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Abstract

The Streptococcus Mitis group (SMG) is composed of closely related species, making it often
difficult to distinguish them from each other. It represents a significant challenge for both taxonomy
and the routines by clinical diagnostics laboratories. Precise identification of SMG members is
crucial, since it contains highly pathogenic species, such as S. pneumoniae and S. mitis, which are
major causes of invasive infections worldwide. Misidentification can lead to wrong antimicrobial
therapy and contribute to the development of antimicrobial resistance. While single-gene
sequencing methods, such as 16S rRNA gene analysis, are widely applied, it is not recommended
for identification of species of the SMG because of their limited discriminatory power.

In this study, 33 bacterial strains are isolated from clinical samples, previously classified by the
Culture Collection Gothenburg University (CCUQG), as S. mitis, S. mitis complex or S. mitis group,
were analyzed using multi-locus sequence analysis (MLSA) with three housekeeping genes: 16S
rRNA, groEL, and rpoB. Of these, 31 strains produced high-quality 16S rRNA gene sequences,
while 30 yielded reliable sequences for groEL and rpoB. Comparative analysis against GenBank
references revealed that 16S rRNA gene alone was insufficient for species-level resolution due to
the high sequence similarity among SMG members. In contrast, groEL and rpoB provided greater
discriminatory power, particularly when used in combination.

The results in this study demonstrated that the combination of multiple housekeeping genes
significantly improves resolution compared to single-gene approaches. It emphasized the
importance of MLSA as a robust method when identifying SMG with high accuracy.

The implementation of such strategies in diagnostic microbiology can raise the knowledge about
SMG’s functional structure, improve clinical decision-making in health care, strengthen
epidemiological surveillance, and reduce the risks associated with antimicrobial resistance.

Keywords: Streptococcus Mitis group, MLSA, 16S rRNA gene, groEL, rpoB, bacterial
identification, housekeeping genes



Sammanfattning

Streptococcus mitis gruppen (SMGQG) anses ha néra besldktade arter, vilket ofta gor det svéart att
sarskilja arterna frén varandra. Detta innebér en stor utmaning for bade taxonomin och for kliniska
diagnostiska laboratorier. Noggrann identifiering av SMG-medlemmar dr avgérande eftersom den
gruppen innehaller potenta patogena arter, sdsom S. pneumoniae och S. mitis, som orsaka flera
invasiva infektioner runt om i vérlden. Felaktig identifiering kan leda till felaktig antimikrobiell
behandling samt bidra till utvecklingen av antimikrobiell resistens. Metoder med en enda
gensekvensering, sasom 16S rRNA-genanalys, anvidnds i1 stor utstrdckning, dven om det inte
rekommenderas for identifiering av arter av SMG pa grund av deras begriansade
sarskiljningsformaga.

I denna studie analyserades 33 bakteriestammar isolerade frdn kliniska prover, tidigare
klassificerade av ”Culture Collection Gothenburg University” (CCUG), som S. mitis eller S. mitis-
komplex eller S. mitis-grupp, med hjdlp av multi-lokus-sekvensanalys (MLSA) med tre
“housekeeping genes”: 16S rRNA, groEL och rpoB. Av dessa, producerade 31 stammar
hogkvalitativa 16S rRNA-gensekvenser, medan 30 stammar gav tillforlitliga sekvenser for groEL
och rpoB. Den jamforande analysen av studerade stammar mot GenBank-referenssekvenserna
visade att 16S rRNA-genen ensam var otillricklig for upplosning pa artniva pa grund av den hoga
sekvenslikheten mellan SMG-medlemmar. Déremot gav groEL och rpoB  storre
urskiljningsférméga, sdrskilt nir de anvéndes 1 kombination.

Resultaten i denna studie belyser vikten av MLSA som en robust metod for korrekt SMG-
identifiering, vilket visar att kombinationen av flera housekeeping genes” avsevirt forbattrar
upplosningen jamfort med metoder med en enda gen. Implementeringen av sddana strategier inom
diagnostisk mikrobiologi kan 6ka kunskapen om SMG:s funktionella struktur, forbéttra kliniskt
beslutsfattande inom hélso- och sjukvérden, stirka epidemiologisk &vervakning och minska
riskerna i samband med antimikrobiell resistens.

Nyckelord: Streptococcus mitis grupp, MLSA, 16S rRNA-gen, groEL, rpoB, bakteriell
identifiering, “housekeeping genes”, antimikrobiell resistens.



1. Introduction

1.1 The genus Streptococcus

Bacteria of the genus Streptococcus were first observed in 1868 by Theodor Billroth and, since
1884, they have been classified into the family Streptococcaceae, order Lactobacillales and
phylum Firmicutes (Deibel and Seeley, 1974; Ludwig et al., 2009; Schleifer, 2009). The genus
Streptococcus 1s comprised of facultative anaerobic organisms, which are Gram- positive and
catalase-negative (Schleifer, 2009; Hossain, 2014). Morphologically, they are non-motile, do not
form spores, undergo cell division along a single axis, which leads to the formation of pairs, clusters
or chains (Hossain, 2014).

This genus is present in several different environments and also living in organisms. In humans it
is established predominantly in the nasopharynx and oral cavity, once it is integrated into the
normal microbiome (Murray, 2018; Wei, et al., 2023; Sadowy and Hryniewicz, 2020).

The species differ significantly in pathogenicity, where in some species are described as
commensals, while others, such as Streptococcus pneumoniae are highly virulent, causing severe
invasive infectious diseases in children, older people and immunosuppressed humans (Sadowy and
Hryniewicz, 2020; Doern and Burnham, 2010).

Streptococcus spp. can easily adapt to new hosts, impacting and shifting their immune system by
several strategies, such as expression of proteins that aid it to colonize the host cells and survive
competing for nutrients (Mitchell, 2011). The genetic recombinant events contribute to increased
antimicrobial resistance and spreading of diseases involving Streptococcus (Sadowy and
Hryniewicz, 2020; Doern and Burnham, 2010).

1.2 The classification of genus Streptococcus

Clinically, the genus Streptococcus is categorized into the pyogenic and non-pyogenic, or Viridians
group Streptococci (VGS) (Sadowy and Hryniewicz, 2020). The haemolytic reaction of
Streptococcus colonies when cultivated in agar plates, allows them to be classified into three
different groups: (A) a-haemolytic species, that oxide the iron in haemoglobin molecules within
red blood cells, resulting in a greenish colour on Blood Agar (Murray, 2018; McDevitt et al., 2020)
and presenting a yellowing colour when cultivated on Chocolate Agar, due to the production of
peroxides that react with the blood cells in the chocolate agar plates (Gunn, 1984); the
Streptococcus mitis group (SMG) are included in this group; (B) B-haemolytic species, also known
as Lancefield group, which completely lyse red blood cells (Murray, 2018, Bloch et al., 2024); and
(C) y-hemolytic species, with no lysis of red cells (Murray, 2018; Bloch et al., 2024) (Figure 1).

(A)

beta-hemolysis alpha hemolysis gamma hemolysis (so hemolysis)

Figure 1. Blood agar plates showing different types of haemolysis (Source: Abdulla, 2015)



Group PB-hemolytic Streptococcus are further classified, using the serological properties, also
named Lancefield classification, based on serotyping of the cell-wall polysaccharides (Murray,
2018; Bloch et al., 2024). Lancefield classification is not reliable when identifying Streptococcus
mitis group (SMG) to the species level because the Lancefield antigens in this group are missing
(Doern and Burnham, 2010; Facklam, 2002; Anonymous, 2021).

Based on phylogenetic relationships between Streptococcus, the 16S rRNA gene sequencing
technique made it possible to categorize the genus Streptococcus into eight groups:
mitis, sanguinis, anginosus, salivarius, downei, mutans, pyogenic, and bovis groups (Bloch et al.,
2024). The genetic similarity is high in these groups and advanced, and more specific molecular
biology methods are required to get deeper genetic information, providing better comprehension
about evolutionary relationships among streptococcal species (Sadowy et al., 2020; Kawamura et
al., 1999). In this way, the sequences of housekeeping genes have successfully been used to assess
clustering patterns among very closely related species, making it easier to identify the species of
SMG (Sadowy et al., 2020; Kawamura et al., 1999; Bishop et al., 2009). Techniques for analysing
whole genome sequences, such as digital DNA-DNA hybridization (dDDH) and average
nucleotide identity (ANI), have also been used in studies to accurately identify clinical bacterial
isolates contributing to the taxonomy and nomenclature of new species (Versmessen et al., 2024).
Those techniques still present some disadvantages, such as being time consuming and having
relatively high costs (Gao et al., 2014; Versmessen et al., 2024).

1.3 The Streptococcus mitis group

The Streptococcus mitis group (SMG) is part of the human normal microbiota with some species
being commensal, while others are pathogenic and associated with serious clinical infections,
causing millions of deaths every year around the world (Sherman, 1937; WHO, 2019; O’Brien et
al., 2009).

This group is represented by at least 26 species, three subspecies and four not validly published: S.
gordonii, S. mitis, S. pneumoniae, S. sanguinis, S. oralis, S. parasanguinis, S. cristatus, S. infantis,
S. peroris, S. pseudopneumoniae S. australis, S. panodentis, S. oligofermentans, S. orisratti, S.
downii, S. massiliensis, S. lactarius, S. rubneri, S. panodentis, S. sinensis and S. oricebi (Jensen et
al., 2016; Kilian et al., 2025). The names of the following species are validly published after being
identified and featured as belonging to the SMG by studies of only one isolate: Streptococcus
toyakuensis, Streptococcus thalassemiae, Streptococcus chosunensis, Streptococcus humanilactis,
Streptococcus gwangjuensis (Kilian et al., 2025). The subspecies of S. oralis are subsp. tigurinus,
subsp dentisani and subsp. oralis (Kilian et al., 2025).

Finally, there are also other species considered to belong to SMG, but whose names are not yet
validly published. Those species have their names indicated by apostrophes ("-") because its species
do not yet have taxonomic standing. Those species include: "Streptococcus vulneris",

"Streptococcus shenyangsis", "Streptococcus bouchesdurhonensis" and "Streptococcus symci”
(Kilian et al., 2025).

1.4 Taxonomy of Streptococcus mitis group (SMG)

The genetic diversity within the genus Strepfococcus is still a challenge and explains the high
number of taxonomic revisions done during the last decades, aiming to make it easier to distinguish
species from each other (Facklam 2009; Kawamura et al., 1999; Sadowy et al., 2020). The high
similarities between SMG’s species also reflects the complexity of the antimicrobial resistance
pattern, for which the accurate identification to the species level is crucial for deciding the most
effective first-line empirical antimicrobial medicines to treat infections caused by SMG -species
(Sadowy et al., 2020, Chun et al., 2015). The development of high-throughput DNA sequencing
technologies (including next-generation sequencing and third generation sequencing) has aided to
correctly identify species of SMG, although it is still a challenge, since the diversity in this group
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is huge and a significant part of its diversity remains unexplored (Kawamura et al., 1999; Sadowy
et al., 2020).

