ComE; GTP-

binding and nucleic acid-binding protein YchF; Peptidyl-tRNA 

hydrolase (EC 3.1.1.29) and Transcription-repair coupling factor 

GI_53 4194 5 44.40% CAAX amino terminal protease family family and Transcriptional 

regulator, TetR family 

GI_55 5516 7 48.40% V-type ATP synthase subunit C, E, F,G, I and K (EC 3.6.3.14) and 

Acetyltransferase, GNAT family  

GI_58 7364 8 32.10% Chromosome (plasmid) partitioning protein ParB / Stage 0 

sporulation protein J; Serine protease, DegP/HtrA, do-like (EC 

3.4.21.-); LSU m3Psi1915 methyltransferase RlmH; Competence 

pheromone precursor; Histidine kinase of the competence regulon 

ComD; Response regulator of the competence regulon ComE;  

GTP-binding and nucleic acid-binding protein YchF and Peptidyl-

tRNA hydrolase (EC 3.1.1.29) 

GI_67 4094 5 41.90% Topoisomerase IV subunit B (EC 5.99.1.-) and lipoprotein, putative 

GI_75 4183 5 44.60% CAAX amino protease and Transcriptional regulator, TetR family 
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Out of the six S. gordonii-specific GIs detected, GI_67 is comprised of genes camG, 

encoding a putative lipoprotein, and parE, encoding topoisomerase IV subunit B. In S. 

pneumoniae, fluoroquinolone resistance is often associated with mutations in genes 

encoding subunits of topoisomerase IV, including parE (Varon and Gutmann 2000). The 

camG gene encodes a lipoprotein, with a leader sequence that includes a 7-amino acid 

peptide pheromone known as gordonii-cAM373 heptapeptide SVFILAA (Vickerman, 

Flannagan et al. 2010). This pheromone is required for transfer of plasmid DNA 

from Enterococcus faecalis into S. gordonii and has been associated with multiple 

antibiotic resistance (Vickerman, Flannagan et al. 2010). I hypothesize that genes on GI_67 

influences antibiotic resistance in S. gordonii and facilitate the exchange of resistance genes 

between oral bacteria within dental plaque.  

Interestingly, the putative S. gordonii-specific GI_45, GI_51 and GI_58 which vary in size 

from 5,556 to 7,364 bp share a large group of paralogous genes. The com gene cluster, 

comCDE, is located in all three putative GIs. These genes encode a peptide pheromone 

(comC) and a sensing system (comDE) that are involved in quorum sensing, transformation 

and biofilm formation (Cheng, Campbell et al. 1997, Jack, Daniels et al. 2015). Inactivation 

of comD and comE leads to abnormal biofilm formation which eventually decreased plaque 

biomass (Li, Tang et al. 2002, Jack, Daniels et al. 2015). Hence, the competence regulation 

operon found in GI_45, GI_51 and GI_58 of S. gordonii activates streptococcal cell-cell 

peptide signaling systems of S. gordonii via exogenous DNA incorporation, enabling acid 

tolerance of S. gordonii in oral biofilm formation (Matsui and Cvitkovitch 2010) Apart 

from its role in oral biofilm formation, comCDE has also been implicated in increasing 
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genome plasticity via uptake of new genes (Claverys, Prudhomme et al. 2000), DNA repair 

(Prudhomme, Attaiech et al. 2006), as well as providing nutrition of carbon, nitrogen, 

phosphorus, and energy source for S. gordonii (Finkel and Kolter 2001). It is likely that the 

presence of multiple comCDE systems may enhance the capacity of S. gordonii to uptake 

genetic material, and increase its rate of evolution. Within GI_45, GI_51 and GI_58, I 

identified another streptococcal plasmid acquired gene, parB, which is associated with 

important biological processes of DNA replication, cell division and cell growth (Varon 

and Gutmann 2000). In other bacteria such as Vibrio cholerae and E. coli, parB is part of an 

operon along with the parA gene that together have been implicated in drug resistance, 

stress response, and pathogenesis (Baek, Rajagopala et al. 2014). It is unclear whether parB 

is important in S. gordonii since parA is absent.  

Another important gene, present within the GI_45, GI_51 and GI_58,  is the degP/htrA 

gene,  which encodes a protein responsible for folding, maturation and degradation of 

secreted proteins (Kim and Kim 2005). Recently, the htrA gene has been shown to play a 

key role in the repair of reactive oxygen species (ROS)-damaged DNA and protein 

(Henningham, Döhrmann et al. 2015). The accumulation of misfolded proteins causes the 

susceptibility of bacteria to high temperatures and reactive oxygen intermediates stresses. 

In S. pyogenes, degP gene knockout is impaired in virulence in a mouse model of 

streptococcal infection (Jones, Tove'C et al. 2001). Therefore, the presence of degP/htrA 

may enable S. gordonii to overcome thermal, oxidative and osmotic stresses, thus indirectly 

enhancing its virulence in infections.  

I identified five putative S. sanguinis-specific GIs known as GI_31, GI_43, GI_47, GI_53, 

and GI_75. Of these GIs, the GI_31 carries a permease of the drug/metabolite transporter 
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(DMT) superfamily and a TetR/AcrR family transcriptional regulator (TFR), and thus is 

potentially an antibiotic resistance island. The DMT Superfamily which consists of 35 

distinctive subfamilies is associated with multi-drug and various antibiotic resistances 

(Västermark, Almén et al. 2011).   In addition, the TFRs have been reported to be 

overarching regulators involved in numerous processes including biosynthesis or 

degradation of fatty acids (Feng and Cronan 2011), antibiotic biosynthesis or activation 

(Uguru, Stephens et al. 2005), biofilm formation (Croxatto, Chalker et al. 2002), toxin 

production (MacEachran, Stanton et al. 2008), and cell-cell signaling (Pompeani, Irgon et 

al. 2008). Therefore, GI-31 may enhance antibiotic resistance in S. sanguinis and 

potentially may be a source of antibiotic resistance genes that can be transferred to other 

oral bacteria.  

An intrinsic putative GI_47, which houses different functional gene components, within six 

S. sanguinis genomes was also identified. This GI includes a GNAT acetyltransferase that 

may convey aminoglycoside resistance. In addition, a ribosomal RNA small subunit 

methyltransferase E (rsmE) is also found in GI_47. This gene encodes an enzyme that 

methylates DNA, RNA, proteins or small molecules such as catechol and is also associated 

with antibiotic resistance (Vester and Long 2000, Morić, Savić et al. 2010). In addition, 

GI_47 includes the “housecleaning” gene mutt encoding a nudix family protein that 

catalyzes pyrophosphohydrolase activity directed at the removal of mutagens arising from 

inappropriate methylation by rsmE as well as reactive oxygen species generated by 

endogenous metabolites (Bessman, Frick et al. 1996). Two mobile elements and an 

integrase found within this putative GI_47 provide evidence that this region might have 

been horizontally transferred to S. sanguinis.  
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In addition, two putative S. sanguinis-specific GIs, GI_53 and GI_75, were found to 

include genes encoding CAAX amino protease family members and TetR family 

transcriptional regulators (TFR). Two genes, bfrH1 and bfrH2 encode CAAX family 

proteins. In S. sanguinis, these two genes are regulated by the BfrABss two-component 

system which controls the expression of two bfrCD-homologous operons (bfrCDss and 

bfrXYss), a bfrH-homologous gene (bfrH1ss) and another CAAX amino-terminal protease 

family protein gene (bfrH2ss). Homologues of this BfrABss system are required for biofilm 

formation by oral streptococci (Zhang, Whiteley et al. 2009). According to a recent report 

from Jimin and colleagues (Pei, Mitchell et al. 2011), S. sanguinis has the highest known 

level of CAAX amino protease compared to other member species in  CPBP (CAAX 

proteases and bacteriocin-processing enzymes) family such as S. pneumoniae and S. 

