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Introduction

1 Introduction

1.1 Streptococcus

The genus Streptococcus, member of the lactic acid bacteria within the phylum Firmicutes,
comprises several species of spherical Gram-positive bacteria who divide in one axis leading
to pairs or chains of cells (Cole, et al., 2008). They are immobile and can commonly be found
in several warm-blooded animals including human (Cole, et al.,, 2008). The genus
Streptococcus is one of the most invasive groups of bacteria, where 35 of 57 species can cause
invasive diseases with S. pneumoniae, S. pyogenes (group A), S. agalactiae (group B) and
S. mutans being the main cause of streptococcal infections in human (Krzysciak W, 2013; Cole,
et al.,, 2008). Despite the ability to cause severe diseases, most Streptococcus spp. are
commensals (Cole, et al., 2008; Krzysciak W, 2013). Some streptococci are used for the
production of medical, cosmetical, nutraceutical (Liu, et al., 2011) and dairy products (Keogh,

1970; Westerik, et al., 2016; Han, et al., 2016).

The definition of streptococcal species is based on several phenotypic and genotypic
properties. The introduction of multilocus sequence typing (MLST) (Enright, et al., 1999) and
multilocus sequence analysis (MLSA) (Bishop, et al., 2009) which is based on comparative
analysis on concatenated sequences of a set of housekeeping genes has been extremely useful
to discriminate between closely related species, and to differentiate clones within a species.
Other parameters include the serotype, which is determined by surface antigens like the
polysaccharide capsule (Baron, 1996; Geno, et al., 2015), their haemolysis behaviour (Facklam,

2002; Shottmuller) and others (Baron, 1996).

According to these parameters, streptococci initially were classified into several groups. In the
era of genome sequencing, this classification is mainly based on the analysis of 16S rRNA
(Abranches, et al., 2018; Kilian, et al., 2008; Woese, 2000; Kawamura, et al., 1995) and led to
eight groups of streptococci named Mitis, Salivarius, Bovis, Mutans, Anginosus, Sanguinis,
Downei and Pyogenes group (Abranches, et al.,, 2018). The Mitis group contains alpha-
haemolytic bacteria which oxidise the iron in haemoglobin by producing hydrogen peroxide,
leading to a green or brown colour by the generation of methaemoglobin when grown on
blood agar plates (Blake, 1916; Barnard, et al., 1996). This group includes the pathogen
Streptococcus pneumoniae and closely related commensal species S. mitis,

S. pseudopneumoniae and S. oralis. The first available complete genomes of these species
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where S. pneumoniae R6 (Hoskins, et al., 2001), S. mitis B6 (Denapaite, et al., 2010), S. oralis
Uo5 (Reichmann, et al.,, 2011) and S. pseudopneumoniae 157493 (Shahinas, et al., 2011).
Members of this group are of main interest in the work presented here. They populate the
upper respiratory tract of human as part of the commensal flora and are naturally competent
for transformation (Bracco, et al., 1957; Reichmann, et al., 2011). Transformation has been
discovered by Avery in S. pneumoniae, who determined DNA as the “fundamental unit of the

transforming principle” (Avery, et al., 1944).

The Pyogenes group initially contained beta-haemolytic bacteria which destroy red blood cells
using the cytotoxins Streptolysin S or O (SLS or SLO) (Bhakdi, et al., 1985; Marmorek, 1895;
Todd, 1938), giving rise to a clear zone around their colonies on blood agar plates. While the
oxygen-sensitive SLO interacts with cholesterol of the cell membrane of eukaryotic cells
(Bhakdi, et al., 1985), the haemolysis mechanism of the oxygen-stable SLS is not completely
understood (Carr A, 2001; Molloy, et al., 2015). Beta-haemolytic organisms have been further
divided into Lancefield groups according to surface antigens (Lancefield, 1933). Since then,
Lancefield classification alone became insufficient for identification of beta-haemolytic strains
and was complemented by other methods (Facklam, 2002; Abranches, et al.,, 2018). The
introduction and continuous advancement of second and third generation sequencing

technologies facilitate their identification by genotyping.

