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ABSTRACT 

Marjo Haanperä-Heikkinen 

Use of pyrosequencing to identify streptococci and to detect mutations causing 

antimicrobial resistance 

The Department of Medical Microbiology and Immunology, University of Turku, 

Finland and the Antimicrobial Resistance Unit, National Institute for Health and 

Welfare, Turku, Finland 

Annales Universitatis Turkuensis 

Painosalama Oy - Turku, Finland 2011 

Rapid identification and resistance determination of pathogens in clinical specimens is 

vital for accurate treatment and monitoring of infectious diseases. Antimicrobial drug 

resistance is increasing globally and healthcare settings are facing this cost-intensive 

and even life-threatening problem. The incidence of resistant pathogens in Finland has 

remained relatively steady and manageable at least for the time being. 

DNA sequencing is the gold standard method for genotyping, mutation analysis, and 

identification of bacteria. Due to significant cost decrease in recent years, this 

technique is available to many research and clinical laboratories. Pyrosequencing 

technique, a rapid real-time DNA sequencing method especially suitable for analyzing 

fairly short stretches of DNA, was used in this study. Due to its robustness and 

versatility, pyrosequencing was applied in this study for identification of streptococci 

and detection of certain mutations causing antimicrobial resistance in different bacteria. 

Certain streptococcal species such as S. pneumoniae and S. pyogenes are significantly 

important clinical pathogens. S. pneumoniae causes e.g. pneumonia and otitis media 

and is one of the most important community-acquired pathogens. S. pyogenes, also 

known as group A streptococcus, causes e.g. angina and erysipelas. In contrast, the so-

called alpha-haemolytic streptococci, such as S. mitis and S. oralis, belong to the 

normal microbiota, which are regarded to be non-pathogenic and are nearly impossible 

to identify by phenotypic methods. In this thesis, a pyrosequencing method was 

developed for identification of streptococcal species based on the 16S rRNA sequences. 

Almost all streptococcal species could be differentiated from one another by the 

developed method, including S. pneumoniae from its close relatives S. mitis and 

S. oralis. 

New resistance genes and their variants are constantly discovered and reported. In this 

study, new methods for detecting certain mutations causing macrolide resistance or 

extended spectrum beta-lactamase (ESBL) phenotype were developed. These 

resistance detection approaches are not only suitable for surveillance of mechanisms 

causing antimicrobial resistance but also for routine analysis of clinical samples 

particularly in epidemic settings. 

In conclusion, pyrosequencing was found to be an accurate, versatile, cost-effective, 

and rapid DNA sequencing method that is especially suitable for mutation analysis of 

short DNA fragments and identification of certain bacteria.  

Keywords: pyrosequencing, streptococci, antimicrobial resistance, 16S rRNA, 

23S rRNA, macrolides, ESBL, SHV 
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TIIVISTELMÄ 

Marjo Haanperä-Heikkinen 

Pyrosekvensoinnin käyttö streptokokkien tunnistamiseen ja mikrobilääkeresistenssiä 

aiheuttavien mutaatioiden havaitsemiseen  

Lääketieteellinen mikrobiologia ja immunologia, Turun yliopisto ja Mikrobilääke-

resistenssiyksikkö, Terveyden ja hyvinvoinnin laitos, Turku, Suomi  

Annales Universitatis Turkuensis 

Painosalama Oy – Turku, Suomi 2011 

Kliinisen näytteen sisältämien patogeenien nopea tunnistaminen ja resistenssiprofiilin 

määrittäminen on välttämätöntä infektiotautien tehokkaassa hoidossa ja seurannassa. 

Bakteerien lisääntyvä antibiootti- eli mikrobilääkeresistenssi on merkittävä uhka 

terveydenhuollolle kaikkialla maailmassa. Suomessa mikrobilääkeresistenssitilanne on 

pysynyt suhteellisen vakaana ja hallittavissa olevana ainakin toistaiseksi. 

DNA:n sekvensointi on bakteerien tunnistamisen, genotyypityksen ja mutaatioana-

lyysin yleisesti hyväksytty vertailumenetelmä. Sekvensointitekniikan hinnan 

merkittävä aleneminen on tuonut sekvensoinnin useimpien kliinisten ja 

tutkimuslaboratorioiden ulottuville. Tässä työssä käytettiin pyrosekvensointitekniikkaa, 

nopeaa reaaliaikaista DNA:n sekvensointimenetelmää, joka soveltuu erityisesti 

lyhyiden DNA-jaksojen analysoimiseen. Luotettavaa ja monikäyttöistä pyrosekven-

sointitekniikkaa sovellettiin tässä työssä streptokokkien tunnistamiseen ja tiettyjen 

antibioottiresistenssiä aiheuttavien geenimutaatioiden havaitsemiseen eri bakteereista. 

Tietyt streptokokit, kuten S. pneumoniae ja S. pyogenes, ovat merkittäviä taudin-

aiheuttajia. S. pneumoniae aiheuttaa mm. keuhkokuumetta ja korvatulehduksia ja on 

avohoidon tärkeimpiä taudinaiheuttajia. S. pyogenes eli A-streptokokki aiheuttaa mm. 

angiinaa ja ruusua. Toisaalta ns. alfahemolyyttisiä streptokokkeja, kuten S. mitis ja 

S. oralis, kuuluu myös apatogeenisenä pidettyyn normaalimikrobistoon. 

Alfahemolyyttisten streptokokkien tunnistaminen fenotyyppisin menetelmin on lähes 

mahdotonta. Tässä työssä kehitetyllä 16S rRNA -sekvensseihin perustuvalla pyro-

sekvensointimenetelmällä pystyttiin erottamaan lähes kaikki streptokokkilajit toisis-

taan, mukaan lukien S. pneumoniae lähisukulaisistaan S. mitis - ja S. oralis -kannoista.  

Mikrobeista löydetään yhä uusia resistenssigeenejä ja niiden variantteja. Tässä työssä 

kehitettiin menetelmät tiettyjen makrolidiresistenssiä tai laajakirjoista beeta-

laktamaasifenotyyppiä (ESBL) aiheuttavien mutaatioiden havaitsemiseksi. Tässä 

työssä kehitettyjen kaltaiset resistenssimutaatioita havaitsevat menetelmät soveltuvat 

erityisesti mikrobilääkeresistenssin mekanismien seurantaan, mutta myös potilasnäyt-

teiden rutiinianalytiikkaan erityisesti epidemiatilanteissa.  

Tässä työssä pyrosekvensoinnin havaittiin olevan tarkka, joustava, edullinen ja nopea 

sekvensointimenetelmä, joka soveltuu erityisesti mutaatioiden analysoimiseen ja tietty-

jen bakteerien tunnistamiseen. 

Asiasanat: pyrosekvensointi, streptokokit, mikrobilääkeresistenssi, 16S rRNA, 23S 

rRNA, makrolidit, ESBL, SHV  
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ABBREVIATIONS 

16S rRNA 16S ribosomal RNA 

ADP Adenosine diphosphate 

ampC A beta-lactamase that hydrolyses broad and extended-spectrum 

cephalosporins 

ANI Average nucleotide identity  

APS Adenosine phosphosulfate  

ATCC American Type Culture Collection 

ATP Adenosine triphosphate 

BLAST Basic local alignment search tool 

Bst  Bacillus stearothermophilus 

CCD Charge-coupled device 

CCUG Culture Collection, University of Göteborg, Gothenburg, Sweden 

dATP Deoxyadenosine triphosphate  

dATP-α-S 2'-deoxyadenosine-5'-O'- (1-thiotriphosphate), dATP analogue 

DDH DNA-DNA hybridization 

ddl  D-alanine:D-alanine ligase gene 

ddNTP Dideoxynucleoside triphosphate 

dNMP Deoxynucleoside monophosphate  

dNTP Deoxynucleoside triphosphate, in the text often also "nucleotide" 

DSM Deutsche Sammlung von Mikroorganismen GmbH, Braunschweig, 

Germany 

emPCR emulsion PCR 

Erm Erythromycin ribosomal methylase 

ESBL Extended spectrum β-lactamase 

GAS Group A streptococcus 

GBS Group B streptococcus 

groESL  Genes encoding 10-kDa (GroES) and 60-kDa (GroEL) chaperons 

GenBank The genetic sequence database of National Institutes of Health 

(Bethesda, MD, USA) an annotated collection of all publicly 

available DNA sequences 

HGT Horizontal gene transfer 

HPLC High-performance liquid chromatography 

IE Infective endocarditis 

LMG Laboratorium voor Mikrobiologie, Universiteit Ghent, Ghent, 

Belgium 

lytA Cell wall autolysin gene 

MALDI-TOF Matrix-assisted laser desorption ionization-time-of-flight 

Mef Macrolide efflux pump 

MIC Minimal inhibitory concentration 
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ML Macrolide-lincosamide resistance phenotype 

MLSB Macrolide-lincosamide-streptogramin B resistance phenotype 

MLSA Multi locus sequence analysis 

MS Mass spectrometry 

NCBI National Center for Biotechnology Information 

OXA Beta-lactamase that hydrolyses oxacillin and cloxacillin 

PBP Penicillin binding protein 

PCR Polymerase chain reaction 

Ply Pneumolysin 

Pi (Inorganic) phosphate 

PPi Pyrophosphate  

PTC Peptidyl transferase center 

RDP Ribosomal database project 

rpoB Gene encoding the β-subunit of the RNA polymerase  

SHV Sulfhydryl variable, a beta-lactamase 

SNP Single Nucleotide polymorphism 

sp. Species 

ssp.  Subspecies 

SSB Single-strand binding protein 

SSCP Single-strand conformational polymorphism 

TEM A beta-lactamase named after Temoneira 

Tm Melting temperature 

tuf Gene encoding the elongation factor Tu (thermo unstable) 

VGS Viridans group streptococci 

VP Voges-Proskauer test 
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1 INTRODUCTION  

The most important tasks of a clinical microbiology laboratory are identification of the 

infectious agents found in a specimen and determination of their antimicrobial 

resistance profile. At present, bacterial diagnostics in routine laboratories mainly relies 

on culturing and semi-automatic platforms running biochemical tests. However, use of 

DNA sequencing has become more common mainly because 16S rRNA sequencing 

has been shown to be useful in identification of bacterial isolates and in describing new 

bacterial species (Woo et al. 2008) and also because the cost of sequencing has 

decreased significantly.  

Antimicrobial resistance is globally an increasing problem. Patients infected with 

resistant pathogens are more likely to require longer and more expensive hospital stay 

and they are more likely to die of the infection. Particularly, patients infected with 

MDR (multidrug resistant) strains are difficult to treat, as treatment options may be 

few, often less effective, more toxic, and more expensive.  

Macrolide resistance has been common in S. pyogenes (Seppälä et al. 1992; Seppälä et 

al. 1993), but also the incidence of macrolide resistant S. pneumoniae isolates has 

increased during the last fifteen years (Bergman et al. 2006; Pihlajamäki et al. 2002a). 

During the past ten years, enterobacteria expressing extended spectrum beta-lactamases 

(ESBLs) causing resistance to several beta-lactam antibiotics, have spread rapidly and 

caused serious difficulties in the treatment of patients infected by these bacteria. 

Currently, several hundred different ESBLs have been described, and detection of 

bacterial isolates producing ESBL is complicated due to the wide variety of the 

enzymes and their resistance profiles (Jacoby and Bush 2010; Pitout and Laupland 

2008).  

Streptococci are clinically important pathogens and at the same time members of the 

normal microbiota of human and animals. Streptococci are divided into alpha- and 

beta-haemolytic streptococci. Beta-haemolytic streptococci are generally considered as 

pathogens and easily identified in the clinical laboratory. In contrast, the alpha-

haemolytic streptococci are difficult to identify, and they are also more often found in 

the normal microbiota.  

Pyrosequencing technique is based on the detection of pyrophosphate released during 

DNA synthesis. Pyrosequencing technology was developed by Pål Nyrén and his 

colleagues (Ronaghi et al. 1998). The aim of this thesis project was to develop 

accurate, robust, simple, and cost-effective methods for the identification of 

streptococci, macrolide resistance mutations, and different SHV β-lactamase types. 

Pyrosequencing was the method of choice as it was a novel innovative sequencing 

technique at the beginning of this thesis project and our institute had the privilege of 

purchasing the requisite. This study did not aim to further develop and improve the 

pyrosequencing technique. 
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2 REVIEW OF THE LITERATURE  

2.1 Pyrosequencing technique 

Pyrosequencing is a PCR-based real-time DNA sequencing method, also called 

sequencing by synthesis. Pyrosequencing is an non-electrophoretic method that is 

based on enzymatic detection of the pyrophosphate that is released when DNA 

polymerase incorporates a nucleotide into an elongating DNA strand (Ronaghi et al. 

1998). 

Sequencing by synthesis was first described in a patent in 1985 (Melamede 1989). The 

patent of Melamede described a method where nucleotides were added sequentially to 

a primed template and the incorporation of a nucleotide was detected by decrease of 

the nucleotide concentration in the effluent. However, this method was not sensitive 

enough for standard PCR-amplified samples (Nyrén 2007). In 1987, Pål Nyrén 

followed the activity of DNA polymerase by enzymatically detecting the 

pyrophosphate released in DNA polymerization using ATP-sulfurylase and firefly 

luciferase (Nyrén 1987). The same enzymes are used in pyrosequencing reactions 

today.  

The pyrosequencing method including the nucleotide-degrading enzyme apyrase was 

published in 1998. Addition of apyrase to the reaction made the washing step between 

nucleotide additions unnecessary (Ronaghi et al. 1998). The four-enzyme 

pyrosequencing reaction and instrument for it was commercialized by Pyrosequencing 

AB (Uppsala, Sweden), Biotage AB since 2003. Biotage was acquired by Qiagen 

(Hilden, Germany) in 2008. In addition, pyrosequencing technique was licensed to 454 

Life Sciences (currently owned by Roche, Basel, Switzerland) in 2003 to be used in 

whole genome applications. Accordingly, 454 Life Sciences has developed an array-

based high-throughput pyrosequencing platform that is extensively used for large 

projects, such as genome sequencing (Bonnal et al. 2010; Margeridon-Thermet et al. 

2009; Quince et al. 2009). This technique is discussed in chapter 2.1.7 of this thesis.  

2.1.1 Template preparation  

The PCR product to be used as a template in pyrosequencing should be biotinylated 

and relatively short, preferably no longer than 300 bp to prevent the single-stranded 

PCR product from forming strong secondary structures during pyrosequencing 

reaction.  

During template preparation, the biotin-labelled PCR product is attached to 

streptavidin-coated beads. The beads are sepharose or magnetic beads and with help of 

these beads, the PCR product is rendered single-stranded using magnetic separation 

techniques or the commercial Vacuum Workstation (Qiagen). Using the Vacuum 

Workstation, the beads are denatured using 0.2 M NaOH solution and thereafter 

washed with a buffer to neutralize the pH. The beads with the single-stranded template 

are deposited into the pyrosequencing reaction well containing the sequencing primer 

where the primer is annealed to the template.  
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Additional primer wash (Gharizadeh et al. 2006; Gharizadeh et al. 2003) after 

annealing the primers to the template reduces the problems with primer-dimers which 

may be a problem especially when using multiple sequencing primers. However, this 

additional step requires more PCR product to be applied to the sequencing reaction. 

2.1.2 Pyrosequencing reaction 

The pyrosequencing enzymes, Klenow fragment of DNA polymerase 1, ATP 

sulfurylase, firefly luciferase, and apyrase as well as their substrates adenosine 

phosphosulfate (APS) and D-luciferin are added to the reaction well containing the 

primed template. The sequencing reaction is started by dNTP addition to the reaction 

mixture. If the given nucleotide is complementary, the DNA polymerase incorporates 

the nucleotide into the elongating strand and pyrophosphate (PPi) is released (Ronaghi 

et al. 1998):  

 PPi  (DNA)  dNTP  (DNA)  1nn  
 

The PPi is further processed by ATP sulfurylase that produces ATP in equimolar 

amount to the PPi in presence of the substrate APS:  

-2

4SO  ATP  APS PPi   

Finally, firefly luciferase consumes the ATP in producing light from the substrate 

luciferin. Light is generated in proportion to the amount of pyrophosphate released, 

thus the more nucleotides are incorporated the more light is produced: 

Luciferase + D-luciferin + ATP   Luciferase – luciferin – AMP + PPi 

Luciferase – luciferin – AMP + O2   Luciferase + oxyluciferin + AMP + CO2 + light 

In the commercial, four-enzyme system, unincorporated nucleotides and ATP are 

degraded by potato apyrase, a nucleotide degrading enzyme, before the next nucleotide 

is added (Ronaghi 2001; Ronaghi et al. 1998): 

ATP   ADP + Pi AMP+Pi 

dNTP   dNMP + 2 Pi 

The light released by the luciferase reaction is detected by a charge-coupled device 

(CCD) camera and presented as a signal peak illustration, called pyrogram (Figure 1). 

In the pyrogram, the dispensed nucleotides are presented on the x-axis and the light 

detected after a nucleotide addition is presented as a peak on the y-axis. The peak 

heights of the pyrogram are proportional to the number of nucleotides incorporated into 

the template strand. 
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Figure 1. The principle of pyrosequencing.  

Incorporation of a single base by the Klenow fragment happens in less than 0.5 s and 

light production by luciferase happens in less than 0.2 s. The rate limiting factors in 

pyrosequencing are the conversion of PPi to ATP by ATP sulfurylase (around 1.5 sec) 

and the degradation of nucleotides by apyrase. Consequently, the whole cycle from 

nucleotide dispensation to peak formation and degradation of the unused nucleotides 

takes place in around 5 sec (Ronaghi 2001; Ronaghi et al. 1996). Currently nucleotides 

are given to the reaction with 65 seconds interval in the instruments of Qiagen. 

2.1.3 Enzymes and dATP analogue 

The performance of all four enzymes is vital for the pyrosequencing technology, and 

they all have properties that affect the performance of pyrosequencing. 

DNA polymerase  

The DNA polymerases (E.C. 2.7.7.7) catalyze DNA polymerization during cell 

replication and DNA repair and are crucial for all living cells. There are several 

requirements for the DNA polymerase used in pyrosequencing: deficiency of the 3’-5’ 

exonuclease, good fidelity, reasonable speed of nucleotide incorporation, ability to 

incorporate dATP analogues, and ability to incorporate nucleotides reliably through 

homopolymeric regions. The polymerase usually used in pyrosequencing is the 

modified Klenow fragment of Escherichia coli polymerase I: two amino acids of the 

Klenow fragment have been mutated to inactivate the 3’-5’ exonuclease activity of the 

polymerase (Gharizadeh et al. 2004). Deficiency of the 3’-5’ exonuclease activity is 
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important in order to avoid primer degradation and non-synchronized extension of the 

templates. Although the enzyme is proofreading-deficient, other mechanisms make the 

incorporation of the correct base more probable than a wrong one. Firstly, the 

complementary base is incorporated into the template more tightly than a non-

complementary base. Secondly, the kinetics of the incorporation of a non-

complementary base is much slower than the kinetics of the complementary base, 

which allows apyrase to degrade the non-complementary nucleotides before possible 

misincorporations into the growing strand (Ahmadian et al. 2006; Ahmadian et al. 

2001).  

Exonuclease deficient T7 DNA polymerase, Sequenase has also been tested in 

pyrosequencing. Sequenase has several advantages in pyrosequencing when compared 

to the Klenow fragment: Sequenase incorporates dATP-α-S nucleotides to 

homopolymeric T stretches more efficiently, it does not accept mismatches in its 

substrate and therefore, unspecifically bound sequencing primers are not extended. In 

addition, Sequenase does not extend primer-dimers or loop structures unless they have 

at least 15 base pairs long stem (Gharizadeh et al. 2004). The large subunit of the Bst 

polymerase isolated from Bacillus stearothermophilus is used in massively parallel 

pyrosequencing (Margulies et al. 2005).  

ATP sulfurylase 

ATP sulfurylase (E.C. 2.7.7.4) catalyzes the production of ATP from PPi in 

pyrosequencing. In vivo, ATP sulfurylase activates sulphur by producing APS from 

ATP and SO
2

4 , and the APS is used for synthesis of different sulphur containing 

molecules. However, the reaction kinetics is very unfavourable for APS production but 

the removal of APS and PPi by cellular enzymes drives the reaction to the right. Thus, 

the reaction kinetics is favourable for the reaction needed in pyrosequencing: 

production of ATP from APS and PPi. The ATP sulfurylase used in pyrosequencing is 

a recombinant enzyme from Saccharomyces cerevisiae (Karamohamed et al. 1999). 

Luciferase  

Luciferase (E.C. 1.13.12.7) catalyses the production of light from ATP in 

pyrosequencing. The luciferase used in pyrosequencing is the most studied and the 

only commercially available recombinant luciferase originating from North American 

firefly Photinus pyralis. However, a more thermostable luciferase would allow 

pyrosequencing to be performed at a higher temperature (Ahmadian et al. 2006). A 

higher sequencing temperature would accelerate the sequencing reactions and reduce 

the background signal by diminishing the formation of primer dimers and strong 

secondary structures in the template (Eriksson et al. 2004). 
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Apyrase 

The apyrase (E.C. 3.6.1.5.) used in pyrosequencing derives from potato, Solanum 

tuberosum, pimpernel variety (Ahmadian et al. 2006). The use of apyrase enabled 

liquid-phase pyrosequencing reaction since apyrase degrades the unincorporated 

dNTPs and ATP from the reaction between different nucleotide additions (as opposed 

to solid-phase pyrosequencing). If apyrase is not used, pyrosequencing templates are 

washed and new enzymes and substrates are added between nucleotide dispensations 

(Langaee and Ronaghi 2005). 

Single-strand binding protein 

Single-strand binding protein (SSB) improves the read length of pyrosequencing by 

releasing secondary structures that hinder the action of DNA polymerase. The SSB 

used in pyrosequencing is isolated from E. coli (Ronaghi 2000). SSB is currently 

included in all commercial pyrosequencing kits. 

dATP analogue 

The natural dATP is a weak substrate of luciferase (Maxam and Gilbert 1977; Ronaghi 

et al. 1996). Therefore, use of dATP would lead to significant background signals in 

pyrosequencing because the amount of nucleotides given to the reaction is 

approximately 10 times higher than the amount of template (Zhou et al. 2005). 

Consequently, the nucleotide analogue 2’-Deoxyadenosine-5’-O’- (1-thiotriphosphate), 

(alpha-thio A, dATP-α-S) is used instead of dATP in pyrosequencing; dATP-α-S is not 

a substrate of luciferase whereas the Klenow fragment can use it as a substrate 

(Ronaghi et al. 1996). Due to the different structure, the A peaks are approximately 5-

15% higher in pyrosequencing than the peaks of other nucleotides.  

The dATP analogue has caused problems in pyrosequencing because it had an 

inhibitory effect on both the Klenow fragment and apyrase. As a consequence, 

homopolymeric T regions on the template were especially problematic in 

pyrosequencing (Ronaghi et al. 1999). Later it was found that only the Sp isomer of 

dATP-α-S was utilized by the Klenow fragment, and the Rp isomer is an inhibitor 

(Burgers and Eckstein 1979; Gharizadeh et al. 2002). When the pure Sp isomer was 

used, the alpha-thio A concentration could be halved and sequences of 50-100 bases 

were obtainable (Gharizadeh et al. 2002). 

dATP-α-S has an inhibitory effect also on apyrase, and apyrase activity was 

continuously decreasing during pyrosequencing reaction when both isoforms of the 

dATP-α-S were added to the reaction. The apyrase inhibition is however probably 

primarily due to the accumulation of the end products, mainly nucleoside diphosphates. 

Consequently, apyrase inhibition is not dependent on the stereoisomer, but the 

difference in inhibition is due to the lower concentration of the Sp isomer needed in the 

sequencing reaction (Gharizadeh et al. 2002).  
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2.1.4 Dispensation order and pyrogram 

The CCD camera in pyrosequencing instrument detects the light produced by the 

luciferase-luciferin reaction and records and presents the light emission as a sequence 

signal peaks called pyrogram. In the pyrogram, the detected light intensity is presented 

on the y-axis and the order of nucleotide dispensations are presented on the x-axis. The 

light emission is quantitative and proportional to the number of nucleotides 

incorporated; the more nucleotides incorporated, the more light is emitted, and the 

higher pyrosequencing peak appears to the pyrogram.  

The dispensation order, or the order in which the nucleotides are added to the 

pyrosequencing reaction, can be freely selected. This property enables to design 

sequence-specific dispensation orders, which is very useful when known nucleotide 

sequences as single nucleotide polymorphisms (SNPs) are analyzed (Figure 2). 