1.5 Pathogenicity and antibiotic resistance in the Streptococcus mitis group

The pathogenicity of Streptococcus mitis group (SMGQG) is regulated by many genes occurring in
different species, showing the diversity of regulatory events involved, for example, the capsule
production and the importation of enzymes for the metabolisms of carbohydrate and proteins
(Kilian and Tettelin, 2019, Gonzales-Siles et al., 2019).

The evolutionary hypotheses, considering the bacterial competence for genetic transformation,
explains common ancestry, where in the horizontal gene transfer (HGT) (Fig. 2) among SMG’s
species plays a central role (WHO, 2019, Gonzales-Siles et al., 2019, Straume et al., 2015).
Through it, some species of SMG have acquired virulence-promoting genes conferring
pathogenicity (Doern and Burnham, 2010; Straume et al., 2015). According to Killian & Tettelin
(2019), some commensal species of the SMG lost virulence-associated genes and developed a
harmonious relationship with the host, getting genetic stability and advantages when living in
biofilms (Kilian and Tettelin, 2019). Conjugative transposons also have been found carrying
antibiotics resistance genes in SMG (Straume et al., 2015).

"o =

A: Vertical Transmission B: Horizontal Transmission

plasmid
containing the
resistance gene

plasmid
containing the
resistance gene

bacterial cell bacterial cell

bacterial DNA bacterial DNA
sl |- —_—

Plasmid transferred during replication to daughter cells Plasmid transferring to other bacteria of the same generation

Daughter cells Transformation Transduction  Conjugation

90 LY

Figure 2. Vertical and horizontal gene transfer in bacteria (Sanseverino ef al., 2018).

The identification to the species level is significant for differentiating pathogenic from non-
pathogenic species, considering these bacterial groups exhibit contrasting drug susceptibility
patterns during the treatment of infectious diseases (Belman et al., 2022; Sanseverino et al., 2018).
Especially the species S. mitis that is considered to be both a reservoir of antibiotic resistance genes
and the species that works as source for capsule polysaccharide diversity for the species S.
pneumoniae, considered highly pathogenic, contributing to vaccine escape (Salvadori et al., 2019).

1.6 Clinical relevance of the Streptococcus mitis group (SMG)

Some species of SMG cause life-threatening infectious diseases, such as meningitis, pneumonia,
infective endocarditis and bacteremia, when they reach the bloodstream, particularly in
immunosuppressed patients, elderly and children, especially under five years old (Sadowy and
Hryniewicz, 2020; Doern and Burnham, 2010; Kilian and Tettelin, 2019).

According to the World Health Organization (WHO), only the species S. pneumoniae devastates
the lives of one million children every year (WHO, 2019; O’Brien et al., 2009).

A report written by Global Burden of Diseases, Injuries, and Risk Factors Study (GBD, 2021),
showed that S. pneumoniae was one of the five pathogens, responsible to more than 500 000 deaths
in 2019, where the most representative group were children younger than 5 years and living in the
sub-Saharan Africa (GBD, 2022). In another report also published in 2024 by GBD, it was shown
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that the S. pneumoniae was globally responsible for causing lower respiratory infections in circa
97,9 million and 505 000 deaths in 2021 (GDB, 2024). WHO considers S. pneumoniae to be a
major public health problem worldwide, which explains the epidemiological and clinical relevance
of SMG (WHO, 2019). The present situation, in some cases, is getting worse, since the
identification of bacterial pathogens is far from contributing to an effective treatment, which
decreases risk of wrong prognosis and decreases antimicrobial resistance in new generations
(Rentschler et al., 2021).

1.7 The Culture Collection Gothenburg University (CCUG)

The Culture Collection Gothenburg University (CCUG), the largest public collection of clinically
relevant bacteria in Europe, offers typing services utilizing phenotypic, chemotypic, genotypic and
whole- genome sequencing analyses achieving accurate, detailed classification and identification,
that comprises more than 78000 bacterial strains, included more than 4000 type strains
(www.ccug.se). The convention on biological Diversity (CBD) and the Nagoya Protocol on Access
and Benefit Sharing (ABS) are some regulations that CCUG follow when deciding which type of
microorganisms received from environments source, clinical and industry can be added to the
collection (www.ccug.se). In the Department of Infectious Diseases at Gothenburg University, it
is located at the Institute of Biomedicine, which CCUG is associated with (www.ccug.se). The
CCUG is included as part of the Bacterial Molecular Diagnostics section at the Department of
Clinical Microbiology belonging to the Academy Hospital Sahlgrenska (www.ccug.se). The
clinically relevant strains of the S. mitis group studied in this project were supplied by CCUG.

1.8 Methodologies for taxonomic identification

1.8.1 Housekeeping genes in Bacteria

Housekeeping genes encode proteins which manage the main functions in living organisms, such
as basic metabolism, transports into the cell and the cell cycle (Wei and Ma, 2018; Joshi et al.,
2022). In this project, the housekeeping genes 16S rRNA, groEL and rpoB genes were used. They
are impressively conserved with a high level of genetic, evolutionary information and often used
as genetic or taxonomic markers (Wei and Ma, 2018; Ogier et al., 2019).

The 16S rRNA is found in all bacterial strains, often as components of a multi-copy multi-gene
family or operons, with functional structures well conserved. This enables designing common
primers for PCR amplification assays for all bacteria (Janda and Abbott, 2007; Vétrovsky and
Baldrian, 2013). The 16S rRNA gene also contains hypervariable regions named as V1-V9 (Figure
3). These regions thus have high similarity in the SMG, making it difficult to distinguish the species
from each other (Vétrovsky and Baldrian, 2013).

|:| Hypervariable regions |:| Conserved Regions

806R 1494R
A A

A\ V2 V3 V4 \ ) Vo6 V7 V8 V9

Figure 3. 16S rRNA gene and its conserved and hypervariable regions

The hypervariable regions of 16S rRNA gene have been studied both combined or alone, and have
shown significant differences in taxonomic identification, once each region provides varied
sensitivity and specificity to different bacterial genus, where the amplicon and the protocol used,
such as the chosen regions and analytical methods can influence the bacterial identification
accuracy levels (Sperling et al., 2017; Lopez-Aladid et al., 2023). The 16S rRNA gene sequence
is highly used when classifying bacterial strains, although it sometimes contains a low power of
resolution when identifying at species level, showing very low discriminatory power for some
genera (Janda and Abbott, 2007), but it can then be complemented with other housekeeping genes,
also used as taxonomic markers (Ogier et al., 2019; Glazunova et al., 2009).
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The groEl gene belongs to the chaperonin’s protein complexes, found in all organisms and involved
in the repair of misfolded polypeptides produced under stressful conditions (Glazunova et al.,
2009). Previous studies have considered the groEL gene to be an optimal tool for distinguishing
species of the SMG, as it provides insights into similarities and dissimilarities through phylogenetic
analysis (Glazunova et al., 2009; Ishii, 2017).

The rpoB gene, encoding the B-subunit of RNA polymerase, is another housekeeping gene that is
involved in essential functions, such as catalytic activity, DNA transcription, mRNA and
ribonucleoside binding (Glazunova et al., 2009, Adékambi et al., 2009). The rpoB gene is long
considered a better marker than 16S rRNA gene when identifying SMG at a species level
(Glazunova et al., 2009; Adékambi et al., 2009).

1.8.2 Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR) is a highly specific and sensitive molecular technique that
allows amplification of a DNA region (Kralik and Ricchi,2017). To perform a PCR, it is necessary
to have specific primers, DNA polymerase, nucleotides, specific ions, and a pre-selected DNA
template. It consists of cycles that comprise the following steps: (1) DNA denaturation, where high
temperatures (95°C), break the hydrogen bonds and separate the double strands of DNA; (2) primer
annealing or hybridization allows the hydrogen bonds to re-build because the denatured DNA is
cooled at a temperature between 37-72°C depending on the length and sequence of the primers; (3)
DNA extension or elongation occurring at 72°C ( Adékambi et al., 2009, Kralik and Ricchi,2017).
Those three PCR steps are repeated in several cycles producing many copies of the DNA sequence
of interest (Kralik and Ricchi,2017; Khehra et al., 2023). In the PCR was used the enzyme DNA
polymerase from the bacterium Thermus aquaticus (Taq polymerase), and it is a thermostable
protein, which prevents physical and chemical modification in the DNA and RNA structures
(Kralik and Ricchi,2017; Khehra et al., 2023).

1.8.3 DNA Sequencing — Sanger Sequencing

Sanger sequencing is a method developed by Fredrick Sanger to sequence DNA and is the most-
used sequence method in the world during the last 48 years (Sanger et al., 1977; Crossley et al.,
2020). This method is considered the gold standard, involving electrophoresis and random
integration of chain-terminating dideoxynucleotides by DNA polymerase enzymes; it has been
crucial to determine nucleic acid sequences (Crossley et al., 2020; Chait et al., 1988). This method
allows identifying new pathogens, new genotypes of known pathogens, unravelling evolutionary
changes in the pathogen’s genome important to make phylogenetic analysis and epidemiologic
studies (Crossley et al., 2020).

Basically, the method comprises of: (1) amplification of the DNA template (target fragment) or the
complementary DNA (cDNA); (2) annealing of the DNA /cDNA to an oligonucleotide primer; (3)
elongation of by the DNA polymerase. Those processes require the four deoxyribonucleotide
triphosphates (ANTPD) comprising DNA, and the four dideoxyribonucleotide triphosphates
(ddNTPs), marked with fluorescence labels and without 3-OH group, that work as terminators of
the primers extension (Chait et al., 1988), resulting in DNA sequences of different sizes (Crossley
et al., 2020).

The application of Sanger sequencing after the PCR amplification of genes, using conserved
primers specifically focused on hypervariable regions on these genes, allows the identification of
bacterial strains at the genus and, in many cases, at the special levels (Gu & Chiu, 2019). This
method has been useful in research into microbiome, metagenomics and diagnostics of complex
bacterial infections diseases (Gu & Chiu, 2019).



1.8.4 Multi-locus sequence analysis (MLSA)

Multi-locus Sequence analysis (MLSA) is a reliable approach that allows phylogenetics analysis
when identifying bacterial species based on comparison of sequences between different sets of
housekeeping genes (Bishop et al., 2009; Jensen et al., 2016).

Imai et al. (2020) found discrepancies in their study when comparing the MLSA methods with
other methods. However, in another study, it is described that phylogenetics analysis based on
MLSA and the whole-genome core sequencing are the most accurate procedure to identify species
of the SMG (Jensen et al., 2016). Unfortunately, it is not always used, due to the high costs, required
trained personnel and time consuming (Imai et al., 2020). By MLSA analysis sequences of
taxonomically challenging groups of bacterial strains, can be analysed and compared to publicly
available sequences in GenBank using for instance BLASTn and BioNumerics (Bishop et al.,
2009). While effective for many common pathogens, it may struggle with rare or previously
unidentified species and can sometimes be limited by the availability of sequences for all species
of a genera.