Gamma-haemolytic organisms cause no haemolysis. However, alpha- and gamma-haemolysis
can be difficult to distinguish since the composition of the growth medium can influence the

manifestation of alpha-haemolysis (Facklam, 2002).
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1.1.1 Streptococcus pneumoniae

One important member of the Mitis group streptococci is the species S. pneumoniae, also
referred to as the pneumococcus, a major human pathogen (MacLeod, et al., 1956; Engholm,
et al., 2017; Hiller, et al., 2018; Drijkoningen, et al., 2014). This organism and its pathogenic
potential was described 1881 by Sternberg and Pasteur as Microbe septicemique du salive
(Pasteur, 1881; Watson, et al., 1993) and Microbe pasteuri (Watson, et al., 1993; Sternberg,
1885) and was named 1886 Pneumococcus due to its potential to cause lung diseases (Watson,
et al.,, 1993; Fraenkel, 1886b). The Pneumococcus was renamed 1920 to Diplococcus
pneumoniae (Watson, et al., 1993; Winslow, et al., 1920) and is now called Streptococcus
pneumoniae since 1974 (Watson, et al., 1993; Deibel, et al., 1974). Its natural habitat as a
mainly commensal species is the upper respiratory tract (Weiser, et al., 2018), but as
pathogen it is able to cause severe diseases like meningitis, pneumonia, otitis media and
cardiac dysfunction (Loughran, et al., 2019). In 1999, it was described, that 1.1 million deaths
worldwide were caused by infections by pneumococci each year (Klein, 1999). To support the
search for new treatment methods, the genome of the strain S. pneumoniae R6 was
determined in 2001 as the first streptococcal genome and contains 2.038.615 nucleotides (nt)
(Hoskins, et al., 2001). This strain is a derivative of the capsule type 2 strain S. pneumoniae
R36A (Smith, et al., 1979), which was used by Avery et al. 1944 in the classical transformation
experiments (Avery, et al., 1944). An updated genome version in comparison with its ancestor
S. pneumoniae D29 was published in 2007 by Lanie et al. (Lanie, et al., 2007) after a re-
sequencing (2.038.617 nt). The second published genome is of the virulent strain TIGR4
(Tettelin, et al., 2001). S. pneumoniae and both genomes were basic for our understanding of
the gene content of. In the current work the updated sequence of S. pneumoniae strain R6

was used.
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1.1.1.1 Streptococcus pneumoniae R6 and its genome

Since the unencapsulated S. pneumoniae R6 strain is missing the capsule, a major virulence
factor, due to a large deletion in the capsule locus, this strain has become the main standard
laboratory strain (Smith, et al., 1979; lannelli, et al., 1999; Hoskins, et al., 2001). It is a perfect
example to demonstrate the effects of horizontal gene transfer between different strains and
species. Due to its natural competence, genes and gene fragments of different genomes are
distributed all over the whole S. pneumoniae R6-genome. Comparison with the genome of
S. pneumoniae TIGR4 (Tettelin, et al., 2001) showed a gene difference of about 10 %
(Brickner, et al., 2004). Compared to other bacterial species, in S. pneumoniae a variety of
repetitive elements like complete and incomplete insertion sequences (IS), BOX-, RUP-
(repeat unit of pneumococcus) and other elements can be found, where homologous
recombination frequently occurs (Hoskins, et al.,, 2001). BOX-elements consist of a
combination of boxA-, B- or C-repeats and might be involved in the regulation of genes
(Hoskins, et al., 2001; Zhang, et al., 2015; Croucher, et al., 2011) while RUP-elements (repeat
unit of pneumococcus) are supposed insertion sequence derivatives with the ability to support
genomic rearrangements (Oggioni, et al.,, 1999; Croucher, et al.,, 2011). Besides the gene
cluster responsible for capsule biosynthesis which is not functional due to a large-scale
deletion in S. pneumoniae R6, a variety of virulence factors are known in S. pneumoniae and
are described below. The highly diverse and still expanding genome of S. pneumoniae is
supposed to be a result of maintaining stability in its current ecological niche within the human
host (Donati, et al., 2010; Kilian, et al., 2014). Since the strain S. pneumoniae R6 is avirulent, it
served as a basis for the analysis of the pathogen S. pneumoniae (Hoskins, et al., 2001) and
has been used to explore the evolution of antibiotic resistance in transformation experiments
using highly resistant closely related streptococcal species as donor (Hakenbeck R, 1998),
Todorova (Todorova, et al., 2015). Today several thousand S. pneumoniae genomes are

sequenced and publicly available.
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1.1.1.2 Horizontal gene transfer and genetic variability

There are three main mechanisms of DNA transfer observed in prokaryotes (Ravin, 1960;
Bakkali, 2013): Conjugation, where DNA is transferred from a donor to an acceptor cell,
transduction involving a phage, and transformation, where free DNA is taken up by the
recipient (Ravin, 1960; Johnston, et al., 2013). Transformation has a major impact on the

genomic makeup, the focus of the current work, and is described in more detail below.