pyogenes. It is likely that these CAAX effector proteases are important for the biological 

function of S. sanguinis, perhaps by contributing to establishment and survival within 

dental plaque.  
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CHAPTER 5: RESULTS – DEVELOPMENT OF STREPTOBASE 

Several studies have reported that the oral streptococci are among the most common 

causative agents of bacterial IE and are also important agents in septicaemia in neutropenic 

patients. The Mitis group of oral streptococci is comprised of 13 species including some of 

the most common human oral colonizers such as S. mitis, S. oralis, S. sanguinis and S. 

gordonii as well as species such as S. tigurinus, S. oligofermentans and S. australis that 

have only recently been classified and are poorly understood at present. The availability of 

more Mitis group oral streptocci genomes sequences would enable researchers to gain a 

better understanding of these Streptococcus bacteria at the genomic level. Therefore, I have 

developed a specialized online biological database called StreptoBase in order to facilitate 

the ongoing research of Mitis group oral streptococci. All the comprehensive set of Mitis 

group oral Streptococcus genome sequences, annotations and results generated were 

collected and stored in StreptoBase. Users are able to browse, search and download the 

Mitis group oral Streptococcus genome annotations, gene sequences information and 

genome data as well as to perform comparative genomics analysis across different species 

of Mitis group oral Streptococcus strains. In short, StreptoBase offers access to a range of 

streptococci genomic resources and in-house designed analysis tools particularly for 

comparative genome analysis and will be an invaluable platform to accelerate research on 

Mitis group oral streptococci. 

5.1 Datasets of StreptoBase 

Seventy-seven genome sequences of Mitis group streptococci were downloaded from the 

public NCBI database. In addition, I have included 27 novel strains/genomes of Mitis group 

oral streptococci in the database. All 27 strains were clinical isolates from individuals with 
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dental plaque or infective endocarditis from different geographical locations (Table 5.1). Of 

these strains, 14 strains were isolated in the United Kingdom, 10 in United States, 2 in 

Australia and 1 in Denmark (Table 5.1). S. sanguinis NCTC 7863 is also known as ATCC 

10556 while S. gordonii Blackburn and Channon are designated NCTC 10231 and NCTC 

7869, respectively. Additionally, a number of these Mitis group strains including 

JPIIBBV4, JPIIBV3, JPIBVI, LRIIBV4, DGIIBVI and DOBICBV2 have been previously 

described (McAnally and Levine 1993). The isolation of strain M99 was described in a 

study of mechanisms of platelet aggregation by oral streptococci (Sullam, Valone et al. 

1987). The other two oral isolates, SK120 and SK184 have also been described by Mogens 

Kilian and his fellow researchers in their taxonomic study of ‘Viridans’ Streptococci 

conducted in 1989 (Kilian, MIKKELSEN et al. 1989). 

 

Briefly, the 27 Mitis group Streptococcus genomes were sequenced using Next-Generation 

Sequencing Illumina HiSeq2000 platform (Table 5.2). Data pre-processing was performed 

by a trimming approach (Phred score Q20) and assembled using CLC Genomic Workbench 

V6.5 (CLC BIO Inc., Aarhus, Denmark). In general, these assemblies showed high N50 

values and low contig numbers, indicating high quality genome assemblies. The assembled 

Mitis group genomes harbor an average GC content of 35% to 45% and with an average 

genome size of approximately 2MB (Table 5.3). Using the RAST pipeline, I predicted 

213,268 Coding Sequences (CDS. sanguinis), 5,140 RNAs and 4,542 tRNAs in all 104 

genomes in the Mitis group genomes. 
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Table 5.1: The isolation details of 27 Streptococcus strains including the isolation source, geographical area and strain 

author. 

    Strain Name Identified Species 
Isolation 

source 

Count

ry 
Strain Author References 

PV40 S. gordonii 
Infective 

endocarditis 
UK 

P.M. Vesey, S.D. Hogg and 

R.R.B. Russell, Newcastle 

University 

  

NCTC 7863 S. sanguinis 
Infective 

endocarditis 
USA White and Niven 1946 

Streptococcus sanguinis (ATCC® 10556™

) 

Blackburn S. gordonii 
Human 

isolate 
UK 

R. Hare, P.H.L.S. Colindale, 

London 

Describe in Nobbs, A. H., et al (2007). 

Journal of bacteriology, 189(8), 3106-3114. 

BVME8 S. parasanguinis 
Human oral 

cavity 
UK 

J. Manning, S.D. Hogg, 

Newcastle University 
  

Channon S. gordonii Not recorded UK 
R. Hare, Queen Charlotte’s 

Hospital, London 

Described in Millsap, K. W. et al (1999). 

FEMS Immunology & Medical 

Microbiology, 26(1), 69-74. 

DGIIBVI S. tigurinus 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-74 

DOBICBV2 S. oligofermentans 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-74 

FSS2 S. gordonii 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

FSS3 S. gordonii 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

FSS4 S. sanguinis 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

FSS8 S. gordonii 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

FSS9 S. sanguinis 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

JPIIBBV4 S. oligofermentans 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-74 

JPIIBV3 S. oralis 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-75 

JPIBVI S. tigurinus 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-76 

         LRIIBV4 S. oligofermentans 
Dental 

plaque 
USA 

M. Levine, Oklahoma 

University 

Described in McAnally & Levine (1993) 

Oral Microbiol Immunol 8: 69-77 
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M5 S. gordonii 
Dental 

plaque 
USA 

Rosan, B., University of 

Pennsylvania 

Described in Rosan B (1973) Infect Immun 

7 (2):205 

M99 S. gordonii 
Infective 

endocarditis 
USA P.M. Sullam, UCSF 

Isolation described in Sullam, P.M., 

Valone, F.H., and Mills, J. (1987) Infect 

Immun 55: 1743–1750. 

MB451 S. sanguinis 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

MB666 S. gordonii 
Infective 

endocarditis 
UK 

S.D. Hogg, Newcastle 

University 
  

MW10 S. gordonii Not recorded 
Austra

lia 

J. Manning, Sydney Dental 

School 
  

PJM8 S. sanguinis 
Human oral 

cavity 
UK 

J. Manning, S.D. Hogg, 

Newcastle University 
  

PK488 S. gordonii 
Subgingival 

dental plaque 
USA 

P. E. Kolenbrander, National 

Institutes of Health, MD 
  

POW10 S.  parasanguinis Not recorded 
Austra

lia 

J. Manning, Sydney Dental 

School 
  

SK12 S. gordonii 
Human oral 

cavity 

Denm

ark 
M. Kilian, Aarhus, Denmark   

SK120 S. gordonii 
Human oral 

cavity 
UK 

P. H. A. Sneath (provided by 

M. Kilian) 

Described in Kilian et al (1989) 

INTERNATIONAL JOURNAL OF 

SYSTEMATIC BACTERIOLOGY, 39: 

471-484. 

SK184 S. gordonii 
Dental 

plaque 
UK 

P. Handley (provided by M. 

Kilian) 

Described in Kilian et al (1989) 

INTERNATIONAL JOURNAL OF 

SYSTEMATIC BACTERIOLOGY, 39: 

471-484. 
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Table 5.2: The genome sequencing statistics of 27 oral streptococci strains using Next 

Generation Sequencing Illumina Hiseq 2000 platform. 