1.8.5 BioNumerics and BLAST (Basic Local Alignment Search Tool)

BioNumerics is a useful software when working with multi-locus sequence analysis (MLSA), to
differentiate bacterial strains based on the sequences of internal fragments of multiple
housekeeping genes. BioNumerics allows analysing DNA sequences and editing the sequences by
removing (trimming) primer sequences or poor-quality sequences from reads, increasing the
quality of the sequences (www.aphl.org). It also allows defining the correct nucleotide in the
positions where multiple nucleotides overlap in one position. Furthermore, it allows sequence
alignment and phylogenetic analysis (https://oit.va.gov). It is easy to import sequence data from
the National Center for Biotechnology Information (NCBI) into BioNumerics database.

The sequences can be run in the NCBI’s Basic Local Alignment Search Tool (BLAST) to find the
best hits to those unknown strains. BLAST is a bioinformatic tool used to find similar regions
between different nucleotide or protein sequences, presenting significant statistical results that
contribute to identifying organisms, at the same time, providing understanding of the functional
and evolutionary relationships between the organism’s sequences (https://guides.lib.berkeley.edu/;
https://compss-doc.readthedocs.io/) . GenBank is a database of the National Library of Health
(NLH) genetic sequence, belonging the NCBI, USA (United States of America), and is also a part
of the International Nucleotide Sequence Database Collaboration, which includes the DNA
DataBank of Japan (DDBJ), Europe (ENA) and The National Center for Biotechnology
Information (NCBI) in USA (www.ncbi.nlm.nih.gov).

1.9 Project aim

The aim of this project is to accurately identify 33 unidentified clinical strains of clinically relevant
S. Mitis-Group (SMGQ) using the DNA sequences of the housekeeping genes 16S rRNA, groEL,
and rpoB. The hypothesis is that the studied clinically relevant strains will exhibit individual
genetic variations in these genes, which will allow identification to the species level. The resulting
phylogenetic clusters will also reveal evolutionary relationships between the studied strains of
SMG.

2. Materials and Methods

The genetic materials used for this project were obtained from bacterial strains archived and

provided by CCUG. All reagents, protocols, computers and material used in DNA extraction

process, electrophoresis, analyses of sequencing data and PCR were also provided by the

Department of Infectious Disease, Institute for Biomecine, of the University of Gothenburg and

the laboratory of CCUG, where the practical work of this project was also run. The research

methods used in this project were carried out following the CCUG’s protocols. The cultivation
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media plates used for growing the strains were produced at the Substrate Unit, Department of
Clinical Microbiology, Sahlgrenska University Hospital. The 33 bacterial strains studied in this
project were archived and previously identified by CCUG as S. mitis or S. mitis complex or S.
Mitis-Group. The experimental design is illustrated in Figure 4.

Figure 4. Experimental design for identification of SMG strains using housekeeping genes.

2.1. Bacterial Strains

A total of 33 bacterial strains were included in this project. The bacterial strains originated from
clinical samples, such as blood, brain abscess, spine, oral cavity, bronchi, prosthesis, throat and
sputum from patients admitted in hospitals inside and outside of Sweden. They were received and
archived at CCUG between 1989 until 2007 (Table 1). Any patient information was confidential,
which means that no ethical approval was required for this project. The bacterial strains were
selected by the following three criteria: (1) Those 33 strains had a preliminary identification as S.
mitis or S. mitis complex or S. mitis group at species level; (2) They should not be identified at the
species level, or the species-level identification was still questionable; or (3) They should not have
housekeeping genes determined, with exception to the strain CCUG 55622B, which had been
analysed by 16S rRNA gene and sodA.

Table 1. Bacterial strains studied with the respective CCUG accession number, origin and source.

1986.07.24 S. mitis Sweden, Blood
(APT*- biochem) Gothenburg
1989.12.06 S. mitis Sweden, CAPD (Continuous
(API- biochem, Tests CAT**) Skovde Ambulatory Peritoneal
Dialysis)- fluid
1990.07.12 S. mitis Sweden, Tissue
(API- biochem) Uddevala
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Table 1. Continued. Bacterial strains studied with the respective CCUG accession number, origin and source.

1991.01.08 S. mitis Denmark Dental plaque
(API- biochem, SDS-PAGE*** | Arhus,
GelCompar)
1991.01.08 S. mitis Denmark Dental plaque
(API- biochem, SDS-PAGE- Arhus,
Gel Compar)
1991.07.15 S. mitis Sweden, Blood, newborn
(API- biochem) Gothenburg
1993.05.06 S. mitis Sweden Blood
(Api biochem) Gothenburg
1993.05.26 S. mitis Sweden, Blood
API- biochem, Test CAT) Givle
1993.10.06 S. mitis Sweden, Blood
(API- biochem) Jonkoping
1993.10.14 S. mitis Sweden, Blood
(API- biochem, TEST CAT) Jonkoping
1993.11.30 S. mitis Sweden, Blood
(API- biochem) Uppsala
1993.12.27 S. mitis Sweden, Bronchi
API- biochem Givle
1994.02.08 S. mitis Sweden, Blood, brain abscess
API- biochem Kalmar
1994.11.03 S. mitis Sweden, Blood
(API- biochem, Test CAT) Gothenburg
1994.12.09 (S. mitis Sweden, Blood, premature
API- biochem, Test CAT) Gothenburg
1996.01.12 S. mitis Sweden, Throat, relapse
(API- biochem, test CAT) Uppsala after treatment
1996.01.12 S. mitis (API- biochem, test Sweden, Throat, relapse
CAT) Uppsala after treatment
1996.03.26 S. mitis Sweden, Prosthesis
(API- biochem, test CAT) Ostersund infection
1996.08.27 S. mitis Sweden, Boras | Blood
(API- biochem, test CAT)
1996.09.25 S. oralis Sweden, Blood
(API- biochem, test CAT) Uddevalla
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Table 1. Continued. Bacterial strains studied with the respective CCUG accession number, origin and source.

1996.09.26 S. oralis Sweden, Blood
(API- biochem, test CAT) Boden

1997.01.03 S. mitis Sweden, Blood,
(API- biochem, test CAT) Sundsvall neutropenic

1998.03.11 S. mitis Sweden, Urine
(API- biochem, test CAT) Linkdping

1998.03.31 S. mitis Sweden, Blood
(API- biochem, test CAT) Linkdping

1998.11.20 S. mitis Sweden, Blood
(API- biochem, test CAT) Boden

1999.09.02 S. mitis Sweden, Eye
(API- biochem, test CAT) Karlskrona

1999.11.19 S. mitis Sweden, Blood
(API- biochem, test CAT) Karlstad

2000.12.19 S Sweden, Blood
(API- biochem) Falun

2001.02.27 S. mitis Sweden, Blood
(API- biochem, test CAT) Goteborg

2004.07.30 S. mitis Sweden, Sputum
(API- biochem, test CAT, Goteborg

SDS-PAGE-GelCompar)

2007.12.11 S. mitis Sweden, Blood
(API- biochem, test CAT, 16S Goteborg
rRNA and SodA genes)

* API(Analytical Profile Index)-tests measure bacteria’s capacity to ferment carbohydrates, to use amino acids and other
biochemistry processes. (Source: https:/www.biomerieux.com).

**CAT(Catalase Test) test - Detects the presence of the catalase enzyme in bacterial species (Khatoon et al., 2022)

***SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) - Separate and analyzed proteins based primarily on
their molecular weight (Kielkopf et al., 2021)

2.2. Bacterial strains cultivation

The bacterial strains had been preserved freeze-dried (lyophilized), in sealed glass ampoules, at
4°C. The ampoules were opened under aseptic conditions. The rehydration and resuspension of the
dried bacterial biomass was done by adding 150 pl of BHI (Brain-Heart Infusion) Broth medium
into the ampoules and mixing it until the suspension exhibited a homogenic consistency. A total of
50 ul of the bacterial strain solution was inoculated onto fresh Chocolate Agar plates, following
the four quadrant streaking techniques. All strains were first incubated for 24 hours at 36°° degrees
and 5% COz atmosphere (Thermo Scientific CO; incubator). The strains that grew well in the first
cultivation on Chocolate Agar plates, were re-streaked on new Chocolate Agar plates and submitted
for a new cultivation for 24 hours in the same conditions. The first eleven strains were also
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cultivated on Blood Agar plates, on which they did not grow. The rest of twenty-two strains were
cultivated only on chocolate agar. A loop-full of bacterial culture biomass from the second
generation of colonies was used for DNA extraction, while the remaining part of the biomaterial
was mixed in 1,000 pL glycerol, frozen and saved at -20 °C. For each of the three PCRs, the strains
were cultured in the same way, and new batches of DNA were prepared.

2.3. Bacterial DNA extraction

The extraction of genomic DNA was done through bead-beating technique. Circa 1-2 pl of biomass
was transferred to 1.5 ml Eppendorf tubes, containing 150 pl TE-buffer (Tris HCl 10mM + EDTA
0.1 mM) produced by Substrate Unit, Clinical Microbiology, Sahlgrenska University Hospital. The
next step was transferring this mixture to an Eppendorf tube of 0.2 ml, containing a recommended
amount of glass beads (acid-washed, 150-212 pm, Sigma Aldrich) for "bead-beating" to lyse the
bacterial cells. The bead-beating machine, the TissueLyserlIl (Qiagen, Hilden, Germany), was used
at 25 frequency 1/s for 5 minutes, to disrupt the cells in the samples and maximize DNA yields.
The suspension of the broken cells was spun down, and the supernatant was transferred to new 0.5
ml Eppendorf tubes, before new centrifugation at 13000 rpm for 10 minutes. The supernatant with
the extracted DNA, was transferred to new Eppendorf tubes, diluted and used as template for PCR.
When the PCR could not be done on the same day, the supernatant containing the extracted DNA
was saved at 4°C for a maximum 24 hrs.

2.4. DNA amplification by Polymerase Chain Reaction (PCR)

The extracted DNA was used to perform the PCR amplification of the housekeeping genes
16SrRNA, groEl and rpoB. The forward and reverse specific primers for each gene were produced
by Eurofins Genomics (Germany) (Table 2).

Table 2. Information about the gene and its specific primers sequences, size and use.