However, simple cyclic dispensation order can also be used. Using calculated, 

predetermined dispensation order in pyrosequencing enables longer reads as less 

inhibitory end products are accumulated in the reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Theoretical pyrograms of the 30-bp sequence of the S. pneumoniae v1 region 

obtained using cyclic (A) or a predetermined, S. pneumoniae –specific dispensation order (B). 

The star in the figure illustrates a hypothetical mutation site that is reached after twenty 

dispensations using the cyclic dispensation order whereas nine dispensations suffice when using 

the predetermined dispensation order. 
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Pyrosequencing may also be performed in a multiplex fashion (Pourmand et al. 2002), 

using more than one sequencing primer that anneal to different sites. The sequences are 

determined from the pyrosequencing peak patterns that in principle are the sum-curves 

of the known sequences (Figure 3). With the current pyrosequencing software it is 

possible to analyse three SNP targets per reaction, with more sophisticated software 

probably more SNPs per reaction can be analysed (Langaee and Ronaghi 2005). 

 

 

 

 

 

 

 

Figure 3. Multiplex pyrosequencing, the same (cyclic) dispensation order is used in all figures. 

A) The sequence in the pyrogram is ATTCAC and B) the sequence is TGAACG. When these 

sequencing reactions are combined, the sum curve of A and B is generated (A+B). 

2.1.5 Problems inherent to pyrosequencing 

The pyrosequencing enzyme system has some properties that may lead to difficulties 

during pyrosequencing. However, these known errors do not affect the generated 

sequence results. The main factors limiting read-length of pyrosequencing are 

appearance of background sequence and minus and/or plus frame shifts. The amount of 

background sequence is proportional to length of the PCR product: the longer the 

product, the more background signal is generated (Ahmadian et al. 2006).  

Minus shift is generated when a complementary nucleotide is not incorporated to all 

possible templates by the DNA polymerase and nucleotides are incorporated to them at 

later dispensations of the same nucleotide (Svantesson et al. 2004). This leads to small 

peaks after the correct dispensation and may later lead to the templates being 

sequenced asynchronously, which in turn leads to spurious pyrosequencing results, 

which are hard to interpret. 

The appearance of background signal before the real peak is called plus shift. It is due 

to incomplete degradation of nucleotides by apyrase, which leads to intact nucleotides 

being present at the next dispensation, leading to false sequence signals that might 

interfere with result interpretations in longer reads (Ahmadian et al. 2006).  

A A+B B 
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The decrease of signals towards the end of long read sequencing runs is caused by the 

inhibition of enzymes by the end by-products, mainly nucleoside monophosphates 

(dNMPs) (Svantesson et al. 2004), and the dilution effect due to iterative nucleotide 

additions (0.2 µl/ dispensation). The dilution effect can mainly be seen as broadening 

of peaks and the lowering of signals at later dispensations. Dilution effect is, however, 

more significant in so-called long-read sequencing where sequencing more than 100 

bases requires approximately 150 nucleotide dispensations (Gharizadeh et al. 2002). 

Sequencing homopolymeric DNA stretches is difficult for pyrosequencing technology, 

as the light generated from more than three nucleotides a dispensation may not increase 

linearly particularly when it involves alpha-thio A incorporations. This is mainly due to 

the longer time needed for nucleotide incorporation by DNA polymerase and 

simultaneous degradation of nucleotides by apyrase (Pourmand et al. 2002). However, 

adjacent sequence peaks and frameshifts may be used to determine the exact number of 

incorporated nucleotides.  

Pyrosequencing has also an inherent property to unsynchronized extension after a 

polymorphic site. This can be avoided using a predetermined, non-cyclic dispensation 

in order to obtain a synchronized reaction after the polymorphic site (Ahmadian et al. 

2006). The use of programmed nucleotide dispensation order also increases the read-

length because most nucleotide additions lead to extension and less end-products are 

accumulated in the reaction (Garcia et al. 2000). 
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2.1.6 Applications of pyrosequencing 

As pyrosequencing can be used for sequencing short stretches of DNA, it can be used 

in various applications. It has been found useful for example in microbial typing and 

detection of mutations causing resistance to antimicrobial agents in viruses (Lindström 

et al. 2004; O'Meara et al. 2001) and bacteria (Moder et al. 2007; Naas et al. 2007; 

Naas et al. 2006; Poirel et al. 2006). Pyrosequencing has also been widely used for 

determining SNPs and methylation analysis in genomic DNA (Baba et al. 2010; 

Fakhrai-Rad et al. 2002). 

Sequencing  

Pyrosequencing can be used for actual sequence determination, provided that the 

sequence to be determined by a single pyrosequencing run is fairly short as the 

maximum read length is normally approximately 60 bases (Mashayekhi and Ronaghi 

2007; Ronaghi 2000). In addition, the appearance of nonsynchronized sequencing data 

after a challenging polymorphic region limits the use of pyrosequencing mainly to re-

sequencing. However, the sequence of exons 5-8 of the p53 gene has been determined 

by pyrosequencing, the sequence was assembled from short overlapping sequences 

determined by pyrosequencing (Garcia et al. 2000). Furthermore, the large-scale 

pyrosequencing technique has been used in several genome sequencing projects 

(Monger et al.; Wheeler et al. 2008).  

Detection of SNPs or heterogeneous sequences  

The inherent property of a pyrosequencing reaction to proceed asynchronously if the 

templates are not identical can be exploited in detecting SNPs or heterogeneous 

sequences (Lindström et al. 2004) as the dispensation order may be designed so that 

the different haplotypes: wild type, mutant and heterozygous create a distinct 

pyrosequencing peak pattern. In fact, the commercial pyrosequencing technology 

(Qiagen) has been developed mainly for determination of mutations, mostly the SNPs 

present in the human genome. Pyrosequencing is suitable for detection of SNPs since 

they are short nucleotide stretches, which can easily be determined by pyrosequencing. 

Furthermore, as pyrosequencing is a sequencing method, also the nucleotides 

surrounding the SNP of interest are sequenced verifying the correct positioning of the 

assay and novel mutations can be detected. 

Pyrosequencing is useful also for molecular haplotyping, determination of whether a 

given mutation is present on both chromosomes or only on other chromosomal copy 

(Ahmadian et al. 2000) or whether given sequences are located cis or trans in the 

chromosomes (Kruckeberg and Thibodeau 2004). Pyrosequencing analysis may also be 

performed with pooled samples to determine the proportion of a given sequence type in 

a pooled population. The pooling method is useful for screening of proportion of a 

given SNP in DNA pools from affected or non-affected individuals before 

implementing more detailed methods (Doostzadeh et al. 2008; Gruber et al. 2002). 

In addition to SNPs, pyrosequencing is suitable for determination of other kinds of 

heterogeneous sequences, for example a sequence of a virus or a bacterium that carries 
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a resistance mutation against a certain drug (Lindström et al. 2004; Sinclair et al. 

2003). In a study for determining drug resistance of hepatitis B virus, pyrosequencing 

could detect a heterogeneous sequence that was present in 20% of the templates 

(Lindström et al. 2004), and in linezolid resistant enterococci, one mutant copy among 

six copies was detectable (Sinclair et al. 2003).  

Methylation detection 

Pyrosequencing has also been applied to the detection of methylated sequences that are 

important for example in the development of cancer because methylation affects the 

gene expression profiles and changes in DNA methylation often occur early in 

carcinogenesis. During cancer development, two kinds of methylation changes have 

been detected: either the whole genome is hypomethylated or cytosine residues in 

promoter-associated CpG islands are over- or undermethylated (Shames et al. 2007).  

Prior to pyrosequencing methylation analysis, the sample DNA is treated by bisulphite, 

which converts unmethylated cytosines to urasils whereas methylated cytosines remain 

unchanged. When the bisulphite-treated DNA is amplified by PCR, the urasils are 

replaced by thymidines and the cytosines remain cytosines. In pyrosequencing analysis 

of the PCR product, the proportion of C peak to T peak indicates the degree of 

methylation at a given site (England and Pettersson 2005). 

Identification of bacteria  

Identification of bacteria using pyrosequencing utilizes DNA targets that have 

conserved and variable regions so that the primers can be designed to the conserved 

areas and pyrosequencing is performed on the variable regions (Grahn et al. 2003; 

Innings et al. 2005; Jonasson et al. 2002; Jordan et al. 2005; Monstein et al. 2001; 

Ronaghi and Elahi 2002; Tuohy et al. 2005; Unnerstad et al. 2001). First 

pyrosequencing assay for the identification of bacteria was published by Jonasson et al 

in 2002. The method was based on the variable regions v1 and v3 of the 16S rRNA that 

have also been used for the identification of contaminating bacterial DNA in PCR 

reagents and for detection and subtyping of Helicobacter pylori isolates (Grahn et al. 

2003; Monstein et al. 2001).  

Moreover, a method using a universal 16S rRNA PCR for template preparation and 

multiple pyrosequencing primers for detection of a certain bacterial groups was 

developed. In this method, multiple semi-conservative sequencing primers were 

designed to give the most informative sequence in different bacterial species. During 

pyrosequencing, only one of the primers hybridises to the target sequence of a given 

species (Gharizadeh et al. 2003). However, the sequences of ribosomal genes are 

sometimes identical in closely related bacteria and analysis of other, more variable 

house-keeping genes or genes specific to the target organism have been introduced. For 

example, Bacillus anthracis has been differentiated from other Bacillus species by a 

pyrosequencing assay based on determination of four SNPs of the RNA polymerase 

beta-subunit gene (rpoB) (Wahab et al. 2005). 
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2.1.7 Massively parallel pyrosequencing 

High-throughput pyrosequencing, also called massively parallel pyrosequencing, (454 

Life Sciences, a Roche company, Branford, CT, USA), has been developed and used 

mainly for large sequencing projects, as for sequencing of bacterial (Margulies et al. 

2005) or human genomes (Wheeler et al. 2008). The genome of James D. Watson was 

sequenced in 7.4 fold redundancy in two months using newly released version of this 

technique (Wheeler et al. 2008). Massively parallel pyrosequencing has significantly 

higher throughput than the traditional Sanger-based sequencing method, generating 

400 bp read length on average and 400 million bases data output in a ten-hour run with 

the current instrument (Genome Sequencer FLX system). 

Massively parallel pyrosequencing is performed on a picotiter plate, a fibreoptic slide 

containing 3.6 million wells for pyrosequencing reactions. In massively parallel 

pyrosequencing, the sample DNA is sheared to fragments and ligated to universal 

oligonucleotide adaptors that contain sequences to which PCR and sequencing primers 

anneal and are thus used for amplification, sample preparation and sequencing. Two 

adaptors are ligated to each DNA fragment, and with help of the biotin in one of the 

adaptors, the fragments can bind to streptavidin coated bead under conditions (limiting 

dilutions) that favour one fragment per bead (Margulies et al. 2005). 

The beads are added to water-in oil emulsion containing PCR reagents and the oil is 

divided to droplets, each containing one bead. The DNA fragments on the beads are 

each separately amplified in the oil droplets in emulsion PCR (emPCR). After the 

PCR, the PCR products on the beads are denatured and the sequencing primers are 

annealed to the single-stranded templates and each bead is loaded in a well of the 

picotiter plate. Thereafter, SSB and the large fragment of the Bst polymerase are bound 

to the DNA fragments on the beads. Then, smaller beads carrying luciferase and ATP 

sulfurylase are transferred into the wells of the picotiter plate. Pyrosequencing is 

performed by the sequential addition of substrates and nucleotides (dATP-α-S, dCTP, 

dGTP, dTTP) and a PPi standard. The unincorporated nucleotides are degraded by an 

apyrase wash between the nucleotide additions (Margulies et al. 2005).  

Analysing more than one sample is possible in massively parallel pyrosequencing if 

specific barcodes are included in the universal adaptors. The use of eight-nucleotide 

barcode enables analysis of 1544 samples simultaneously (Hamady et al. 2008), but 

normally shorter tags suffice (Hoffmann et al. 2007).  
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2.1.8 Sanger sequencing 

Chain termination method or the elegant Sanger sequencing has been the most widely 

used sequencing method for the last 30 years, also regarded as the gold standard. The 

principle of Sanger sequencing differs remarkably from pyrosequencing: Sanger 

sequencing is based on electrophoresis-based separation of PCR products having 

labelled dideoxynucleoside triphosphates (ddNTPs) as DNA chain terminators. In the 

original method, four different reactions were performed for a sample. Each reaction 

contained a single-stranded DNA template, a primer, a DNA polymerase, all the four 

dNTPs, and one radioactively labelled chain-terminating ddNTP. The labelled DNA 

fragments synthesized in the four reactions were separated by size using denaturing 

acrylamide gel electrophoresis and analysed by autoradiography. The nucleotide 

sequence was determined from the sizes of the DNA fragments deriving from the 

different reactions (Sanger et al. 1977).  

In cycle sequencing, heat resistant DNA polymerase enables to use temperature cycling 

and linear amplification of the sequencing template using the sequencing primer 

(Murray 1989). The current widely used dideoxy sequencing known as fluorescent 

dye-terminator cycle sequencing is based on use of four fluorescently labelled ddNTPs. 

Each ddNTP is labelled with a different fluorescent dye. The fluorescent sequencing 

products are analysed by capillary electrophoresis, which separates the DNA fragments 

by size (smaller fragments move faster to the detector). At the detector, a laser beam 

excites the dye molecules of the DNA fragments of all analysed capillaries at the same 

time and the emission spectra is translated to a colour readout, called 

electropherogram.  

http://en.wikipedia.org/wiki/Dideoxynucleotides
http://en.wikipedia.org/wiki/Primer_(molecular_biology)
http://en.wikipedia.org/wiki/DNA_polymerase
http://en.wikipedia.org/wiki/Dideoxynucleotides
http://en.wikipedia.org/wiki/Gel_electrophoresis
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2.2 General Microbiology 

2.2.1 Microbial taxonomy 

The taxonomy is a hierarchy of life established by Carl Linnaeus in 1735. In taxonomy, 

every living organism is included in a species, which in turn belongs to a genus, 

family, order, class, phylum or division, and domain. Prokaryotes are divided to two 

domains: the Archaea and Bacteria. The bacterial domain currently contains 29 

accepted phyla (Euzéby 2011). In addition to the accepted phyla, 26 of 52 bacterial 

phyla described in 2003 were unaccepted; uncultured phyla that have been described 

based on 16S rRNA sequence data (Rappe and Giovannoni 2003). At present, taxa 

higher than genus are not commonly used even when describing new bacterial species. 

This is mainly because there are no clear rules for defining higher taxa (Garrity et al. 

2007; Tindall et al. 2010). 

Microbial taxonomists started to give microbial strains, pure cultures derived from a 

given specimen, genus and species designations in the 19th century. Only phenotypic 

characters were available at that time and the taxonomy was based on observable and 

measurable characteristics. As the methods developed, a bacterial species was defined 

as a bacterial group having a DNA-DNA hybridization (DDH) or reassociation value 

≥70%. In addition, two strains belong to the same species if ΔTm, difference of the 

melting temperature of a bacterial strain DNA and the melting temperature of the 

hybrid DNA of two strains, is ≤5 °C (Wayne 1988). In addition, the members of a 

species must possess at least one common diagnostic trait by which the members of 

this species can be distinguished from other species (Wayne 1988). DDH has several 

drawbacks, it is tedious, difficult to standardize and the results may depend on which 

strain is used as a probe and which as the target. In addition, the results of this method 

are not always extrapolatable; if isolates A and B as well as isolates B and C have 

DDH value of >70%, the value between A and C may well be <70%. This can 

naturally lead to controversial and complicated species designations and cumulative 

databases cannot be built on DDH data (Achtman and Wagner 2008; Richter and 

Rosselló-Móra 2009). Despite its drawbacks, DDH has remained the golden standard 

for genetically describing bacterial species.  

16S rRNA sequencing was originally thought to substitute DDH, and it has been stated 

that isolates having ≤98.7% homologous 16S rRNA sequences always belong to 

different species because this degree of sequence difference in the 16S rRNA has been 

found to correlate with the DNA-DNA hybridization value of <70%. However, some 

species have >98.7% identical 16S rRNA sequences although their DNA-DNA 

reassociation values are <70% (Achtman and Wagner 2008). Therefore, isolates having 

less than 97% homologous 16S rRNA sequences may reliably be designated to 

different species but the isolates having >97% homologous 16S rRNA sequences 

cannot be reliably assigned to the same species based on the 16S rRNA sequence 

similarity only (Hanage et al. 2006). Although the degree of 16S rRNA sequence 

homology is useful in determining whether isolates belong to the same species or not, 
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new species cannot be described based on the 16S rRNA sequences alone due to the 

conservativeness of the 16S rRNA sequence (Richter and Rosselló-Móra 2009). 

In 2002, the classification of new species was recommended to be based on MLSA, 

multilocus sequence analysis, the comparison of sequences of at least five 

housekeeping genes provided that there is congruence between the sequencing and 

DNA-DNA reassociation results (Stackebrandt et al. 2002). However, it is difficult to 

select which gene to sequence and the sequencing results may be confused by 

horizontal gene transfer (HGT) between species (Hanage et al. 2006; Milinovich et al. 

2008).  

Genome sequence comparison is ultimately the best method to describe species 

(Buckley and Roberts 2007), and the average nucleotide identity (ANI) between a 

given pair of genomes has potential to replace DDH. In ANI, genome sequences of two 

strains are aligned, and threshold of 95-96 % identical bases seems to correspond to the 

DDH of 70%. ANI can be performed also for draft genomes with preferably >50% 

coverage (Richter and Rosselló-Móra 2009). However, most of the genomes sequenced 

thus far are not type strains of the species, which poses a major obstacle in 

implementing the data for microbial taxonomy, and the type strain genomes should 

urgently be sequenced (Buckley and Roberts 2007; Richter and Rosselló-Móra 2009). 

2.2.2 Bacterial ribosome  

Ribosomes are the protein factories of all cells; they translate the sequence of mRNA 

molecules to the corresponding amino acid sequences. Ribosomes comprise two major 

parts, the large and small subunit, which in turn consist of protein and ribosomal RNA 

(rRNA) molecules. In the bacterial ribosome, the rRNA part of the small subunit 

contains approximately 1500 nucleotides and is called 16S rRNA based on its 

sedimentation velocity. Two rRNA molecules, 23S and 5S, are found in the large 

bacterial ribosomal subunit and contain approximately 3000 nucleotides in total. The 

small and large ribosomal subunits contain 20-21 and 31-35 proteins, respectively. The 

small ribosomal subunit binds to the mRNA and it contains the decoding center and 

controls the fidelity of translation. The large ribosomal subunit interacts with the 

tRNAs which bring their amino acids to the peptidyl transfer center (PTC) where the 

amino acids are bound to each other to form the peptide chain in the order which is 

coded in the mRNA. The protein exit tunnel, through which the peptide chain exits the 

ribosome, is also located in the large ribosomal subunit (Yonath 2005). 

The structures of eukaryotic, bacterial, and archaeal ribosomes differ a little, and the 

subtle difference enables the antibiotics to hinder the action of bacterial but not 

eukaryotic ribosomes. Antibiotics interfere with the action of bacterial ribosome by 

binding to the decoding site, PTC, the protein exit tunnel, and other elements that are 

crucial for the function of the ribosome (Yonath 2005). The clinically most important 

antimicrobials binding to the ribosome are macrolides which will be discussed in 

chapter 2.4.1 of this thesis. 

The sequences of the rRNA molecules, especially the sequence of the 16S rRNA, have 

been widely used for the identification of bacteria as the ribosomal sequences have 
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been found to be very useful in determining evolutionary relationships because the 

sequences act as molecular chronometers. Thus, the evolutionary position of all 

bacteria can be determined by sequencing its 16S rRNA. The ribosomal sequences are 

also useful because some regions of the molecules are highly conserved and others are 

more variable. (Woese 1987).  

2.2.3 Human microbiome metagenomics 

Only a small part of the human microbiota (or microbes in nature in general) is 

currently cultivable and is thus available for culture-based microbiological analysis. 

High-throughput sequencing has enabled the launch of a huge genome sequencing 

project, Human Microbiome Project, which aims to determine the human metagenome, 

combined sequences of the human host and the microbes belonging to the human 

microbiota by culture-independent methods (Turnbaugh et al. 2007). 

Based on 16S rRNA sequence data, the human microbiota seems to be relatively 

conserved at the phylum level whereas there is host-specific difference in the genus, 

species and strain population levels and it was concluded that a common microbial 

core does not exist (Eckburg et al. 2005). However, in the study of Qin et al, the most 

common 57 species are present in  ≥90% of individuals with genome coverage >1% 

and the abundance of these species varied extensively. The differences in the 

conclusions could be due to different study designs and methodology, and the earlier 

studies may have included only the most abundant species or sequences (Qin et al. 

2010). Despite the varying views of the taxonomic composition of the microbiota, the 

current opinion is that the human microbiome seems to contain functionally similar 

genes that maintain the vital functions (Qin et al. 2010; Turnbaugh et al. 2009).  

Composition and/or functionality of especially the human gut microbiota has been 

studied in various disorders, and the composition diseased gut has been found to differ 

from healthy (Chang et al. 2008; Frank et al. 2007). Interestingly, the gut microbiota 

has been found to be altered also in conditions that are not evidently related to gut as 

obesity (Turnbaugh et al. 2009) and autism (Parracho et al. 2005). 

The science of metagenomics is currently at its pioneering stages, and for example, 

new bioinformatics tools have to be generated for managing the extensive amount of 

sequencing data before metagenomic analysis may become common. However, it is 

probable that metagenomic analysis of patient samples will become available sooner 

than we can anticipate. Once in routine use, metagenomic analysis will reveal all 

genetic components of the sample: the resistance determinants, virulence factors and 

current genotyping targets. Furthermore, well-annotated sequence data could give 

information about the clinical course of a patient with a given metagenome (Joseph and 

Read 2010). 
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2.3 The genus Streptococcus 

Genus Streptococcus belongs to the phylum Firmicutes, class Bacilli, Order 

Lactobacillales, and family Streptococcaceae (Garrity et al. 2007). Streptococci are 

further divided to groups to which certain species are assigned. Microbial taxonomy is 

constantly redefined, and especially the grouping of streptococcal species has been 

constantly evolving.  

The genus Streptococcus currently consists of more than 60 species and the number is 

increasing as new streptococcal, mainly alpha-haemolytic species are constantly 

described. Streptococci are both major pathogens and commensal organisms of humans 

and animals. They are gram-positive, catalase negative and facultatively anaerobic 

bacteria. Streptococcal cells are spherical or ovoid, less than 2 µm in diameter and 

form chains in liquid culture. Streptococci belong to the low G+C bacteria; their G+C 

content is between 34-46 mol% (Ruoff et al. 2003). Streptococci have traditionally 

been divided into beta- and alpha-haemolytic species. The beta-haemolytic isolates 

lyse erythrocytes completely; clearance of blood agar is distinctive. Alpha-haemolytic 

isolates produce a greenish darkening of the agar. Non-haemolytic streptococci are 

considered as alpha-haemolytic as incubation conditions may render a nonhaemolytic 

isolate alpha-haemolytic (Facklam 2002). The beta-haemolytic streptococci are 

generally easily identified based on the haemolysis and detection of Lancefield 

antigens (Lancefield 1933) whereas alpha-haemolytic isolates are more challenging to 

the clinical microbiology laboratory.  

Streptococci are naturally competent for genetic transformation and therefore, HGT 

plays an important role in the evolution of these bacteria and affects also identification 

of streptococci (Delorme et al. 2007; Håvarstein et al. 1997; Kilian et al. 2008; Marri 

et al. 2006). HGT has been detected among the members of the S. anginosus, S. mitis 

and S. salivarius groups, and the homologous recombination happens within species of 

the same streptococcal group probably because sufficient sequence homology is 

required for recombination (Delorme et al. 2007; Hoshino et al. 2005; Jacobs et al. 

2000; Kilian et al. 2008). 

2.3.1 Beta-haemolytic streptococci 

The most pathogenic of the beta-haemolytic streptococcal species is the group A 

streptococcus (GAS), Streptococcus pyogenes. It causes pharyngitis, impetigo and 

other, also invasive diseases. S. pyogenes is most easily identified by detection of the A 

antigen on the cell surface. However, some S. anginosus group members and 

S. dysgalactiae ssp. equisimilis have been found to infrequently carry the A antigen 

(Facklam 2002).  