STRAIN 

NAME 

YIELD 

(MBASES) 

NUMBER 

OF PAIRED-

END READS 

MEAN QUALITY 

SCORE (PF) 

PV40 826 8264126 36.24 

NCTC 7863 822 8222024 35.69 

BLACKBURN 1180 11797640 36.55 

BVME8 721 7213268 36.64 

CHANNON 695 6949680 36.49 

DGIIBVI 1159 11591112 36.76 

DOBICBV2 1037 10370504 36.56 

FSS2 882 8823944 36.67 

FSS3 944 9442900 37.11 

FSS4 1294 12943882 36.6 

FSS8 1010 10102148 36.69 

FSS9 988 9877224 36.61 

JPIIBBV4 1328 13283576 36.55 

JPIIBV3 746 7462264 36.75 

JPIBVI 1017 10165948 36.7 

LRIIBV4 1273 12727786 36.65 

M5 678 6784012 36.43 

M99 666 6657462 36.19 

MB451 1127 11271462 36.59 

MB666 1095 10949508 36.81 

MW10 1069 10693318 36.94 

PJM8 1054 10543052 36.63 

PK488 624 6240768 36.14 

POW10 1074 10738992 36.58 

SK12 878 8782388 36.81 

SK120 732 7324194 36.96 

SK184 680 6795252 36.36 
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Table 5.3: The genome identity of the 27 isolated Streptococcus strains with the 

summary assembly statistics. 

Strain  

Name 

K-

mer 

Contig 

no. 

N50 

(bp) 

Genome 

Size 

(bp) 

Identified 

Species 

Genome 

coverage 

(%) 

Genome 

Identity 

(%) 

NCBI Accession 

numbers 

PV 40 32 43 233745 2191051 S. gordonii 95 98 SAMN03480623 

NCTC 7863 24 110 45631 3078022 S. sanguinis 84 95 SAMN03480625 

Blackburn 24 50 158790 2164532 S. gordonii 90 96 SAMN03480626 

BVME8 17 109 53977 2122687 
S. 

parasanguinis 
86 97 SAMN03480630 

Channon 28 33 174000 2233600 S. gordonii 89 96 SAMN03480628 

DGIIBVI 26 44 229281 1885841 S. tigurinus 79 94 SAMN03480631 

DOBICBV2 21 99 45179 1979216 
S. 

oligofermentans 
77 94 SAMN03480632 

FSS2 28 19 575926 2185874 S. gordonii 92 98 SAMN03481559 

FSS3 21 398 172943 2312061 S. gordonii 92 96 SAMN03481560 

FSS4 28 63 389092 2312671 S. sanguinis 85 95 SAMN03480635 

FSS8 25 41 286373 2151860 S. gordonii 90 95 SAMN03480641 

FSS9 25 20 356680 2429261 S. sanguinis 97 95 SAMN03480643 

JPIIBBV4 30 95 48467 1991853 
S. 

oligofermentans 
78 94 SAMN03480680 

JPIIBV3 31 75 209178 1990145 S. oralis 79 94 SAMN03480681 

JPIBVI 28 37 940267 1792994 S. tigurinus 87 96 SAMN03480682 

LRIIBV4 24 373 44211 2097683 
S. 

oligofermentans 
76 94 SAMN03481561 

M5 28 67 145888 2157832 S. gordonii 88 95  SAMN03480683 

M99 29 45 134448 2167061 S. gordonii 89 95 SAMN03480687 

MB451 26 27 382788 2452806 S. sanguinis 94 96 SAMN03480686 

MB666 25 20 313888 2308142 S. gordonii 90 96 SAMN03480688 

MW10 28 27 247835 2186113 S. gordonii 92 98 SAMN03480689  

PJM8 25 163 396031 2368281 S. sanguinis 92 95 SAMN03480699 

PK488 38 46 183297 2262708 S. gordonii 91 96 SAMN03480700 

POW10 14 117 30074 2042518 
S.  

parasanguinis 
77 96 SAMN03480701 

SK12 25 28 235294 2164760 S. gordonii 89 95 SAMN03480703  

SK120 36 27 200167 2145851 S. gordonii 90 96 SAMN03480740 

SK184 26 53 210865 2255121 S. gordonii 92 97 SAMN03480741 

 

StreptoBase currently comprises a total of 104 Mitis group oral Streptococcus genomes 

from 11 known species: S. australis, S. cristatus, S. gordonii, S. infantis, S. mitis, S. 

oligofermentans, S. oralis, S. parasanguinis, S. peroris, S. sanguinis, and S. tigurinus 

(Table 5.4). 
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Table 5.4: The species table summarizes the total number of draft and complete 

genomes of each Streptococcus Mitis group species accordingly. 

Species Draft Genomes Complete Genome 

S. australis 1 0 

S. cristatus 1 0 

S. gordonii 14 1 

S. infantis 6 0 

S. mitis 21 1 

S. oligofermentans 3 1 

S. oralis 10 1 

S. parasanguinis 8 2 

S. peroris 1 0 

S. sanguinis 26 1 

S. tigurinus 6 0 

 

5.2 Database Structure and Composition  

StreptoBase was designed to provide a wide range of useful information and functionalities 

(Figure 5.1).  
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Figure 5.1: StreptoBase structure and composition. (A) Flowchart of functional 

annotation of Streptococcus genomes. (B) Diagram of the StreptoBase web server. (C) Web 

interface of the StreptoBase sitemap. 

 

For instance, StreptoBase provides users with some background information about Mitis 

group Streptococcus species. Within the homepage of StreptoBase, there is a summary box 

which comprises the genome information stored in the database, such as number of species, 
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strains, number of CDS, number of RNAs and number of tRNAs (Table 5.5), which are 

useful before users proceed to further genome details and downstream analyses. 

Table 5.5: StreptoBase summary statistics. 

Database Summary Counts 

Number of Species: 11 

Number of Strains/Genomes: 104 

Number of CDS:  213,268 

Number of RNAs:  5,140 

Number of tRNAs:  4,542 

 

Furthermore, I have compiled and gathered information from various sources on 

Streptococcus Mitis group species, for example, news and conferences, blogs and 

information and recently published papers, which are available in the StreptoBase 

homepage. By clicking on “Browse” menu, users will see the list of 11 Streptococcus Mitis 

group species along with their respective number of draft and complete genomes, while 

each “View Strains” button, enabling users to visualize all available Streptococcus genomes 

of any particular species, respectively. Under the “Browse Strains” page, a summarized 

genome description which encompasses genome size (Mbp), GC content (%) and a list of 

contigs, genes and rRNAs of that particular species strain are tabulated and displayed. The 

“Details” button allows users to access further detailed and additional data of that particular 

strain such as a complete list of ORFs in the genome, their corresponding functions, start 

and stop chromosomal positions of each ORF/gene in the “Browse ORF” page. To display 

all information about an ORF or gene, users can click on the “Details” button associated 
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with the ORF. This will open the “ORF Detail” page, displaying information such as  their 

gene type, start and stop positions, nucleotide length, amino acid sequences, functional 

classification, SEED subsystem (if available), direction of transcription (strand), subcellular 

localization, hydrophobicity (pH) as well as molecular weight (Da) will be displayed. The 

demonstration of the workflow while browsing on StreptoBase is shown as following 

(Figure 5.2): 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



79 

 

 

 

 

 

 

 

 

 

5.2.1 Streptococcus Genome Browser (SGB)  

StreptoBase is equipped with a real-time and interactive Streptococcus Genome Browser 

(SGB) (Figure 5.3), which was customised from a well-established genome browser, 

Figure 5.2: A flowchart shows the sequential processed web interfaces while browsing 

on StreptoBase. 
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JBrowse (Skinner, Uzilov et al. 2009), a fast and modern JavaScript-based genome browser 

which performs navigation on genome annotations and visualization of the location of 

genes and flanking genomic regions/genes of a selected Streptococcus strain. This 

interactive SGB enables users to browse genes or genomic regions with graphic-wise 

motion smoothly and rapidly. SGB overcomes the discontinuous transitions and provides 

efficient panning and zooming of a specific genomic region in each Streptococcus genome. 

Furthermore, users can remotely turn on or off the DNA, RNA, and CDS tracks during the 

navigation process, providing flexibility in customizing what to view in the SGB viewer. I 

have also implemented a “Search” feature in the genome browser page, allowing users to 

quickly search a gene by keyword or ORF ID which is not provided by JBrowse.  