16F28 5’- AAG AGT TTG ATC MTG GCT CAG- | Weisburg et al. | ~ 1466 PCR

3 (1991)
16R1494 5’-NTA CGG YTA CCT TGT TAC GAC- | Weisburg et al.( PCR

3 1991)
16R806 5’- GGA CTA CCA GGG TAT CTA AT-3" | Fredricks and | ~ 786 Sequencing
reverse Relman (1998)
groEL- 5’- GAH GTN GTN GAA GGN ATG CA- | Glazunova et al. | ~798 PCR -
575F 3 (2009) Sequencing
groEL- 5’- ATT TGR CGN AYW GGY TCT TC-3’ | Glazunova et al. PCR
1333R (2009) Sequencing
rpoB-F 5’-NNN AAR YTN GGM CCT GAA GAA | Ogier et al. (2019) | ~ 742 PCR

AT-3’ Sequencing
rpoB-R 5’- GNA RTT TRT CAT CAA CCA TGT | Ogier et al. (2019) PCR

G-3’ Sequencing

The low-TE buffer (Sigma 7-9 T3187, EDTA Triplex II, TritonX100) was used to re-suspend the
primers, building a primer stock with a concentration of 100 mol/ul. The primer stocks were
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vortexed and diluted 1:10 with milliQ H»O, reaching a concentration of 10 uM, which was used in
the PCR amplification.

The PCR amplification mixture contained: 2.5 pl of milliQ H>O; 2.5 ul of each primer (forward +
reverse) at 10uM original concentration; 12.5 pl of GoTaq Green Master Mix (MgCl,, dNTPs,
bacterial Taqg DNA Polymerase, reaction buffers, loading dyes produced by Promega); Sul of
template DNA, that totalling 25 pl of PCR solution.

The PCR solutions were prepared in Eppendorf tube 0.2ml and then loaded in the GeneTouch
thermal cycler (Bioer Technology). The PCR amplification began with an initial denaturation at
95°C for 2 minutes, followed by 30 cycles consisting of: denaturation at 95°C for 30 seconds,
annealing at 55°C for 60 seconds, and extension at 72°C for 46 seconds. The PCR was completed
with a final extension at 72°C for 10 minutes and the reaction mixtures were maintained at 4 °C
until further analysis. The PCR amplification of the gene groEL required temperature adjustment
in the annealing step from 55°C, used to amplify the 16S rRNA and rpoB genes, to 53°C, for 2
min, the extension at 72°C for 48 seconds. This adjustment can be explained by the short groEl
primers compared with the primers for 16S rRNA and rpoB genes.

According to Obradovic et al. (2013) the primer optimal annealing temperature is dependent on the
primer sequence length and, among other things, the content of C+G in the primer sequence. The
positive control was 5 pl of the extracted DNA of the type of strain of S. pneumoniae CCUG
28588T, diluted 1:10 for all three PCRs. The negative control was done with 5 pl milliQ H,O.

2.5. Gel electrophoresis

The dilution of 1.0 g agarose (SeaKem LE Agarose, Cambrex Bio Science) in 100 ml E buffer (Tris
Sigma 7-9 T3178, Natrium EDTA Triplex III, Distilled H>O) (1X, 1000/1L, pH 7.9), produced by
Substrate Unit, Department of Clinical Microbiology, Sahlgrenska University Hospital.

30 pl of GelRed Nucleic Acid Gel Stain (EMD Millipore) was added. The solution was heated in
the microwave at full power for 1 minute and was shaken and stirred regularly until the agarose
had been diluted and the solution became transparent. The solution rested around 10 minutes to
cool and then poured into an electrophoresis gel casting tray. The gel combs were placed in the gel
and after solidification, the combs were removed. The gel was transferred to the electrophoresis
bath with the wells closest to the negative charge and the gel was completely covered by E-buffer
(Tris Sigma 7-9 T3178, Natrium EDTA Triplex III, Distilled H>O) (1X, 1000/1L, pH 7.9) produced
by Substrate Unit, Department of Clinical Microbiology, Sahlgrenska University Hospital. PCR
products (5 pl) were pipetted into the wells. The gel electrophoresis was run at 70 volts for circa
25-35 minutes. Once the electrophoresis was finished, the gels were visualized under UV-light
(Genes flash — Syngene Bio imaging) and a picture was printed (video geographic printer UP
895MD- Sony). The analysis of the results of the PCR products run in gel electrophoresis was
based on absence or presence of PCR products visualized as bands in the agarose gel and if the
sizes of the bands were the same as for the control sample. If the bands were too faint or weak, a
new PCR and new electrophoresis was performed.

2.6. Preparation of DNA samples for sending to Eurofins for Sanger
Sequencing

The Sanger sequencing and purification of the PCR products was done by Eurofins Genomic
Europe Sequence GmbG, in Germany. The PCR products were transferred into a new 1.5 ml
Eppendorf tube and labelled with the CCUG code, and a Eurofins barcode etiquette were attached
to each tube. The sequencing was done at the Eurofins Genomics after indicating which sequencing
primer/s should be used. For the 16S rRNA gene sequencing was done only with a single reverse
primer (16R806) (Table 2). The tubes containing the PCR products were placed in envelopes and
sent to Eurofins Genomics after the digital order was done. After Sanger sequencing, the sequence
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results were downloaded, and the quality of the sequence data was analysed. When the quality was
low the whole procedure was repeated, including culturing the bacteria, DNA extraction, PCR, and
sequencing.

2.7 BioNumerics and BLASTn

The raw sequences created by Sanger sequencing were imported into BioNumerics software
(version 7.1; Applied Maths, Belgium). After visualization, the quality was checked, and editing
was done manually. Including, trimming of the sequence reads, checking for the low-quality
sequence reads and sequence artifacts. For the rpoB and groEL genes having the reverse and
forward primers, both sequence reads were assembled, and any ambiguous nucleotides were
replaced by IUPAC- codes (Table 3).

Table 3. IUPAC codes to nucleotides (source: https://www.gendx.com).

G G Guanine

A A Adenine

T T Thymine

C C Cytosine

R Gor A Purine

Y TorC pYrimidine

M AorC aMino

K GorT Keto

S GorC Strong interaction (3 H bonds)
W AorT Weak interaction (2 H bonds)
H AorCorT Not-G, H follows G in the alphabet
B GorTorC Not-A, B follows A

A\ GorCor A Not-T (not-U), V follows U

D GorAorT Not-C, D follows C

N GorAorTorC Anv

The sequence identifications and also sequence similarities for all three genes were done by
comparison with known sequences deposited in the GenBank database. The studied sequences were
uploaded to BLASTn, and the three best hits were sorted by highest percent identity, where the
highest one, was considered conclusive to identify the strain.

According to earlier studies, the threshold higher than 97.0% was used for groEL and rpoB genes,
while the threshold higher than 99.0% was used for 16S rRNA, when deciding if it could be a new
species (Adékambi et al., 2009; Glazunova et al., 2009; Janda and Abbott, 2007). Moreover, the
sequence should be different from the sequences of all other species. The bioinformatic tool
BioNumerics was used to compare clinical and reference strains, and phylogenetic trees were
created (Appendix 4).
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3. Results

3.1 Cultivation of strains

The cultivation of bacterial strains started with 33 strains, but only 31 showed satisfactory growth
(Figure 5), and were used in this project. Two strains (CCUG 11772 and CCUG 33349) did not
grow well and were excluded. The reactions of Gram-positive strains on Chocolate Agar have been
correlated to the strain identity, where yellow colour of the bacterial colonies has been associated
with alpha-haemolytic species of genus Streptococcus (Gunn, 1984).

Figure 5. Strains of SMG cultivated on chocolate agar plates.

3.2 DNA extraction and PCR results.

The performed PCRs with positive and negative results for the three housekeeping genes 16S
rRNA, groEL and rpoB. The PCR for 16S rRNA gene started with 21 strains and none of those
samples showed PCR reaction yields to detect amplicons when running in gel electrophoresis. The
mother solution containing the extracted DNA was diluted at 1:10 according to the protocol, but
there was a suspicion about too high amount of DNA in the samples. A NanoDrop instrument was
used to evaluate the quality of the DNA. A Qubit Broad Range was used to quantify the DNA. The
analysis showed DNA concentrations between 274.6-1210.3 ng/ul, which was around 5-55 times
higher than the recommended 20 ng/pl.

To troubleshoot this problem and optimize the PCR, four samples with different concentrations of
DNA were performed in the new PCR for 16S rRNA (Figure 6). The adjustments were made by
changing the size of the inoculation loops, lowering the amount of biomass. Continued control of
the amount of DNA in the samples by using Nanodrop, allowed dilution of the samples and to take
the necessary amount of DNA to perform the PCR.

Ampoule with Freezed-dryed bacterial strain
| 'Biomass =
-

J’ ——> | Sanger Sequencin
Bacteria grew well %’ /,r Bands g q 4
(0]
—_
DNA PCR |2 !
o — (=9 . .
extraction performance | € BioNumerics and BLASTn
E |
2
sa] \
1 Identification of unknown strains

Figure 6. Workflow from the strain’s cultivation until repeated PCR templating or sending to Sanger sequencing.
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The concentrations of the DNA after measuring it on the Nanodrop were between 6.0 -101.4 ng/ul
and it resulted in satisfactory bands on the gel electrophoresis (Figure 7).
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Figure 7. Positive PCR with positive control to 16S rRNA gene.

Even though DNA concentrations were measured with Nanodrop machines, the PCR performance
was challenging with different DNA concentrations, and several PCRs were required . The
appendix 2, tables 1,2 and 3 shows the performed PCR with the concentration’s adjustment when
trying to get bands. Some samples required dilutions while others did not. The DNA concentrations
in the samples for the gene groEL were between 54.8 — 290.8 ng/ul. PCR annealing temperature
conditions were also adjusted, and it was decreased from 55° Celsius degrees to 53° Celsius degrees
(Figure 8 and Figure 9). After temperature adjustment, it provided better PCR amplicons of groEL
genes producing satisfactory sequences in Sanger sequencing.

\
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Figure 8. PCR thermal program to the groEL gene. Figure 9. PCR thermal program to the /6S rRNA and rpoB genes.

The gel electrophoresis showed bands with different strengths and the strains corresponding to too
weak bands or absence bands, required new PCR performance. (Figure 10 and Figure 11).

The rpoB gene was easier to work with and the DNA concentrations measured in Nanodrop
machines were between 86.7 — 290.0 ng/pl.
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Figure 10. Negative PCR with positive control of 16S rRNA gene.  Figure 11. PCR results on gel 11+ 10 strains to Groel Gene.

PCR performance of rpoB started with twelve strains and the samples we diluted according to DNA
concentrations measured with Nanodrop machines (Appendix 2, Table 3,). There was one strain
performed for rpoB, CCUG 41450, where the PCR amplicon was positive, but it didn’t get
sequences with good quality by Sanger sequencing. It became impossible to make its analysis and
identification. In total, sequences of two strains were disregarded, to groEL for CCUG 33514 and
rpoB for CCUG 41450 (Figure 12).

40 50 60 70 80 %0
CTCGGA CTATTACGAG C CCGAGCTTTATGAGGATCGICGCGGAGATTCCCCAGGTICGTIGTCCCA

W
M

q1 4{%&%14 ﬂ@%w

NN

Figure 12. Chromatogram of Sanger sequencing to rpoB gene amplification of strain CCUG 41450 (positions 31-95).

On the other hand, the Sanger sequencing of the strain CCUG 41450 using 16S rRNA gene, got a
sequence with good quality, which was possible to make the analysis and identification (Figure
13).