The ability of natural transformation, discovered by Avery 1944 (Avery, et al., 1944), allows
S. pneumoniae and other bacteria to access exogenous DNA, which is freely available in the
environment, or which is obtained by fratricide of non-competent cells (Claverys, et al., 2009).
A special case is the recombination of DNA from a different chromosome within the same
individual cell (Johnston, et al., 2013). Competence is a temporary state of a cell, in which it is
capable of genetic transformation. This state is regulated by a set of proteins which is
activated by a signal which varies depending on the species (Claverys, et al., 2009). In S.
pneumoniae, the state of competence is maintained only during a short period during
exponential growth in liguid media. It is regulated via the temporary production of a secreted
peptide (competence stimulating peptide, CSP; ComC) whose recognition by a membrane
associated receptor (ComD) results in the expression of a complex regulatory network that
involves the production of a large set of proteins (Halfmann A, 2011; Laux A, 2015; Ahn, et al.,
2014; Claverys, et al., 2009; Salvadori, et al., 2019). S. pneumoniae requires dsDNA (double-
stranded DNA) for transformation. ssDNA (single-stranded DNA) leads to an about 200-fold
decreased transformation activity (Claverys, et al., 2009). During binding, the dsDNA is
fragmented into pieces of about 6.000 nt (Claverys, et al., 2009). These fragments are
transported into the cell while the strands are separated, and the non-transported strand is
degraded and its components are released into the surrounding medium (Claverys, et al.,
2009). Many proteins are involved in the uptake of DNA (Claverys, et al., 2009). Since ssDNA
shows a decreased transformation activity, the overall transformation activity directly after
DNA uptake is also decreased for a certain time. This time span is called eclipse. During eclipse,
the ssDNA is bound to a protein SsbB and forms the eclipse-complex. SsbB and several other
proteins such as RecA, CoiA, DprA and RadA are required for DNA incorporation into the
chromosome by homologous recombination (Ravin, 1960; Pasta, et al., 1999; Claverys, et al.,

2009; Bakkali, 2013). Due to its transformability, S. pneumoniae has become the paradigm to
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study partners and genomic consequences of horizontal gene transfer events (Wyres, et al.,

2012).

Horizontal gene transfer involving closely related species enables the recipient organism to
gain new properties to adapt to new ecological niches and environmental factors, and the
evolution of antibiotic resistance is one prominent example (Levin, et al., 2009). Moreover, it
facilitates capsule switch which results in evasion from vaccine treatment (Johnston, et al.,
2013). Homologous recombination sites are recognized as mosaic genes, where the
integration of foreign DNA leads to sequence blocks that are highly distinct from
corresponding sequences in the parental strains (Laible, et al., 1991; Hakenbeck, et al., 2001).
Popular examples are penicillin binding proteins (PBP) genes especially PBP2b, PBP1a and
PBP2x (Hakenbeck R, 1998; Dowson, et al., 1989; Laible, et al., 1989; Laible, et al., 1991;
Coffey, et al., 1991).

In addition, the genomes of Streptococci are permanently altered due to spontaneous
mutations (Madigan, et al., 2002), and the genome organization can be changed by movement
of mobile elements including transposons (Mufioz-Lépez, et al., 2010) and insertion sequences
(IS) (Mahillon, et al., 1998). Transposons consist of transposases responsible for excision
depending on flanking sequence repeats and a transposon body containing cargo genes
(Munoz-Lopez, et al., 2010). After excision of a transposon, often flanking transposase genes
remain in the genome. IS contain only genes encoding proteins for transposition of sequence
and facilitate for example chromosome rearrangements and plasmid integration (Mabhillon, et
al., 1998). Both structures — transposons and IS - facilitate the movement of DNA within one
genome (of an individual cell), but not necessarily between cells (Johnson, et al., 2015).
Moreover, prophages and phage remnants are frequent in many streptococci (Brueggemann,

et al.,, 2017).

All these factors contribute to the vast variability and diversity of bacterial genomes (Ravin,
1960) and complicate the calculation of the evolutionary tree (Philippe, et al., 2003) and the

origin of genetic features. Thus, these elements mostly are not used in such analyses.
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1.1.1.3 Virulence and virulence factors

Virulence was once described as the “relative capacity of a microorganism to cause damage
in a host” (Casadevall, et al., 1999; Madigan, et al.,, 2002) and relates to the complex
interaction of host and pathogen. Virulence is implemented by so-called virulence factors (VF)
which increase the chance to cause damage. VFs often are encoded on mobile elements,

prophages, plasmids or genomic regions showing indications of horizontal gene transfer.