The group B streptococcus (GBS), S. agalactiae is the major cause of neonatal sepsis. 

In the 1970s it was noticed that transmission from colonized mother to the newborn is 

a major route of infection and that the risk of invasive disease of the newborn was 

proportional to the degree of maternal GBS colonization. For prevention of this 

disease, screening of pregnant women for carriage of this pathogen and subsequent 



Review of the literature 

 28 

antimicrobial (penicillin) treatment have been established in the US. The disease 

burden has consequently significantly decreased (Baltimore 2007). Moreover, 

vaccination against GBS has been studied (Facklam 2002).  

The C antigen is found in seven β-haemolytic species; S. dysgalactiae ssp. equisimilis, 

S. equi ssp. equi, S. equi ssp. ruminatorum (Fernandez et al. 2004), S. equi ssp. 

zooepidemicus, S. anginosus, S. constellatus ssp. pharyngis, and S. phocae. In addition, 

alpha-haemolytic S. dysgalactiae ssp. dysgalactiae also carries it. Consequently, the C 

antigen can only be used as an aid for identification of the isolates carrying it and the 

isolates should be further identified using other methods, as phenotypic tests. Human 

isolates with group C and G antigens forming large colonies belong to the species 

S. dysgalactiae ssp. equisimilis that may cause different kinds of severe infections as 

bacteraemia, endocarditis, meningitis, septic arthritis, and respiratory tract infections. 

The small colony forming isolates expressing A, C, F, or G antigens or being 

ungroupable belong to the former “S. milleri” group currently called S. anginosus 

group (Facklam 2002; Ruoff et al. 2003). S. equi ssp. equi causes strangles in horses 

and has not been isolated from human infections. S. equi ssp. zooepidemicus causes 

bovine mastitis, and most of the human infections are caused by consumption of 

contaminated dairy products. Human manifestations include septic infections and 

nephritis (Facklam 2002; Kuusi et al. 2006). Streptococcus equi ssp. ruminatorum has 

been detected in mastitis samples of small ruminants (Fernandez et al. 2004). 

S. constellatus ssp. pharyngis causes human pharyngitis. S. phocae was originally 

isolated from harbour seals and it has not been isolated from humans (Facklam 2002). 

S. canis carrying the Lancefield group G antigen has been isolated from animals, 

mostly dogs. S. canis has also been found to cause human sepsis, but the prevalence is 

unknown because the group G isolates are usually tested only for the Lancefield 

antigen and haemolysis (Facklam 2002).  

S. porcinus is a beta-haemolytic streptococcus that carries the Lancefield group E, P, 

U, and V and four new antigens. S. porcinus has often been isolated from pyogenic 

infections of swine (Duarte et al. 2005) and also from female genitourinary tract but its 

clinical significance has not become clear as commercial GBS antibodies often cross-

react with S. porcinus strains (Facklam 2002). S. pseudoporcinus was described in 

2006, and the isolates were isolated from the genitourinary tract of women. The 

S. pseudoporcinus isolates were phenotypically similar to S. porcinus but could be 

differentiated as a separate species by 16S rDNA sequencing. Bekal et al have stated 

that human isolates seem to be S. pseudoporcinus whereas isolates from other sources 

are S. porcinus (Bekal et al. 2006). Consequently, the species found earlier in the 

genitourinary tract of women were probably also S. pseudoporcinus isolates. 

S. pseudoporcinus has also been found in a wound infection of a male patient (Mahlen 

and Clarridge 2009). 

S. iniae, a beta-haemolytic streptococcus that does not possess any group antigen, was 

first found in freshwater dolphins and has later been found also in aquacultures of fish. 

It may also transfer to humans via the fish (Facklam 2002).  
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S. suis was formerly called Lancefield group R, S, and T streptococci, and these 

antigens are still useful for the identification of this bacterium. S. suis is a major 

porcine pathogen but it may also cause human infections by transferring to humans via 

a close contact with sick or carrier pigs. Mortality of meningitis, septicaemia, 

endocarditis, arthritis, and septic shock caused by S. suis is high in both pigs and 

humans (Lun et al. 2007). Some S. suis isolates are beta-haemolytic on agar plates 

containing horse blood, whereas all S. suis isolates are alpha-haemolytic when grown 

on sheep blood (Facklam 2002).  

2.3.2 Alpha-haemolytic streptococci 

The alpha-haemolytic streptococci are often divided to S. pneumoniae and viridans 

group streptococci, VGS (Ruoff et al. 2003). The VGS have been further divided into 

five groups based on the 16S rRNA sequence homology: S. anginosus, S. bovis, 

S. mitis, S. mutans, and S. salivarius group (Kawamura et al. 1995). In practice, 

however, isolates belonging to the S. mutans or S. bovis groups are not normally 

considered to belong to the VGS (Bishop et al. 2009).  

The alpha-haemolytic streptococci are part of the human normal microbiota; they are 

present in the oral cavity, the gastrointestinal tract and the female genital tract. The 

commensal VGS have also been shown to inhibit growth of pathogenic bacteria. More 

specifically, S. mitis, S. salivarius, and S. sanguinis have shown inhibitory effect on in 

vitro colonization of periodontal pathogen Aggregatibacter actinomycetemcomitans 

(Norskov-Lauritsen and Kilian 2006; Teughels et al. 2007). It has also been found that 

the alpha-haemolytic streptococci of healthy children inhibit growth of otitis media 

pathogens S. pneumoniae and Haemophilus influenzae more efficiently than the alpha-

haemolytic streptococci of children suffering from recurrent or secretory otitis media 

(Tano et al. 2000). 

Since VGS colonize the mucous membranes, they are often considered as contaminants 

when isolated from patient samples, even from blood culture. However, VGS may 

indicate subacute bacterial endocarditis especially in patients with prosthetic heart 

valves. The incidence of viridans streptococcal infections is rising partly because the 

number of immuno-compromised neutropenic patients susceptible to this kind of 

infections is increasing (Hoshino et al. 2004; Kawamura et al. 1995; Ruoff et al. 2003). 

The most common causative agent of infective endocarditis (IE) is Staphylococcus 

aureus and the second most common are the oral streptococci which were considered 

the causative agent in 21% of 3784 IE cases (Moreillon and Que 2004). The most 

common viridans streptococcal species causing infections in neutropenic patients are  

S. oralis, S. mitis, and S. salivarius (Hoshino et al. 2004; Kawamura et al. 1995; Ruoff 

et al. 2003).  
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S. pneumoniae  

S. pneumoniae is a major pathogen, it is the most common cause of community-

acquired pneumonia and it causes also otitis media, sinusitis, meningitis, and 

endocarditis. However, oropharyngeal carriage of S. pneumoniae is common and the 

clinical significance of growth of S. pneumoniae especially from sputum is often 

difficult to estimate (Ruoff et al. 2003). S. pneumoniae is genetically (Kawamura et al. 

1995) and phenotypically closely related to the members of the S. mitis group but it is 

usually not regarded as a member of S. mitis group. The major virulence factors of 

S. pneumoniae are its capsule, for which 90 serotypes are known, pneumolysin (Ply, a 

haemolytic cytolysin), cell wall autolysin (LytA), and many surface proteins that are 

thought to interact with host cells (Jedrzejas 2001).  

Differentiation of S. pneumoniae from other, less pathogenic alpha-haemolytic 

streptococci is considered important. However, no golden standard exists for the 

identification of S. pneumoniae and various techniques are used for its identification. 

S. pneumoniae is most commonly differentiated from other alpha-haemolytic species 

by optochin susceptibility and bile solubility tests (Facklam 2002). Moreover, atypical 

optochin resistant and/or bile insoluble pneumococci are quite commonly detected 

especially in samples from nonsterile sites (Arbique et al. 2004; Kearns et al. 2000). It 

has been proposed that differentiation of S. pneumoniae from VGS should include at 

least colony morphology, haemolysis, and Gram stain morphology as well as either 

bile solubility, optochin susceptibility, or Phadebact coagglutination (Boule 

Diagnostics, Huddinge, Sweden) and information on the source of the isolate (Kellogg 

et al. 2001). Some isolates give atypical results in the aforementioned tests and their 

exact identification requires additional tests (Kellogg et al. 2001; Whatmore et al. 

2000). The difficulty of differentiating S. pneumoniae from the members of the S. mitis 

group is demonstrated in the description of a new species S. pseudopneumoniae, the 

isolates of which were initially identified as S. pneumoniae (Arbique et al. 2004). 

Fortunately however, S. pneumoniae isolates isolated from blood are usually very 

homogenous and more easily identified than isolates from non-sterile sites (Clarridge 

2004) 

AccuprobeTM (Gen-Probe Inc, San Diego, CA, USA) is a widely used commercial 

hybridization test for the identification of S. pneumoniae. Accuprobe is based on the 

16S rRNA sequence and it has been shown to have a sensitivity of 97.9% and 

specificity of 100% when compared to conventional identification methods (Lindholm 

and Sarkkinen 2004). However, S. pseudopneumoniae isolates have been found to be 

Accuprobe positive (Arbique et al. 2004).  

Various PCR-based methods have been developed to identify S. pneumoniae 

preferably directly from patient samples. The PCR protocols are based on the detection 

of virulence genes of S. pneumoniae using conventional or real-time approach. The 

most often used targets are the pneumolysin gene ply and the autolysin gene lytA 

(Rudolph et al. 1993). However, ply has been detected also in S. mitis isolates possibly 

indicating a pathogenic role for this gene (Neeleman et al. 2004). In addition, both the 

ply and lytA genes have been detected in S. pseudopneumoniae (Arbique et al. 2004; 
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Neeleman et al. 2004). However, careful selection of PCR primer and probe sequences 

enabled the design of S. pneumoniae-specific lytA assay that did not amplify DNA 

from S. pseudopneumoniae or other tested S. pneumoniae-like streptococcal isolates 

(Carvalho et al. 2007). 

S. mitis - S. sanguinis group 

The species belonging to the S. mitis or S. sanguinis group are very closely related, and 

their identification is difficult both by phenotypic and genotypic methods. The 

S. sanguinis group can be distinguished from the S. mitis group by phenotypic tests 

(Facklam 2002) but not by analysis of the 16S rRNA sequence (Kawamura et al. 

1995). Furthermore, the classification and nomenclature of the S. mitis group has 

caused considerable confusion. For example, the type strain of S. mitis has been 

changed and the former type strain has been designated to belong to S. gordonii (Kilian 

et al. 1989a). Furthermore, a term “biotype” for which no type strains are available, 

and the meaning of which seems to vary between studies has been widely used for 

especially S. sanguinis isolates (Kilian et al. 1989b). The S. mitis group comprises 

species S. australis, S. cristatus, S. infantis, S. mitis, S. oralis, S. peroris, and 

S. pseudopneumoniae. S. sanguinis group members are S. sanguinis, S. parasanguinis, 

and S. gordonii (Facklam 2002). In addition, S. sinensis that was originally isolated 

from blood of patients with infective endocarditis seems to belong either to the  

S. anginosus or to the S. mitis - S. sanguinis group by phenotypic and genetic bases 

(Woo et al. 2002). 

Bacteria of the S. mitis group are often found as commensals in the oral cavity, the 

gastrointestinal tract and the female genital tract (Facklam 2002; Köhler 2007). The 

S. mitis group members can also transiently be found in the normal microbiota of skin 

and they can be contaminants when isolated from blood culture (Spellerberg and 

Brandt 2007). On the other hand, the streptococcal species most often causing 

endocarditis are S. sanguinis, S. mitis, S. oralis, and S. gordonii, which all are members 

of the combined S. mitis - S. sanguinis group (Facklam 2002; Ruoff et al. 2003). 

However, it is not possible to reliably connect any members of the S. mitis group to a 

certain infection yet (Facklam 2002).  

S. mitis was described in 1906 (Andrewes and Horder 1906) which makes it the oldest 

species present in the group. S. oralis is an early-colonising organism of the oral cavity 

of infants and it is found also on adult teeth (Long and Swenson 1976). S. cristatus 

isolates have previously been called S. sanguinis biotype I, and this bacterial species 

has been isolated from dental plaques, periodontal abscesses and throats (Köhler 2007). 

S. infantis and S. peroris have been isolated from tooth surface and pharynx of infants. 

The first S. peroris strains were isolated from patients suffering from Kawasaki disease 

or acute pharyngitis (Kawamura et al. 1998). S. orisratti has been isolated from the 

mouths of rats that had been on high-sucrose diet (Zhu et al. 2000). The most recent 

additions to the S. mitis group are S. australis that was isolated from mouths of healthy 

children (Willcox et al. 2001), S. oligofermentans from dental plaques and saliva of 

Chinese caries-free patients with pharyngeal carcinoma (Tong et al. 2003), and  

S. pseudopneumoniae (Arbique et al. 2004).  
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S. sanguinis, S. parasanguinis, and S. gordonii belong to the S. sanguinis group 

(Facklam 2002). S. sanguinis causes severe bacteraemic infections as endocarditis but 

it is also present in the oral microbiota; colonization by it seems to begin at the same 

time as the first teeth erupt (Caufield et al. 2000). S. parasanguinis was originally 

isolated from human throat, blood and urine (Whiley et al. 1990). S. sanguinis and 

S. parasanguinis have been found to have a preventive effect on colonization of 

S. mutans and other microbes causing dental caries (Caufield et al. 2000; Tanzer et al. 

2001). S. massiliensis isolated from human blood is the latest addition to the group. 

However, its designation was not straightforward as it was most closely related to the 

members of the S. mutans group by the 16S rRNA sequence whereas the rpoB and 

manganese-dependent superoxide dismutase gene (sodA) sequences indicated it to 

belong to the S. sanguinis group (Glazunova et al. 2006). 

S. anginosus group  

S. anginosus group members can be either beta- or alpha-haemolytic although majority 

of them are alpha-haemolytic and are grouped to VGS. This group currently includes 

three species and two subspecies: S. anginosus, S. constellatus ssp. constellatus, 

S. constellatus ssp. pharyngis and S. intermedius. Fortunately, the haemolysis seems to 

follow some rules in S. anginosus group streptococci: S. intermedius rarely seems to be 

beta-haemolytic, and on the other hand, S. constellatus tends to be most often beta-

haemolytic of these species (Facklam 2002). S. anginosus group members are often 

isolated from oral abscesses and S. anginosus also from female genital infections.  

S. intermedius can be isolated from deep-seated abscesses, often from the liver or 

brain. S. constellatus is quite often isolated from thoracic sites and the respiratory tract 

although association with infection is less clear than with the other members of the 

S. anginosus group (Facklam 2002; Ruoff et al. 2003). S. anginosus group members 

have also been found to cause bacterial meningitis (Chang et al. 2002).  

S. salivarius group 

The S. salivarius group members S. hyointestinalis, S. infantarius, S. salivarius, 

S. thermophilus, and S. vestibularis are closely related to the S. bovis group members 

both phenotypically and based on their 16S rRNA sequences (Facklam 2002; Whiley 

and Beighton 1998). S. hyointestinalis isolates have been isolated from swine guts and 

were initially identified as S. salivarius, but the isolates were found to deserve a 

species status (Devriese et al. 1988; Facklam 2002). S. infantarius is currently listed in 

both S. bovis and S. salivarius groups because of its phenotypic characters: some of 

them are bile-esculin and bile negative, which excludes them from the S. bovis group. 

Nevertheless, they belong to the same species based on DNA - DNA reassociation 

results (Facklam 2002). S. infantarius, S. salivarius, and S. vestibularis have been 

isolated from humans and although S. salivarius is considered least pathogenic of the 

VGS, it is often isolated from various human infections (Corredoira et al. 2005). 

S. vestibularis can be isolated from the oral cavity and its pathogenicity to humans has 

not been established. S. thermophilus is the only streptococcus that is used in food 

production; it is commonly used with Lactobacillus bulgaricus as a starter culture in 
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dairy industry in producing fermented products as yogurt and Mozzarella cheese. 

These lactic acid bacteria also have important probiotic effects in relieving the 

symptoms of lactose intolerance, for example (Delorme 2008). S. thermophilus has 

been considered a subspecies of S. salivarius but the differences in their genetic and 

biochemical characteristics confirm their statuses as separate species (Schleifer et al. 

1991). 

S. bovis group 

The S. bovis group has traditionally been divided to biotypes; biotype I strains are 

mannitol-positive and produce glucan from sucrose, whereas biotype II strains are 

mannitol-negative and do not produce glucan. The strains with biotype II.1 ferment 

starch, melibiose and glycogen. The strains of biotype II.2 ferment trehalose and 

produce β-glucuronidase and β-galactosidase. The biotypes are still commonly used for 

the identification of clinical strains (Ruoff et al. 2003).  

The nomenclature and taxonomy of the S. bovis group has undergone major revisions. 

Species currently belonging to S. bovis or group D streptococci are S. alactolyticus, 

S. bovis, S. equinus, S. gallolyticus ssp. gallolyticus S. gallolyticus ssp. pasteurianus, 

S. gallolyticus ssp. macedonicus, S. infantarius, and S. lutetiensis (Köhler 2007; 

Schlegel et al. 2003). The S. bovis group has been found to contain six DNA homology 

groups by DDH analysis (Farrow et al. 1984). S. bovis and S. equinus isolates are 

mainly bovine isolates of biotype II.1 and belong to the DNA group 1 or rarely to the 

DNA group 3 that contains atypical S. bovis and S. equinus isolates. S. bovis and  

S. equinus are actually a single species, the name of which should be S. equinus as it 

has nomenclatural priority. However, S. bovis is still widely used in literature (Schlegel 

et al. 2003). In addition, no human S. equinus isolates have been found and 

consequently, all human isolates formerly called S. bovis I and II.2 have been 

suggested to be identified as S. gallolyticus, that forms the DNA group 2 (Facklam 

2002; Schlegel et al. 2000). Bacteraemia caused by S. gallolyticus ssp. gallolyticus is 

associated with malignancies of the gastrointestinal tract (Herrero et al. 2002; Tjalsma 

et al. 2006) and patients with S. gallolyticus ssp. gallolyticus bacteraemia are usually 

examined for colon disease. S. gallolyticus ssp. pasteurianus are isolates formerly 

called S. bovis biotype II.2 and they have been found to cause meningitis and have 

been isolated mainly from human cerebrospinal fluid (Poyart et al. 2002). 

S. gallolyticus ssp. macedonicus was initially isolated from naturally fermented Greek 

Kasseri cheese (Schlegel et al. 2003; Tsakalidou et al. 1998) and has later been 

detected from other dairy products (Schlegel et al. 2003).  

DNA group 4 includes S. infantarius that contains isolates previously identified as 

S. bovis biotype II.1. S. infantarius was initially divided to two subspecies; 

S. infantarius ssp. infantarius and S. infantarius ssp. coli (Schlegel et al. 2000). The 

type strain of S. infantarius ssp. infantarius was isolated from faeces of an infant and 

other isolates have been obtained from clinical specimens of humans or food products 

(Schlegel et al. 2000). S. infantarius ssp. coli have been isolated from humans: urine 

and blood of adults and faeces of infants (Schlegel et al. 2000). However, 

representatives of these subspecies were found to be so distantly related that they 



Review of the literature 

 34 

cannot belong to the same species and S. infantarius ssp. coli isolates were suggested 

to be called S. lutetiensis (Poyart et al. 2002).  

DNA group 5, Streptococcus saccharolyticus has been transferred to the genus 

Enterococcus and is currently called Enterococcus saccharolyticus. S. alactolyticus, 

DNA group 6, was described in 1984 and was first isolated from the intestines of pigs 

and faeces of chicken. S. intestinalis, also found in pig colons (Robinson et al. 1988), 

was found to be indistinguishable from S. alactolyticus and the isolates are collectively 

called S. alactolyticus (Vandamme et al. 1999). 

S. mutans group 

S. mutans, S. criceti, S. devriesei, S. downei, S. ferus, S. hyovaginalis, S. macacae, 

S. orisuis, S. ratti and S. sobrinus belong to the S. mutans group. S. mutans and 

S. sobrinus are the most common pathogens isolated from caries lesions or dental 

plaque and they are therefore also considered members of normal oral microbiota 

(Coykendall 1989; Ruoff et al. 2003). S. mutans has also been isolated from blood of 

patients with infective endocarditis (Gauduchon et al. 2003) and from diseased heart 

valve and atheromatous plaque lesions (Nakano et al. 2006). In one study, S. mutans 

was found both in oral and heart valve specimens of a patient, and the DNA 

fingerprints of the isolates were not identical. However, these results do not exclude 

the possibility of identical oral and heart valve S. mutans strains due to the small 

number of strains analysed in the study, 18 isolates from dental plaque and seven from 

heart valve (Nomura et al. 2006).  

S. ratti and S. cricetus were originally isolated from laboratory animals but it is thought 

that the animals had received these bacteria from humans (Coykendall 1989). 

S. macacae is similar to S. mutans and it was originally isolated from the dental plaque 

of macacae monkeys (Beighton et al. 1984; Coykendall 1989). In addition, S. downei 

has been found in dental plaque of monkeys (Köhler 2007). 

Many of the species of the S. mutans group have been found in mouths of various 

animals; S. devriesei has been isolated from teeth of horses and it may have cariogenic 

properties similar to S. mutans (Collins et al. 2004; Lundström et al. 2007). The most 

recent addition to the group, S. orisuis, was isolated from the oral cavity of a pig 

(Takada and Hirasawa 2007). S. ferus was originally isolated from the mouths of wild 

rats and this species was placed to the S. mutans group based on phenotypic criteria. 

However, S. ferus was found to be only distantly related to the other streptococci of the 

S. mutans group based on DNA-DNA reassociation studies and sodA and 16S rRNA 

sequences (Whatmore and Whiley 2002), and it seemed to be more closely related to 

the members of the S. mitis group (Kawamura et al. 1995). S. hyovaginalis was isolated 

from genital tracts of female swine and is probably part of their normal vaginal 

microbiota (Devriese et al. 1997). Also this species is included in the S. mutans group 

based on its phenotypic characteristics (Facklam 2002).  
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2.3.3 Ungrouped streptococci 

Some of the described streptococcal species have not been deposited to a certain group 

(Table 1).  

Table 1. Streptococcal species not designated to a certain group.  

Species Haem.
a
 Source Reference 

S. acidominimus  α Vagina and udder of cows, milk, 

rarely human wounds or 

abscesses 

(Ayers and Mudge 

1922; Finkelstein et 

al. 2003) 

S. caballi α Hindgut of horse with 

oligofructose-induced laminitis 

(Milinovich et al. 

2008) 

S. castoreus β European beaver (Castor fiber)  (Lawson et al. 2005b) 

S. dentirousetti α Tooth of a bat of the genus 

Rousettus 

(Takada and Hirasawa 

2008) 

S. entericus α Cattle intestine (Vela et al. 2002) 

S. gallinaceus  α Septicaemic adult broiler parents, 

human bacteraemia  

(Balm et al. 2006; 

Collins et al. 2002) 

S. halichoeri -b Seals  (Lawson et al. 2004) 

S. henryi α Hindgut of horse with 

oligofructose-induced laminitis 

(Milinovich et al. 

2008) 

S. ictaluri - Channel catfish Ictalurus 

punctatus broodstock 

(Shewmaker et al. 

2007) 

S. intestinalis  α Faeces of pigs, parakeet, dog and 

chicken, intestines of pigs 

(Robinson et al. 1988; 

Vandamme et al. 

1999) 

S. marimammalium -, βc Seals (Lawson et al. 2005a) 

S. minor α Tonsils of dogs, a cat and a calf, 

anal swabs and faeces of dogs  

(Vancanneyt et al. 

2004) 

S. ovis  α Abscesses of sheep (Collins et al. 2001) 

S. parauberis α? Milk, mastitis sample (Williams and Collins 

1990) 

S. pleomorphusd  Chickens, turkeys and ducks (Barnes et al. 1977) 

S. pluranimalium  α Mastitis, genital and respiratory 

tracts of various animals  

(Devriese et al. 1999) 

S. thoraltensis  α Vaginal fluid and intestine of 

swine 

(Devriese et al. 1997) 

S. uberis α?   (Diernhofer 1932) 

S. urinalis - Human cystitis (Collins et al. 2000) 
a Haemolysis 
b Nonhaemolytic 
c Nonhaemolytic on isolation, became β-haemolytic after 3 days 
d Strictly anaerobic. 
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2.3.4 Identification of streptococci  

Commercial identification systems mainly based on various enzyme tests are suitable 

for identification of common streptococci but often fail to identify alpha-haemolytic 

isolates. This is partly due to the new species that are not included in the databases of 

these tests (Hoshino et al. 2005). However, identification of also alpha-haemolytic 

isolates is important to better determine the different disease associations of these 

species and because different species seem to have different antimicrobial resistance 

profiles. However, it may well turn out that identification to the group level is 

sufficient for patient management, after all (Facklam 2002; Teng et al. 1998).  