40 30 60 70 80 20
TTACAGACCAG AG \GCCGC"'LGCCmCCG{x IGTTCCTCCATATATCTACGCATTTCACCGCTAC
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Figure 13. Chromatogram of Sanger sequencing to16S rRNA gene amplification of strain CCUG 41450 (positions 31-
95).

3.3 Sanger sequencing, BioNumerics and BLASTn

The results of Sanger sequencing for the three housekeeping genes showed 31, out of 31 strains,
with high quality of the 16S rRNA gene and 30, out of 31 strains, with high quality of the groEL
and rpoB genes. After quality control, all sequences were assembled and the reads with low quality
were trimmed, using BioNumerics.
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The sequences were submitted to the BLASTn program to compare the nucleotides sequences to
sequences available in GenBank. The matching type strains found in GenBank were verified to be
published type strains in the online database List of Prokaryotic names with Standing in
Nomenclature (LPSN) (https://Ipsn.dsmz.de/text/introduction).

The values for the three best matches were chosen from BLASTn and the level of similarity by
percent identity was recorded. For a strain to be identified as a certain species, the level of similarity
had to be higher than 99.0% (16S rRNA) and 97.0% (rpoB and groEL). In addition, the similarities
to all other species needed to be approximately 1% lower, than the best matching species.

The comparison in BLASTn of 16S rRNA gene for 29 strains showed similarities to several species
higher than 99.0% (Appendix 3, table 2). Only two strains, CCUG 39210 and CCUG 42984 showed
similarity lower than 99.0%.

Multi-locus sequence analysis (MLSA) of a set of housekeeping genes was used to improve the
bacterial identification at the species level. MLSA has earlier been used to improve the species
identification of the genus Streptococcus (Glazunova et al., 2009; Lal et al., 2011). In this study
the genes groEl and rpoB were used.

The alignment in BLASTn results to groEL gene, showed nine different species as the best match
(Appendix 3, table 2), but only three strains exhibited similarity ranges higher than 97.0% to the
best hit. The sequence’s similarities to the groEL gene were quite low ranging from 91.0% —
100.0%. The groEL gene is considered one of the best tools when identifying several bacterial
species, subspecies and when performing phylogenetic analysis (Glazunova et al., 2009; Lal et al.,
2011).

For BLASTn results to 7poB gene sequences, fourteen different species were identified (Appendix
3, table 3), A total of twenty-three strains had a best hit similarity range higher than 97.0%, while
seven strains had a similarity range lower than 97.0%, but higher than 94.0%. In earlier studies,
rpoB gene has been used together with other housekeeping genes when identifying bacterial strains
at the species level (Glazunova et al., 2009; Bivand et al., 2024).

The high mutation rates occurred in rpoB gene through the years contribute to better discrimination
one species from the other (Bivand et al., 2024).

3.4 Comparisons of the 16S rRNA gene, groEL and rpoB BLAST results

Comparative sequence analysis, using housekeeping genes, reveal the evolutionary events that have
occurred in bacterial strains, and it gets significant information when using them as marker
molecules to identify new bacterial strains. In this study, it was possible to identify some of the
strains, using the three genes: 16S rRNA, groEL and rpoB (appendix 3 - Table 1). The strains
CCUG 25812 and CCUG 32331 were identified as "S. nidrosiense"” and respective "S. infantis"
species, using all three genes. The results also showed identification of the strains CCUG 32132 as
S. nakanonensis for the genes 16S rRNA and groEL, while the highest match, using the rpoB gene
identified it as S. oralis.

Analysing the second-best hit also showed very close similarities- range when comparing with the
first best hit. The small differences between ranges of the first- and second-best hits make it difficult
to decide definitive identifications (Kilian et al.,2008) and it happened in this study. Using the
groEl gene, there were a total of eighteen strains identified as S. mitis, apart from it, seven strains
were also identified using 16S rRNA. When looking to the second best hit to 16S rRNA, there were
four strains (CCUG 28754, CCUG 33690, CCUG 42636, CCUG 44763) that could be also
identified as S. mitis because the similarity ranges between the first and the second values were
very close and higher than 99.5%. Those four strains were identified as "S. symci" (first best hit), a
species that is not yet validly published, but Killian et al. (2025) in a recent phylogenetic analysis
research, found that it belongs to the same cluster as the species S. mitis. An extended comparison
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including the strains results of the rpoB, only one strain was identified as S. mitis, which may
represent that some strains are novel species that until now, were not identified.

The rpoB gene, is considered more discriminative when identifying bacterial strains in species
level, presenting high mutation rate, such as preventing sequence heterogeneity, while most
bacteria contain multiple copies of 16S rRNA, decreasing its resolution and interfering with the
diagnostic routines when analysing the clinical bacterial strains (Bivand et al., 2024).

The results of the rpoB, showed that 7 strains were less than 97.0% similar to another species,
which can represent novel species, thereby the recognition of novel bacterial species requires
similarities range lower than 97% (Glazunova et al., 2009). Those strains identified with lower
range in this study to rpoB are: S. parasanguinis, S. oralis,” S.vulneris”, S. infantis, S. nakanonensis
and S. hohhotensis. The other identified strains with similarities ranged higher that 97% are
represented by S. toyakuensis, S. chosunensis, S. mitis, S. ilei, S. infantis, S. nidrosiensis, S.
nakanonensis, S. koreensis, S. dentalis, S. pneumoniae and Streptococcus hohhotensis. The genetic
similarities of SMG contribute to most lineages in the group form clusters presenting small and
limited distinction between them (Kilian et al., 2025).

The genetic diversity in the studied strains agreed with the taxonomy complexity described in the
literature when identifying strains of SMG.

3.5 Identification of the strains as SMG at species level

The comparison of the sequences of the housekeeping genes 16S rRNA, groEL and rpoB, using
BioNumerics and BLASTn provides results with higher accuracy than with the method used when
the strains were received and archived in the CCUG collection. The results with highest identity
scores and how close the first and second hits were in the alignment in BLASTn in all three genes
was considered when suggesting an identification to each strain. According to the results, 23 strains
are novel species; species which yet have not been described.

The 16S rRNA gene to CCUG 19074 was more than 99.0% similar to several species. Neither the
rpoB nor the groEL sequences had high similarity (greater than 97.0%) to any known species.
Based on this, this strain probably belongs to a novel species.

The 16S rRNA gene to CCUG 25812 strain also had a similarity higher than 99.0% to several
species. The rpoB sequence was more than 97.0% similar to "S. nidrosiense" species, and the
second hit was not close, and the same species was also the best hit for groEL, although with a
lower similarity. This led to the identification as "S. nidrosiense"

The 16S rRNA gene to CCUG 26924 is more than 99.0% similar to several species. The rpoB
sequence is 97.7% similar to the first hit, S. ilei, and the values between the first and second hits
were not close to each other. The groEL sequence was less than 97.0% similar to several species,
with values very close between the first and second-best hits. Based on this analysis, this strain
possibly belongs to the species S. ilei.

The 16S rRNA gene to CCUG 27740 strain was more than 99.0% similar to several species. The
rpoB sequence was more than 97.0% similar to several species, with values very close to the first-
and second-best hits. The groEL sequence was less than 97.0% similar, with values very close to
the first- and second-best hits. Based on it, this strain probably belongs to a novel species. The
same was seen to the following strains: CCUG 28754, CCUG 31489, CCUG 31557, CCUG 35276,
CCUG 35278, CCUG 35580, CCUG 33690, CCUG 36755, CCUG 37308, CCUG 42636, CCUG
44969 and CCUG 49591 strains.

The 16S rRNA gene to CCUG 27741 was more than 99% similar to several species. Further the
rpoB sequence was more than 97.0% similar to several species and the values of the first- and
second-best hits were very close, while the groEL sequence was more than 97.0% similar to S.
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mitis, the first best hit and between the first- and the second-best hits the similarity values were not
close. This strain belongs possibly to the species S. mitis.

The 16S rRNA gene to CCUG 32108 strain was more than 100.0% similar to several species and
the values between the first and second hits were not close to each other. Both groEL and rpoB
presented more than 97% similarities to "S. lingualis". Further, the values between the first- and
second-best hits were not so close to each other. Based on this assumption, it is probably the species
S. lingualis.

The 16S rRNA gene to CCUG 32132 strain presented more than 99.0% similarity to several
species, while both groEL and rpoB sequences were less than 97.0% similar to several species,

considering this strain probably belongs to a novel species. The same validation was done to CCUG
32601, CCUG 36753 and CCUG 55622B strains.

The 16S rRNA gene to CCUG 32331 strain was 100.0% identical to first hit and the values between
the first and second hit were not close to each other. Further, the rpoB sequence was more than
97.0% similar to the first hit and the values to the first- and second-best hits were not close to each
other, while the groEL sequence was less than 97.0% similar to the first best hit and between the
first- and the second-best hits the similarity values were not close. Based on the analysis above,
added to the results where the first hits to both groEl and rpoB sequences showed to belong to the
species S. infantis, this strain belongs possibly to the species S. infantis.

The 16S rRNA gene to CCUG 32466 strain was more than 99.0% similar to several species. The
rpoB sequence was more than 97.0% also similar to several species and the values between the first
and second hits were very close. The groEL sequence was less than 97.0% similar and the values
were not close to each other, which made difficult to define a possible species to this strain. This
strain probably belongs to a novel species.

The 16S rRNA gene to CCUG 33514 strain presented more than 99.0% similarities to several
species. The rpoB sequence was more than 97.0% also similar to several species and the values
between the first and second hits were very close to each other, leading to consider it as a novel
species. The Sanger sequencing of this strain to the groEL sequence didn’t produce a good quality
sequence.

The 16S rRNA gene to CCUG 36639 strain was more than 99.0% similar to several species and
the values between the first- and second-best hits were very close. The rpoB sequence was more
than 97.0% similar to the first hit and the values to the second hit were not close. The groEL
sequence was less than 97.0% similarity to the first hit and the values between the first and second
hits were not close to each other. The "S. nidrosiense" came up in both groEL (1st hit) and rpoB
(2nd hit) and a comparison between those genes were done, but the values were lower than 97.0%
(93.2%) to "S. nidrosiensis", leading to consider it as novel species.

The 16S rRNA gene to CCUG 39096B strain was more than 99.0% similar to several species and
the values to the first- and second-best hits were very close. The rpoB sequence was more than
97.0% similar to S. chosunense at the first hit and the values between it and to the second hit were
not close. The groEL sequence was more than 97.0% similarity to the first hit and the values
between the first and second hits were very close to each other, leading to consider it possibly to
belong to the species S. chosunense.