 

Figure 5.3: A screenshot for visualising a genomic region of S. sanguinis NCTC 7863 

in the SGB browser. 
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5.2.2 Real-time keyword search engine  

Considering the fact that StreptoBase would host an extensive number of genes and their 

annotation and this information will increase periodically, the ability to rapidly search a 

gene in the database is crucial. To address this issue, I implemented a real-time search 

engine in StreptoBase using Asynchronous JavaScript and XML (AJAX) technology. This 

real-time search engine was designed to support asynchronous communications between 

web interface and MySQL database, avoiding the need to refresh the web page and 

allowing the visualization of search results seamlessly.  The real-time search engine 

retrieves a list of suggested functional classifications of genes that are related to the entered 

keyword once a keyword is typed.  

5.3 Database Features and Incorporated Bioinformatics Tools 

The Mitis group streptococci are important colonizers of the oral cavity, and are 

occasionally associated with serious infections (Bancescu, Dumitriu et al. 2004). In 

addition, these organisms have recently been suggested to play important roles in the 

pathogenesis of influenza (Kamio, Imai et al. 2015). Therefore, the genomic study of 

diverse Mitis group streptococci is essential in order to understand how these 

microorganisms transit from a commensal lifestyle in the mouth to subsequent 

pathogenesis.  However, there is no existing specialized genome database available for the 

wide array of Mitis group streptococcal genomes for comparative genomics. While most 

biological genome databases only focus on the genome content and genetic variation, I 

have identified a need to create functional bioinformatics tools to investigate virulence 

determinants within genomes through comparative pathogenomics, as well as to compare 

the genome content and genetic variation within the Mitis group streptococci. 
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5.3.1 Pairwise Genome Comparison (PGC) tool 

I designed and customised a web-based PGC tool for Mitis group streptococci, enabling 

users to select and perform pairwise comparisons between two user-selected Streptococcus 

genomes. A list of Streptococcus genomes is available on PGC tool of StreptoBase, 

allowing users to choose two Streptococcus genomes for cross strain or cross species 

comparison. Alternatively, users can upload their own genome sequences, either 

nucleotides or protein, and compare with the Streptococcus genomes in StreptoBase. 

Briefly, the PGC pipeline is supported by NUCmer (Delcher, Phillippy et al. 2002) that is 

designed to align whole-genome sequences, and Circos (Krzywinski, Schein et al. 2009) 

that is a well-established tool for genome visualisation. Once users submit their jobs to the 

server, PGC will call NUCmer program to align user-selected genomes and in-house scripts 

will be used to process the genome alignment output and generate input files parsed to 

Circos in order to generate a circular ideogram layout of alignments.  Unlike the 

conventional linear display of alignments, the circular layout shows the relationship 

between pairs of positions with karyotypes and links encoding the position, size and 

orientation of the related genomic elements.  

Three user-defined parameters are provided in the PGC web interface including minimum 

percent identity (%), merge threshold (bp) and link threshold (bp). The minimum percent 

identity cut-off defines a homologous region (represented by links/ribbons in the Circos 

plot) between the two compared genomes. The merge threshold allows merging of two 

links/ribbons which have distance within the user-defined threshold, and the link threshold 

allows users to eliminate any mapped/homologous regions that have genomic size less than 

the user-defined cut-off. A histogram track is added in the outer ring of the circular plot to 
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indicate the percentage of mapped regions, allowing users to quickly identify potential 

indels (indicated by white gaps) and mapping regions (indicated by green charts) between 

the two aligned genomes. The implementation of the PGC pipeline is governed using Perl 

scripts. This pipeline produces two types of outputs: NUCmer alignment results and the 

high quality Circos plot (SVG format). Users can freely download these results for 

publication or further analyses in the PGC result page.  

To demonstrate the utility of PGC, I compared Streptococcus mitis B6 (complete genome) 

and 17/34 (draft genome) as a case study in Figure 5.4. The parameters were set as 80% of 

minimum percent, default value of 1000bp link threshold and 2000bp merge threshold. S. 

mitis B6 was isolated in Germany, whereas S. mitis 17/34 was isolated from the urethra of a 

Russian patient with urethritis. Based on the generated PGC plot, both S. mitis genomes 

generally shared high similarity as most of their genomic regions could be aligned (Figure 

5.4). One of the features of PGC plot is its ability to quickly identify putative indels via 

visualization of the gaps in the plot chart which is supported by information displayed in 

the histogram track.  For instance, two of the gap occurrences (Figure 5.4) indicate the 

absence of genomic regions in the S. mitis 17/34 genome.  The external circular bar of the 

plot shows the genome size measurements which are approximately 2MB for both S. mitis 

genomes. Based on the gap observed in Figure 5.4 (indel ‘A’), the gene loss is likely to 

occur close to position 400,000bp. Univ
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Figure 5.4: Pairwise genome comparison between S. mitis B6 and S. mitis 17/34 using 

PGC tool incorporated in StreptoBase. 50% sequence identity and 50% sequence 

coverage were used to compare the genomes of the two bacterial strains. A and B highlight 

the putative indels found in the genome comparison between S. mitis B6 and S. mitis 17/34. 

 

Next, I examined the genes located at indel ‘A’ in S. mitis B6 (Figure 5.4) by visualising 

this region using SGB. I identified many phage-related genes associated with this region. 

To further examine this region, I utilized PHAST (PHAge Search Tool) to annotate and 

identify prophages sequences found within the genome of S. mitis B6 (You Zhou et al., 

2011). A 56Kb intact prophage with 82 CDSs and GC content of 39.9% was detected from 

390,924bp to 446,969bp. Since S. mitis B6 is a complete genome, I can therefore imply the 

base pair position directly into the B6 annotation file. According to PHAST results, this 
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intact prophage of S. mitis B6 comprised phage-associated genes including phage integrase 

protein, phage CI-like repressor, phage binding protein, phage portal protein, SPP1 family 

phage head morphogenesis protein and phage capsid proteins. Therefore, I suggest that S. 

mitis B6 might have recently acquired this intact prophage. The graphical display of the 

intact prophage with different types of phage-related genes is shown in Figure 5.5.  

 

Figure 5.5: A putative intact prophage detected in the genome of S. mitis B6. This 

prophage has 85 putative genes. 

Based on the indel ‘B’ detected on the PGC plot in Figure 5.4, I have revealed a 24Kb 

incomplete prophage with GC content of 39.17% located at position 1356040bp to 

1380128bp. Interestingly, this region contains a complete atp operon regulated by the CcpA 

protein within this incomplete prophage of S. mitis B6 genome.  The genes of the atp 
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operon are shown in Table 5.6. These genes encoding ATP synthases are commonly 

possessed by oral streptococci for adaptation to the acidic host environment by creating a 

more alkaline internal system. 

Table 5.6: The ATP synthases within the atp operon of S. mitis B6. 

Locus Tag Gene Name Functional annotation 

smi_1315 atpE ATP synthase C chain (EC 3.6.3.14) 

smi_1314 atpB ATP synthase A chain (EC 3.6.3.14) 

smi_1313 atpF ATP synthase B chain (EC 3.6.3.14) 

smi_1312 atpH ATP synthase delta chain (EC 3.6.3.14) 

smi_1311 atpA ATP synthase alpha chain (EC 3.6.3.14) 

smi_1310 atpG ATP synthase gamma chain (EC 3.6.3.14) 

smi_1309 atpD ATP synthase beta chain (EC 3.6.3.14) 

smi_1308 atpC ATP synthase epsilon chain (EC 3.6.3.14) 

 

It has been reported that the protective mechanism is critical especially for streptococcal 

acid-sensitive glycolytic enzymes (Lemos, Abranches et al. 2005). Hence, there is a 

possibility that the acquisition of this atp operon carried by the incomplete prophage of S. 

mitis B6 via horizontal gene transfer might have assisted its commensal status in 

maintaining the optimal pH level for bioenergetics processes of S. mitis B6 cells. 