The first DNA-based identification methods were hybridization methods but even with 

them it became evident that VGS could not be reliably identified using phenotypic 

methods (Ezaki et al. 1988). The use of molecular methods, especially DNA-DNA 

reassociation has changed the taxonomy of streptococcal species, for example S. bovis 

has been included to the VGS (Ruoff et al. 2003), and has led to an increase in 

streptococcal species (Daley et al. 2005).  

During the past decade, several DNA sequence-based methods for the identification of 

streptococci have been developed. The most often used target for bacterial 

identification has been the 16S rDNA, but its discrimination power has been argued to 

be too low for identification of closely related species, such as streptococci belonging 

to the S. mitis or S. sanguinis group. Consequently, methods based on more variable 

protein-coding genes have been developed: the targets include for example rpoB, the 

beta subunit of the RNA polymerase, (Drancourt et al. 2004), sodA (Poyart et al. 1998; 

Poyart et al. 2002), the groESL genes encoding 10-kDa (GroES) and 60-kDa (GroEL) 

heat shock proteins (Teng et al. 2002). In addition, 16S-23S rRNA gene intergenic 

spacer (Chen et al. 2004) and rnpB, the RNA subunit of endoribonuclease P have been 

used (Innings et al. 2005; Täpp et al. 2003). However, even these more variable targets 

fail to differentiate some streptococcal species. As an example S. mitis and S. oralis 

cannot be differentiated using the groESL gene due to intra-species variation in the 

sequence of the gene (Teng et al. 2002). When phylogenetic analysis is performed 

based on the sequences of the different targets, the streptococcal species usually group 

similarly to the 16S rRNA sequence (Teng et al. 2002). However, some species group 

differently with the different genes as mutation rates of the genes are different and 

HGT seems to occur more often in some genes than in others (Hoshino et al. 2005; 

Håvarstein et al. 1997). In addition, all these genes are not present in every organism 

although they are so-called house-keeping genes (Hoshino et al. 2005). 

For determination of the most reliable target for the identification of streptococci, 

partial sequences of the ddl, gdh, rpoB, and sodA sequences were concatenated and 

compared to each other by Hoshino et al in 2005. All the analysed strains could be 

designated to a species using the concatenated sequences whereas analysis of the single 

sequences did not always result in the same tree topology as the concatenated 

sequence. The most deviating sequences were found among the ddl and rpoB 
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sequences whereas the sodA sequence generated similar results to the concatenated 

sequence.  

In the relatively small study material of Hoshino et al, HGT seemed to occur most 

often within the S. anginosus group whereas it was rarer in S. mitis group although it 

was quite common in S. sanguinis (Hoshino et al. 2005). Due to HGT, use of multi-

locus sequencing is recommended for the identification of streptococci but as it is not 

feasible, the best alternative in the opinion of Hoshino et al. would be partial analysis 

of the sodA gene (Hoshino et al. 2005) that has been found useful also in other studies 

(Garnier et al. 1997). However, S. pneumoniae isolates clustered with S. mitis isolates 

with partial (366 bp) sodA sequence, but all the S. pneumoniae isolates had specific 

base differences that could be used for the differentiation of S. pneumoniae from 

S. mitis. Interestingly, considerable intraspecies sequence variation, maximally 31 

bases, was found within the region analysed. Nonetheless, the S. pneumoniae 

sequences were much more conserved as 11/16 sequences were identical and 

maximally two-base differences were found among all the studied S. pneumoniae 

strains (Kawamura et al. 1999). 

Pyrosequencing of the rnpB gene has been applied for the identification of 

streptococci. The assay is based on analysis of 30 bp sequences of two variable regions 

of the gene. The pyrosequencing results of 113 isolates were compared to the results of 

commercial VITEK 2 and Rapid ID 32 Strep (RID32) (Biomérieux, Marcy L’Étoile, 

France) methods and the results of 58 isolates were identical with all three methods, 85 

isolates had concordant results with pyrosequencing and VITEK 2 and 88 with 

pyrosequencing and RID32 (Innings et al. 2005).  

MALDI-TOF MS analysis is an emerging technique for bacterial identification 

although it has been first proposed over 30 years ago (Anhalt and Fenselau 1975; Seng 

et al. 2009). This inexpensive, effective and rapid method has been used for the 

identification of bacteria that are hard to identify, including alpha-haemolytic 

streptococci. MALDI-TOF MS is based on the analysis of the protein mass spectra of 

bacterial pure cultures (Bizzini et al. 2011; Doern and Burnham 2010). The MS spectra 

generated from alpha-haemolytic streptococcal isolates belonging to same 

streptococcal group were more similar to each other than spectra of isolates that 

belonged to different streptococcal groups. Furthermore, the identification results 

generated by MALDI-TOF MS were generally in agreement with the results obtained 

by 16S rRNA sequencing (Friedrichs et al. 2007). MALDI-TOF seems to be a 

promising method for the identification of streptococcal isolates but it may not be the 

solution to the current problems regarding species-level identification of 

S. pneumoniae and S. mitis group isolates (Doern and Burnham 2010; Seng et al. 

2009).  
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2.4 Antimicrobial resistance 

Antimicrobial resistance is a major global health concern, and the situation is most 

likely getting worse due to increasing wealth and wider availability of antimicrobial 

drugs in developing countries. In addition, travelling and immigration spread the 

resistant isolates at an unforeseeable rate. Furthermore, there are no significant new 

antimicrobials that are expected to be released from the pipeline. Moreover, even if 

new antimicrobials were coming, bacteria would very likely acquire resistance against 

them soon after its launch in clinical use. Consequently, the quality and quantity of 

antibiotic use must be improved to slow the emergence and transmission of resistant 

isolates (Gould 2010). In addition, better diagnostic tools are needed to guide 

antimicrobial prescriptions in regards to increased incidence of resistant isolates that 

circulate in the society and the ever increasing variety of resistance elements found in 

these isolates. 

Bacteria can prevent the action of most antimicrobial agents simply by keeping the 

antimicrobials outside of their cell walls. In gram-negative bacteria, the outer 

membrane protects the microbe from the antimicrobial agents. The larger, hydrophobic 

antimicrobial agents such as macrolides have to diffuse through the membrane and 

smaller, hydrophilic agents as β-lactams have to find a suitable pore, specific size-

excluding channel, to go through the membrane. Gram-negative bacteria are 

intrinsically resistant to penicillin G because their outer membrane does not allow the 

drug to go to the periplasmic space (Delcour 2009; Martinez-Martinez 2008). This kind 

of intrinsic resistance is not clinically important as intrinsic resistance of clinically 

important pathogens is known before routine use of an antibiotic is launched. However, 

the properties of the bacterial cell membrane, especially loss of pore-forming porins, 

can affect the antimicrobial resistance spectrum of bacteria that have more specific 

resistance determinants (Delcour 2009; Martinez-Martinez 2008). 

The first resistant clinical bacterial isolates were detected soon after the 

implementation of the first antimicrobial agent, penicillin. The rapid emergence of 

resistance was possible because the resistance determinants were present in the 

bacterial population already before implementation of the antimicrobial agent. When 

the use of penicillin was started, strong selection pressure was applied on the bacteria 

and the resistant isolates survived and resistance started to spread. Antimicrobial 

resistance is mainly spread by HGT and transmission of successful bacterial clones. In 

addition, bacteria acquire resistance mutations under selection pressure. The 

mechanism of antibiotic resistance can generally be divided in three: drug efflux, target 

site modification, and inactivation of the drug. 

The standard method for determining antimicrobial resistance in bacterial isolates is to 

grow the bacteria in presence of a given antimicrobial drug and to determine whether 

growth of the bacteria is inhibited or not. Minimal inhibitory concentration (MIC) is 

determined by incubating bacteria on agar plates or in solutions containing certain 

concentrations of an antimicrobial, determining the lowest antibiotic concentration that 

is sufficient to inhibit growth of the bacteria. In routine laboratories, antimicrobial 

resistance is often determined by applying antibiotic disks on an agar plate not 
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containing antimicrobials and determining the inhibition zone around the antibiotic 

disc. Particularly in research laboratories, DNA-based methods are widely used to 

determine the mechanism or genetic elements causing the resistance phenotypes and to 

study the epidemiology, prevalence, and spread of these elements.  

2.4.1 Macrolide antibiotics  

Macrolides compose of a 12-16 member macrolactone ring to which various amino 

sugars are attached. Erythromycin (Figure 4) is a natural secondary metabolite of 

Saccharopolyspora erythraea whereas other macrolides are semisynthetic. The 

clinically useful macrolides consist of a 14-16 - member lactone ring that is substituted 

with at least two neutral or amino sugars (Vester and Douthwaite 2001). Macrolides 

are normally active against streptococci, staphylococci and enterococci as well as 

against mycoplasma, some rickettsia, chlamydia (Alvarez-Elcoro and Enzler 1999) and 

mycobacteria except for the Mycobacterium tuberculosis complex (Buriankova et al. 

2004).  

Macrolides block bacterial protein synthesis by binding to the upper part of a pocket in 

the protein exit tunnel found in the vicinity of the PTC in the large subunit of the 

bacterial ribosome. By binding to the pocket, erythromycin and other 14-member-ring 

macrolides block the growth of the nascent polypeptide chain thereby causing 

premature arrest of elongation and dissociation of the peptidyl-tRNA from the 

ribosome (Mankin 2008; Schlünzen et al. 2001; Tenson et al. 2003; Yonath 2005). 

Macrolides also prevent new ribosomal complexes from assembling, which leads to 

depletion of ribosomes in the bacterial cell (Vester and Douthwaite 2001; Yonath 

2005). The lactone ring of macrolides binds to the protein exit tunnel wall primary by 

hydrophobic interactions with the residues 2058 and 2059 (E. coli numbering) of the 

bacterial 23S rRNA (Mankin 2008). In addition to macrolides, the nascent protein 

tunnel pocket is the target of ketolide and streptogramin B antibiotics. However, the 

specific interactions of different antimicrobials binding to the tunnel likely vary 

(Mankin 2008; Yonath 2005). 

 

 

 

 

 

 

 

 

 

 

Figure 4. 

Structure of 

erythromycin. 
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Methylases and efflux 

Isolates resistant to erythromycin started to emerge shortly after introduction of 

erythromycin in clinical use in 1952. Soon it was noticed that the isolates were 

resistant to all macrolides and to unrelated lincosamide and streptogramin B drugs; 

they had the MLSB resistance phenotype. This resistance phenotype was first described 

in Staphylococcus aureus, and it is caused by an Erm (erythromycin ribosome 

methylation) methylase that specifically dimethylates the N-6 position of the adenosine 

residue at the position 2058 of the bacterial 23S rRNA. A number of different Erm 

methylases have been described in different bacteria (Roberts et al. 1999) and 

expression of the erm gene may be constitutive or induced by a macrolide drug 

(Weisblum 1995). Due to the dimethylation of the residue 2058 of the 23S rRNA, 

macrolides are not able to bind to the protein exit tunnel due to steric hindrance and 

missing hydrophobic interactions between the lactone ring and the bacterial ribosome 

(Schlünzen et al. 2001). 

Low-level resistance to 14- and 15-member-ring macrolides, the M phenotype is 

caused by macrolide efflux (Mef) pumps. The first mef gene, mef(A) was first 

described in S. pyogenes. This membrane-bound efflux pump uses proton-motive 

energy to keep the macrolide concentration low in the bacterial cell (Clancy et al. 

1996). The mef gene first found in S. pneumoniae was initially called mef(E). Because 

mef(A) and mef(E) elements share 90% of their nucleotide sequences, these elements 

were proposed to be collectively called mef(A) (Roberts et al. 1999). It has later been 

found that these resistance genes reside in different genetic elements (Santagati et al. 

2003; Santagati et al. 2000) and thus, the differentiation of these elements is again 

warranted (Del Grosso et al. 2002). Currently mef(A) is common both in S. pyogenes 

and S. pneumoniae whereas mef(E) is common in all streptococci except S. pyogenes. 

Also other uncommon mef genes exist in streptococci (Varaldo et al. 2009). The erm 

and mef macrolide resistance genes can be detected by PCR (Clancy et al. 1996; 

Sutcliffe et al. 1996). 

Ribosomal mutations  

The macrolide resistance mutations disrupt the hydrophobic interactions between the 

ribosomal protein exit tunnel and macrolides. The most important resistance mutations 

occur at the positions 2058 and 2059 (E. coli numbering) of the 23S rRNA that are 

located in the region V of the 23S rRNA and the protein exit tunnel of the ribosome 

(Tait-Kamradt et al. 2000b). Macrolide resistance mutations can be induced to the 

rRNA genes in vitro by culturing bacteria in media containing low concentrations of 

macrolides (Canu et al. 2002) and resistance mutations often develop during macrolide 

therapy (Tait-Kamradt et al. 2000b; Vester and Douthwaite 2001). 

Macrolide resistance mutations in the 23S rRNA are more common in species 

harbouring only one or two ribosomal genes, such as mycobacteria or Helicobacter 

pylori whereas species having more ribosomal genes as enterococci, streptococci or 

staphylococci more often become resistant by acquiring the resistance genes erm or 

mef (Vester and Douthwaite 2001). However, mutations conferring macrolide 
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resistance have been detected at the positions 2058-2059 of the 23S rRNA in also 

bacterial species harbouring more than two ribosomal alleles, for example in 

S. pneumoniae, S. pyogenes, Bordetella pertussis, and campylobacteria (Bartkus et al. 

2003; Engberg et al. 2001; Jalava et al. 2004; Tait-Kamradt et al. 2000a; Tait-Kamradt 

et al. 2000b). The number of mutated alleles has been shown to correlate with the level 

of resistance in bacteria harbouring more than one 23S sequence (Tait-Kamradt et al. 

2000a). 

The exact position of the mutation in the protein exit tunnel has effect on the 

resistance: if the mutation of a S. pneumoniae strain is at position 2058, the mutant 

confers similar resistance pattern to Erm methylation, strong resistance to macrolide, 

lincosamide, and streptogramin B antibiotics (Tait-Kamradt et al. 2000b). The similar 

resistance phenotypes of an A2058G mutation and Erm methylation are expected 

because both mechanisms increase the size of the ribosomal nucleotide A2058 so that 

macrolides are not able to bind to the protein exit tunnel (Vester and Douthwaite 2001; 

Yonath 2005). Mutation at the position 2059 of the 23S rRNA causes ML (macrolide-

lincosamide) resistance phenotype in pneumococci (Tait-Kamradt et al. 2000b).  

The mutations in the 23S rRNA can be detected using real-time PCR (Lascols et al. 

2003; Schabereiter-Gurtner et al. 2004; Wolff et al. 2008), restriction fragment 

polymorphism (Vacher et al. 2003) or denaturing high performance chromatography 

(Canu et al. 2004). Quantitative detection of the mutations by conventional sequencing 

is possible but requires allele-specific amplification (Jalava et al. 2004; Tait-Kamradt 

et al. 2000b).  

Mutations in the L4 and L22 ribosomal proteins have also been shown to cause 

macrolide resistance in several bacterial species including S. pneumoniae (Pihlajamäki 

et al. 2002b; Tait-Kamradt et al. 2000a; Tait-Kamradt et al. 2000b).  

2.4.2 Beta-lactam antibiotics  

The first beta-lactam, penicillin was discovered in 1929 by Alexander Fleming. 

However, due to difficulties in production and purification of this substance, the first 

antimicrobial agent, penicillin G was introduced into clinical use in 1941. Since then, 

several beta-lactam drugs have been developed, and they are the most often used 

antimicrobial agents worldwide. The beta-lactam antibiotics by definition contain the 

beta-lactam ring, a four-atom ring structure consisting of three carbon atoms and one 

nitrogen atom (Figure 5). The beta-lactams act by inhibiting the synthesis of bacterial 

cell wall by inactivating the so-called penicillin binding proteins, PBPs that are 

essential in bacterial cell wall peptidoglycan synthesis (Wright 1999). Due to the 

bacteria-specific target, the toxicity of beta-lactams to humans is low. 

 

Figure 5. Structure of the penicillin core. The β-

lactam ring consisting of three carbon and one 

nitrogen atom is found in the middle of the β-lactam 

molecules.  
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Beta-lactams are active against wide variety of bacteria; and they are used in primary 

care for treatment of several types of infections as otitis media, sinusitis, tonsillitis and 

skin infections (Rautakorpi et al. 1999). Beta-lactams are used for treatment of many 

kinds of infections, urinary tract infection, respiratory infections as well as severe, life-

threatening infections as sepsis. Due to the development of resistance to beta-lactams, 

penicillins have been replaced by other antimicrobials in some indications (Wright 

1999). 

Beta-lactamases 

Resistance to beta-lactams is mainly mediated by beta-lactamases, enzymes that 

inactivate beta-lactams by breaking the beta-lactam ring. The first beta-lactamase was 

found in 1940, before penicillin was in clinical use (Abraham and Chain 1940), and 

some bacteria as Enterobacteriaceae are naturally resistant to beta-lactams since they 

harbour a chromosomal beta-lactamase gene (Bradford 2001). Numerous types of beta-

lactamases with different enzymatic and molecular properties have been found in 

different bacteria. The rapid spread of β-lactamase genes is due to the occurrence of 

these genes in plasmids; the first plasmid-mediated gene, TEM-1, was found in the 

early 1960s. The name of the gene derives from the name of the patient, Temoniera, 

from whom the first TEM-1 producing E. coli strain was isolated. Within a few years, 

the plasmid-mediated TEM-1 β-lactamase spread worldwide and is at present 

commonly found in penicillin-resistant Enterobacteriaceae, Haemophilus influenzae, 

and Neisseria gonorrheae (Bradford 2001).  

SHV (for sulfhydryl variable) is another important β-lactamase found mainly in 

K. pneumoniae and E. coli. SHV-1 and TEM-1 have 68% identical amino acid 

sequences and their structures are similar (Jacoby and Munoz-Price 2005). The SHV-1 

and TEM-1 enzymes hydrolyze ampicillin, amoxicillin, and other penicillins as well as 

early generation cephalosporins (Paterson 2006). The first bacterial isolate expressing 

an ESBL (extended spectrum beta-lactamase), SHV-2, was found in the 1980s (Kliebe 

et al. 1985). SHV and TEM ESBLs derive by amino acid substitutions from the SHV-1 

and TEM-1 enzymes and are able to hydrolyse also third generation cephalosporins 

and aztreonam (Paterson 2006). The amino acid substitutions leading to an ESBL 

phenotype occur at a limited number of positions in both enzymes, and the substitution 

(s) leading to the ESBL phenotype are usually located at the active site of the enzyme 

or at its vicinity. On the other hand, these substitutions expose the active site of 

enzymes to the activity of β-lactamase inhibitors such as clavulanic acid. 

Consequently, resistance to both beta-lactams and β-lactamase inhibitors is fortunately 

rare (Jacoby and Munoz-Price 2005). 

At present, hundreds of different beta-lactamases have been described and they are 

categorized to four major groups A-D based on their primary structure. Classes A, C, 

and D are homologous enzymes and they contain a serine residue at their active site. 

SHV and TEM belong to the class A enzymes for which Ambler et al (1991) have 

designated a standard numbering scheme. Class C enzymes, AmpC enzymes hydrolyze 

broad and extended spectrum cephalosporins but are not inhibited by beta-lactamase 

inhibitors, as clavulanic acid. The class D, OXA-type, enzymes confer resistance to 
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ampicillin and cephalothin, have high hydrolytic activity against oxacillin and 

cloxacillin and are poorly inhibited by clavulanic acid. Amino acid substitutions in 

OXA enzymes can also lead to the ESBL phenotype. Originally, OXA-type enzymes 

were found in P. aeruginosa but more recently, OXA type enzymes have been found in 

Acinetobacter baumannii isolates (Jacoby and Munoz-Price 2005; Pfeifer et al.). 

Class B enzymes are metallo-β-lactamases and usually contain a zinc ion at their active 

site. Class B enzymes are capable of hydrolyzing carbapenem antibiotics that are 

resistant to most beta-lactamases and often considered as the best treatment choice 

when ESBL producers are present. In addition, class B enzymes are not inhibited by 

beta-lactamase inhibitors, as clavulanic acid (Jacoby and Munoz-Price 2005). 

The SHV and TEM type beta-lactamases used to be the most common beta-lactamases 

worldwide. Currently however, the most common beta-lactamases in many European 

countries are of CTX-type (Coque et al. 2008). CTX is also a group A enzyme that 

usually has greater activity against cefotaxime than ceftazidime (Jacoby and Munoz-

Price 2005). 

The ESBLs are currently a significant clinical problem worldwide, and detection of 

ESBLs is complicated due to the heterogeneity of the enzymes, their variable activity 

against different drugs, their coexistence in clinical isolates, and variable expression of 

these enzymes. Consequently, detection of ESBLs in clinical laboratories may be 

difficult, patients may be at risk of receiving inappropriate treatment, and the ESBLs 

may be underreported which may lead to spread of resistant isolates. Furthermore, 

estimation of the clinical significance of an isolate carrying a specific ESBL gene is 

difficult since the specificity of hydrolysis, the level of expression and the presence of 

additional resistance factors cannot be determined by determining only the ESBL type 

of an isolate (Bush 2001).  

SHV 

The SHV gene of clinical isolates usually resides in plasmids. However, most 

Klebsiella pneumoniae isolates also carry a chromosomal SHV or a related beta-

lactamase gene (Babini and Livermore 2000; Bradford 2001; Chaves et al. 2001) that 

is thought to be the ancestor of the plasmid-encoded SHV variants (Hæggman et al. 

1997). The chromosomal SHV gene is usually not of ESBL type; the most common 

chromosomal variants are the SHV-1 (wild type) and SHV-11 that differs from the 

SHV-1 by a leucine to glutamine mutation at the position 35 (Lee et al. 2006).  

The chromosomal SHVs may interfere with determination of the SHV type of an 

isolate. The PCRs for detection of SHV genes usually amplify both the chromosomal 

and the plasmid copy. Determining the exact SHV type from a duplex PCR product by 

traditional sequencing requires either very careful analysis of the electropherograms (al 

Naiemi et al. 2006) or cloning and sequencing the PCR product. 
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The mutations causing ESBL phenotype in SHV most often occur at the amino acid 

positions 238 and/or 240 of the so called Ambler numbering scheme (Ambler et al. 

1991). In addition, mutations at positions 146, 156, 169, 179 and 205 have been shown 

to be associated with ESBL activity. Mutations at positions 238 and 179 seem to be 

critical for ESBL activity, and at least one of these mutations is found in the majority 

of ESBL type SHV enzymes. These amino acids reside at or at the vicinity of the 

active site of the enzyme (Gniadkowski 2008). In addition, mutation at position 35 is 

common among SHV variants but it does not alone cause an ESBL phenotype. 

Currently (February, 2010) 132 different SHV variants have been described and the 

sequence of 114 SHV types has been released. Of these, 75 contain a mutation at the 

position 35, 238 or 240 (44, 35 and 32 types have mutation at the positions 35, 238 and 

240, respectively) (Jacoby and Bush 2010).  
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3 AIMS OF THE STUDY 

 

The aim of this study was to develop molecular methods for the identification of 

bacteria and detection of resistance mechanisms 

The specific aims of the study were: 

 

1. To develop a pyrosequencing assay for the identification of (alpha-haemolytic) 

streptococci (I-II) 

2. To develop a pyrosequencing method for the detection and quantification of major 

macrolide resistance mutations in the 23S rRNA (III) 

3. To develop a pyrosequencing assay for detection of the most important mutations 

conferring ESBL phenotype in SHV enzyme (IV)  
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4 MATERIALS AND METHODS 

4.1 Bacterial isolates (I-IV)) 

Streptococcal type and other strains deposited in culture collections used in this study 

are presented in Table 2. As the streptococcal species nomenclature constantly evolves, 

there are more streptococcal type strains available than there are currently accepted 

species. Of the species listed in Table 2, S. infantarius ssp. coli and S. lutetiensis are 

considered members of the same species, S. lutetiensis (Poyart et al. 2002) and 

S. caprinus is considered a member of S. gallolyticus ssp. gallolyticus (Sly et al. 1997), 

whereas S. waius is considered to belong to S. gallolyticus ssp. macedonicus 

(Manachini et al. 2002). In addition, S. difficilis is currently considered to belong to 

S. agalactiae (Kawamura et al. 2005), and S. bovis strains to belong to S. equinus 

(Schlegel et al. 2003). Published sequences of newly described species were added to 

the sequence database also after submitting study II. The newly described species 

whose sequences were added to the database were not closely related to the isolates of 

this study, and the added sequences did not affect the results of study II. 