The 16S rRNA gene of CCUG 39210 was less than 99.0% similar to the species
Granulicatella adiacens. This species doesn’t belong to the SMG and could be due to
contamination during the procedures. The quality of the sequence was not good, and it was possible
to see that part of the sequence showing double tops (Figure 14). The rpoB and groEL sequences
were not like G. adiacens. RpoB was less than 97% also similar to any species and the values
between the first and second hits were very close. The groEL gene was more than 97.0% similar
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and the values also were very close to each other, which made difficult to define a possible species
to this strain, which possibly could be a novel species.
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Figure 14. Chromatogram to CCUG 39210 to 16S rRNA gene showing contamination in the form of double peaks.

The 16S rRNA gene to CCUG 41450 strain was more than 99.0% similar to the first hit S. cristatus,
and the values between the first- and second-best hits were not close to each other. The groEL
sequence was 95.5% similar to the first hit S. cristatus and the values between the first- and second-
best hits were not close. Considering that the first hit to both 16SrRNA and groE! sequences was
found in the species S. cristatus; this strain possibly belongs to the species S. cristatus. Sanger
sequencing of 7poB gene sequence to this strain didn’t produce sequence with good quality, and it
could therefore not be included in the analysis.

The 16S rRNA gene to CCUG 42984 presented less than 99.0% similarity to any species (the best
match was to S. infantis with 98,2%). The rpoB and groEL sequences were less than 97.0% similar
to any species, which probably makes this strain a novel species.

The 16S rRNA gene to CCUG 44763 is more than 99.0% similar to several species. The rpoB
sequence is 100.0% similar to the first hit S. toyakuensis, and the values between the first and
second hits were not close to each other. The groEL sequence was less than 97.0% similar to several
species, with values very close between the first and second-best hits. Based on this analysis, this
strain possibly belongs to the species S. foyakuensis.

3.6 Phylogenetic tree

The phylogenetic tree to the gene 16S rRNA, groEL and rpoB was done using BioNumerics.
(Appendix 4 - Figures 1, 2 and 3). A part of the species Granulicatella adiacens, that does not
belong to SMG@G, the phylogenetic tree to the gene 16S rRNA, showed small clusters with several
strains with very similar sizes, confirming their genetical closely related relationship described in
earlier studies (Jensen et al, 2016; Gevers et al., 2005; Keller et al., 2013).

Lower in the tree is possible to observe the species "S. shenyangsis”, S. australis and S. fermentans
distinguishing of the rest of the species and presenting percent similarity lower than 99.0%. Lower
in the tree it is shown twelve species with very high and close identity rates: S. oralis, S.
toyakuensis, S. infantis, S. cristatus, “S. lingualis”, S. nakanonensis, “‘S. nidrosiense”, S.
pneumoniae,” S. symci”, S. hohhotensis and S. mitis clustering in the same clade with” S.
bouchesdurhonensis". Lower in the tree it is also possible to see species clustered alone: "S.
lingualis2, S. cristatus, S. fermentans, "S. shenyangsis", S. infantis.

Table 4. Results of phylogenetic tree to the gene 16S rRNA.
CCUG Identification CCUG Identification
code code

Streptococcus sp CCUG S. infantis CCUG Streptococcus sp
32331 36755

Streptococcus sp CCUG Streptococcus sp CCUG Streptococcus sp
32466 37308

Streptococcus sp CCUG "S.shenyangsis" CCUG Streptococcus sp
32601 39096B
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Table 4. Continued. Results of phylogenetic tree to the gene 16S rRNA.

Granulicatella
adiacens

S. mitis Streptococcus sp

S. mitis Streptococcus sp S. cristatus

Streptococcus sp S.nakanonensis Streptococcus sp

S.hohhotensis Streptococcus sp Streptococcus sp

S. mitis

Streptococcus sp Streptococcus sp

"S. lingualis" Streptococcus sp Streptococcus sp

S. oralis "S. nidrosiense" S. mitis

Streptococcus sp

The phylogenetic tree of gene groEL showed three species in individual clusters represented by S.

mitis, S. dentalis and ”’S. lingualis" (Table 5).

Table 5. Results of phylogenetic tree to the gene groEL

Identification
Streptococcus sp Streptococcus sp Streptococcus sp
Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp CCUG S. dentalis
39096B

Streptococcus sp - Streptococcus sp

Streptococcus sp

CCUG | S. mitis Streptococcus sp
27741

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

"S. lingualis" Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp
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The phylogenetic tree to gene rpoB was quite similar with groEL’s phylogenetic tree. It is divided
in small clusters. The tree represents seven species with similarities higher than 97.0%: .
nakanonensis, S. toyakuensis, "S. nidrosiensis"”, S. infantis, S. ilei, S. chosunense, and S. dentalis
(Table 6 and Appendix 4-Figure 3).

Table 6. Results of phylogenetic tree to the gene rpoB

CCUG Identification CCUG Identification
code code

Streptococcus sp CCUG Streptococcus sp CCUG Streptococcus sp
32331 36755

“S. nidrosiensis” CCUG Streptococcus sp CCUG Streptococcus sp
32466 37308

S. ilei CCUG Streptococcus sp CCUG S. chosunense
32601 39096B

Streptococcus sp CCUG | - CCUG Streptococcus sp
33514 39210

Streptococcus sp CCUG Streptococcus sp CCUG Streptococcus sp
33690 41450

Streptococcus sp CCUG S. nakononensis CCUG Streptococcus sp
35276 42636

Streptococcus sp CCUG Streptococcus sp CCUG Streptococcus sp
35278 42984

Streptococcus sp CCUG Streptococcus sp CCUG S. toyakuensis
35580 44763

S. dentalis CCUG Streptococcus sp CCUG Streptococcus sp
36639 44969

S. infantis CCUG Streptococcus sp CCUG Streptococcus sp
36753 49591

CCUG Streptococcus sp
55622B

Thus, in total, we were able to identify eight strains to the species level, one using only 16S gene
sequencing (CCUG 41450) and one also using rpoB (CCUG 26924) or groEl (CCUG 27741). Five
strains were possible to identify by comparisons between the tree genes, taking in account the
analysis of the best hit in each gene. A total of 23 strains remain unidentified and probably belong
to not yet described species (table7).

In the Department of Infectious Diseases another ongoing project in parallel with this study to
identify species of SMG, based on published whole genome sequences from other studies. The
genomes were compared, using dDNA-DNA hybridization and ANI. The sequences used in this
study were compared with the sequence database from this project, and in total eight of the
unidentified strains, were identified as the same novel species that were identified, using ANI and
dDDH: CCUG 31557, CCUG 44763, CCUG 31489, CCUG 33514, CCUG 32601, CCUG 55622B
(similarity using rpoB). While CCUG 27741, CCUG 44763, CCUG 31489, CCUG 31557, CCUG
35580, CCUG 36201, CCUG 33514 and 55622B with similarity using groEl gene sequence. In the
phylogenetic trees these strains are seen as “GV genomespecies” to gene rpoB, while
“GVgenomes” to gene groEL.
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Table 7. Final identification of 31 clinically relevant Strains of SMG

Streptococcus sp S. infantis Streptococcus sp

S. nidrosiens Streptococcus sp Streptococcus sp

S. ilei S. chosunense

Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

S. mitis Streptococcus sp S. cristatus

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp S. toyakuensis

S. lingualis Streptococcus sp Streptococcus sp

Streptococcus sp Streptococcus sp Streptococcus sp

Streptococcus sp

4. Discussion

The identification of the bacterial strains in this study used a Multi-Locus Sequence Analysis
(MLSA) scheme designed with a set of three housekeeping genes: 16S rRNA, groEL and rpoB. It
was set up on 31 strains, archived at CCUG and previously classified as S. mitis or S. mitis complex
or S. mitis group.

The cut-off values used during the species level sequence identification, was 99.0% for the 16S
rRNA gene, while for groEL and rpoB it was 97.0% (Glazunova et al., 2009). It means, the cut-off
values are gene-dependent and that the gene’s evolution rate has an influence on the values. It is
known that the 16S rRNA contains more conserved regions when compared to the genes groEL
and rpoB. Janda et al. (2007) suggested a cut-off higher than 99.0% for the 16S rRNA gene
sequence similarity for species identification, while Adékambi et al. (2003) suggested that the cut-
off value for rpoB gene sequence similarity should be decided after analysis of the size of sequence
fragment.

Kilian et al. (2025) described in earlier research that some bacterial strains of clinical relevance
such as S. pneumoniae, S. pseudopneumoniae and S. mitis were difficult to distinguish, using
analysis based only on 16S rRNA gene, which is in accordance with this study, where eight strains
to the 16S rRNA gene were more than 99.0% similar to the species S. mitis as first best hit and at
the same time these strains were also more than 99.0% similar to other species such as "S.
bouchesdurhonensis” (5 strains), S. gwangjuensis (1 strain) and "S. symci” (2 strains).

Further, there were 20 more strains presenting both first- and second-best hits with more than 99%
similarities with several species. It is due to the structure of the 16S rRNA gene, which is highly
conserved, with highly similar sequences, making it impossible to distinguish species within SMG
with high accuracy (Glaeser and Kampfer, 2015; Janda and Abbott, 2007). The 16S rRNA high
conserved regions is explained by the position of it into the 30S ribosomal subunit, an essential
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region, where proteins are synthesized (Noller & Gutell, 2022; Janda & Abbott, 2007). There are
many advantages in using a set of housekeeping genes, such as rpoB and groEL. The rpoB can
provide greater sequence divergence, which means that it makes the species-level identification
more discriminative than the 16S rRNA gene does (Adékambi et al., 2009; Drancourt et al., 2004;
Imai et al., 2020). In one study developed by Drancourt et al. (2004) the discriminative capacity of
the rpoB gene was shown for the Streptococcus species.

MLSA represents a more accurate, reliable, and reproducible method to identify bacterial strains
of SMG compared to 16S rRNA gene sequencing alone (Keller et al., 2013; Imai et al., 2020).
MLSA has higher resolution at the species level, because it comprises several loci that accurately
reflect phylogenetic relationships of closely related bacterial strains, such as SMG (Jensen et al.,
2016; Gevers et al., 2005; Keller et al., 2013).

If the MLSA does not work as expected, the whole-genome sequence-based tools such as core-
genome clustering, nanopore sequencing plus tools like Kraken2 or WIMP (What's in? my Pot -
bioinformatic tool to analyse data from Minlon device), or ANI (Average Nucleotide Identity)
analyses can be used to determine the bacterial strains identification. (Sadowy & Hryniewicz, 2020;
Imai et al., 2020). Facklam et al. (2002) for example, showed in their study the difficulties in
distinguishing species of S. mitis and S. pneumoniae, due to them having very similar 16S rRNA
gene sequences. The nine hypervariable regions (V1-V9) of 16S rRNA gene are useful to classify
at the genus or family level, but unfortunately it lacks the needed resolution for distinguishing
closely related species within SMG (Tindall et al., 2010), having significant implications in
microbial taxonomy, once that the high similarities of 16S rRNA gene sequences cannot be used
for taxonomy or diagnostics approaches (Imai et al., 2020; Kilian et al., 2008). Kilian et al. (2008)
also found that the variable regions in 16S rRNA gene had no distinctions in closely related species
like S. pseudopneumoniae, S. mitis, and S. pneumoniae, where the variables regions in 16S rRNA
gene, have highly conserved sequences that contribute to decreasing the discriminatory power at
the level species within SMG.