5.3.2 Pathogenomics Profiling (PathoProT) tool 

PathoProT was designed to predict virulence genes by comparing Streptococcus protein 

sequences against the Virulence Factors Database (VFDB) (Chen, Yang et al. 2005). 

PathoProT utilizes the stand-alone BLAST tools downloaded from the NCBI website. 
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VFDB (Version 2012) currently hosts a set of 19,775 experimentally verified virulence 

genes originating from a wide range of different bacterial species, providing a useful 

resource for sequence homology searches. Users can select a list of Streptococcus strains 

for comparative analysis and set the cut-off, for example, genome identity and 

completeness for the BLAST search through the provided online web form. The default 

parameters of PathoProT pipeline are set at 50% sequence identity and 50% sequence 

completeness for searching and identifying orthologous virulence genes across the selected 

Streptococcus genomes. However, users can apply their desired cut-offs for the homology 

search in order to achieve the optimal stringency levels in their analyses.  

 Briefly, PathoProT pipeline was mainly implemented using Perl. In-house Perl 

scripts will process BLAST outputs (generated by searching these query sequences against 

VFDB) for each RAST-predicted protein (query sequence) in the user-selected genomes 

and identify putative virulence based on user-defined parameters. The filtered BLAST 

results are consolidated and organised in a matrix table containing information of presence 

or absence of virulence genes (rows) and Streptococcus strain names (columns). Finally, 

PathoProT will pass and process this output with the in-house R scripts for hierarchical 

clustering (complete-linkage algorithm) and generating a heat map for visualisation. The 

Streptococcus strains will be sorted based on their virulence gene profiles (Figure 5.6) and 

a phylogenetic tree will be drawn, users are able to gauge the relationships among the 

closely-related Streptococcus Mitis group species/strains as well as their corresponding 

putative virulence genes form noticeable clusters through the dendrograms. Therefore, this 

comparative pathogenomics analysis pipeline is able to provide excellent insight into the 

virulence gene profiles across different species of Streptococcus. 
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Figure 5.6: A PathoProT flowchart. PathoProT was mainly implemented using Perl and 

R scripts. The input of PathoProT would be lists of genes for the selected strains/genomes 

and the pipeline will generate a heat map at the end of the process. Univ
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Figure 5.7: An informative heat map generated by PathoProT tool. (A) A list of 

conserved putative virulence genes carried by all Mitis group species and (B) The RGP 

synthesis related genes which can differentiate M Clade and S Clade. Presence of the 

virulence gene was indicated in red and absence of the virulence genes was indicated in 

black. 

 

To demonstrate the features or functionalities of PathoProT, I present a comparative 

virulence gene study among the Mitis group streptococci using a threshold of 50% for both 
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sequence identity and coverage to give an insight into their virulence gene profiles. Based 

on the generated PathoProT heat map, a number of putative virulence genes appear to be 

conserved among all the Mitis group species (Figure 5.7). The conserved genes hasC 

(hasC1orSMU.322c) which encodes UTP-glucose-1-phosphate uridylyltransferase (or 

UDP–glucose pyrophosphorylase)(M6Spy1871) is involved in synthesis of the hyaluronic 

acid (HA) capsule along with two neighboring genes: hasA and hasB within the has 

operon.(Crater and Van de Rijn 1995). In Streptococcus, HA is found as streptococcal 

capsule material in S. pyogenes  and related species and is an important virulence factor, 

camouflaging the bacteria efficiently against the recognition of host immune system 

(Wessels, Moses et al. 1991, Schmidt, Günther et al. 1996) as well as protecting them 

against reactive oxides released by leukocytes (Cleary and Larkin 1979). Additionally, it is 

possible that HA plays a significant role in Mitis group streptococcal adherence and 

colonization of epithelial cells, leading to bacterial resistance against phagocytosis by 

macrophages (Wibawan, Pasaribu et al. 1999, Kim, Park et al. 2006, Chen, Marcellin et al. 

2009).  

 

Another conserved virulence gene, slrA encodes streptococcal lipoprotein rotamase A, 

which is one of the major surface proteins expressed by S. pneumoniae. This gene is an 

important cyclophilin that modulates biological function of virulence proteins during the 

first stage of pneumococcal infection (Hermans, Adrian et al. 2006). It is likely that the slrA 

gene promotes invasion of host cells and facilitates pneumococcal colonization and 

adherence in Mitis group streptococci (Moscoso, García et al. 2006, Sanchez, Kumar et al. 

2011). Furthermore, it has  been reported that deficiency in slrA can reduce bacterial 

virulence due to its impact on the adherence and internalization by epithelial and 

endothelial cells (Hermans, Adrian et al. 2006). Likewise, the conserved lmb gene encodes 
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a laminin-binding protein which was first identified in S. agalactiae (Dmitriev, Shen et al. 

2004). Virtually identical adhesins were later discovered in both S. suis (Zhang, Shao et al. 

2014) and S. pyogenes (Elsner, Kreikemeyer et al. 2002, Terao, Kawabata et al. 2002). The 

lmb adhesins have been proposed to help in bacterial pathogenesis via invasion of the 

damaged epithelium (Spellerberg, Rozdzinski et al. 1999). Overall my data showed that 

many surface lipoproteins and adhesins that are important in virulence and pathogenic 

infections are highly conserved across the Mitis group streptococci.  

 

According to the dendrogram generated on the left side of the PathoProT heat map (Figure 

5.7), the Mitis group can be clearly categorized into two major clades based on their 

virulence gene profiles: S Clade (S. sanguinis, S. gordonii, S. parasanguinis, S. australis, S. 

cristatus and S. oligofermentans) and M Clade (S. mitis, S. infantis, S. tigurinus, S. oralis 

and S. peroris). This phylogeny relationship of the oral streptococci Mitis group species 

indicates the close relatedness of cross-species within M Clade and species-to-species of S 

Clade. Interestingly, I found the rgp genes may be able to use as markers to differentiate the 

two different clades in the heat map. For instance, these marker genes are present in all S 

Clade species but absent in all the M Clade species. 

 

The rgp genes cluster (B, C, D, F and G) is responsible for the synthesis of rhamnose-

glucose polysaccharide (RGP) in Streptococcus mutans. Notably, similar genes have been 

found to be involved in rhamnan synthesis in E. coli (Shibata, Yamashita et al. 2002). In 

fact, it has been suggested that E. coli and S. mutans share a common pathways for 

rhamnan synthesis based on their similarities in RGP synthesis (Shibata, Yamashita et al. 

2002). The function of rgpB is to transfer the second rhamnose residue to a rhamnose 

residue on N-acetylglucosamine linked to the lipid carrier, followed by rgpF which later 
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catalyzes the transfer of the third rhamnose residue to the second rhamnose residue of the 

resultant glycolipid carrier. Both rgpB and rgpF have presumably to work alternately in the 

elongation of the rhamnan chain. Homologous rhamnosyl transferases of rgpB and rgpF 

have been detected in S. thermophilus (STER1436) and S. gordonii (SGO1022). On the 

other hand, rgpC and rgpD genes encode the putative ABC transporters specific for RGP 

(homologous STER1434 in S. thermophilus and homologous SGO1024 in S. gordonii) 

which play role in polysaccharide export (Shibata, Yamashita et al. 2002). The rgpG gene 

(S. gordonii SGO1723 homolog) initiates the RGP synthesis by transferring N-

acetylglucosamine-1-phosphate to a lipid carrier (Yamashita, Shibata et al. 1999). 