Table 2. Streptococcal strains whose combined v1+v2 16S rRNA sequences were included in 

the local sequence database of this study. 

Type strain Study
a Type strain Study

a 

S. acidominimus LMG 17755T II S. ictaluri ATCC BAA-1300T −b 

S. agalactiae LMG 14694T II S. infantarius ssp. coli CCUG 47831T II 

S. alactolyticus CCUG 27297T II S. infantis LMG 18720T II 

S. anginosus DSM 20563T I, II S. iniae CCUG 27303T II 

S. australis CCUG 45919T II S. intermedius DSM 20573T I, II 

S. bovis LMG 8518T II S. lutetiensis CCUG 46149T II 

S. caballi 151T −b S. macacae LMG 15097T II 

S. canis LMG 15890T II S. marimammalium M54/01/1T  −b 

S. caprinus LMG 15572T II S. massiliensis 4401825T  −b 

S. castoreus M605815/03/2 −c S. minor LMG 21735 −b 

S. constellatus ssp. constellatus 

DSM 20575T 

I, II S. mitis DSM 12643T I, II 

S. mutans CCUG 17824T II 

S. constellatus ssp. pharyngis 

CCUG 46377T 

II S. oligofermentans 2-4T −c 

S. oralis DSM 20627T I, II 

S. criceti LMG 14508T II S. orisratti CCUG 43577T II 

S. cristatus DSM 8249T I, II S. orisuis AB182324.1 −b 

S. didelphis CCUG 45419T II S. ovis LMG 19174T II 

S. devriesei CCUG 47156T −b S. parasanguinis DSM 6778T I, II 

S. difficilis ATCC 51487T −b S. parauberis LMG 12174T II 

S. downei CCUG 24890T II S. peroris LMG 18719T II 

S. dysgalactiae ssp. dysgalactiae 

LMG 15885T 

II S. phocae LMG 16735T II 

S. pleomorphus CCUG 11733T II 

S. dysgalactiae ssp. equisimilis 

CCUG 36637T 

II S. pluranimalium LMG 14177T II 

S. pneumoniae ATCC 49619 I, II 

S. entericus CCUG 44616T II S. pneumoniae DSM 11867 II 

Continued on following page 
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Table 2 – continued 

Type strain Study
a Type strain Study

a 

S. equi ssp. ruminatorum 

CECT5772T 

−c S. pneumoniae LMG 14545T II 

S. porcinus LMG 15980 T II 

S. equi ssp. equi LMG 15886T  II S. pseudopneumoniae ATCC  −c 

S. equi ssp. zooepidemicus LMG 

16030T 

II S. pseudoporcinus LQ 940-04T −b 

S. pyogenes ATCC 700294 II 

S. equinus LMG 14897T II S. pyogenes CCUG 4207T II 

S. ferus LMG 16520T II S. ratti CCUG 27642T II 

S. gallinaceus CCUG 42692T −c S. salivarius DSM 20560T I, II 

S. gallolyticus ssp. gallolyticus 

CCUG 35224T 

II S. sanguinis DSM 20567T I, II 

S. sinensis CCUG #0059#T II 

S. gallolyticus ssp. macedonicus 

LMG 18488T 

II S. sobrinus CCUG 25735T II 

S. suis CCUG 7984T II 

S. gallolyticus ssp. pasteurianus 

CCUG 46150T 

II S. thermophilus CCUG 21957T,d IId 

S. thoraltensis LMG 13593T II 

S. gordonii DSM 6777T I, II S. uberis LMG 9465T II 

S. halichoeri CCUG48324T −b S. urinalis LMG 19649T II 

S. henryi 126T −b S. vestibularis DSM 5636T I, II 

S. hyointestinalis LMG 14579 II S. waius 3/1 −b 

S. hyovaginalis LMG 14710T II   
T Type strain 
a Strains analysed by pyrosequencing in study I and/or II are indicated by the roman numbers. 
b Sequence of this type strain was retrieved from the GenBank and included in the local 

sequence database while writing this thesis. 
c Sequence of this type strain was retrieved from the GenBank and included in the local 

sequence database of study II. 
d S. thermophilus was not considered a realistic identification result in this study as its optimal 

growth temperature is 45 ºC and human isolates were studied in this study.  

In study I, 172 isolates from the normal pharyngeal (n=151), nasopharyngeal (n=7) and 

conjunctival (n=3) microbiota of 28 elderly persons were analysed. The isolates were 

isolated from the patients before cataract surgery and the patients had not received any 

antimicrobial treatment during at least three months preceding the sampling.  

In study II, thirty-nine of the pharyngeal isolates from five persons of study I, 99 alpha-

haemolytic streptococcal blood culture isolates collected from 96 patients in the Turku 

University Hospital between 1993 and 2004, and 17 invasive S. pneumoniae strains 

isolated in Finland in 2002 were included.  
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In study III, 13 well characterized bacterial strains (Table 3) were used. 

Table 3. Strains analysed in study III. 

Strain 

ERY MIC
a
 

(µg/ml) 

Mutant 

23S rRNA 

alleles
b
 Reference 

S. pneumoniae ATCC 49619  0,125 0/4 (Pihlajamäki et al. 2002b) 

S. pyogenes ATCC 700294 0,063 0/6 (Jalava et al. 2004) 

S. pyogenes NI 4277 >256 5/6 (Jalava et al. 2004) 

S. pneumoniae r581 128   

S. pneumoniae r506 256 2/4 (Pihlajamäki et al. 2002b) 

S. pneumoniae r771 256 2/4 (Pihlajamäki et al. 2002b) 

S. pneumoniae r1317 >512 3/4 (Pihlajamäki et al. 2002b) 

S. pneumoniae r733 >512 4/4 (Pihlajamäki et al. 2002b) 

S. pneumoniae 01-41  256  Littauer, 2005 #538} 

C. jejuni 62 >256    

H. influenzae 286 >64    

M. avium H0812/96 >256c    

M. avium H0851/96 ≤8c    
a ERY = erythromycin 
b Previously known resistance mutations at the position 2058 or 2059 of the 23S rRNA alleles  
c Azithromycin MIC 

In study IV, SHV-positive E. coli (n=10) and K. pneumoniae (n=106) isolates collected 

in various Finnish hospitals were included. The isolates were originally sent to the 

National Public Health Institute for confirmation of the ESBL phenotype. The SHV 

type of 40 of the K. pneumoniae isolates could not be determined by cycle sequencing 

due to heterogeneous sequences at the Ambler (Ambler et al. 1991) positions 35, 238 

and/or 240 (Nyberg et al. 2007). 

4.2 Ethical issues 

The collection of isolates from patients in study I was authorized by the Ethical 

Committees of the Hospital District of Southwest Finland and University of Turku. 

Clinical strains of the studies II-IV belong to the microbe collection of the National 

Institute for Health and Welfare.  

4.3 Template preparation (I-IV) 

The DNA used in pyrosequencing (I-IV) was extracted by a boiling method: bacterial 

colonies from agar plates were suspended in water and heat-inactivated at 95 ˚C for 10 

min. From the mycobacterial isolates (III), DNA was liberated by heat-inactivation at 

95 ºC for 45 min and subsequent sonication (RT, 15 min). 
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4.4 PCR (I-IV) 

The primers used in PCRs, pyrosequencing and cycle sequencing reactions are listed in 

Table 4. All primers were HPLC purified and synthesized by Thermo Fisher Scientific 

(Waltham, MA, USA). 

The PCRs were performed using various thermocyclers and cycling conditions, the 

details of which are available in the original publications. After the PCRs, the presence 

of the PCR products was verified on a stained agarose gel. The PCR products used in 

pyrosequencing should preferably have a strong visual band on the gel and they should 

not contain primer-dimers or nonspecific amplification products as they also bind to 

the sepharose beads and may give rise to nonspecific signals particularly if the PCR 

primer is used as the sequencing primer. 

4.5 Pyrosequencing (I-IV) 

In pyrosequencing the biotin-labelled PCR products attach to streptavidin coated 

sepharose beads (GE Healthcare, Buckinghamshire, UK) by agitation on a PCR plate 

using binding buffer (10 mM Tris-HCl, 2 M NaCl, 1 mM EDTA, 0.1% (v/v) Tween 

20) for 5 min or longer. In the applications of this study, 20 µl PCR reaction and 3 µl 

streptavidin beads were used for each pyrosequencing reaction. After binding the PCR 

products to the beads, the PCR products were washed and rendered single-stranded 

with the Vacuum Workstation (Qiagen). Using the Vacuum Workstation, the beads 

were collected from the solution and attached to filters through which different 

solutions were aspirated. First, the beads and the PCR products were washed with 70% 

ethanol to remove Tween residues of the binding buffer. Thereafter, the PCR products 

were denatured using 0.2 M NaOH and then the beads were washed with 10 mM Tris-

acetate and deposited into the wells of the sequencing plate containing primer solution. 

The primer solution (40µl) contained annealing Buffer, (20 mM Tris-acetate, 2 mM 

magnesium acetate, pH 7.6) and 15 pmol sequencing primer(s). Thereafter, the PCR 

products were heated at 80 °C for 2 min and cooled to room temperature in order to 

avoid formation of secondary structures, and to anneal the sequencing primers. 

The run was programmed to the PSQ 96MA pyrosequencing instrument (Qiagen) 

which calculated the amounts of nucleotides and enzymes needed for the run based on 

the number of reactions and the dispensation orders. The required amounts of 

nucleotides were pipetted to the reagent cartridge and 5 µl of enzymes and substrates 

were usually pipetted manually to the wells to save reagents. The most often used 

dispensation orders of this study are listed in table 5. After starting a pyrosequencing 

run, the instrument first dispenses the enzymes and substrates to the sequencing wells 

and thereafter the dNTPs in the chosen dispensation order.  

The pyrosequencing run may be monitored in real time. The software interprets the 

signals and presents the data as a sequence signal peaks or pyrogram. The analysis 

software performs base calling but when ambiguities occur, the sequences may be 

monitored visually.  
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Table 4. Primers used in this study. 
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4.5.1 Pyrosequencing dispensation orders (I-IV) 

The dispensation orders used in pyrosequencing assays (Table 5) were designed so that 

at least 30 bp sequences could be generated for all the streptococcal type strains (II). In 

studies III and IV the dispensation orders were designed to be easily visually 

interpreted; mutant types could be easily differentiated from wild type sequences. 

Table 5. The most often used pyrosequencing nucleotide dispensation orders. 

Dispensation order Description Study 

GCGACTC 10 (ACTG)a v1 region of the 16S rRNA II 

TCTACAGTCGA 10 (CGTA) v2 region of the 16S rRNA II 

TCGACGAGACATG position 2058-2059 of the 23S rRNA III 

TACGAGACATG  
Confirmation of mutant alleles at the position 

2058 of the 23S rRNA 
III 

TACAGCAGAGTCAGCGAGT 
Determination of the sequence corresponding 

the amino acid position 35 of the SHV gene 
IV 

ACTGCG5 (ACGT) 

Determination of the sequence corresponding 

the amino acid positions 238-240 of the SHV 

gene  

IV 

a n (ACGT) signifies cyclic dispensation, nucleotides are added n times in the order A, C, G, T. 

4.5.2 Analysis of pyrosequencing results of the streptococcal isolates (I, II) 

After a pyrosequencing run, the streptococcal v1 and v2 sequence results were checked 

manually (I, II). In study I, the sequences of the normal microbiota isolates were 

manually compared to the sequences of the type strains used in the study. The 

nonstreptococcal isolates were discriminated from streptococci by their distinct 

sequence from the beginning and these isolates found their genera by using database 

searches (Ribosomal Database Project, RDP (Maidak et al. 2001)).  

In study II, the sequences of the v1 and v2 regions of the type strains listed in Table 2 

were determined by pyrosequencing or retrieved from the GenBank (mainly via NCBI, 

National Center for Biotechnology Information). Thirty-bp sequences of both regions 

were concatenated and combined in a single Fasta file that could be used as a sequence 

database in the IdentiFire 1.0.5.0 software (Qiagen). A concatenated sequence of the v1 

and v2 sequences of the streptococcal isolates was formed similarly to the type strains, 

and the sequences of the unknown isolates were compared to the sequences in the 

database using Identifire software. With this software, it was possible to automatically 

determine the species whose sequence was closest to the sequence of the unknown 

isolate. The sequence alignments of the type strains and the unknown isolates were 

given scores by the software; the score was 100 if the sequences were identical and 

96.9 if there was one mismatch in the 60 bp sequence etc. Also gaps generated to the 

alignment lowered the score, for example, a sequence having 59/60 homologous 

nucleotides and one gap was given a score of 96.7. For the isolates whose complete 60-

base v1+v2 sequence could not be determined, the 30-base sequence of the v1 or v2 

region was used. IdentiFire software gave a score of 93.7 for an isolate having one 

mismatch to the closest type strain sequence in a 30-base sequence. A pyrosequencing 



Materials and methods 

 52 

result was regarded as a reliable species-level identification if the pyrosequencing 

score of an isolate was ≥96.9 to a single species, and results having scores ≥96.9 to 

more than one species or lower scores were considered group-level identifications, if 

possible. The isolates identified to S. mitis or S. sanguinis group are regarded to belong 

to the combined S. mitis – S. sanguinis group in the results and discussion sections of 

this thesis.  

4.5.3 Analysis of pyrosequencing results of the 23S rRNA assay (III) 

The agreement of the pyrosequencing results with the known mutation status of the 

isolates were first estimated visually. Then, the expected and detected numbers of 

incorporated nucleotides were calculated. In these calculations, the height of the first 

nucleotide peak that was designed to be negative peak signal control for all samples 

was used as a signal background check and was subtracted from all successive peak 

heights. Then, the peak heights were compared to the peak height of a T or an A peak 

outside the target mutation detection region for which the theoretical number of 

nucleotide incorporations remained constant irrespective of the mutation status in 

streptococci. The signals of C and G peaks were compared to the signal of the T peak 

and the signals of A peaks were compared to the signal of the constant A peak because 

of the higher signal intensity of the A peaks in pyrosequencing.  

Due to different sequence of the 23S rRNA in C. jejuni, H. influenzae, and M. avium 

isolates, the signals had to be compared to peaks residing inside the mutation detection 

region, but remaining constant in case of a mutation at the position 2058. 

4.5.4 Analysis of pyrosequencing results of the SHV assay (IV) 

The SHV sequences determined by the SHV pyrosequencing assays were determined 

visually with help of the known SHV sequences (Table 6). The proportions of the SHV 

sequences were also visually estimated by comparison of heights of constant peaks of 

each sequence variant.  

Table 6. The known SHV sequence variants present at the regions analysed by pyrosequencing. 

SHV type 

Assay 

35 238-240 

SHV-1 AACTAAGCGAAAGCCAGCT CTGGCGAACGGGGTGCGCGCGGG 

SHV-1 AACTAAGCGAAAGCCAGCT CTGGCGAGCGGGGTGCGCGCGGG 

SHV-11 AACAAAGCGAAAGCCAGCT CTGGCGAACGGGGTGCGCGCGGG 

SHV-2 AACTAAGCGAAAGCCAGCT CTAGCGAGCGGGGTGCGCGCGGG 

SHV-2a AACAAAGCGAAAGCCAGCT CTAGCGAGCGGGGTGCGCGCGGG 

SHV-5 AACTAAGCGAAAGCCAGCT CTAGCAAGCGGGGTGCGCGCGGG 

SHV-12 AACAAAGCGAAAGCCAGCT CTAGCAAGCGGGGTGCGCGCGGG 
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4.6 Cycle sequencing (II) 

For determining the partial 16S rRNA sequence, DNA was amplified using PCR 

primers fd1mod2 and rp2 (Table 4). The PCRs contained 0.2 pmol/µl primers, 0.030 

U/ml AmpliTaq Gold LD DNA polymerase (Applied Biosystems, Foster City, CA, 

USA), 1x PCR Buffer (Applied Biosystems), 2 mM MgCl2 (Applied Biosystems), and 

0.2 mM dNTPs (GE Healthcare). The temperature cycling consisted of initial 

denaturation for 5 min at 95 °C followed by 40 cycles of denaturation at 94 °C for 15 

sec, annealing at 53 °C for 15 sec, and extension for 60 sec at 72 °C. Final extension 

was 7 min at 72 °C. The PCR products were purified using the High Pure PCR product 

purification kit (F. Hoffmann-La Roche Ltd, Basel, Switzerland) and sequencing was 

performed using the Big Dye v 3.0 terminators (Applied Biosystems) and primers 357f, 

357r, 533f, 533r, and 907r (Table 4) according to the instructions of the manufacturers. 

The sequencing results were analysed using Vector NTI advance 10.1.1 software 

(Invitrogen Corporation, Carlsbad, CA, USA). In addition, the 16S rDNA sequences of 

the pharyngeal isolates were subjected to a NCBI BLAST (basic local alignment search 

tool) (http://www.ncbi.nlm.nih.gov/BLAST/).  

4.7 Streptococcal genomic 16S rRNA sequences (unpublished) 

On 7th January, 2009, the genomes of 31 streptococcal isolates: S. equi ssp. 

zooepidemicus (n=1), S. agalactiae (n=3), S. gordonii (n=1), S. mutans (n=1), 

S. pneumoniae (n=6), S. pyogenes (n=13), S. sanguinis (n=1), S. suis (n=2), and 

S. thermophilus (n=3) have been finished. The 16S rRNA sequences of these isolates 

were retrieved from the GenBank and the intra-isolate variation of the full-length 

sequences was checked. In addition, the v1 and v2 sequences found in the genomes 

were analysed by the Identifire software using the local sequence database of this 

study.  

4.8 VITEK 2 analysis (II) 

Fifty-four streptococcal type strains and alpha-haemolytic isolates from blood (n=99) 

or normal pharyngeal microbiota of elderly persons (n=25) were analysed by the 

VITEK 2 (bioMérieux) system using the colorimetric GP card and WSVT2-R04.01 

software according to the instructions of the manufacturer. In brief, bacterial colonies 

were suspended in sterile saline corresponding to a turbidity of approximately 0.5 Mc 

Farland standard. The bacterial suspensions were placed into a cassette of the apparatus 

and the identification card was placed in a neighbouring slot. The identification cards 

were thereafter inoculated using a vacuum apparatus of the VITEK 2. The VITEK 2 

GP card contained 43 biochemical test substrates that measured carbon source 

utilization and enzymatic activities.  

The results of the various reactions were automatically interpreted to identification 

results by the VITEK 2 instrument. The species-level identification results were given 

quality scores by the instrument: Exc (excellent), VG (very good), good, LD (low 

discrimination). The species results with confidence levels better than LD were 

http://www.ncbi.nlm.nih.gov/BLAST/
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considered as species level identifications except for the “slashline species” (S. mitis / 

S. oralis or S. bovis / S. lutetiensis) in this study. If VITEK 2 analysis resulted in low 

discrimination between two species and an additional Voges-Proskauer (VP) test 

proposed by the device resulted in the same species or group with the pyrosequencing 

result, the pyrosequencing and VITEK 2 results were regarded as concordant. In 

addition, other additional tests were proposed by the VITEK 2 for the resolution of 

some low-discrimination results. However, these tests were not available in our 

laboratory and thus, these results could not be confirmed. 
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5 RESULTS  

5.1 Identification of streptococci  

5.1.1 Identification of streptococci by pyrosequencing (I, II) 

Streptococci were identified by pyrosequencing the variable regions v1 (I) or v1 and v2 

of the 16S rRNA (II). The regions used for the identification of streptococci were 

selected based on the alignment of streptococcal genomic 16S rRNA sequences 

available in spring 2003; S. agalactiae (2603/R and NEM316), S. mutans UA159, 

S. pneumoniae (R6 and TIGR4), and S. pyogenes (MGAS315, MGAS8232, and 

M1GAS). In the alignment (Appendix I), the majority of the variation between 

streptococcal species was found in the region of approximately 100 and 200 bases from 

the 5’ end of the 16S rRNA and these regions were selected as targets for the 

pyrosequencing assay. In this study, the sequences around positions 100 and 200 are 

called the v1 and v2 region, respectively. Reverse sequencing primers were used in 

pyrosequencing the variable regions, and the pyrosequencing reaction of the v1 and v2 

regions started at positions 92 and 222 according to the S. pneumoniae R6 genomic 

sequence (accession number NC_003098), respectively.  

Differentiation of streptococcal type strains (I, II, unpublished) 

In study I, the v1 region was used, and pyrosequencing was considered to be reliable 

sequencing method in our hands because the v1 sequence of S. pneumoniae ATCC 

49619 obtained by pyrosequencing was identical to the sequence found in 

S. pneumoniae R6 and TIGR4 genomic sequences. Eight different 30-bp v1 sequences 

were found among the 12 studied type strains. Thus, all the studied type strains could 

not be differentiated using the v1 region as S. anginosus and S. gordonii; 

S. constellatus ssp. constellatus and S. intermedius as well as S. sanguinis, 

S. salivarius, and S. vestibularis had identical v1 sequences, respectively (Table 7).  

Table 7. The v1 sequences of the streptococcal type strains analysed in study I. 

Type strain v1 sequence 

S. sanguinis DSM 20567 GCAACTCATCCAAGAAGAGCAAGCTCCTCT 

S. salivarius DSM 20560 GCAACTCATCCAAGAAGAGCAAGCTCCTCT 

S. vestibularis DSM 5636 GCAACTCATCCAAGAAGAGCAAGCTCCTCT 

S. parasanguinis DSM 6778 GCAACTCCTCCGCTCGGTGCAAGCACCAAG 

S. oralis DSM 20627 GCAACTCATCCGCTCGGTGCAAGCACCAAG 

S. cristatus DSM 8249 GCAACTCATCCAGAAGAGCAAGCTCCTCCT 

S. pneumoniae ATCC 49619 GCAACTCATCCAGAGAAGCAAGCTCCTCCT 

S. mitis DSM 12643 GCAACTCATCCGGAGAAGCAAGCTCCTCCT 

S. gordonii DSM 6777 GCAACTCACAGTCTATGGTGTAGCAAGCTA 

S. anginosus DSM 20563 GCAACTCACAGTCTATGGTGTAGCAAGCTA 

S. intermedius DSM 20573 GCAACTCACAGAATACGGTGTAGTAAACTA 

S. constellatus ssp. constellatus DSM 20575 GCAACTCACAGAATACGGTGTAGTAAACTA 
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The 76 type strains included in this study (Table 2) were found to contain 53 
different 30-base v1 sequences and 65 different 30-base v2 sequences. For 
example, S. pneumoniae, S. pseudopneumoniae and S. peroris had identical 
sequences in the v1 region whereas S. mitis and S. oralis type strains could not 
be differentiated based on the v2 region (Appendix II).  

Using the combined v1+v2 sequences (30-base sequences of each region), 68 different 

sequences were found among the studied streptococcal type strains (Appendix II). Only 

two of these sequences were found in more than one species, the type strains of the 

S. salivarius group members S. salivarius, S. vestibularis, and S. thermophilus as well 

as the S. bovis group members S. bovis and S. lutetiensis were found to contain 

identical sequences, respectively. In addition, all the species designated as a subspecies 

of a given species had an identical sequence except for S. gallolyticus ssp. gallolyticus, 

S. gallolyticus ssp. pasteurianus and S. gallolyticus ssp. macedonicus which all had a 

distinct sequence. In addition, the type strains of following species pairs that have been 

designated to belong to the same species had identical sequences: S. agalactiae and 

S. difficilis, S. gallolyticus ssp. gallolyticus and S. caprinus, S. infantarius ssp. coli, and 

S. lutetiensis as well as S. gallolyticus ssp. macedonicus and S. waius. 

The v1+v2 sequence of S. pneumoniae differed by two nucleotides from the sequences 

of S. pseudopneumoniae and S. mitis. Interestingly, the v1+v2 sequence of the S. oralis 

type strain resembled most the S. gallinaceus and S. parasanguinis type strain 

sequences with four and five differences, respectively. S. pyogenes strains had a 

distinguishable v1+v2 sequence that differed from all other streptococcal type strain 

sequences by at least four nucleotides (Appendix II). 