To analyse homology within a bacterial genus or family using only 16S rRNA gene in studies of
clinical microbiota and even environmental purposes is not recommended because of the risks to
incorrect and misleading results (Vétrovsky & Baldrian, 2013). The 16S rRNA gene conserved
regions are observed in all bacteria and generally it is used for universal primers in PCR
amplification (Weisburg ef al., 1991).

The evolutionary history of the housekeeping genes comprises different rates and it can reflect on
the results of this study where the hits found to 16S rRNA, groEL and rpoB genes showed to be
different in several strains. Earlier studies have shown that sequence comparisons of genes into
Streptococcus mitis revealed horizontal gene transfer (HGT) events into this group, which can
explain the high similarity between the species and the different match to different genes
(Hakenbeck et al., 2001; Salvadori et al., 2019; Kilian et al., 2008). The hypervariable regions of
16S rRNA gene do not contribute to distinguish closely related species of SMG. Its highly
conserved regions make 16S rRNA unappropriated to identify SMG species at level species
(Glazunova et al., 2009; Kilian et al., 2009; Jensen et al., 2016). According to Stackebrandt et al.
(2002), the gene 16S rRNA gene can be used to identify and recognize novel species at the genus
level, only if the similarity value between the known and the novel species is higher or equal 97 %
(Stackebrandt et al., 2002).

The groEL gene can be more affected by recombination during evolutionary events, when
compared to 16S rRNA and rpoB genes and it can lead to more diversity than it is known to (Krol
et al, 2021; Glazunova et al., 2009). On the other hand, the rpoB gene has lower recombination
rates than groEL and it may explain why it was found to have different matches compared to groEL.
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Moreover, the rpoB gene is more stable marker to use when identifying SMG species at species
level. At the same time, it is known that some species, such as S. pneumoniae and S. mitis can
cluster too close to each other, where the diversity revealed by groEL can be missed when using
rpoB to identify SMG members (Bivand et al., 2024; Salvadori et al., 2019).

A study done by Kilian et al. (2025), using a whole-genome phylogeny-based method, was allowed
to explore phylogenetic comparison between isolates of SMG, where it was able to find the same
tendency as seen in the phylogenetics trees in this study. Kilian et al., 2025, conclude that S. mitis
has later heterotypic synonyms, represented by the following species: S. foyakuensis, S.
chosunensis, S. gwangjuensis, and S. hohhotensis. Further, they considered that the species “not
validly published:” "S. shenyangsis", "S. symci" and "S. vulneris" fit in better in S. mitis, while
suspecting that the species "S. bouchesdurhonensis" is a mix of two different species; S. mitis and
S. pseudopneumoniae (Kilian et al., 2025). This is due to that a single reference sequence for each
species was used, not considering the diversity of individual species (Kilian et al, 2025).

It gave substance to our results, considering that S. mitis and "S. bouchesdurhonensis" of gene 16S
rRNA clustered in the same clade, being included in a group of eight closest species in the tree
represented by S. nakanonensis, S. hohhotensis, S. toyakuensis, S. pneumoniae, “S. symci” and “S.
nidrosiensis”. For the gene groEL it was also seen that S. mitis was not close to any identified
species, but in the same cluster as S. pneumoniae, S. pseudopneumoniae, which confirm the close
relatedness between these species.

As expected, the phylogenetic tree for the gene 16S rRNA showed low resolution and shorter
distances between strains, becoming difficult to distinguish the species from each other, due to the
highly conservative nature of it.

Some strains in this study have the nomenclature status at List of Prokaryotic named with standing
in Nomenclature (LPSN) as “not validly published”. There is a small quantity of “valid published”
names of bacteria registered at the International Code of Nomenclature of Prokaryotes (ICNP) and
it is common that the “non-validly published names” often show up in high-quality phylogenomic
or molecular analyses when identifying bacterial strains (Wambbui et al., 2021; Oren, 2024). It
means that several microorganisms are still uncultured, or their name has not been validly published
and that it is allowed to use species with “not validly published” status to clarify the species
limitations, where in some situations, can contribute to adjustment in important limiting values,
that provide accurate identification of unknown species (Wambui et al., 2021).

5. Conclusion

Accurate identification of clinically relevant bacterial strains is crucial in clinical infection
diagnostics, for epidemiological surveillance and for formulating guidelines aimed at reducing the
global health burden caused by Streptococcus mitis group (SMG) infectious diseases. Advances in
DNA sequencing and analysis methodologies, improve our understanding of SMG evolutionary
dynamics, contribute to a more robust taxonomic framework and emphasize the necessity of
exploring the functional capacities of these organisms to improve clinical management in both
human and veterinary settings (Jensen et al., 2016).

It is universally recognized that correct diagnosis enables appropriate treatment, thereby reducing
the emergence of antimicrobial resistance (AMR), once the well documented higher resistance
profiles among SMG members compared to other Viridans group streptococci (VGS) is rising
(Sadowy, 2020). Therefore, a rapid and reliable species-level identification of microorganisms is
essential for increasing effective therapeutic decision-making and public health interventions.
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This thesis demonstrates that a Multi-Locus Sequence Analysis (MLSA) approach, based on three
conserved housekeeping genes, such as 16S rRNA, groEL, and rpoB, significantly improves the
species-level resolution within Streptococcus mitis group. While 16S rRNA gene alone has limited
discriminatory power due to minimal interspecies divergence (Glazunova et al., 2009), the
combined use of rpoB and groEL improves resolution, where a minimum interspecies divergence
can be actual for rpoB and for groEL (Glazunova et al., 2009). These findings align with earlier
research demonstrating that single-gene approaches are not enough when identifying SMG species,
while multi-locus approaches offer superior reliability (Imai et al., 2020; Jensen et al., 2016).

New protocols using WGS methods, considered to be most accurate to identify species of SMG,
need to be developed, making it cheaper, faster and easier to implement in diagnosis laboratories,
which certainly will save many lives worldwide.
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Appendix 1- Popular Science summary

Bacteria are small living organisms, and they are found everywhere: on plants, in animals, in soil
and water. The quantity of bacteria living in and on the surface of human bodies are circa 1-3% of
its total weight! Yes, it is true! Together, these communities live in different parts of our body as
skin, airways, mouth and our gut. It is why they are a part of the human microbiota.

But are bacteria truly our friends, or are they enemies? The answer is: both.

The friendly bacteria are essential for our survival. They help us digest food, break down
carbohydrates, produce vitamins, and support our immune system. There is a dependent partnership
between bacteria and living organisms. To keep this functional partnership strong, we need to have
a healthy lifestyle, such as regular physical activities, and having a healthy diet rich in fruits and
vegetables. To sleep well is also included. These habits not only improve our wellbeing but also
maintain our microbiota in balance. In this way, bacteria act like loyal friends, helping us every
day.

However, there is another side to the story, where bacteria are responsible for causing serious
infectious diseases. Streptococcus mitis group (SMGQG), for example, is a group of bacteria
considered living peacefully in the mouth and respiratory system (ex: Streptococcus mitis and
Streptococcus pneumoniae). But if they reach the bloodstream, they can cause life-threatening
infections such as endocarditis, an inflammation of the heart. Worldwide, infections caused by
SMG are responsible for millions of deaths each year. What makes them especially challenging is
their ability to exchange genetic material, creating new variants that are harder to detect with
standard lab tests. When doctors cannot correctly identify the bacteria, patients will be treated with
wrong antibiotics, which can lead to complications, long-term health problems, or even death.

So, how can we fight back?

Improving bacterial identification techniques is a start to future solution, where researchers and
clinicians can identify the exact species causing an infection and thereafter, they can choose the
most effective treatments. This means faster recovery for patients, fewer days spent in hospitals,
reduced chances of recurrence, which means overall lower healthcare costs.

In my project, I studied the taxonomic complexity of the Streptococcus mitis group. The findings
confirmed how difficult it is, especially these species belonging to SMG. My research also revealed
novel species, and each new discovery improves our knowledge and brings us closer to more
accurate diagnoses and better treatments for patients worldwide.
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Appendix 2 - PCR templates to the genes 16S rRNA, groEL and rpoB
Table 1. PCR schedules to 16S rRNA results when adjusting the amount of DNA in the samples.

CCUG
Accession
number
PCR
Concentrations

19074

25812

26924

27740 | 27741

28754

31489

31557

32108

32132

PCR 1

PCR 2

1:20

1:50

1:100

PCR 3

1:100

1:1000

PCR 4

1:100

PCR S

1:1

32331

32466

32601

33514 | 33690

35276

35278

35580

36639

36753

36755

PCR1

1:10

PCR2

1:20

1:50

1:100

PCR3

1:100

1:1000

PCR4

1:100

PCR 5

1:1

37308

39096B

39210

41450 | 42636

42984

44763

44969

49591

55622B

PCR 1

1:2

+

+

+

PCR 5

1:1

+

+ = Positive PCR

- = Negative PCR

+- = Weak bands.

OBS: Negative PCR and weak bands on gel electrophoresis required new PCR performance.

Table 2. PCR schedule groEL

ene results when adjusting the amount of DNA in the samples.

CCUG
assession 19074 25812 26924 27740 27741 28754 | 31489 | 31557 | 32108 | 32132
PCR
nr
Concentration
PCR 1
1:1 +-
1:2 +-
1:3 +- +
PCR 2
1:1 +- +- +- +
1:2 +- +- +- +
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Table 2. Continued.

PCR schedule groEL gene results when adjusting the amount of DNA in the samples.

PCR 3

1:100

PCR 4

1:10

1:100

1:1000

PCR 5

1:10

PCR 6

1:10

32331

32466

33514

33690

35276

35278

35580

36753

36755

PCR 1

1:1

1:2

1:3

PCR 2

1:1

1:2

PCR3

1:20

1:100

PCR4

1:10

1:100

PCR S

1:10

PCR 6

1:10

+

39096B

39210

42636

42984

44763

44969

49591

PCR1

1:1

1:2

1:3

PCR2

PCR3

PCR 4

1:10

1:100

PCR 5

1:10

+

+

+

PCR 6

1:10

+

+

+

+

1:50

+

OBS: Strains CCUG 35514 didn’t work for groEL gene by Sanger sequencing. The provided sequence was of bad quality
although the positive PCR

+ = Positive PCR

band on gel electrophoresis requires new PCR performance.

- = Negative PCR

+- = Weak bands. OBS: Negative PCR amplicons and weak
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Table 3. PCR schedules to rpoB gene results when adjusting the amount of DNA in the samples.