 

The rgp genes are also implicated in pathogenesis in several Streptococcus species. For 

instance, rgp plays an essential role in bacterial virulence as well as eliciting an 

inflammatory response in S. suis (Holden, Hauser et al. 2009). Induction of infective 

endocarditis by S. mutans has been reported to be triggered by rgp genes via nitric oxide 

release (Martin, Kleschyov et al. 1997), platelet aggregation (Chia, Lin et al. 2004) and 

conferring resistance to phagocytosis by human polymorphonuclear leukocytes (Tsuda, 

Yamashita et al. 2000). Therefore, S Clade Mitis group streptococci which produce these 

rhamnose rich polymers might exhibit a different pattern of pathogenesis from M Clade 

Streptococcus species in order to establish greater virulence and increased survival in host 

cells. A previous study has identified the Sanguinis group of streptococci as a common 

causative agent of transient bacteremia which potentially can lead to infective endocarditis 

(Widmer, Que et al. 2006). This group has also been reported to be present in a few cases 

of virulent septicemic infection in neutropenic patients (Shelburne, Sahasrabhojane et al. 

2014). 
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5.3.3 Sequence search tools 

I have incorporated two types of BLAST engines, standard BLAST and VFDB BLAST, 

into StreptoBase to search for the closest Streptococcus strains to the query strain. These 

exclusive BLAST searches are functionally based on the stand-alone BLAST tool (Johnson, 

Zaretskaya et al. 2008) downloaded from NCBI. Both BLAST engines support three types 

of BLAST functions, namely, BLASTN, BLASTP and BLASTX. Users are allowed to 

define the genome completeness (%) and genome identity (%) on the BLAST tools 

submission forms. These specialized BLAST tools are aimed to facilitate users to perform 

similarity searches of their query sequences against Streptococcus genome sequences, gene 

sequences (standard BLAST) as well as against the virulence genes of VFDB (VFDB 

BLAST), which allows users to examine whether their genes of interest are potential 

virulence genes using a sequence homology approach. 

5.4 Availability and System Requirements 

StreptoBase is available online at http://streptococcus.um.edu.my. Users can download and 

visualize all sequences and annotations described in this paper on the StreptoBase website. 

This analysis platform is generally compatible with multiple type of browsers including 

Internet Explorer 8.x or higher, Mozilla Firefox® 10.x or higher, Safari 5.1 or higher, 

Chrome 18 or higher and any other equivalent browser software. This web site is best 

viewed at a screen resolution of 1024 × 768 pixels or higher. 
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CHAPTER 6: DISCUSSION 

6.1 Overview 

In the present study, I have successfully isolated, sequenced, assembled and annotated 

the whole-genome of 27 Mitis group streptococci: fourteen S. gordonii strains, five S. 

sanguinis strains, three S. oligofermentans strains, two S. parasanguinis strains, two S. 

tigurinus strainsand one S. oralis strain. Among the 27 Mitis group streptococci 

genomes, 14 strains are oral isolates, 10 strains are IE isolates and the origin of three 

strains were not recorded.  Of these strains, 14 strains were isolated in the United 

Kingdom, ten in United States, two in Australia and one in Denmark. In general, this study 

supports the expanding Streptococcus research with the genome announcements of these 27 

strains of Mitis group streptococci which contributed to the existing genome database of the 

species of Mitis group streptococci. Significantly, I present a comparative genome study of 

19 S. gordonii and S. sanguinis clinically-derived isolates using different bioinformatics 

genomic approaches encompassing phylogenetic analysis, pan-genome analysis, function 

annotation and enrichment analysis, prophages and GI analysis and pathogenomic analysis. 

This comparative study revealed the genomic similarities and differences between these 

two closely related species which greatly impact on their virulence in oral biofilm 

formation in dental plaque as well as their ultimate pathogenesis of streptococcal infections 

in host body. Furthermore, I have also successfully developed StreptoBase, a database 

housing all 27 Streptococcus genomes along with the other 77 existing genomes of the 11 

species of Mitis group streptococci in order to facilitate the ongoing research studies. 

6.2 Comparative genomic analyses of two closely related S. sanguinis and S. 

gordonii 

Fourteen strains of S. gordonii and five strains of S. sanguinis have been sequenced and 
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compared along with their reference complete genome strains of S. gordonii Challis and 

S. sanguinis SK36. The taxonomic position of each isolate was identified, supported by 

evidence from molecular phylogenetic analyses using the 16S rRNA single gene marker 

and the core-genome SNP approaches. A previous study has reported high level of 16S 

rRNA sequence homology between S. gordonii and S. sanguinis (Kilian, MIKKELSEN et 

al. 1989). The results of the present study revealed high orthologous gene similarity of S. 

gordonii and S. sanguinis with the later species harboring a higher number of S. sanguinis-

specific core genes. In the functional enrichment analysis, I found the S. sanguinis-specific 

core genes (e.g. cob, cbi and nik gene clusters) were enriched in nickel and cobalt 

utilization and cobalamin biosynthesis. These gene clusters support the energy utilization of 

S. sanguinis bacteria for greater adaptation to growth and survival within the human host 

(Khatri, Khatri et al. 2012). Moreover, the efeOUB-tat system discovered in the conserved 

prophage FSS4_1 shared across the S. sanguinis genomes is predicted to support bacterial 

iron uptake and protein transport, further conferring its virulence.  Previous research has 

reported truncated genes of the Tat system found in the genome of S. pneumoniae as 

evidence of loss of potential virulence genes during the divergent evolution of oral 

streptococci species (Denapaite, Brückner et al. 2010). Since the Tat system was also 

detected in S. sanguinis SK 36, it is possible that the acquisition of the FSS4_1 prophage 

containing the efeUOB-tat operon by S. sanguinis might occur in early stage after the 

separation of S. sanguinis from S. gordonii.  

In addition, the S. sanguinis-specific core genes were statistically enriched in the process of 

cell wall components is supported by the virulence gene analysis of S. sanguinis, where a 

series of RGPs synthesis associated genes were identified. In fact, both S. gordonii and S. 

sanguinis harbor sets of virulence-associated genes including rps, rml and rgp gene loci 
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which are responsible for streptococcal polysaccharide biosynthesis. These homologous 

genes which participate in housekeeping functions such as polysacccharide synthesis, 

amino acid and nucleic acid synthesis as well as the bacterial survival in anaerobic 

conditions have been proven to be essential virulence factors for S. sanguinis-associated 

infective endocarditis (Paik, Senty et al. 2005).  

The results of this study clearly showed that both S. gordonii and S. sanguinis have open 

pan-genomes, reflecting the genome variation of these pathogens as part of the 

evolutionary process over the time. I have also observed in my analysis that these two 

Streptococcus species have acquired new putative genes that potentially enhance 

pathogenesis via lateral gene transfer elements of prophages and GIs.  These results 

might reflect the ability of both Streptococcus species to adapt to divergent and harsh 

host environmental conditions, For instance, S. gordonii and S. sanguinis might have 

acquired capability to generate energy and create an acidic environment for the bacteria in 

the host through the acquisition of the V-type ATPase in GI_55  (as was shown in the GI 

analysis) (Tesorero, Yu et al. 2013). On the other hand, I discovered another putative 

conserved GI_16 which brings together in physical proximity of the yqeK, nadD and ybeB 

genes. A relevant functional association between yqeK, nadD and ybeB genes is suggested, 

which would be interesting for future research. Noticeably, the importance of repairing 

mutated proteins due to reactive oxygen species (ROS) is indicated by the insertion of 

horizontally transferred DegP/HtrA gene and mutT/nudix family proteins by S. gordonii 

and S. sanguinis, respectively. 

Evidence of horizontal gene transfer in S. sanguinis and S. gordonii is strongly indicated by 

two distinct groups of core loci for streptococcal polysaccharide production which are 

shared across both S. gordonii and S. sanguinis strains. This indicates that both species are 
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constantly exchanging genetic material to support their adaptation, survival and evolution. 