Identification of normal microbiota isolates (I, II, unpublished) 

In study I, the normal microbiota isolates (n=172) were identified by pyrosequencing 

the v1 region. Nine of the isolates were identified as Enterococcus and two as 

Granulicatella species resulting in 161 streptococcal isolates. The streptococcal 

isolates were identified as S. mitis (n=43), S. oralis (n=25), S. parasanguinis (n=23), 

S. cristatus (n=22), and S. pneumoniae (n=18) which can all be regarded members of 

the combined S. mitis- S. sanguinis group. In addition, even the streptococcal group of 

25 isolates could not be reliably determined as they had the v1 sequence shared by 

S. gordonii and S. anginosus (n=9) or by S. sanguinis, S. salivarius, and S. vestibularis 

(n=16) type strains (Table 7). In addition, five isolates could be identified only as 

streptococci due to their heterogeneous 16S rRNA sequences.  

In study I, relatively short sequences, as few as 19 nucleotides generated with the 

primer StepV1rev corresponding to a 16-base sequence obtained with the primer 

StrepV1RevV2 used in study II were accepted for inclusion to a certain species since 

the variation seen in the studied type strains was limited and short sequences seemed to 

suffice for species determination. The result obtained using the v1 region (I) was 

usually indicative of the result of the combined v1 and v2 region (II) as most of the 

isolates (24/34; 70.5%) had sequences that indicated the species to belong to the same 

streptococcal group using both approaches. Six (17.6%) isolates did not reach the 
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group level agreement because their v1 sequence was shared by streptococcal type 

strains belonging to different groups (Table 8).  

Of the 34 pharyngeal isolates analysed in study II, 11 (32.4%) contained a combined 

v1 and v2 sequence having a score ≥96.9 to one species and could be reliably identified 

as S. mitis (n=6), S. gordonii (n=2), S. infantis (n=1), S. parasanguinis (n=1), or 

S. sanguinis (n=1) using pyrosequencing (Table 8). Five isolates having a score ≥96.9 

to at least two species were identified as S. salivarius group members, and two isolates 

having a sequence differing by one nucleotide from the type strain sequences of 

S. pseudopneumoniae, S. pneumoniae, and S. mitis were identified as 

S. mitis - S. sanguinis group members. The rest of the isolates had lower 

pyrosequencing scores and could be identified only to the group level. Even the group-

level identification of isolates having very low scores, even below 90, could be 

considered as only probable. The 16S rRNA sequence of the v1 region was found to be 

heterogeneous in six (17.6%) isolates, and these isolates could be identified to a 

probable streptococcal group based on the sequence of the v2 region (Table 8). 

Based on the analysis of the combined sequence of the v1 and v2 regions, the vast 

majority of the isolates (n=30, 88.2%) belonged to the combined S. mitis - S. sanguinis 

group, and two (5.9%) to S. salivarius group. In addition, one isolate could not be 

identified even to the group level because its v1+v2 sequence was closest to the 

sequence of the ungrouped S. gallinaceus type strain.  

The v2 sequence of 17/18 isolates identified as S. pneumoniae in study I was 

determined, and all these isolates were identified as members of the 

S. mitis - S. sanguinis group with the combined v1+v2 sequence (Table 8), and four 

isolates were identified as S. pseudopneumoniae (n=2) or S. peroris (n=2). 

The 16S rRNA sequence of nine isolates having a sequence differing from all the 

streptococcal type strain sequences was determined by cycle sequencing (GenBank 

accession numbers EF151144-EF151152). The sequences determined by cycle 

sequencing were in agreement with the sequences determined by pyrosequencing, and 

the BLAST search results were in accordance to the results obtained with the Identifire 

software using the local sequence database. 
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Table 8. Comparison of the pyrosequencing results of the v1 region (I) and the combined v1 

and v2 region (II, partly unpublished) of the streptococcal normal microbiota isolates included 

in this study. 

n
a
 v1 result n

b
 v1+v2 result

c
 Score 

10 S. mitis 1 S. australis 87.4 

6 S. mitis ≥96.9  

3 
v1 heterogeneous, v2 S. mitis - 

S. sanguinis group member
d
  

 

3 S. oralis 2 S. parasanguinis ≤93.7 

1 S. oralis 90.5 

7 S. parasanguinis 1 S. parasanguinis 100 

4 S. parasanguinis ≤93.7 

1 S. gallinaceus 90.5 

1 v1 heterogeneous, v2 S. parasanguinis   

4 S. cristatus 3 S. infantis 84.2-96.9 

1 S. cristatus, S. infantis, or S. peroris 93.7 

17e S. pneumoniae 2 S. pseudopneumoniae 100 

2 S. peroris ≥96.9 

2 S. peroris ≤93.7 

11 
S. pneumoniae, S. pseudopneumoniae, 

or S. mitis 
≤96.9 

2 S. gordonii or 

S. anginosus 
2 S. gordoniif  96.9 

4 S. sanguinis, 

S. salivarius, or 

S. vestibularis  

2 S. sanguinisf 90.5, 96.9 

2 S. salivarius / S. vestibularisf ≥96.9 

2 Streptococcus sp. 1 v1 heterogeneous, v2 S. mitis, S. oralis, or 

S. infantisg 
93.7 (v2) 

1 v1 heterogeneous, v2 S. parasanguinisg 88.8 (v2) 
a The number of isolates with a given v1 pyrosequencing result (I). 
b The number of isolates with a given v1+v2 pyrosequencing result (II). 

c The v1+v2 results are bold and underlined if the v1 and v1+v2 results coincided at the species 

level and bold if they coincided at the group level. S. pneumoniae is regarded as a member of 

the S. mitis-S. sanguinis group in this table.  
d One isolate had the v2 sequence of S. australis, one of S. mitis or S. oralis and one had a score 

93.7 to S. mitis, S. oralis, and S. infantis type strains.  
e Two of the isolates identified as S. pneumoniae in study I were included in study II and were 

identified as S. pneumoniae, S. pseudopneumoniae, or S. mitis. S. pneumoniae was considered 

as a member of the S. mitis group in this table.  
f The species of the v1 result belong to different streptococcal groups. 

Identification of clinical isolates (II) 

The invasive S. pneumoniae isolates (n=17) included in this study were found to have 

the S. pneumoniae –specific v1 and v2 sequences by pyrosequencing.  

Only 37 of the blood culture isolates (n=99) had a pyrosequencing score ≥96.9 to a 

single streptococcal type strain sequence (Table 2, Appendix II) and could be 

unequivocally designated to these species, most commonly to S. anginosus (n=10), 

S. sanguinis (n=9), S. intermedius (n=6), or S. mitis (n=4) (Table 9).  
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In addition, 59 (59.6%) of the isolates could be identified to the group level. The most 

common sequence among these isolates (n=24) was a sequence differing by one 

nucleotide from the type strain sequences of the S. mitis group members 

S. pneumoniae, S. pseudopneumoniae, and S. mitis and thus these isolates were 

identified to the S. mitis - S. sanguinis group (Table 9).  

In total, 61 isolates were identified to the S. mitis - S. sanguinis, 21 to the S. anginosus, 

7 to the S. bovis, and 7 to the S. salivarius group. The streptococcal group of three 

isolates could not be determined due to heterogeneous sequences detected in the 

pyrograms. These included one isolate having a heterogeneous sequence in both 

regions and two isolates having heterogeneous v2 sequence and sequence of S. oralis 

or ungrouped S. gallinaceus in the v1 region. 

Table 9. Pyrosequencing results of the combined v1 and v2 region sequence of the 99 blood 

culture isolates. 

n Pyrosequencing result Score Streptococcal group 

Species-level identification
a
  

10  S. anginosus  S. anginosus 

6 S. intermedius  S. anginosus 

3 S. constellatusb   S. anginosus 

9 S. sanguinis  S. mitis - S. sanguinis 

4  S. mitis  S. mitis - S. sanguinis 

2  S. gallolyticus ssp. gallolyticus  S. bovis 

1 S. oralis  S. mitis - S. sanguinis 

1 S. gordonii  S. mitis - S. sanguinis 

1  S. gallolyticus ssp. pasteurianus  S. bovis 

Group-level identification
b
 

24 S. pseudopneumoniae, S. pneumoniae or S. mitis 96.9 S. mitis - S. sanguinis 

6 S. infantis 93.7 S. mitis - S. sanguinis 

2 S. oralis ≤93.7 S. mitis - S. sanguinis 

1 S. peroris 93.7 S. mitis - S. sanguinis 

9 S. sanguinis ≤93.7 S. mitis - S. sanguinis 

1 S. gordonii 87.4 S. mitis - S. sanguinis 

3 v1 heterogeneous, v2 S. mitis or S. oralis 100 (v2) S. mitis - S. sanguinis 

4 S. bovis or S. lutetiensis ≥96.9 S. bovis 

2 S. constellatus b or S. intermedius 96.9 S. anginosus 

7 S. salivarius or S. vestibularis ≥96.9 S. salivarius 

Genus-level identification 

2  v2 heterogeneous, v1 S. oralis or S. gallinaceus 100 (v1) unknown 

1 Streptococcus - - 
a Score ≥ 96.9 to one species 
b Isolates were identified to the streptococcal group based on the species result irrespective of 

the pyrosequencing score. If the pyrosequencing had the same score to more than one species, 

group-level identification was reached if the species belonged to the same streptococcal group.  
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Sequence variations in the streptococcal 16S rRNA sequences (I, II) 

Surprisingly high number of streptococcal isolates was found to have v1 or v2 

sequences differing from all the studied streptococcal type strain sequences. The 

degree of sequence variation detected by pyrosequencing was found to differ 

substantially between sample types; sequence variation was not found among studied 

invasive S. pneumoniae isolates, whereas the proportion of strains that did not have an 

identical sequence among the streptococcal type strain sequences was high among the 

pharyngeal normal microbiota isolates (Table 10).  

Table 10. Pyrosequencing scores according to the different isolate types. 

  Score
a
  

Isolate type  

≥96.9 to one 

species 

≥96.9 to more  

than one species <96.9 to all species 

S. pneumoniae (n=17)  17 (100 %) 0 0 

Blood culture isolates (n=99) 37 (39.4 %) 37 (37.4 %) 25 (25.3%) 

Pharyngeal isolates (n=34) 11 (32.4 %) 3 (17.6 %) 20 (70.6 %) 
a Number (%) of isolates with a given pyrosequencing score 

Apparently heterogeneous (Figure 6) 16S rRNA sequences were found in 6/34 (17.6%) 

normal microbiota and 6/99 (6.1 %) blood culture isolates. Most of the heterogeneous 

sequences (9/12) were found in the v1 region. It is however not possible to be certain 

that these were indeed heterogeneous sequences in single isolates and not double 

isolates. The possibly contaminated isolates were however tried to be separated by 

subculturing, and even after several cultivation rounds, the isolates had similar 

phenotype and the same, heterogeneous pyrosequencing pattern.  

Figure 6. Pyrograms indicating heterogeneous v1 sequences (A and B) of a pharyngeal 

streptococcal isolate and a pyrogram of the v1 region of S. pneumoniae (C). Because the pyro-

grams A and B are from the same isolate, the isolate probably contains v1 sequences beginning 

by GCAACTCATCCG and GCAACTCATCCA 
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Streptococcal genomic 16S rRNA sequences (unpublished) 

In order to check the presence of heterogeneous sequences within streptococci, 16S 

rRNA sequences of the published streptococcal genomes were analysed. The 16S 

rRNA sequences found within streptococcal genomes except S. gordonii str. Challis 

substr. CH1 and S. thermophilus LMD-9 were found to be identical to each other. 

When the genomic sequences were compared to the combined v1 and v2 sequences of 

the streptococcal type strains, only the sequences of S. gordonii str. Challis substr. 

CH1, S. thermophilus LMD-9, and S. equi ssp. zooepidemicus were found to differ 

from the sequence of the respective type strain. The four 16S rRNA sequences of 

S. gordonii str. Challis substr. CH1 differed from the S. gordonii type strain sequence 

in the v1 and v2 region, the pyrosequencing scores of its two alleles compared to the 

S. gordonii type strain were 87.4 and 90.5. S. thermophilus LMD-9 contained six 16S 

rRNA copies, three of which had an identical v1+v2 sequence to the S. thermophilus 

type strain and three had a sequence that differed by three nucleotides from the 

S. thermophilus type strain. Furthermore, the v1 and v2 sequence found in all the 16S 

rRNA copies of the genome of S. equi ssp. zooepidemicus MGCS10565 was not 

closely related to any type strain sequence; it was closest to S. suis or S. equi ssp. 

ruminatorum type strain sequence (score 81 to both).  

5.1.2 Identification of streptococci by VITEK 2 (II) 

Streptococcal type strains (II) 

Fifty-seven streptococcal type strains were analysed by VITEK 2 (II), and 29 (50.9 %) 

of them were correctly identified to the species level and two additional type strains 

were identified to the correct species with low differentiation with some other species. 

In addition, S. acidominimus type stain was correctly identified as unidentified 

organism because this species was not included in the species database of VITEK 2. 

Furthermore, fifteen type strains were identified to the correct streptococcal group by 

VITEK 2, and ten type strains could not be identified even to the correct group by the 

VITEK 2.  

Majority of the streptococcal type strains that could not be identified to the correct 

species with VITEK 2 (20/26, 76.9%) and all the type strains that could not be 

identified to the group level belonged to a species that was not included in the VITEK 

database containing mainly well-established species relevant to human infections. 

Furthermore, the type strains that could not be identified correctly were often identified 

to a wrong species even with an excellent confidence level. 

Of the type strains regarded as viridans streptococci or non-beta-haemolytic 

streptococci (n=40), 20 (50.0%) and 33 (82.5%) could be identified to the correct 

species and group by VITEK 2, respectively. In addition, two type strains, the 

S. parasanguinis and S. caprinus type strains, were identified to the correct species and 

another streptococcal species with low discrimination. Six alpha-haemolytic type 

strains (13.6%) could not be identified to the correct group.  
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Alpha-haemolytic isolates (II) 

Majority of the 99 blood culture isolates (n=85, 85.9%) were identified to the species 

level, three isolates to the group level, two isolates could be identified as streptococci, 

and nine isolates (9.1%) could not be identified using VITEK2 (Table 11).  

 

The majority of the isolates (59/99, 59.6%) were identified to the combined S. mitis – 

S. sanguinis group, and the most common identification result was the “slashline 

species” S. mitis / S. oralis (n=45, 45.5%). S. sanguinis (n=9), S. gordonii (n=2), and 

S. parasanguinis (n=1) isolates were identified to the species level. Eighteen isolates 

(18.2%) were identified to the S. anginosus group, sixteen of which were identified to 

the species-level. Seven (8.1%) isolates were identified to a species belonging to the 

S. bovis group by VITEK 2 (Table 11).  

Table 11. VITEK 2 results of the blood culture isolates. 

n VITEK 2 result Confidence level (n)
 a,b

 Streptococcal group 

Species-level identification 

9 S. anginosus  Exc (5), LD (4) S. anginosus 

2 S. constellatus ssp. constellatus Exc, LD S. anginosus 

1 S. constellatus ssp. pharyngis Good S. anginosus 

4 S. intermedius Exc S. anginosus 

2 S. gallolyticus Exc S. bovis 

4 S. infantarius Exc (2), VG (2) S. bovis 

1 S. pasteurianus Exc S. bovis 

2 S. gordonii Exc S. mitis - S. sanguinis 

1 S. parasanguinis Vg S. mitis - S. sanguinis 

9 S. sanguinis Exc (8), Good (1) S. sanguinis 

5 S. salivarius Exc S. salivarius 

Group-level identification   

45 S. mitis / S. oralis Exc (22), VG (12), Good 

(8), Acc (1), LD (2) 
S. mitis - S. sanguinis 

1 S. constellatus ssp. constellatus 

or S. anginosus  

LD S. anginosus 

1 S. intermedius or S. constellatus LD S. anginosus 

1 S. parasanguinis or S. mitis / 

S. oralis 

LD S. mitis - S. sanguinis 

Genus-level identification 

1 S. gallolyticus, S. bovis / 

S. lutetiensis, or S. hyointestinalis 

LD S. bovis or 

ungroupable 

1 S. pluranimalium or S. mitis / 

S. oralis 

LD S. mitis - S. sanguinis 

or ungroupable 

Unidentified 

9 inconclusive identification or unidentified organism - 
a If required, the number of isolates with a given confidence level is in parentheses 
b For the isolates having confidence level LD, a supplemental VP test was performed, and the 

result presented in this table is the result obtained with the additional VP test 
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Twenty-five isolates from the normal microbiota were analysed by VITEK 2 (II), and 

all but one isolate could be identified to the species level (Table 12). The majority of 

the pharyngeal isolates (n=20) belonged to the S. mitis group based on the VITEK 2 

analysis. In addition, three S. anginosus group members and one S. salivarius isolate 

were found. The confidence levels of the results of the pharyngeal isolates were high: 

the results of 22 isolates were obtained with at least confidence level good. 

Table 12. VITEK 2 results of the pharyngeal isolates. 

n VITEK 2 result Confidence level (n) 

Streptococcal 

group 

10 S. mitis / S. oralis Exc (4), good (1), VG (4), acc (1) S. mitis 

1 S. gordonii Exc S. mitis 

9 S. parasanguinis Exc (5), vg (3), good (1) S. mitis 

1 S. constellatus ssp. pharyngis good S. anginosus 

1 S. intermedius Exc S. anginosus 

2 S. salivarius Exc, acc S. salivarius 

1 inconclusive identification - - 

5.1.3 Comparison of pyrosequencing and VITEK 2 results (II)  

The pyrosequencing and VITEK 2 results of an isolate were considered concordant at 

the species level if the pyrosequencing score was ≥96.9 to a single species and VITEK 

resulted in the same species with pyrosequencing. When the results of the 124 isolates 

analysed by both methods were compared, species-level agreement was found in 30 

(24.2%) isolates (Table 13). Group-level agreement was reached for 74 (59.7%) 

isolates and for 10 isolates, genus-level agreement between the two methods was found 

as these isolates were identified to different streptococcal groups using the two 

methods or to an ungrouped streptococcal species by other method. Ten (8.0%) isolates 

identified as various streptocci by pyrosequencing could not be identified using 

VITEK2 and resulted in contradictory identification results with the two methods. 

Thus, for 104 isolates (81.9%), an identification result concordant at least at the group 

level was obtained with the two methods.  
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Table 13. Comparison of the pyrosequencing and VITEK 2 results of the blood culture and 

pharyngeal isolates analysed by both methods. 

n Pyrosequencing result  Vitek 2 result 

Species-level agreement   

9 S. sanguinis S. sanguinis 

2 S. gordonii S. gordonii 

1 S. parasanguinis S. parasanguinis 

9 S. anginosus S. anginosus 

5 S. intermedius S. intermedius 

1 S. constellatusa S. constellatus ssp. constellatus 

2 S. gallolyticus ssp. gallolyticus S. gallolyticus 

1 S. gallolyticus ssp. pasteurianus S. pasteurianus 

Group-level agreement 

7 S. mitis S. mitis or S. oralis 

1 S. oralis S. mitis or S. oralis 

45 S. mitis – S. sanguinis group member S. mitis or S. oralis 

1 S. mitis – S. sanguinis group member S. parasanguinis  

5 S. parasanguinis (93.7) b S. parasanguinis 

2 S. parasanguinis (v2) S. parasanguinis 

1 S. gordonii (87.4) b  S. gordonii 

1 S. intermedius  S. constellatus ssp. pharyngis 

1 S. anginosus group member S. constellatus ssp. constellatus 

1 S. anginosus group member S. anginosus group member 

3 S. bovis or S. lutetiensis  S. infantarius 

6 S. salivarius or S. vestibularis S. salivarius 

Genus-level agreement  

1 S. mitis S. intermedius 

1 S. mitis – S. sanguinis group memberc S. pluranimalium or S. mitis or S. oralis 

1 S. mitis – S. sanguinis group memberc S. constellatus ssp. pharyngis 

1 S. mitis – S. sanguinis group memberc S. salivarius 

1 S. bovis or S. lutetiensis S. bovis group member or S. hyointestinalis 

1 S. oralis or S. gallinaceus (v1 score 100) c S. parasanguinis 

1 S. oralis or S. gallinaceus (v1 score 100) c S. constellatus ssp. constellatus 

1 S. gallinaceus (score 91) S. mitis or S. oralis 

1 S. salivarius or S. vestibularis S. infantarius 

1 Streptococcus (v1+v2 heterogeneous) S. mitis or S. oralis 

Controversial result 

1 S. salivarius or S. vestibularis unidentified organism 

5 S. mitis – S. sanguinis group member unidentified organism 

1 S. mitis – S. sanguinis group member inconclusive identification 

1 S. anginosus inconclusive identification  

2 S. constellatus inconclusive identification 
a S. constellatus ssp. constellatus or S. constellatus ssp. pharyngis  
b These isolates are considered to have only group level agreement as the pyrosequencing 

results had a score ≤93.7 or heterogeneous sequence in the v1 region.  
c Heterogeneous sequence in either v1 or v2 region.  
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5.2 Detection of macrolide resistance mutations in the 23S rRNA (III) 

The method developed for the detection of mutations causing macrolide resistance at 

the positions 2058-2059 of the 23S rRNA was tested for S. pneumoniae, S. pyogenes, 

Mycobacterium avium, Campylobacter jejuni, and Haemophilus influenzae isolates and 

the PCR primers of the assay amplified DNA from all the tested bacterial isolates.  

With the appropriate sequencing primer, distinctive pyrograms were obtained for wild-

type and resistant isolates (Figure 7) after template preparation and an approximately 

15 min pyrosequencing run. 

Figure 7. Pyrograms obtained with the 23S rRNA assay. A) S. pneumoniae ATCC 700294, 

wild type. The mutation detection region of the pyrogram is indicated by grey background. B) 

Campylobacter jejuni 62, mutation A2059G in all 23S rRNA copies C) Haemophilus influenzae 

286, A2058G mutation in all 23S rRNA copies, D) S. pneumoniae r506, A2059C mutation in 

two of four 23S rRNA alleles. 

The pyrosequencing assay was also found to be quantitative as the peak heights 

followed well the known number of wild type and mutated 23S rRNA copies in the 

isolates (Table 3). Of the previously unknown strains, one copy containing the A2059C 

mutation could be detected among three wild type copies in S. pneumoniae r581 and 

S. pneumoniae 01-41 was found to carry two wild type and two A2058G alleles. All 

alleles were found to contain a mutation at the position 2058 or 2059 of the 23S rRNA 

in the studied erythromycin-resistant H. influenzae and C. jejuni isolates. The studied 

azithromycin-resistant M. avium isolate contained the A2058G mutation whereas the 

susceptible isolate contained wild-type 23S rRNA. 

The importance of the design of the dispensation order was clearly seen as one wild 

type copy among five mutated 23S rRNA copies of S. pyogenes could not be detected 

using the standard dispensation order whereas it could be detected with a dispensation 

order in which a specific peak was designed to appear for the wild-type copy 

(Figure 8).  
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5.3 Typing of SHV by pyrosequencing (IV) 

The primers used for the SHV assay successfully amplified DNA from all the studied 

SHV-positive K. pneumoniae and E. coli isolates and the SHV sequence of the Ambler 

amino acid positions 35, 238 and 240 could be determined visually from the obtained 

pyrograms. The pyrosequencing assays of this study are not able to determine the exact 

SHV type as only the positions 35, 238 and 240 are studied, and the results are referred 

to as “SHV-1 or SHV-5 pyrosequencing type”, for example.  

The pyrosequencing result of an isolate was combined from the pyrograms of the 

assays covering position 35 and positions 238-240, and if two or more sequences were 

detected, the most prevalent sequence was determined from the quantitative peak 

heights (Figure 9).  

Figure 9. Sample pyrograms of the SHV pyrosequencing assays. A-C) pyrograms of the 

position 35 assay, of a sample with a wild type SHV sequence (SHV-1 or SHV-11) (A), mutant 

sequence (B), and wild type and mutant sequences (C). D-F) Pyrograms of the position 238-240 

assay of a sample containing SHV-1 (D), SHV-5 (E), and both SHV-5 and SHV-1 

pyrosequencing types (F).  

Figure 8. Pyrograms obtained with A) 

the dispensation order designed for 

detecting mutated alleles at the 

position 2058 of the 23S rRNA B) the 

normal dispensation order with the 

isolate S. pyogenes NI4277 containing 

one wild type and five 23S rRNA 

copies having the A2058G mutation. 
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In the studied E. coli isolates (n=10), the SHV sequences of the positions 35 and 238-

240 determined by pyrosequencing were in agreement with the SHV types determined 

by cycle sequencing SHV-2 (n=2), SHV-2a (n=1), SHV-5 (n=2), SHV-11 (n=1), and 

SHV-12 (n=4).  