A large number of VFs which affect growth in and interaction with the host have been
described in S. pneumoniae (Mitchell, et al., 2010). Detailed comparison of genomes from
related commensal species S. mitis and S. oralis with the pathogen S. pneumoniae revealed
that only a few components are preferentially associated with the S. pneumoniae (Kilian, et
al., 2008; Johnston, et al., 2010; Madhour, et al., 2011; Kilian, et al., 2014; Kilian, et al., 2019;

Denapaite, et al., 2010). A few VF especially important for S. pneumoniae are described below.

A capsule is also present in other streptococcal species, and the highly variable pneumococcal
polysaccharide capsule, the outermost layer of the cell envelope (Dochez, et al.,, 1917,
Heidelberger, et al., 1923), is a crucial, if not the most important, virulence factor (Burnside,
et al., 2010; AlonsoDeVelasco, et al., 1995; Mitchell, et al., 2010; Denapaite, et al., 2010). The
capsule enables the cell to evade phagocytosis (Roy, et al., 2014; Jonsson, et al., 1985;
Johnston, et al., 2013; Avery, et al., 1931; Mitchell, et al., 2010). In S. pneumoniae, more than
90 different capsule types are known (Hoskins, et al., 2001; Johnston, et al., 2013; Bentley, et
al., 2006; Park, et al., 2007). Most of the gene clusters involved in capsule biosynthesis are

located between the genes encoding DexB and AliA (Tettelin, et al., 2015).

The haemolysin pneumolysin (Ply) is present in almost all pneumococci (Kanclerski, et al.,
1987; Benton, et al., 1997; Price, et al., 2009; Mitchell, et al., 2010) but can be found rarely in
closely related species like S. pseudopneumoniae (Kilian, et al., 2019) and some other Gram
positive bacteria (Czajkowsky, et al., 2004). Ply has several independent functions:
complement activation, stimulation of apoptosis, formation of pores in host cells as
cholesterol-dependent cytolysin (Price, et al., 2009; Mitchell, et al., 2010). The Ply gene is
often located near a genomic island encoding the major autolysin LytA (Kilian, et al., 2008;
Denapaite, et al., 2010), which is not associated with release of Ply (Balachandran, et al., 2001)

and can be found in rare cases also in other species (Kilian, et al., 2008).
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There are several cell-wall anchored proteins, which are crucial for pneumococcal virulence
and can be divided in three classes: choline-binding proteins (CBPs), LPXTG-motif proteins and
lipoproteins. CBPs contain repeat domains, which bind to choline of the cell wall (Mitchell, et
al., 2010). Choline is located in teichoic acids (TA), which are bound to the peptidoglycan (PG)
of the cell wall (wall teichoic acids, WTA) or to the cell membrane (lipo-teichoic acids; LTA)
(Bean, et al., 1977; Swoboda, et al., 2010; Fischer, 1997). LPXTG-motif proteins contain a
LPXTG-motif, which is, if located near the C-terminus of the protein, covalently linked to the

peptidoglycan (Mitchell, et al., 2010).

The first characterized one is the choline-binding protein PspA (pneumococcal surface protein
A), which is present in almost all pneumococci, but highly variable in sequence (Hollingshead,
et al., 2006). It is able to protect the cell from host immune system by two mechanisms. By
blocking adhesion of host complement factors to the cell surface it inhibits removal by
opsonophagocytosis (Tu, et al., 1999). Another feature associated with PspA is evasion of the
binding to apo-lactoferrin, which can be found in host mucosa and leads to destruction of
pneumococci, by sequence variation (Hammerschmidt, et al., 1999; Shaper, et al., 2004).
Highly homologous to PspA is the choline-binding protein PspC, which is also referred to as
CbpA or SpsA (S. pneumoniae secretory immunoglobulin A-binding protein) (Brooks-Walter,
et al., 1999; Hammerschmidt, et al., 1997; Rosenow, et al., 1997). This protein is present in
about 75% of all pneumococci (Brooks-Walter, et al., 1999). Like PspA, it is able to protect the
cell from phagocytosis by detaining the adhesion of complement factors (Li, et al., 2007). An
allelic variant of PspC is Hic (factor H-binding inhibitor of complement) (lannelli, et al., 2002).
PspC also facilitates invasion of the mucosa (Zhang, et al., 2000), cerebrospinal fluid (Orihuela,
et al., 2004) and adhesion to the vascular endothelium of the blood-brain barrier (Ring, et al.,
1998) of human. The pneumococcal choline-binding protein A (PcpA) facilitates adhesion to
nasopharyngeal and lung epithelial cells and can be found in nearly all virulent pneumococci
(Khan, et al., 2012). The lipoprotein PsaA (pneumococcal surface antigen) is involved in
manganese transport (Dintilhac, et al., 1997). Due to manganese and the manganese-
dependent superoxide dismutase SodA it contributes mainly to the resistance to oxidative
stress (Ogunniyi, et al., 2010). It is highly conserved among main virulent pneumococcal
serotypes (Sampson, et al., 1997). Unlike PspA and PspC, it is not likely to elicit opsonic