CCUG
Accession nr
PCR
Concentrations

19074 | 25812 | 26924

27740

27741

28754

31489

31557

32108

32132

PCR 1

1:50

PCR 2

1:50

1:80

PCR 3

1:100

32331 | 32466 | 32601

33514

33690

35276

35278

35580

36639

36753

36755

PCR 1

1:50

PCR 2

1:50

1:80

PCR3

1:100

PCR4

1:10

37308 | 39096B | 39210

41450

42636

42984

44763

44969

49591

55622B

PCR1

1:2

PCR2

1:50

1:80

PCR3

1:100

+ +

+

+

+

+

+

+

+

OBS: Strains 32466 and 41450 didn’t work for 7poB gene by Sanger sequencing. The provided sequences were of bad
quality although the positive PCR

+ = Positive PCR

band on gel electrophoresis requires new PCR performance.

- = Negative PCR

+- = Weak bands. OBS: Negative PCR amplicons and weak
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Appendix 3 — BLAST results
Table 1. BLAST results of the housekeeping genes 16S rRNA, groEL and rpoB (First best hit)

!*!m%!&!
- "S. nidrosiense" 99.86% "S. nidrosiense"” 95.38% "S. nidrosiense" 98.14%
- S. fermentans 99.44% S. mitis 95.51% S. ilei 97.71%
- S. mitis 100.00% S. mitis 95.65%  S. toyakuensis ~ 98.55%
- S. mitis 100.00% S. mitis 100.00% . toyakuensis ~ 98.71%
- "S. symci” 99.86% S. mitis 94.72% 8. toyakuensis  97.99%
- S. hohhotensis 100.00% S. mitis 96.70% 8. toyakuensis ~ 98.57%
- S. mitis 100.00% S. mitis 96.97% S hohhotensis ~ 98.14%
- "S. lingualis" 100.00% "S. lingualis” 98.42% "S. dentalis" 99.71%
- S. nakanonensis 99.73% S. nakanonensis 91.45% S. oralis 95.70%
- S. infantis 99.05% S. infantis 94.44% S. infantis 97.35%
- "S. fermentans 99.40% "S. koreensis" 95.51% ”'S. koreensis” 97.45%
- "S. shenyangsis" 99.29% S. mitis 95.38% "S. vulneris” 96.85%
- S. toyakuensis 99.73% S. mitis 98.14%
- "S. symei" 99.72% S. mitis 94.60% 8. toyakuensis  97.99%
- S. mitis 99.85%  S. pseudopneumoniae  94.19%  S. nakononensis  98.85%
- S. toyakuensis 99.59% S. mitis 96.04% S hohhotensis ~ 98.28%
- S. mitis 99.86% S. mitis 96.04% 8. pneumoniae  97.21%
- "S. nidrosiense" 99.84% "S. nidrosiens" 93.26% S. chosunense 97.42%
- "S. nidrosiense" 100.00% "S. nidrosiens" 92.48% S. oralis 95.54%
- S. mitis 99.73% S. mitis 95.51% 8. toyakuensis ~ 97.42%
- "S. nidrosiense" 99.32% S. mitis 96.44% S hohhotensis ~ 98.28%
- "S. nidrosiense" 99.32% S. mitis 96.44% S. chosunense 98.42%
- Granulicatella adiacens ~ 98.78% S. dentalis 97.88%  S. parasanguinis  94.93%
- S. cristatus 100.00% S. cristatus 91.51%

- "S. symei" 99.86% S. mitis 94.72%  S. toyakuensis ~ 97.99%
- S. infantis 98.17% "S. nidrosiens" 94.45% S. infantis 95.27%
- "S. symci” 99.86% S. mitis 96.70% S. toyakuensis  100.00%
- S. mitis 99.73% S. mitis 96.97%  S. nakanonensis  97.42%
- S. mitis 100.00% S. mitis 96.17%  S. hohhotensis ~ 98.71%
- S. hohhotensis 99.85% S. mitis 96.93%  S. nakononensis 96.56%
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https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=sequence_from_type%5bfilter%5d&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NUM_OVERVIEW=100&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RID=VSMW7MF7013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&SORT_BY=3&STEP_NUMBER=&ADV_VIEW=on&DISPLAY_SORT=3&HSP_SORT=3
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=sequence_from_type%5bfilter%5d&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NUM_OVERVIEW=100&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RID=VSMW7MF7013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&SORT_BY=3&STEP_NUMBER=&ADV_VIEW=on&DISPLAY_SORT=3&HSP_SORT=3
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ADV_VIEW=yes&ADV_VIEW=on&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&CONFIG_DESCR=ClustMemNbr,ClustComn,Ds,Sc,Ms,Ts,Cov,Eval,Idnt,AccLen,Acc&DATABASE_SORT=0&DESCRIPTIONS=100&DYNAMIC_FORMAT=on&ENTREZ_QUERY=sequence_from_type%5bfilter%5d&FORMAT_NUM_ORG=1&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&LINE_LENGTH=60&MASK_CHAR=2&MASK_COLOR=1&NUM_OVERVIEW=100&PAGE=MegaBlast&QUERY_INDEX=0&QUERY_NUMBER=0&RID=VSMW7MF7013&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&SORT_BY=3&STEP_NUMBER=&ADV_VIEW=on&DISPLAY_SORT=3&HSP_SORT=3
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2866998
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2866998
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2866998
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2866998

Table 2. BLAST results for 16S rRNA. groEL and rpoB genes. and the similarities rates.

Obs: same colour = same species

S. hohhotensis (3) 99.5-100% | S. pseudopneumoniae 94.2% - S. hohhotensis (6)
9 0,
CCUG19074 ) 943% | ccuG19074. R0
CCUG19074. CUG331557, 98.3 - 98.7%
CCUG31489 CCUG3SHTE CUG35278,
CCUG55622B CCUG37308
CCUG44969,
CUG55622B
S. toyakuensis ( 2) S. toyakuensis (8)
CCUG33514 99.6% CCUG27740, 9?3‘;/;’/;
CCUG35278 99.8% ooyl
CCUG28754,
CCUG31489
CCUG33690,
CCUG36755
CCUG42636,
CCUG44763
S. nakanonensis (1) 99.7% S. tigurinus (1) 91.5% S. nakanonensis (2)
CCUG32132 CCUG32132 CCUG35276, 9;§g/
CCUG44969 o
96.6%
CCUG55622B (1
"S. nidrosiense" (5) 99.3% - "S. nidrosiense" (4) "S. nidrosiense" (1)
100.0% 98.4%
CCUG25812, CCUG25812, 92.5% - | CCUG25812
CUG33639, CUG33639, 95.4%
CCUG36753, CCUG63753,
CUG37308 CUG42984
CCUG39096B



https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2866998

Table 2. Continued. BLAST results for 16S rRNA. groEL and rpoB genes. and the similarities rates.
S. infantis (2) S. infantis (1) S. infantis (2)

CCUG32331, CCUG32331 CCUGH42984,
CCUG32984 CCUG32331

"S. vulneris" (1) 96.9%
CCUG32601

S. fermentans (2)
CCUG26924,
CCUG32466
"S. symci” (4) | 99.7 - 99.9% S. chosunense (2) | 974-98.4%
CCUG28754, CCUG36639,
CCUG33690 CCUG39096B
CCUG42636,
CCUG44763
S. parasanguinis (1) 94.9%
CCUG39210
S. oralis (2) 95.5%-~
CCUG32132, 93.1%
CCUG36753
"S. koreensis" (1) 95.6% "S. koreensis" (1) 97.4%
CCUG32466 CCUG32466
S. cristatus (1) 100.0% S. cristatus (1) 91.5%
CCUG41450 CCUG41450
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Appendix 4- Phylogenetic trees of the housekeeping genes 16S rRNA, groEL
and rpoB

16S

84
86
88
90
ro2
o4
96
198
100

32132
NR_116210 Streptococcus oralis
28754
42636
33690
- 35278
27740
27741
31557
49591
NR_116207 Streptococcus mitis
0OX415211.1 "Streptococcus bouchesdurhonensis "
36755
L 35580
- 35276
L LC744565.1 Streptococcus nakanonensis
44763
[ 55622B
L 44969
31489
-I MZ735463 Streptococcus hohhotensis
19074
33514
LC650853 Streptococcus toyakuensis

— = [ |

NR_028665 Streptococcus pneumoniae
NR_180629.1 "Streptococcus symci”
|| 26924
|: 32466
36753
PP761416.1 "Streptococcus nidrosiense"
25812
36639
37308
39096B

32331
I: NR_116206 Streptococcus infantis

32601
E MNO061029 "Streptococcus shenyangsis”
—— OR794558.1 Streptococcus fermentans
41450
NR_042771.1 Streptococcus cristatus
NR_036936.1 Streptococcus australis
42984
32108
OR481691.1 "Streptococcus lingualis”
39210
MK330556 Granulicatella adiacens

[

|
I
—
L

Figure 1 - Phylogenetic tree of gene 16S rRNA
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groEL

Fe2
Fea
Fes
Feo
Fez
Fos
Fos
Fes
C100

Fes

=
=

i_—l

36639

42984

25812

CP152419

36753

32331

EU003653

19074

EU003673

44763

GV genomospecies 1
37308

390968

31489

GV genomospecies 4
31557

GV genomospecies 10
27741

CP133471

GV genomospecies 9
EU003717

35580

GV genomospecies 3
44969

55622B

32601

GV genomospecies 11
36755

26924

27740

49591

35278

28754

33690

42636

35276

AY038047

32132

32466

cp032620
EU003631.1
0Q787000

39210

CP139418

32108

CP139419

41450

NR_029052.1

Figure 2 - Phylogenetic tree of gene groEL
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Streptococcus infantis

Streptococcus pneumoniae

Streptococcus mitis

Streptococcus pseudopneumoniae

Streptococcus oralis

"Streptococcus koreensis"
Streptococcus australis
Streptococcus ilei
Streptococcus dentalis

Streptococcus lingualis

Streptococcus cristatus



rpoB

8
=100

res
90
o2
o4
196

P
32108
| I: CP139418 Streptococcus dentalis

DQ132985 Streptococcus parasanguinis
39210

—— 26924
L 0Q787000 Streptococcus ilei

32466

—E— 32132
——— LR134336 Streptococcus oralis

31557

GV genomospecies 6

49591

OP618375.1 Streptococcus hohhotensis
35276

Ap027139 Streptococcus nakonensis
44763

—_
— GV genomospecies 5
0Q283563.1 Streptococcus toyakuensis
31489
GV genomospecies 4
35278
I 37308

27740

27741

I 28754
33690
42636

L——— 0Q283559 "Streptococcus symci”

33514

__{_| GV genomospecies 2

CP133471 Streptococcus mitis
32601

GV genomospecies.

{ 36755

| ——— 0Q283558 Streptococcus vulneris
44969

55622B

GV genomospecies 7

35580

—

GV genomospecies 8
DQ232477 Streptococcus pneumoniae
19074

_{
390968

{_E 0Q283561 Streptococcus chosunense

——— 36639
— 25812

L cP152419 "Streptococcus nidrosiensis"
————— 32331
OP618380 Streptococcus infantis

36753
42984

Figure 3 - Phylogenetic tree of gene rpoB
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