The SHV type of 40 K. pneumoniae isolates that could not be determined by cycle 

sequencing due to the heterogeneous peaks in the cycle sequencing electropherograms 

(Figure 10) could be defined by pyrosequencing. All these isolates were found to 

contain two SHV copies differing at the position 35, 238 and/or 240 (Figure 9).  

In the 66 K. pneumoniae isolates for which an SHV type had been determined earlier 

by cycle sequencing, the pyrosequencing results were in agreement with the cycle 

sequencing result in 34/66 (51.5 %) isolates. The SHV types found in these isolates 

were SHV-1 (n=16), SHV-11 (n=14), SHV-12 (n=3), SHV-2 (n=1), and  

SHV-12+SHV-1 (n=1). However, in 31 of these isolates, more than one SHV copy was 

detected by pyrosequencing indicating possibility of presence of a plasmid and a 

chromosomal SHV copy.  

 

 

 

Figure 10. Example of cycle (Sanger) sequencing 

electropherograms with ambiguous sequence at the 

positions 238 and 240 of the SHV molecule. In the 

figure, three nucleotide positions are ambiguous: 

the first nucleotide of the codon 238 and the first 

and third nucleotides of the codon 240.  

 

 

 

 

 

 

 

 

Usually the pyrosequencing results were in agreement with the cycle sequencing 

results as the ESBL sequence that had been found by cycle sequencing was also 

detected by pyrosequencing. The pyrosequencing result was not in agreement with the 

cycle sequencing result in 4/66 (6.1 %) isolates, as the two types detected by 

pyrosequencing differed from the original type. The discrepant results of these isolates 

were due to the heterogeneous sequences in the positions that were pyrosequenced in 

this study; for example one isolate was identified as SHV-2 by cycle sequencing and 

was in this study found to carry SHV-5 and SHV-11 pyrosequencing types. Another 

isolate was found to contain three SHV copies by pyrosequencing: two different  

SHV-1 copies, and in addition, the SHV-2 gene that had already been determined by 

cycle sequencing (Figure 11). 
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Figure 11. Pyrograms indicating three different SHV sequences in an isolate. The sequences 

differ at the positions 238-240 but all are wild type at the position 35.  

Consequently, more than one SHV copy was present in 72 of 106 (67.9%) studied 

Finnish K. pneumoniae isolates, and 66 (91.7 %) of these were found to contain an 

ESBL copy by pyrosequencing and in six (8.3 %) isolates two copies of SHV-1 or 

SHV-11 were found. The most common SHV combination was SHV12 + SHV-11 

which was found in 35 (33.0 %) of the studied K. pneumoniae isolates.  
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6 DISCUSSION 

6.1 Identification of streptococci by pyrosequencing (I, II) 

6.1.1 16S rRNA as the target 

The 16S rRNA was chosen as the target for the streptococcal identification method 

because of its several advantages. 16S rRNA (gene) sequences are well-studied and are 

extensively used as a target for bacterial species identification. Sequencing-based 

identification is most advantageous for the identification of fastidious or uncultivable 

bacteria or isolates having atypical phenotypic characters (Woo et al. 2008). In the 16S 

rRNA, there are constant regions and variable regions that have different degree of 

variability in different bacteria. Consequently, some regions are more useful for the 

identification of certain bacteria than other regions (Clarridge 2004). Furthermore, 

silent mutations do not exist in the ribosomal genes (Clarridge 2004) and the 16S 

rRNA has been shown to act as a chronometer; the more divergent the 16S rRNA 

sequences between species are, the longer time has passed from their divergence 

(Woese 1987). Due to the wide use of this region, there are a large number of 16S 

rRNA sequences available in the public databases to which unknown sequences can be 

compared. However, most of the sequencing data found in public databases is not 

reliable (Hoshino et al. 2005; Hugenholtz and Huber 2003; Yarza et al. 2008).  

The 16S rRNA has however been claimed to be too conserved in the streptococci to be 

used for their identification and several other genes as ddl (D-alanine:D-alanine ligase), 

23S rRNA, rnpB, tuf, and sodA have been proposed for the identification of 

streptococci (Hoshino et al. 2005; Picard et al. 2004). In recent studies, it has also been 

suggested that identification of streptococci should not be based on a single target, as 

the streptococcal isolates cluster differently using different gene targets due to 

horizontal gene transfer that has been detected at least among the members of the 

S. anginosus, S. mitis, and S. salivarius groups (Delorme et al. 2007; Hoshino et al. 

2005; Jacobs et al. 2000; Kilian et al. 2008). Due to the very common gene exchange 

among streptococcal species, any sequencing result should be considered as only 

indication of belonging to certain taxonomical cluster. 
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6.1.2 Identification of streptococci by pyrosequencing the 16S rRNA (I, II) 

To the pyrosequencing assay of this study, the most variable regions in streptococcal 

16S rRNA, v1 and v2, were chosen. Only sequences of streptococcal type strains were 

included to the sequence database of the assay. This is because only the type strains are 

by definition known representatives of the species. There were various versions 

available of the type strain sequences in the GenBank at the beginning of the study. To 

obtain a reliable sequence database, the v1 and v2 sequences of most of the 

streptococcal type strains were analysed by pyrosequencing in study II. Afterwards 

however, a sequence that was identical to the sequence determined by pyrosequencing 

could be found among the various sequence versions available in the GenBank for 

most type strains. The finding of the correct type strain sequence would today be a 

simpler task since the 16S rRNA sequences of all bacterial type strains have been 

collected to a database, Eztaxon (Chun et al. 2007). 

In study I it was noticed that the v1 region did not differentiate even all the type strains 

included in the study as several species had identical sequences. In the earlier use of 

pyrosequencing for microbial and viral analysis, however, only few pyrosequencing 

assays for the identification of viruses (Gharizadeh et al. 2001) or bacteria (Jonasson et 

al. 2002) had been described, and they mainly relied on a single region. However, 

H. pylori had been identified and typed by pyrosequencing the v1 and v3 regions of the 

16S rRNA (Monstein et al. 2001). Later on, the results of other studies have been very 

similar to the results of this study; for example several mycobacterial species could not 

be differentiated from each other based on a single pyrosequencing reaction of the 

variable region of the 16S rRNA gene (Kirschner and Bottger 1998; Tuohy et al. 

2005). This was however not considered a problem as the major pathogens, M. 

tuberculosis and M. avium-intracellulare complexes, could be differentiated from the 

other mycobacterial species.  

In study II, the combined sequence of the v1 and v2 regions was found to differentiate 

the streptococcal type strains well, as the few type strains that had identical v1 and v2 

sequences were either very closely related species or species currently considered to 

belong to a single species. The differences between the closest differentiated type 

strain sequences were also minimal, only one nucleotide in the members of the S. bovis 

group and two nucleotides in the S. mitis group and S. pneumoniae. Identification of 

streptococci using the rnpB also required pyrosequencing of two regions to achieve 

adequate discrimination of streptococcal species, and S. anginosus and S. constellatus 

could not be differentiated from each other even using the two regions (Innings et al. 

2005). 
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6.1.3 Sequence variation in the streptococcal 16S rRNA (I, II) 

S. pneumoniae ATCC 49619, DSM 11867, and invasive S. pneumoniae isolates (n=17) 

were found to have identical v1 and v2 sequences to the S. pneumoniae type strain in 

this study. In addition, most of the analysed genomic sequences contained identical 

sequence to their respective type strains. However, only minority of the studied alpha-

haemolytic isolates, (43/124, 34.7%) had a v1+v2 sequence of the 16S rRNA that was 

identical to a streptococcal type strain sequence in this study. The degree of variation 

detected in the 16S rRNA sequences of this study was rather surprising, especially 

when compared to the results obtained by pyrosequencing of the rnpB gene. By rnpB, 

85% of the 113 studied isolates had a sequence that was identical to a sequence in the 

rnpB sequence database. However, the rnpB database contained also other than type 

strains and the majority of the studied isolates were not alpha-haemolytic (Innings et 

al. 2005).  

It is however quite common that the sequences found in bacterial isolates differ from 

known sequences (Suau et al. 1999) and sequencing results have even led to 

reclassification of genera (Collins et al. 1994). The phenomenon has also been detected 

in other studies on VGS: some isolates could not be reliably assigned to a species 

because the 16S rRNA, rpoB, and/or tuf sequences of an isolate had similar degrees of 

homogeneity to more than one species (Simmon et al. 2008). In this study, the most 

variation was found in isolates that had a v1+v2 16S rRNA sequence most 

homogeneous to a sequence of a type strain belonging to the S. mitis - S. sanguinis 

group.  

Variant 16S rRNA alleles in a single strain have been detected in many reports (Acinas 

et al. 2004; Clarridge 2004), and different 16S rRNA sequences were also detected in 

this study in the genomic sequences of S. gordonii str. Challis substr. CH1 and 

S. thermophilus LMD-9. In addition, variant 16S rRNA alleles were recently shown to 

be relatively common in streptococcal isolates belonging to the S. mitis group, as even 

isolates deposited to a culture collection were found to contain more than one 16S 

rRNA sequence, and this variation was considered as direct evidence of HGT between 

S. mitis and S. oralis clusters (Kilian et al. 2008). HGT of the 16S rRNA was also 

suggested in an earlier study in isolates belonging to the S. anginosus group (Schouls et 

al. 2003). These findings support the presence of heterogeneous sequences also among 

the alpha-haemolytic streptococcal isolates of this study. The results of this study 

further indicate that the normal microbiota isolates have acquired new genetic material 

more often than the disease-causing microbes. This is not surprising as the isolates 

residing in the normal microbiota have always other bacterial isolates around them 

from which new genetic material can be acquired.  

The intra-isolate sequence heterogeneity in 16S rRNA sequences has also been 

regarded as an indication that the 16S rRNA sequence could not be used for 

streptococcal identification(Kilian et al. 2008). However, the heterogeneity detected in 

this study was minimal and majority of the isolates could be identified at least to the 

streptococcal group level despite the heterogeneous sequences. With routine Sanger 

sequencing, the subtle differences among the 16S alleles would probably not be 
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detected (Clarridge 2004), but this kind of heterogeneities are easily revealed using 

pyrosequencing. In addition, HGT is thought to happen among very closely related 

bacterial clusters, which does not affect the group-level identification of isolates, which 

is often considered sufficient in patient care. 

The heterogeneous sequences could also be due to impure culture, and isolates carrying 

only few heterogeneous bases can occasionally be separated with very careful analysis 

(Clarridge 2004). Whether this is the case also in our isolates containing heterogeneous 

sequences is not known but if there were more than one bacterium growing, they must 

be very closely related since we tried to make pure cultures of the isolates several 

times, and at least on blood agar plate the growth was homogeneous. Especially the 

blood culture isolate that had heterogeneous sequences in both regions could however 

be a mixed culture. Also the possibility of a PCR-generated sequencing error can not 

be ruled out although a proofreading DNA polymerase was used in the template 

preparation PCR (Eckert and Kunkel 1991).  

6.1.4 Comparison of different methods for the identification of streptococci 

In this study, species-level agreement in the pyrosequencing and Vitek 2 results was 

found in 30/124 (24.2%) and group-level agreement was reached in 74 (60.0%) 

isolates. The low species-level concordance of this study mainly reflects the difficulty 

of identifying S. mitis - S. sanguinis group members to the species level by both 

methods. Only 23/69 (33.3 %) of the isolates identified to the S. mitis - S. sanguinis 

group by pyrosequencing were identified to the species level. By Vitek 2, species-level 

results can not be reached for the S. mitis group members since S. mitis group members 

are identified as S. mitis / S. oralis.  

Previously, Innings et al. (2005) compared pyrosequencing of two regions of the rnpB 

of 113 streptococcal isolates to the commercial VITEK 2 with fluorimetric GP card 

and Rapid ID 32 Strep (RID32) methods. By the rnpB method, the identification result 

was mostly the species that had the highest degree of homology to the tested strain 

(Innings et al. 2005). In contrast, the degree of homology was considered in the present 

study and the results were considered as group-level results only if the sequence 

differed by more than one nucleotide from the closest type strain sequence. With the 

rnpB pyrosequencing method, analysis of 105 (92.9 %) isolates resulted in single-

species identification, and all the isolates for which a clear species-level identification 

was not obtained were α-haemolytic (Innings et al. 2005).  

In the study of Innings et al., all the methods gave the same result at the species level 

for 58 (51.3 %) isolates, 85 (75.2 %) isolates had concordant results by pyrosequencing 

and VITEK 2 and 88 (77.8 %) with pyrosequencing and RID32. The higher level of 

concordance is also possibly explained by the small number of isolates (n=34) 

belonging to the S. mitis - S. sanguinis group. Of the isolates belonging to the S. mitis – 

S. sanguinis group, 14 (41.1%) were identified to the same species. Moreover, 11 of 

these were S. pneumoniae isolates that were also found to have homogeneous 

sequences in the v1 and v2 regions of the 16S rRNA analysed in this study.  
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In other studies, similar results have been obtained: when sequence analysis of the full-

length rnpB gene was compared to API20 Strep system, 39/76 (51%) of viridans group 

streptococcal isolates had results concordant at the species level (Westling et al. 2008). 

When sequencing of rpoB, tuf, and 16S rRNA was compared to phenotypic 

identification using commercially available panel on a Microscan walkaway PC-21 

instrument (Dade Behring, Derrfield, IL, USA), the results were concordant at the 

group level for 69/94 (72.6 %) VGS isolates that had caused endocarditis (Simmon et 

al. 2008). These results emphasize the fact that the identification is based on different 

mechanisms that are not tightly dependent on each other; the biochemical profiles of 

isolates may be identical although their genomic sequences are different and vice 

versa.  

The identification results with low quality or homology strongly indicate that the 

databases used for the identification of alpha-haemolytic streptococci in this and other 

studies are insufficient if species-level identification of alpha-haemolytic streptococci 

is required. In addition, the pyrosequencing analysis reveals that there is considerable 

variation within a single VITEK result. Furthermore, the low pyrosequencing scores 

show that there is more variation among the 16S rRNA sequences of streptococcal 

isolates than in the sequences of accepted type strains. In current taxonomic thinking 

(Tindall et al. 2010), this indicates the potential presence of new streptococcal species. 

Despite the insufficient databases however, 16S rRNA sequencing-based methods can 

be used reliably to obtain at least a clue of the bacterial identity.  

6.2 Detection of resistance mutations by pyrosequencing (III, IV) 

Heterogeneous sequences, as the macrolide resistance mutations at the positions 2058-

2059 of the 23S rRNA and the ESBL mutations of the SHV gene are difficult to 

determine. Accordingly, labour-intensive methods as single strand conformation 

polymorphism (SSCP) (M'Zali et al. 1998) have been used to determine the exact 

sequence combinations of an isolate, but these methods are not suitable for routine use. 

Pyrosequencing is intrinsically suitable for determining heterogeneous sequences. 

Pyrosequencing was first applied to the detection of mutations in the 23S rRNA 

causing linezolid resistance in enterococci in 2003 (Sinclair et al. 2003).  

Heterogeneous sequences can also be determined using Sanger sequencing, but 

specifying the exact sequence combination of isolates containing more than one 

sequence requires cloning and sequencing the single molecules (al Naiemi et al. 2006). 

The individual sequences can in principle be determined also from the ambiguous 

electropherograms, but because the peak heights in Sanger sequencing are not 

quantitative, very careful analysis as well as taking into account the quality values of 

the sequencing results is required (al Naiemi et al. 2006; Schuurman et al. 1999). 

Software for analysing ambiguous electropherograms have recently been developed 

and have been used for analysing mixed electropherograms in the 16S rRNA sequences 

of samples containing more than one bacterial species (Kommedal et al. 2008). With 

such software, heterogeneous resistance mutations should be easily resolved, but the 

pyrosequencing procedure is much simpler and faster to perform at present. In 
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addition, pyrosequencing has been found to estimate more reliably the proportions of 

different sequence types than Sanger sequencing (Lindström et al. 2004). 

Real-time PCR with specific probes (Randegger and Hächler 2001; Schabereiter-

Gurtner et al. 2004) or high resolution melting curve analysis (Wolff et al. 2008) have 

been applied to detect macrolide resistance mutations in the 23S rRNA or different 

SHV types. However, only bacteria containing homogenous 23S rRNA or a single 

SHV copy were studied in the real-time PCR studies, but probably the methods could 

also be used for detecting an isolate containing heterogeneous target sequences. Most 

recently, different ESBL genes have been analysed using DNA-chips (Endimiani et al. 

2010; Leinberger et al. 2010) and also K. pneumoniae isolates containing two SHV 

copies could be successfully typed with a commercial chip (Endimiani et al. 2010). 

However, the results obtained with real-time PCR or DNA chips are not as clear and 

reliable as pyrosequencing in which the exact sequence result can be seen. In addition, 

sequence information is imperative also for designing probes for real-time PCR or 

DNA-chips.  

6.2.1 Detection of mutations causing resistance to macrolides (III) 

Sinclair et al noticed that the number of mutated 23S rRNA copies could be estimated 

using pyrosequencing, and good correlation was found between the mutated alleles and 

the level of resistance (Sinclair et al. 2003). In addition, pyrosequencing has been 

applied to detection of several other mutations causing resistance to various antibiotics 

(Naas et al. 2007; Naas et al. 2006; Poirel et al. 2006). In this study, pyrosequencing 

was found to be able to detect and quantitate mutations that reside in successive 

nucleotides.  

Pyrosequencing of the macrolide resistance is very useful in for example diagnosing 

Helicobacter pylori infection since macrolide therapy is the most common therapy in 

H. pylori infection and H. pylori isolates often have developed resistance by acquiring 

the mutations corresponding to the E. coli positions 2058-2059 of the 23S rRNA. 

Especially the possibility of identifying H. pylori and detecting its macrolide resistance 

directly from a clinical sample is advantageous in the diagnostics of H. pylori due to 

the fastidious growth conditions and slow growth of the organism (Moder et al. 2007). 

Also in other organisms such as mycobacteria that require long culturing before 

phenotypic susceptibility data is available, pyrosequencing is very useful for 

determining the resistance status (Randegger and Hächler 2001).  
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6.2.2 Typing of SHV genes by pyrosequencing (IV) 

Most Enterobacteriaceae carry a chromosomal β-lactamase gene, which in 

K. pneumoniae is SHV. The chromosomal gene is usually wild type, non-ESBL. In 

addition to the chromosomal genes, enterobacterial isolates often acquire ESBL type β-

lactamases that usually reside in plasmids. The presence of two β-lactamase genes is 

often problematic for molecular methods as the detection of ESBL type may be 

difficult due to the interfering wild-type signal from the chromosomal copy.  

In this study, pyrosequencing of the positions 35, 238, and 240 was used to resolve the 

SHV copies of K. pneumoniae isolates. Although all SHV types cannot be detected by 

studying these positions, most of the ESBL SHV enzymes have a mutation at the 

position 238 and/or 240 (Jacoby and Bush 2010) and are identified as ESBLs by the 

methods developed in this study. In addition, vast majority of the SHV types found in a 

recent Finnish study (Nyberg et al. 2007) are covered. 

The pyrosequencing dispensation orders of this study were designed to allow easy 

visual interpretation of the mutation status of the positions 35, 238 and 240 and the 

presence of more than one SHV copy. The dispensation orders of this study generated 

pyrograms in which the mutation status and quantification of the different SHV copies 

could be verified from several different peaks, which has been found useful also in 

earlier studies (Lindström et al. 2004). In addition, visual estimation has been found 

more precise than the software-based. This is probably because in software, the signals 

are thought to descend much more towards the end of the run than they presently do 

(Doostzadeh et al. 2008). Hopefully, this is a temporary flaw of the pyrosequencing 

software that will be resolved.  

The use of the automatic SNP pyrosequencing format facilitates the analysis of 

especially the pyrograms of samples containing a mixed sequence as the software 

interprets the pyrograms and gives a percentage value for each sequence. The 

automatic analysis is very useful especially when the number of analyses is high (Jones 

et al. 2008). The SNP protocol of pyrosequencing was used for the determination and 

quantification of SHV type by determining the sequences of nucleotide positions 8, 35, 

43, 119, 156, 179, 205, 238, and 240 using as many as eight pyrosequencing reactions 

and four different PCR products to obtain also the sequence opposite strand at some 

positions (Jones et al. 2008). However, the SNP software was not able to determine the 

percentage for the position 240 due to the two sequence options for SHV-1 at that 

position (Jones et al. 2008).  

Whether using the SHV typing method of this study or the method of Jones et al, the 

exact SHV type cannot be determined by pyrosequencing and sequencing the entire 

gene seems to be the solution. The pyrosequencing methods can be used to rapidly 

identify SHV types spreading in a hospital, for instance. The methods are also useful in 

epidemiological studies to rapidly determine what kind of bacteria are spreading as the 

resistance phenotype does not reveal the genetic relatedness of the isolates.  
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Distribution of SHV types (IV) 

In this study, more than one SHV copy was present in 72 of 106 (67.9%) studied 

Finnish K. pneumoniae isolates, and 65 of these were found to contain an ESBL copy 

by pyrosequencing also supporting the view that the ESBL SHVs usually reside on 

plasmids. In the study of Jones et al., isolates with three, potentially even four SHV 

copies were found (Jones et al. 2008) which supports our finding of an isolate carrying 

three SHV copies.  

In this study, SHV-1 and SHV-11 were found in 42 (39.6%) and 53 (50%) Finnish 

K. pneumoniae isolates, respectively. Interestingly, SHV-11 was not found in 121 

German K. pneumoniae isolates using a microarray method (Leinberger et al. 2010).  

In a recent study, K. pneumoniae isolates with non-ESBL-SHV genes were induced to 

ESBL type in vitro, and the chromosomal copy did not mutate to an ESBL type. On the 

contrary, the SHVs converted easily to ESBL type in strains carrying a plasmid-borne 

SHV. Acquiring the ESBL type mutations under selection pressure seemed to require 

insertion element IS26 either 2 kb upstream of the SHV gene or in the promoter region. 

Consequently, presence of a non-ESBL SHV copy on a plasmid in K. pneumoniae 

confers high risk for the isolate to become an ESBL under selective pressure 

(Hammond et al. 2008). Thus, the detection of SHV-1 and SHV-11 in the same isolate 

contains a warning that the isolate is prone to become ESBL type. In this study, five  

K. pneumoniae isolates were found to carry SHV-1 and SHV-11 and are thus in danger 

of mutating to an ESBL type under selection pressure.  
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7 SUMMARY AND CONCLUSIONS  

Identification of bacterial isolate and determining its resistance profile are the major 

tasks of a clinical microbiology laboratory. In this study, pyrosequencing-based 

methods for the identification of streptococci and for the detection of mutations 

causing antimicrobial resistance were developed. The methods are mainly useful in the 

surveillance of microbes and microbial infections in reference laboratories but in 

principle can be used in routine diagnostics.  

The alpha-haemolytic streptococci are very difficult to identify and differentiate by 

traditional phenotypic methods but also by genotypic methods. Currently, the alpha-

haemolytic streptococci except S. pneumoniae are rarely identified in routine 

laboratories. This is probably partly due to the tedious identification but also due to the 

existence of alpha-haemolytic streptococci in the human normal microbiota and 

insufficient knowledge on infections caused by alpha-haemolytic streptococci. In this 

study, great variation in streptococcal 16S rRNA sequences was found, and due to the 

variation, the identification of most alpha-haemolytic streptococcal isolates could be 

performed only to the group level. However, the method developed in this study is able 

to identify more streptococcal isolates than the phenotypic methods because an 

identification sequence result was obtained for all the studied isolates by 

pyrosequencing and the vast majority of the isolates could be identified at least to a 

streptococcal group. 

The pyrosequencing methods developed for the detection of mutations causing 

antimicrobial resistance were found to be reliable, fast and give more information on 

the types of mutations when compared to traditional sequencing or probe-based 

methods. The method developed for the detection of mutations causing macrolide 

resistance at the positions 2058-2059 of the 23S rRNA was found to be quantitative; 

the amount of mutated 23S rRNA copies could be determined either simply visually or 

more specifically by analysing the pyrosequencing peak heights. The isolates having 

ambiguous sequence results at the amino acid positions 35 and/or 238-240 of the SHV 

molecule by traditional sequencing could be resolved by the pyrosequencing method 

developed in this study. The main advantage of pyrosequencing in resolving 

ambiguous sequences is the ability to determine the dispensation order specifically for 

each application or even for a single sample. 