antibodies and thus avoids opsonophagocytosis. This is because of PsaA is anchored at the
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outer cell membrane and exposure to antibodies depends on the thickness of cell wall and
capsule (Ogunniyi, et al., 2002). The effect of alterations of PsaA is thus quite moderate.
Furthermore, the proteins PiuA and PiaA (pneumococcal iron uptake/acquisition) of different
uptake systems are involved in virulence and bacterial growth (Brown, et al., 2001). They are
conserved and present in all pneumococci (Brown, et al., 2001). Finally, the hyaluronidase
(hyaluronate lyase) HlyA which can rarely be found in other species (Madhour, et al., 2011;
Kilian, et al.,, 2019) is present in almost all pneumococci (Paton, et al., 1997). HIyA
depolymerizes hyaluronic acid, which is an important component of connective tissue and the
extracellular matrix of the host and contributes to colonization (Starr, et al., 2006; Jedrzejas,
2001). It is anchored in the cell wall but can also be released into surrounding host tissue.
Many more genes and proteins associated with virulence in have been described in
S. pneumoniae, but an increasing number of them can also be found in related commensal
species (Kilian, et al., 2019). They express important functions that decrease their survival rate

in mouse models.

Presence of most pneumococcal VF in commensal species seems to indicate their necessity

for colonization and interaction with host tissue.




Introduction

1.1.1.4 Penicillin resistance

One main concern in many bacterial species is the evolution and spread of resistance against
many types of antibiotics (Croucher, et al., 2011; Kilian, et al., 2014; Munita, et al., 2016).
Antibiotic resistance anciently arose from interaction with the environment and thus many
bacteria inherently carry resistances (Munita, et al., 2016). The acquisition and thus spread of
resistances by formerly susceptible bacteria is a severe problem in the infectious disease field
(Munita, et al., 2016). In streptococci, especially pneumococci, genes involved in the
resistances to many antibiotics and their spread throughout the pneumococcal population are
well investigated (Garriss, et al., 2019; Schroeder, et al., 2016; Hakenbeck, et al., 1999; Andam,
et al.,, 2015; Reinert, 2009). Acquisition of resistance frequently involves transposable
elements, which can carry several resistance determinants. A well-known example are Tn916-
family transposons, conferring resistance against macrolides and tetracycline (Schroeder, et
al., 2016; Roberts, et al., 2011). Penicillin resistance, on the other hand, is an example where
horizontal gene transfer mediated by genetic transformation leads to rapid spread of this new
phenotype within the population of S. pneumoniae worldwide (Andam, et al., 2015; Reinert,
2009). Resistance is due to a variety of mechanisms: destruction of the antibiotic by hydrolysis
or modification, modification of target molecules, or efflux mechanisms. Penicillin resistance
in S. pneumoniae is achieved by modifications of penicillin binding proteins (PBPs), which are
crucial for assembly of the peptidoglycan layer (Hakenbeck R, 1998; Scheffers, et al., 2005;
Hakenbeck, et al., 2012), or other components also demonstrated in the current work.
S. pneumoniae contains six PBPs, which are inhibited by beta-lactam antibiotics, which act as
substrate analogue, by forming a covalent complex to the active serine. Thereby, the
enzymatic function of PBPs, the transpeptidation of muropeptides of the cell wall, is inhibited,
resulting in a less crosslinked cell wall (Hakenbeck R, 1998; Fani, et al., 2014; Munita, et al.,
2016). Modification of PBPs is a perfect example of the evolutionary power of horizontal gene
transfer followed by recombination events, leading to mosaic gene structure. The introduction
of point mutations can alter the affinity to the antibiotics and leading to changes of the

resistance profile (Chambers, 1999; Hakenbeck, et al., 2012; Hakenbeck, et al., 1999).
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1.1.2 Commensal close relatives of Streptococcus pneumoniae