Since the S. gordonii Challis-type polysaccharide gene cluster structure is so widely 

conserved in both S. gordonii and S. sanguinis strains, I propose that this is the ancestral 

gene cluster in S. gordonii and S. sanguinis strains. Presumably, the S. gordonii 38-type 

gene cluster arrangement has arisen at least twice by horizontal gene transfer since it is 

present in at least one strain of both S. gordonii and S. sanguinis, although it was not 

observed in any S. sanguinis strains analyzed here. It is notable that the strains harboring S. 

gordonii 38-type rps gene loci did not cluster together by either 16S rRNA or whole 

genome SNP analysis (Figure 4.1). Nevertheless, this does not exclude the possibility that 

these strains might have diverged from a common ancestor after acquiring the S. gordonii 

38-type rps locus. 

Competence is an essential virulence determinant in a majority of the pathogenic 

streptococci (Li, Tian et al. 2008) and additional copies of comCDE quorum-sensing 

system components have been determined in three GIs of S. gordonii. Based on the 

comparative GI analysis, I found that S. gordonii has been well-equipped with the 

ComCDE quorum-sensing system as competence mechanism through the acquisition of 

putative genomic islands (GI_45, GI_51 and GI_58) likely through horizontal gene transfer 

over the evolutionary time. Apart from its role in oral biofilm, the ComCDE is potentially 

important for several functions such as increasing genome plasticity via uptake of new 

genes (Claverys, Prudhomme et al. 2000), DNA repair (Prudhomme, Attaiech et al. 2006), 

as well as providing nutrition of carbon, nitrogen, phosphorus, and energy source for S. 

gordonii (Finkel and Kolter 2001). Based on the comparative genome study results, this 

comCDE could possibly be a significant virulence factor for S. gordonii to enhance its 

pathogenesis in biofilm development and eventually streptococcal infective endocarditis. 
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However, I observed the potential of S. gordonii to facilitate intergeneric DNA transfer 

from E. faecalis with the insertion of GI_67 that may confer fluoroquinolone resistance 

which has recently emerged among enterococci (Vickerman, Flannagan et al. 2010). This 

genetic transfer is further affirmed by the discovery of cylA and cylB genes in S. gordonii, 

which presumably have originated from the α-hemolytic Enterococcus faecalis (previously 

known as Group D Streptococci). In β-hemolytic S. agalactiae, the cyl genes are 

responsible for hemolysin synthesis (Spellerberg, Martin et al. 2000). To the best of my 

knowledge, this study provides the first reported identification of cyl genes in α-hemolytic 

S. gordonii which may have contribute to antibiotic resistance. I suggest that these cyl 

genes were part of an ancestral form of the Gram positive cocci which was eventually lost 

in majority of the oral streptococci. In short, the ability of intergeneric gene acquisition by 

S. gordonii in oral biofilms might give rise to enhanced antibiotic resistance and virulence 

of S. gordonii in the foreseeable future.  

It is noteworthy that S. gordonii is known to be the most effective competitor of S. 

sanguinis compared to other species of oral streptococci for adherence to saliva-coated 

hydroxyapatite (Kreth, Merritt et al. 2009). Apart from sharing the same colonization sites 

in the human oral cavity, these two genetically similar pioneer colonizing species often 

exhibit interspecies antagonism for similar host-derived salivary receptors (Nobbs, Zhang 

et al. 2007). Since the etiology of oral diseases such as dental caries, involves a primary 

step of bacterial colonization and adherence in the developing biofilm (Busscher and Van 

der Mei 1997), the ability of S. gordonii to compete with S. sanguinis in the initial adhesion 

to saliva pellicle may play an important role in determining the development of dental 

plaque-related diseases (Kreth, Merritt et al. 2009). 

The S. sanguinis-specific virulence gene, iga which is important for adhesion and 
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colonization of tooth surfaces is a key potential virulence factor that distinguishes S. 

sanguinis from S. gordonii. This is because oral streptococci tend to bind selectively to the 

acquired enamel pellicle and then become coated with salivary proteins such as α-amylase 

and secretory IgA in dental plaque (Stevens and Kaplan 2000). Therefore, S. gordonii may 

be disadvantaged from this IgA binding specificity which favors S. sanguinis if α-amylases 

are denatured. Furthermore, IgA agglutinates S. sanguinis which may reduce its ability to 

adhere to oral surfaces. In addition, IgA has been proved to be a strong competitor over 

other immunoglobulin isotypes as the binding of IgA-Fab fragments blocked access of 

other immunoglobulin isotypes to mediate host-effector functions against S. sanguinis 

(Russell, Reinholdt et al. 1989). Overall, the production of IgA protease may be a key 

factor that enables S. sanguinis to colonise and grow to higher cell densities than S. 

gordonii in dental plaque and saliva (Kreth, Merritt et al. 2009). 

Through genes on a horizontally transferred GI, S. sanguinis has also recruited a putative 

BfrABss system encoding CAAX proteases which typically contribute to biofilm formation 

by oral streptococci. In addition, I ascertained that drug or antimicrobial resistance is 

potentially conferred by GI’s in S. sanguinis as this oral-biofilm pathogen acquired a series 

of antibiotic resistance genes including drug/metabolite transporter (DMT) superfamily, 

rsmE, TetR/AcrR family transcriptional regulator (TFR) and GNAT acetyltransferase 

through lateral gene transfer GIs. The GNAT acetyltransferase is responsible for 

aminoglycoside antibiotic resistance; the TFRs account for the tetracycline antibiotic 

resistance while rsmE confers resistance via methylation of DNA, RNA, proteins or small 

molecules. The DMT superfamily supports a variety of antibiotic resistance phenotypes 

through its different phylogenetic families such as the drug/metabolite exporter (DME) 

family, the 4 TMS Small Multidrug Resistance (SMR) family, the Glucose/Ribose Porter 
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(GRP) family and others. Since S. sanguinis exploits multiple antibiotic resistance over a 

wide array of drugs, it has been reported that combined treatment may be required to battle 

this opportunistic pathogen (Martinez, Martin-Luengo et al. 1995). Overall, this 

comparative genome analysis may provide better insights into how S. sanguinis generally 

achieves greater cell densities in oral biofilms than S. gordonii in respect to their co-

existence within dental plaque. I have also identified a series of potential virulence genes, 

essential metabolism-related genes as well as horizontally acquired genes from GIs and 

prophages in both species. In fact, most epidemiological studies indicate that S. gordonii 

and S. sanguinis are very similar in their pathogenicity where both species exhibit 

equivalent virulence (Kumar, van der Linden et al. 2014). . 

6.3 Development of StreptoBase and bioinformatics tools 

With advances in NGS technology, further Streptococcus Mitis group species or strains will 

be sequenced and this creates an urgent need to store, browse, retrieve and analyze vast 

amounts of genome data and the development of specialized tools for comparative analyses 

of these genomes. I have successfully described the functionalities of StreptoBase 

particularly the in-house designed bioinformatics pipelines for the analyses of the genomic 

data of 11 species of Streptococcus Mitis group including S. australis, S. cristatus, S. 

gordonii, S. infantis, S. mitis, S. oligofermentans, S. oralis, S. parasanguinis, S. peroris, S. 

sanguinis, and S. tigurinus. This specialized biological database will be constantly updated 

in order to provide the latest genome updates and research developments associated with 

the Streptococcus Mitis group, and to ensure the accuracy and usefulness of the 

Streptococcus Mitis group species genome data and annotation. 

The Perl scripts goverened-PGC tool allows users to perform and visualize cross species or 

same species pairwise genome comparison of two strains of Streptococcus Mitis group 
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species. The existing Microbial Genome Comparison (MGC) tool utilizes an in silico 

genome subtraction method to identify genetic elements specific to a group of strains 

(Argimón, Konganti et al. 2014). While PGC tool uses genome files and NUCmer to 

perform pairwise genome alignment, the MGC tool uses in silico fragmented genome 

sequences and performs BLASTN on groups of queries. On the contrary, the VISTA 

Browser which is well-known for its biological application is able to perform pre-computed 

pairwise and multiple whole-genome alignments using both global and local alignments 

(Frazer, Pachter et al. 2004). In contrast to circular plots and histograms that are generated 

by the PGC tool, the alignment results generated by VISTA Browser are displayed using 

VISTA track in graph plot format to show conserved regions. Additionally, the open source 

Java-based Artemis Comparison Tool (ACT) requires users to generate a comparison file 

which identifies homology regions between assembly and reference genome using 

programs such as BLASTN, TBLASTX or Mummer to be loaded on ACT (Carver, 

Rutherford et al. 2005). The comparative ACT visualization is performed using Artemis 

components. By contrast, the PGC tool on StreptoBase enables a single-flow process of 

pairwise genome alignment and instant display of the comparative alignment Circos plot.  