In conclusion, pyrosequencing was found to be a reliable, fast, and cost-effective 

sequencing method with which various sequencing tasks can be resolved. 
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APPENDICES 
Appendix I. Alignment of streptococcal genomic sequences based on which the regions used in 

the pyrosequencing assays were chosen. The sequences and positions of the pyrosequencing 

primers are also presented. 

 
          10        20        30        40        50        60        70        80 

Genome or primer ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

StrepV1For  --------AGTTTGATCCTGGCTCAGGACG 

S.aga    ----------------------------------------------CCTAATACATGCAAGTAGAACGCTGAGGTTTG-- 

S.pne    ----------------------------------------------CCTAATACATGCAAGTAGAACGCTGAAGGA-G-- 

S.pyo -TTAAAGAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTAGAACGCTGAGAACTG-- 

S.mut UA159     -------AGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTGGGACGCAAGGAAACACA 

Consensus       TTTAA*GAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGT*G*ACGC*********CA 

                        90       100       110       120       130       140       150       160 

               ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Strepv1RevV2    --------------------------------CCTACGCGTTACTCACCCGTTC 

S.aga    --GTGTTTACAC----TAGACTGATGAGTTGCGAACGGGTGAGTAACGCGTAGGTAACCTGCCTCATAGCGGGGGATAAC 

S.pne    --GAGCTTGCTT----CT-CTGGATGAGTTGCGAACGGGTGAGTAACGCGTAGGTAACCTGCCTGGTAGCGGGGGATAAC 

S.pyo --GTGCTTGCAC----CGGTTCAAGGAGTTGCGAACGGGTGAGTAACGCGTAGGTAACCTACCTCATAGCGGGGGATAAC 

S.mut UA159   CTGTGCTTGCACACCGTGTTTTCTTGAGTCGCGAACGGGTGAGTAACGCGTAGGTAACCTGCCTATTAGCGGGGGATAAC 

Consensus     CTG*G*TT*C**ACCG*********GAGT*GCGAACGGGTGAGTAACGCGTAGGTAACCT*CCT**TAGCGGGGGATAAC 

                       170       180       190       200       210       220       230       240 

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga 2603V/R  TATTGGAAACGATAGCTAATACCGCATAAGAGTAATTAACACATGTTAGTTATTTAAAAGGAGCAATTGCTTCACTGTGA 

S.aga NEM316   TATTGGAAACGATAGCTAATACCGCATAAGAGTAATTAACACATGTTGGTTATTTAAAAGGAGCAATTGCTTCACTGTGA 

S.pne R6       TATTGGAAACGATAGCTAATACCGCATAAGAGTGGATGTTGCATGACATTTGCTTAAAAGGTGCACTTGCATCACTACCA 

S.pne TIGR4    TATTGGAAACGATAGCTAATACCGCATAAGAGTAGATGTTGCATGACATTTGCTTAAAAGGTGCACTTGCATCACTACCA 

S.pyo TATTGGAAACGATAGCTAATACCGCATAAGAGAGACTAACGCATGTTAGTAATTTAAAAGGGGCAATTGCTCCACTATGA 

S.mut UA159    TATTGGAAACGATAGCTAATACCGCATAATATTAATTATTGCATGATAATTGATTGAAAGATGCAAGCGCATCACTAGTA 

Consensus      TATTGGAAACGATAGCTAATACCGCATAA*A*****T****CATG****T***TT*AAAG**GCA***GC**CACT***A 

                       250       260       270       280       290       300       310       320 

               ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    GATGGACCTGCGTTGTATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGATACATAGCCGACCTGAGAGGGTGA 

S.pne    GATGGACCTGCGTTGTATTAGCTAGTTGGTGGGGTAACGGCTCACCAAGGCGACGATACATAGCCGACCTGAGAGGGTGA 

S.pyo GATGGACCTGCGTTGTATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGATACATAGCCGACCTGAGAGGGTGA 

S.mut UA159    GATGGACCTGCGTTGTATTAGCTAGTTGGTAAGGTAAGAGCTTACCAAGGCGACGATACATAGCCGACCTGAGAGGGTGA 

Consensus      GATGGACCTGCGTTGTATTAGCTAGTTGGT**GGTAA**GCT*ACCAAGGCGACGATACATAGCCGACCTGAGAGGGTGA 

StrepV2RevV2   --ACTAGCTAATACAACGCAGGTCCA 

                      330       340       350       360       370       380       390       400 

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga, S.pne  TCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGCAATGGACGGAAGTC 

S.pyo TCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCC 

S.mut UA159  TCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGCAATGGACGAAAGTC 

Consensus   TCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGCAATGG**G*AA**C 

                   410       420       430       440       450       460       470       480 

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    TGACCGAGCAACGCCGCGTGAGTGAA-GAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGAGAAGAACGTTGGTAGGAGT 

S.pne    TGACCGAGCAACGCCGCGTGAGTGAA-GAAGGTTTTCGGATCGTAAAGCTCTGTTGTAAGAGAAGAACGAGTGTGAGAGT 

S.pyo TGACCGAGCAACGCCGCGTGAGTGAA-GAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGAGAAGAATGATGGTGGGAGT 

S.mut UA159   TGACCGAGCAACGCCGCGTGAGTGAA-GAAGGTTTTCGGATCGTAAAGCTCTGTTGTAAGTCAAGAACGTGTGTGAGAGT 

Consensus     TGACCGAGCAACGCCGCGTGAGTGAA*GAAGGTTTTCGGATCGTAAAGCTCTGTTGT*AG**AAGAA*G***GT**GAGT 

               490       500       510       520       530       540       550       560 

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga
a
  GGAAAATCTACCAAGTGACGGTAACTAACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCC 

S.pne
b
 GGAAAGTTCACACTGTGACGGTATCTTACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCC 

S.pyo
c
 GGAAAATCCACCAAGTGACGGTAACTAACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCC 

S.mut
d
 GGAAAGTTCACACAGTGACGGTAGCTTACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCC 

Consensus GGAAA*T**AC***GTGACGGTA*CT*ACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCC 

                     570       580       590       600       610       620       630       640 

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    CGAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTCTTTAAGTCTGAAGTTAAAGGCAGTGGCTTAACC 

S.pne    CGAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTAGATAAGTCTGAAGTTAAAGGCTGTGGCTTAACC 

S.pyo CGAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTTTTAAGTCTGAAGTTAAAGGCATTGGCTCAACC 

S.mut CGAGCGTTGTCCGGATTTATTGGGCGTAAAGGGAGCGCAGGCGGTCAGGAAAGTCTGGAGTAAAAGGCTATGGCTCAACC 

Consensus CGAGCGTTGTCCGGATTTATTGGGCGTAAAG*GAGCGCAGGCGGT*****AAGTCTG*AGT*AAAGGC**TGGCT*AACC 

                650       660       670       680       690       700       710       720 

        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    ATTGTACGCTTTGGAAACTGGAGGACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAT 

S.pne    ATAGTAGGCTTTGGAAACTGTTTAACTTGAGTGCAAGAGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAT 

S.pyo AATGTACGCTTTGGAAACTGGAGAACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAT 

S.mut ATAGTGTGCTCTGGAAACTGTCTGACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAT 

Consensus    A**GT**GCT*TGGAAACTG****ACTTGAGTGCA**AGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAT 

                  730       740       750       760       770       780       790       800 

         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    ATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAG 

S.pne    ATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGCTTGTAACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAG 

S.pyo MGAS315 ATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAG 

S.pyo MGAS8232  ATATGGAGGAACACCAGTGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAG 

S.mut ATATGGAGGAACACCAGTGGCGAAAGCGGCTCTCTGGTCTGTCACTGACGCTGAGGCTCGAAAGCGTGGGTAGCGAACAG 

Consensus ATATGGAGGAACACC*GTGGCGAAAGCGGCTCTCTGG**TGT*ACTGACGCTGAGGCTCGAAAGCGTGGG*AGC*AACAG 

Continued on following page 
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Appendix I-continued 
                   810       820       830       840       850       860       870       880 

Genome or primer ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    GATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCAGCTA 

S.pne GATTAGATACCCTGGTAGTCCACGCTGTAAACGATGAGTGCTAGGTGTTAGACCCTTTCCGGGGTTTAGTGCCGTAGCTA 

S.pyo GATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGGAGCTA 

S.mut GATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGGAGCTA 

Consensus  GATTAGATACCCTGGTAGTCCACGC*GTAAACGATGAGTGCTAGGTGTTAG*CCCTTTCCGGGG*TTAGTGCCG*AGCTA 

                     890       900       910       920       930       940       950       960 

            ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    ACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG 

S.pne ACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG 

S.pyo ACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG 

S.mut ACGCAATAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG 

Consensus   ACGCA*TAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG 

                   970       980       990       1000      1010      1020      1030      1040 

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTTCTGACCGGCCTAGAGATAGGCTT 

S.pne R6     GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCTCTGACCGCTCTAGAGATAGAGTT 

S.pne TIGR4   GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCTCTGACCGCTCTAGAGATAGAGCT 

S.pyo GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCGATGCCCGCTCTAGAGATAGAGTT 

S.mut GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCGATGCTATTCTTAGAGATAGGAAG 

Consensus   GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCC***TG*******TAGAGATAG**** 

                   1050      1060      1070      1080      1090      1100      1110      1120 

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga    TCTCTTCGGAGCAGAAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 

S.pne TTCCTTCGGGACAGAGGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 

S.pyo TTACTTCGGTACATCGGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 

S.mut TTACTTCGGTACATCGGAGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 

Consensus T**CTTCGG**CA***G*GACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 

                   1130      1140      1150      1160      1170      1180      1190      1200 

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga, S. pyo AGCGCAACCCCTATTGTTAGTTGCCATCATTAAGTTGGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGGTGG 

S.pne R6    AGCGCAACCCCTATTGTTAGTTGCCATCATTCAGTTGGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGGTGG 

S.pne TIGR4 AGCGCAACCCCTATTGTTAGTTGCCATCATTTAGTTGGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGGTGG 

S.mut AGCGCAACCCTTATTGTTAGTTGCCATCATTAAGTTGGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGGTGG 

Consensus AGCGCAACCC*TATTGTTAGTTGCCATCATT*AGTTGGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGGTGG 

                     1210      1220      1230      1240      1250      1260      1270      1280 

            ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga, S. pyo GGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGTTGGTACAACGAGTCGCAAGCCG 

S.pne GGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGCTGGTACAACGAGTCGCAAGCCG 

S.mut GGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGTCGGTACAACGAGTTGCGAGCCG 

Consensus     GGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGG**GGTACAACGAGT*GC*AGCCG 

                    1290      1300      1310      1320      1330      1340      1350      1360 

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga, S. pyo GTGACGGCAAGCTAATCTCTTAAAGCCAATCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATCGCT 

S.pne GTGACGGCAAGCTAATCTCTTAAAGCCAGTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATCGCT 

S.mut GTGACGGCAAGCTAATCTCTGAAAGCCGATCTCAGTTCGGATTGGAGGCTGCAACTCGCCTCCATGAAGTCGGAATCGCT 

Consensus  GTGACGGCAAGCTAATCTCT*AAAGCC**TCTCAGTTCGGATTG*AGGCTGCAACTCGCCT*CATGAAGTCGGAATCGCT 

                  1370      1380      1390      1400      1410      1420      1430      1440 

           ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Consensus
e
 AGTAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTA 

                     1450      1460      1470      1480      1490      1500      1510      1520 

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

S.aga 2603V/R ACACCCGAAGTCGGTGAGGTAACCTTTTAGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAG 

S.aga NEM316 ACACCCGAAGTCGGTGAGGTAACC-------------------------------------------------------- 

S.pne R6 ACACCCGAAGTCGGTGAGGTAACC-GTAAGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAG 

S.pne TIGR4 ACACCCGAAGTCGGTGAGGTAACC-GTAAGG------------------------------------------------- 

S.pyo ACACCCGAAGTCGGTGAGGTAACCTATTAGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAG 

S.mut ACACCCGAAGTCGGTGAGGTAACCTTTTAGGGGCCAGCCGCCTAAGGTGGGATGGATGATTGGGGTGAAGTCGTAACAAG 

Consensus ACACCCGAAGTCGGTGAGGTAACCT*T*AGG*GCCAGCCGCCTAAGGTGGGAT*GATGATTGGGGTGAAGTCGTAACAAG 

                     1530      1540      1550      1560 

             ....|....|....|....|....|....|....|....| 

S.aga 2603V/R GTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTCT 

S.pne R6 GTAGCCGTATCGGAAG------------------------ 

S.pyo GTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTCT 

S.mut GTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTCT 

Consensus GTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTCT 

 
a S.aga = S. agalactiae, if no strain designation is given, the sequence was identical in strains 2603/R and NEM316. 
b  S.pne = S. pneumoniae, if no strain designation is given, the sequence was identical in strains MGAS315, MGAS8232 and 

M1GAS. 
c  S.pyo = S. pyogenes, if no strain designation is given, the sequence was identical in strains R6 and TIGR4. 
d  S.mut = S. mutans UA159 
e  Identical sequence in all genomes  
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Appendix II. The v1+v2 sequences (n=68) of the 76 streptococcal type strains included in this 

study. 

 
 |............v1..............|.............v2..............| 

          10        20        30        40        50        60 

Speciesa ....|....|....|....|....|....|....|....|....|....|....|....| 

S. mitis-S. sanguinis group  

S. australis GCAACTCATCCAGAAAGAGCAAGCTCCTTCTCTGGTAGTGGAGCAATTGCCCCTTTCAAG 

S. infantis GCAACTCATCCAGAAGAGCAAGCTCCTCCTTCTGGTAGTGGTGCAATTGCACCTTTCAAG 

S. cristatus GCAACTCATCCAGAAGAGCAAGCTCCTCCTTCTGGTAGTGGTGCATTTGCACCTTTTAAT 

S. pneumoniae GCAACTCATCCAGAGAAGCAAGCTCCTCCTTCTGGTAGTGATGCAAGTGCACCTTTTAAG 

S. pseudopneumoniae GCAACTCATCCAGAGAAGCAAGCTCCTCCTTCTGGTAGTGATGCATTTGCACCTTTTAAG 

S. peroris GCAACTCATCCAGAGAAGCAAGCTCCTCCTTCTGGTAGTGGTGCAATTGCACCTTTTAAA 

S. oralis GCAACTCATCCGCTCGGTGCAAGCACCAAGTCTGGTAGTGATGCAATTGCACCTTTTAAG 

S. mitis GCAACTCATCCGGAGAAGCAAGCTCCTCCTTCTGGTAGTGATGCAATTGCACCTTTTAAG 

S. massiliensis GCAACTCATTAGATTAGTGCAAGCACCAATTCTGGTAGTGATACAGTTGTATCTTTCAAG 

S. orisratti GCGACTCATGATTAATGGTGGAGCAAGCTCTCTCATAGTGAAGCTCTTGCCCCTTTCAAG 

S. sinensis GCGACTCACAAAGTACGGTGTAGTAAACTATCTCTTAGTGATGCAATTGCATCTTTTAAT 

S. parasanguinis GCAACTCCTCCGCTCGGTGCAAGCACCAAGTCTCTTAGTGATGCATTTGCACCTTTCAAG 

S. oligofermentans GCAACTCTTCCGGAAAGAGCAAGCTCCTTCTCTCTTAGTGATGCATTTGCATCTTTTAAC 

S. entericus GCGACTCAGTCAATTCGATGGAGCAAGCTCTCTGATAGTGAAGCAATTGCTCCTTTTAAG 

S. gordonii GCAACTCACAGTCTATGGTGTAGCAAGCTATCTGGTAGTGGTGCAATTGCACCTTTCAAT 

S. sanguinis GCAACTCATCCAAGAAGAGCAAGCTCCTCTTCTGGTAGTGATGCAATTGCATCTTTCAAT 

S. anginosus group  

S. intermedius GCAACTCACAGAATACGGTGTAGTAAACTATCTGGTAGTGATGCATTTGCACCTTTTAAA 

S. constellatusb GCAACTCACAGAATACGGTGTAGTAAACTATCTGGTAGTGATGCTCTTGCACCTTTTAAA 

S. anginosus GCAACTCACAGTCTATGGTGTAGCAAGCTATCTACTAGCGATGCAATTGCATCTTTCAAG 

S. salivarius group  

S. salivariusc GCAACTCATCCAAGAAGAGCAAGCTCCTCTTCTTGTAGTGGAGCAATTGCCCCTTTCAAA 

S. alactolyticus GCAACTCATCCAAAAGAAGCAAGCTCCTTTTCTCGTAGTGATGCAATTGCATCTTTCAAG 

S. hyointestinalis GCAACTCATCCAGAAGAAGCAAGCTCCCTCTCTGATAGTGGAGCAGTTGCCCCTTTTAAA 

S. bovis group  

S. lutetiensisd GCAACTCTTCCAACTTTAGCAAGCTAAAGTTCTACTAGTGAAGCAATTGCTCCTTTCAAG 

S. equinus GCAACTCTTCCAACTTTAGCAAGCTAAAGTTCTACTAGTGAAGCAATTGCTTCTTTCAAG 

S. gallolyticuse GCAACTCCTTCTACTCTAGCAAGCTAAAGTTCTACTAGTGATGCATTTGCATCTTTCAAG 

S. gallolyticus ssp. pasteurianus  GCAACTCCTTCTACTCTAGCAAGCTAAAGTTCTACTAGTGATGCAATTGCATCTTTCAAG 

S. gallolyticus ssp. macedonicusf GCAACTCTTCCAACTCTAGCAAGCTAAAGTTCTACTAGTGATGCAATTGCATCTTTTAAG 

S. infantarius ssp. infantarius GCAACTCTTCAAACTTTAGCAAGCTAAAGTTCTACTAGTGAAGCAATTGCTCCTTTCAAG 

S. mutans group  

S. criceti GCGACTCTTCTTCCTTGTGAGTGCAAGCACTCTGATAGTGGTGCCATTGCACCTTTCAAG  

S. downei GCGACTCATTAATATCAGTGGAGCAAGCTCTCTGATAGTGATACAATGGTATCTTTTAAG 

S. ferus GCGACTCATGATGAATGGTGGAGCAAGCTCTCTCTTAGCGATACGATTGTATCTTTTAAT 

S. hyovaginalis GCGACTCATGATTAATGGTGGAGCAAGCTCTCTGATAGTGAAGCAATTGCTCCTTTTAAA 

S. macacae GCGACGCCGTCCTCCTACGTTAGTACGAACTCTCTTAGCGATACTGTTGTACCTTTCAAT 

S. mutans GCGACTCAAGAAAACACGGTGTGCAAGCACTCTACTAGTGATGCGCTTGCATCTTTCAAT 

S. ovis GCGACTCAGTCAATTCGGTGGAGCAAGCTCTCTCGTAGTGGAGCACTTGCTCCTTTCAAA 

S. ratti GCGACTCAAGAAAACACGATGTGCAAGCACTCTACTAGTGATGCTCTTGCATCTTTCAAG 

S. sobrinus GCGACTCATTAGTAACACTGGAGCAAGTCCTCTGATAGTGAAGCAATGGCTTCTTTTAAA 

S. orisuis GCACTCAGCGTTTACGGCGTGGACTACCAGTCTGATAGTGGNGCCATTGCCCCTTTCAAG 

S. devriesei GCGACTCGTTGTACCGACCATTGTAGCACGTCTCCAGTGTACCGAAGTAACTTCTTATCT 

Beta-haemolytic streptococci  

S. agalactiaeg GCAACTCATCAGTCTAGTGTAAACACCAAATCTCACAGTGAAGCAATTGCTCCTTTTAAA 

S. canis GCAACTCCTTAGACTAGTGCAAGCACCTGTTCTCATAGTGGAGCAGTTGCCCCTTTTAAG 

S. didelphis GCAACTCCTTAGACTAGTGCAAGCACCAGTTCTCATAGTGGAGCATTTGCCCCTTTTAAA 

S. dysgalactiae ssp. dysgalactiae GCAACTCCTTGAACCGGTGCAAGCACCAGTTCTCATAGTGATGCAGTTGCACCTTTTAAA 

S. dysgalactiae ssp. equisimilis  GCAACTCCTTGGACCGGTGCAAGCACCAGTTCTCATAGTGATGCAGTTGCACCTTTTAAA 

S. equi ssp. zooepidemicus GCGACTCACAGATAATTGTAGCAAGCTACGTCTCATAGTGGAGCTGTTGCCCCTTTTAAA 

S. equi ssp. equi GCGACTCACAGATAATTGTAGCAAGCTACGTCTCATAGTGGAGCTGTTGCTCCTTTTAAA 

S. equi ssp. ruminatorum GCAACTCATCAGTCTAGTGCAAGCACNNNNTCTCATAGTGAAGCGTTTGCTTCTTTCAAG 

S. iniae GCAACTCTTTGGATTAGTGCAAGCACCAATTCTCATAGTGAAGCATTTGCTCCTTTTAAC 

S. phocae GCAACTCCTCTTACTTAGTGCAAGCACTAATCTCATAGTGGAGCAATTGCCCCTTTTAAA 

S. porcinus GCAACTCATTAGACTGGTGCAAGCACCTGTTCTCATAGTGGAGCAGTTGCCCCTTTTAAG 

S. pseudoporcinus GCAACTCCTTGGTCTAGTGCAAGCACCAGATCTCATAGTGAAGCTTTTGCTCCTTTTAAC 

S. pyogenes GCAACTCCTTGAACCGGTGCAAGCACCAGTTCTCATAGTGGAGCAATTGCCCCTTTTAAA 

Ungrouped streptococci  

S. acidominimus GCAACTCCTCAACTCTGTACAAGTACAAAGTCTGGTAGTGGTGCAGTTGCACCTTTTAAA 

S. parauberis GCAACTCATCTGACTAGTGCAAGCACCAGTTCTCATAGTGAAGCAATTGCTCCTTTTAAA 

S. pleomorphus GCCACTGACTTCCAAAAAAAGCAAGCTTTTTCCATGTTCAGGGCCGTAGCCCCTTTAATA 

S. pluranimalium GCGACTCAATCAATTCAAATGTAGCAAGCTTCTCATAGTGAAGCTGTTGCTCCTTTTAAA 

S. thoraltensis GCGACTCATTTATACCAATTGTAGCAAGCTTCTTTAAGTGATGCTGTTGCACCTTTTAAA 

S. uberis GCAACTCCTTAGACCAGTGCAAGCACCAGTTCTCATAGTGAAGCATTTGCCCCTTTTAAA 

S. urinalis GCAACTCCTTGGTCTTGTGCAAGCACATGATCTCATAGTGAAGCAGTTGCTCCTTTTAAG 

S. gallinaceus GCAACTCATCCGCTCGGTGCAAGCACCAAGTCTGGTAGTGAAGCAATTGCTCCTTTCAAA 

S. castoreus GCAACTCCTCCAGACTAGTGCAAGCACCAGTCTCTTAGTGAAACTTTTGTTCCTTTCAAC 

S. halichoeri GCAACTCCTTGAACTAGTGCAAGCACCAGTTCTCATAGTGGAGCTGTTGCCCCTTTTAAG 

S. ictaluri GCACTCATCGTTTACGGCGTGGACTACCAGTCTCATAGTGAAGCAATTGCCCCTTTTAAA 

S. minor GCACTCATCGTTTACGGCGTGGACTACCAGTCTCTTAGTGAAGCAGTTGCTCCTTTTAAA 

S. marimammalium GCACTCATCGTTTACGGCGTGGACTACCAGTCTTCTAGTGATACAATTGTATCTTTTAAC 

S. caballi GCGACTCATGATTAATGGTGGAGCAAGCTCTCTCGTAGTGATGCTGTTGCATCTTTCAAG 

S. henryi GCGACTCATGATTAATGGTGTAGCAAGCTATCTACTAGTGAAGCATTTGCTCCTTTTAAA 

S. suis GCAACTCATCCGTCTAGTGCAAGCACCAGATCTCATAGTGAAGCAATTGCTCCTTTCAAA 

Explanations of the superscripts on following page. 
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a  The type strain designations are presented in Table 2.  
b  S. constellatus ssp. constellatus and S. constellatus ssp. pharynges 
c  S. salivarius, S. vestibularis, and S. thermophilus 
d  S. lutetiensis, S. infantarius ssp. coli, and S. bovis 
e  S. gallolyticus ssp. gallolyticus and S. caprinus 
f  S. gallolyticus ssp. macedonicus and S. waius 
g  S. agalactiae and S. difficilis 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