In contrast to its closest relatives S. pseudopneumoniae, S. mitis and the more distant related
S. oralis, S. pneumoniae is associated with a variety of diseases. Thus, they represent
interesting species to investigate the evolution of S. pneumoniae and its pathogenic potential.
Only in rare cases, S. mitis has been identified as the cause of severe diseases mainly
endocarditis (Byrd, etal., 2017). The first available complete genome sequence of S. mitis was
of the high-level penicillin- and multiple antibiotic-resistant strain S. mitis B6 (Denapaite, et
al., 2010). With 2.15 million nucleotides (nt) (Denapaite, et al., 2010) this sequence is
noticeably larger than other S. mitis genomes with an average size of 1.8 million nucleotides,
which indicates successful incorporation of additional DNA (Kilian, et al., 2008). This genome
was analysed to clarify the relationship of S. mitis and S. pneumoniae. Although S. mitis is
believed to be naturally competent due to sequence fragments that originate apparently from
several sources and the presence of genes necessary for competence and transformation
(Salvadori, et al., 2019), the strain B6 shows only low transformation efficiency in laboratory
despite the presence of necessary genes (Denapaite, et al., 2010). It contains most of the
virulence factors described in S. pneumoniae, except some surface proteins, the pneumolysin

and the capsule cluster (Denapaite, et al., 2010). Comparison of S. mitis B6 with
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Figure 1.1: Alignment of genomes of S. pneumoniae R6 and S. mitis B6

The visualization with Artemis comparison tool (ACT) shows the alignment of Streptococcus pneumoniae R6

(top) and Streptococcus mitis B6 (bottom). Red bars indicate regions with same orientation, blue bars

regions with inverted orientation. This arrangement is termed X-alignment.
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S. pneumoniae R6 shows an interesting genomic arrangement. Several homologous sequence
regions are located at an inverted position in respect to the origin of replication, an
arrangement known as X-alignment which has been observed in other organisms as well
(Eisen, et al., 2000; Nakagawa, et al., 2003; Denapaite, et al., 2010) (Figure 1.1). Although
biofilm formation (Cowley, et al., 2018) and presence of phages (Nakagawa, et al., 2003) are
associated with these large-scale rearrangement events, the origin of this phenomenon is still

unclear.

S. oralis forms a well separated group distinct from S. pneumoniae and S. mitis (Reichmann,
et al., 2011). The first finished genome sequence is that of the strain S. oralis Uo5 , which is,
like S. mitis B6, high-level penicillin and multiple antibiotic resistant (Reichmann, et al., 2011).
S. oralis Uo5 was isolated in the 1980s in Hungary (Reichmann, et al.,, 1997) and is
transformable under laboratory conditions (Reichmann, et al., 2011). Similar to S. mitis B6,
most pneumococcal virulence factors also are present in S. oralis Uo5 and when compared to
S. pneumoniae R6, a noticeable X-alignment can be observed (Reichmann, et al., 2011). An X-
alignment is also observed in comparison to S. mitis B6, but it is not as distinct when compared
to S. pneumoniae R6. Alignments with other members of these species are not available since
complete genomes are required for such an analysis. Thus it is not clear if this phenomenon is

characteric for these species.

The species S. pseudopneumoniae was only recently described as a close relative of
S. pneumoniae and one complete genome sequence of this species is now available:
S. pseudopneumoniae 1S7493 (accession number NC_015875) (Shahinas, et al., 2011). This
species can be distinguished clearly by genetic and phenotypic properties like bile solubility,
optochin resistance and absence of a capsule from its closest relatives S. mitis (NCTC12261)
and S. pneumoniae (R6). Several recombination events are apparent, which introduced some
virulence factors and genes for antibiotic tolerance and resistance as well as surface proteins
necessary for host-interaction compared to S. mitis, but the absence of crucial virulence
factors like the pneumococcal capsule, the choline-binding proteins PcpA, PspA and PcpC, the
bacteriocin-like peptide cluster (Blp) and the pneumococcal iron acquisition operon (piaABCD)
distinguishes this species from S. pneumoniae. However, since the species S.
pseudopneumoniae has gained a certain pathogenicity potential and was already described to

cause severe diseases but is genetically located near the commensal members of the Mitis
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group streptococci, it seemed to be a good example of an organism, which pursues the thin
line between pathogen or commensal (Shahinas, et al., 2011; Shahinas, et al., 2013). A more
recent study (Kilian, et al., 2019) revealed that S. pseudopneumoniae genomes can be very
well classified, but the clinical importance of this species still remains unclear and needs

further investigation.