Moroever, PathoProT enables rapid and effective prediction of putative virulence genes 

across different species of Streptococcus Mitis group based on the protein sequences of the 

oral streptococci. In conjunction with the existing Streptococcus pneumoniae Genome 

Database (SPGDB) (Swetha, Sekar et al. 2014), I anticipate that StreptoBase will serve as a 

useful resource and analysis platform particularly for comparative analyses of the 

Streptococcus Mitis group genomes for research communities.  

Univ
ers

ity
 of

 M
ala

ya



102 

6.4 Limitations 

In this study, a limited number of genomes were used due to the availability of bacterial 

strains. The analysis of additional strains would be required to provide a more 

comprehensive comparative analysis of different species of Mitis group oral streptococci. 

Moreover, this study was not designed or powered to make associations with geographical 

origin or disease. The 27 Mitis group oral streptococci were collected mainly in Europe and 

Australia apart from the other continents around the world.  Previous report has linked the 

association of substantial variation in different geographical areas in the United States to 

the rate of increase in antibiotic resistance of S. pneumoniae (McCormick, Whitney et al. 

2003). Therefore, it will be crucial to include a greater geographical regional coverage of 

Mitis group oral streptococci isolates in future comparative genomic studies of 

Streptococcus genus.  

Furthermore, the relevance of the assignation of genes as virulence genes and whether 

strains of these species have evolved to cause endocarditis or if it was a pure chance 

occurrence could possibly have been  misguided via the method of assigning a biological 

function (virulence) on the basis of gene homology in VFDB. Such complications could be 

further exacerbated by circumstances in which homologous genes from different species 

carry different molecular functions, as well as misannotations of genes in many large public 

databases (Schnoes, Brown et al. 2009). Hence, the identified potential virulence factors 

from the comparative pathogenomics analysis in the present study might not have the 

capacity to cause streptococcal infections, but they represent possible candidates for further 

Mitis group oral streptococci studies. 
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6.5 Future Work 

Since the importance of RGPs and Ni/Co/cobalamin system which are enriched in the core 

genes of S. sanguinis has been proven in several studies, an important future milestone 

would be to understand the biological roles of these genes via mutational analysis. Notably, 

the cylA and cylB discovered in S. gordonii do not harbor the complete functional cytolysin 

machinery as those in S. agalactiae, supported by the fact that S. gordonii is non-cytolytic. 

I propose a hypothesis that these cyl genes might have evolved a slightly different function 

in the import or export of some biological product. Validation of this hypothesis will 

require experimental verification, for example via gene knockout techniques and insertion 

of the knockout strains into an animal model of IE. A similar biological approach is 

required to examine the relevance of the assignation of genes as virulence genes by 

comparing the mutant with the wild-type in some relevant animal models of disease. In 

future studies, it would be beneficial to expand the pan-genome, GI and prophage analyses 

by involving other Streptococus Mitis group species. Significantly, it will be worth looking 

into the rps locus structure in the genomes of the rest of Streptococus Mitis group species 

apart from S. gordonii and S. sanguinis.  

Furthermore, additional bioinformatics analysis such as toxin-antitoxin system analysis and 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas system analysis 

on the genomes of Streptococcus Mitis group species can be included in the future work.  

The type II chromosomal toxin-antitoxin systems (TAS) has been reported to be involved 

in stress response which mediates growth by decreasing the biosynthesis of 

macromolecular (Gerdes, Christensen et al. 2005).  It has also been linked to bacterial 

programmed cell death (Kolodkin-Gal and Engelberg-Kulka 2006). Therefore, prediction 

of the TAS in Streptococcus genomes might contributes to development and design of a 
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novel class of antibiotics by targeting these predicted TAS.  On the other hand, CRISPR-

Cas system serves as microbial defence system via its adaptive sequence-specific immunity 

in bacteria (van der Oost, Westra et al. 2014). Recent studies have revealed the existence of 

CRISPR-Cas system in S. thermophilus and S. pyogenes (Ferretti, Stevens et al. 2016). 

Determination of the CRISPR-Cas system in S. gordonii and S. sanguinis may lead to 

better understanding in the bacterial specific immunity against undesirable foreign genes 

and possibly the viral resistance of the oral streptococci (Horvath and Barrangou 2010). 

In terms of improving the StreptoBase, in-house designed bioinformatics tools such as, a 

Multiple Sequence Alignment (MSA) visualization tool, toxin-antitoxin system prediction 

tool, phylogenetic inference analysis tool and prophage prediction tool to enhance the 

efficiency and functionality of this Streptococcus Mitis group biological database would 

enable future studies in this field. For example, a phylogenetic tree generation tool can be 

incorporated on StreptoBase which allows users to select several Mitis group oral 

streptococci genomes in StreptoBase by using a series of widely used Streptococcus genus 

marker genes including gdh, GspB, Hsa, ddl, rpoB and sodA to draw a phylogenetic tree. It 

would be interesting to include some novel Streptococcus bacterial strains isolated in 

Malaysia future studies along with the need for substantial sequencing effort for the Mitis 

group oral streptococci. These novelgenome sequences and more new publicly available 

genomescould then be added into this database in order to support the expanding Mitis 

group oral streptococci research worldwide. Since many of the Mitis group oral 

streptococci harbor open pan-genomes, new insights on a greater genetic diversity of the 

Streptococcus species can be revealed.  
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CHAPTER 7: CONCLUSION  

In conclusion, I have successfully sequenced and assembled the genomes of two closely 

related oral streptococcal species, S. gordonii and S. sanguinis. I have also presented a 

comparative genome analysis of clinically-derived mitis group oral streptococci species, 

particularly on S. sanguinis and S. gordonii. Significantly, this study provides better 

insights into the differing ecological strategies of S. gordonii and S. sanguinis. Both species 

are common within dental plaque and both have the potential to cause infective 

endocarditis. However, S. sanguinis is usually present in higher numbers than S. gordonii, 

and differing associations between these species and oral disease have been shown. 

Functions such as cobalamin biosynthesis, IgA protease activity and CAAX proteases may 

contribute to the expansion of S. sanguinis within dental plaque. On the other hand, the 

presence of cylA and cylB within the core genome of S. gordonii is interesting and warrants 

further studies. There are no genes that are clearly enriched in endocarditis isolates, and this 

is in keeping with the observation that oral and endocarditis isolates of S. sanguinis do not 

form distinct subclones (Do, Gilbert et al. 2011). My data clearly showed that both S. 

gordonii and S. sanguinis have open pan-genomes, proposing that they may continue to 

evolve and acquire new genes in future. Potentially, the exchange of genetic information 

between bacteria in biofilms may accelerate the spread of antibiotic resistance between 

bacteria in the oral cavity. Overall, the comparative analyses of S. gordonii and S. sanguinis 

will provide a basis for understanding how these species establish within dental plaque and 

how they transition from commensal species within the mouth to important pathogens in 

infective endocarditis. 

Furthermore, I have successfully developed the first mitis group oral streptococci genomic 

resource and analysis platform database, StreptoBase which provides free and direct access 

Univ
ers

ity
 of

 M
ala

ya



106 

of comprehensive Streptococcus genomes and information, as well as the new in-house 

designed analysis tools particularly for comparative analyses, is believed to be an 

invaluable resource to accelerate and support the expanding Streptococcus genus research 

worldwide. 
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