Recombination events within and between streptococcal species result in a large accessory
genome and thus in a high variation of genome sequences and gene contents. Thus, different
species contain the same genes independent on the expressed virulence and pathogenicity.
The difference of virulence and pathogenicity seems to occur from the combination of several

alleles.
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1.2 Sequencing, assembly and annotation

1.2.1 Sequencing technologies

During the last four decades, several sequencing technologies were developed to obtain the
sequence information of bacterial genomes. These DNA sequencing technologies provide data
for a broad field of analyses like evolution and comparative analysis, forensics, health care
(diagnostics, antibiotic resistance, etc.)(for example (Kilian, et al., 2008; Ranjan, et al., 2017;
Wallace, et al., 2016; Cohen, et al., 2015; Arigmén, et al., 2014; Alvarez-Cubero, et al., 2017;
Cao, et al., 2017)). The ongoing improvements of these technologies as well as reduction of
costs and time requirements facilitate the generation of a vast increasing number of genomic

data.

There are several technologies to obtain DNA sequences, starting 1977 with the chain
termination (or dideoxy-) method of Sanger and the Maxam-Gilbert-method (Maxam, et al.,
1977; Sanger, 1977) of base specific cleavage, which introduced the first of the current three

generations of sequencing technologies (Land, et al., 2015).

The dideoxy-method, emerging from the inaccurate “plus and minus”-method, uses a low
concentration of labelled dideoxy nucleotide triphosphates (ddNTPs) besides “normal” deoxy
nucleotide triphosphates (dNTPs) during DNA synthesis followed by electrophoresis of the
generated DNA molecules (Sanger, 1977). During amplification of the sample,
DNA-polymerase | incorporates dNTPs into the replicated strand to elongate the copy.
Additionally, a small volume of ddNTPs is added during amplification. Due to the lack of the
3'-hydroxyl group of ddNTPs, the DNA-polymerase is not able to elongate further, and the
elongation is terminated. Since ddNTPs are incorporated randomly, DNA-fragments of several
lengths are generated for each of the four types of nucleotide. Subsequent polyacrylamide
gel-electrophoresis of the four fragment sets reveals the order of incorporated nucleotides

and thus the sequence.

In contrast to the enzymatic chain-termination method, which determines a sequence during
amplification, the Maxam-Gilbert-method determines the sequence by fragmentation of DNA.
Originally, sample DNA is thus labelled radioactively at one end and then modified and cleaved
at four lanes with base specific (A, G, C, C+T) reagents (Maxam, et al., 1977). Length

determination with polyacrylamide gel-electrophoresis then reveals the base sequence.
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Although the automated Sanger method was the main sequencing technology for more than
twenty years, increased demand as well as high cost and duration of first-generation
technologies led to further improvements and finally to development of parallel operating
second-generation technologies, also called next-generation technologies (NGS) (Metzker,
2005; Metzker, 2010; Lu, et al., 2016; Miller, et al., 2010). The most popular methods are the
pyrosequencing method of 454 Life Sciences/Roche (Margulies, et al., 2005; Schatz, et al.,
2010), the bridge synthesis method of Illumina/Solexa (Hillier, et al., 2008; Liu, et al., 2012;
Bentley, et al., 2008) and the two-base method of ABI/SOLID (sequencing by oligo ligation
detection) (Liu, et al., 2012; Valouev, et al., 2008) but also sequencing by hybridization (DNA
chip/microarray) (Liu, et al., 2012; Lipshutz, et al., 1995; Lipshutz, et al., 1995) and ion-torrent
semi-conductor sequencing (Liu, et al., 2012; Rothberg, et al., 2011). Since the 454 and the
lllumina technology delivered data used in the current work, they are described more

detailed.

The 454-method was the first commercially and large-scale used technology of the second
generation, but although still used it is about to be more and more displaced by Illumina-
technology. The sample DNA is amplified by emulsion PCR (emPCR). This kind of amplification
uses an emulsion of sample DNA, beads, primer, dNTPs and polymerase to multiply the single
stranded sample DNA, which then is bound to the beads. Afterwards, these beads are placed
onto a picotiter-plate with one bead per well. Smaller beads loaded with immobilized ATP-
sulphurylase and luciferase are added to each well. Then, in a circular manner, all four dNTPs
are added sequentially. DNA-Polymerase incorporates the nucleotides and releases
pyrophosphates, which are converted to ATP (adenosine-triphosphate), which serves as
substrate for luciferase, which converts to oxyluciferin under light emission. After each
nucleotide flow, the emitted light signal is detected, and the number of incorporated
nucleotides is defined by the signal intensity. After signal detection, the next nucleotide flow

starts (Metzker, 2010; Margulies, et al., 2005).

Although the 454 technique generates reads with a higher average length, the results are
afflicted with errors arising from rounding of signal intensity values of homopolymer stretches

(HPN) as described in chapter 0.
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Different to the 454-technology, the lllumina-technology incorporates only one nucleotide per
flow and another amplification procedure (Bentley, et al., 2008). The ‘bridge amplification’
takes place on a solid surface where oligonucleotides are bound. The same (and
complementary) oligonucleotides also are ligated to the end of double-stranded sample DNA-
fragments. The DNA is denatured, and the oligonucleotide of the single-stranded sample DNA
then binds to the complementary and immobilized oligonucleotide. The complementary
strand of the sample DNA then is synthetized and extends the immobilized oligonucleotide,
after which the original strand is removed. The free end of the strand binds to immobilized
oligonucleotides nearby, forming a ‘bridge’ (Figure 1.2). Denaturation of the DNA and
subsequent repeat of this process leads to the amplification of the sample DNA and formation
of clusters on the solid surface. For sequencing, added nucleotides are labelled at the 3’-end
with fluorophores for detection (different for each kind of nucleotide) and prevention of
further nucleotide-incorporation (termination). Thus, all four kinds of nucleotide can be added
at once, but only one is incorporated by polymerase and can be detected by its specific label.
After detection (by laser) the fluorophore is removed and further nucleotide-incorporation in

the next flow is possible.

Figure 1.2: Schematic representation of bridge amplification

Sample DNA binds to immobilized oligonucleotide. Subsequent generation of
complementary strand and binding to another oligonucleotide nearby leads
to ‘bridge’. Separation of the now double-stranded DNA und repeating of this
process amplifies the DNA and forms clusters of copies of the same DNA
sample.
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Onthe one hand, the popular second generation procedures for sequencing genome-size DNA
(454, lllumina, SOLID (454 read length improved)) produce higher coverages than the first-
generation technologies, but also shorter reads with an higher error rate (Hutchison, 2007;
Liu, et al., 2012; Fullwood, et al., 2009). While the higher error rate might be compensated by
the higher coverage, the brevity of the reads often is the cause of assembly problems at
repetitive sequence regions, which cannot be spanned by short reads. To reduce this
disadvantage of these methods, it is possible to combine them with paired-end-sequencing
(IMumina generally works with paired reads). At this technique, pieces of DNA with certain
(and known) length are circularized and fragmented (Figure 1.3). The fragments containing
the ligated ends of each sequence piece are sequenced and provide a pair of sequence reads,
whose distance is known. This information can be used in an assembly to close gaps, which

cannot be spanned by short single reads (see chapter 1.2.2).
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Figure 1.3: Schematic representation of generation of paired reads

Biotinylated adaptors are added to both ends of double stranded DNA to
facilitate binding of the two ends to each other. Nebulization and subsequent
washing retrieves fragments containing the biotin label and thus the
sequence fragments, which are located at the ends of the original sequence.

Source: (Bentley, et al., 2008), Figure 1

The latest (third) generation of sequencing technologies (TGS) handles larger read lengths and
facilitates spanning over repeats and is represented by Pacific Biosystems (PacBio) and Oxford
nanopore technology (ONT) (Ashton, et al., 2015; Cao, et al.,, 2017; Eid, et al., 2009;
Mayjonade, et al., 2016; Chen, et al., 2015; Laver, et al., 2015). These technologies work with
average read lengths about 3k, but can reach lengths of several ten or hundred thousand
nucleotides per read (Lu, et al.,, 2016; Chen, et al., 2015). One recent example of third
generation sequencing is the amplification-free retrieval of the M13 virus genome with a size

of about 3.700 nt using single molecule sequencing technology (Zhao, et al., 2017).
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As example, the ONT is explained here. The library preparation of the ONT differs massively
from the NGS preparations. At first, sample DNA is sheared and repaired if necessary (Lu, et
al., 2016). Then adapters are added to the two ends of the molecule: A leader adapter at the
5’-end and a hairpin adapter at the 3’-end (connects both strands if dsDNA is used) (see Figure

1.4). Starting at the leader adaptor, dsDNA is unzipped, and the forward strand is led through
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Figure 1.4: Schematic representation of library preparation of ONT

Leader and hairpin adapter are ligated to the sheared sample DNA.
Unzipping of dsDNA and sequencing starts at the leader adapter (A).
The hairpin adapter (B) connects both strands and facilitates
sequencing of the complement strand.

Source: (Lu, et al., 2016), Figure 2

the nanopore. When the hairpin adapter is reached and if dsDNA is used as sample, the
complement strand is also led to the nanopore. Nanopores are located at a membrane (512
pores per membrane) where a voltage is applied. A DNA-molecule, which passes a nanopore,
changes the current, which can be measured (several thousand times per second). This
measurement leads to sequences of “events” (changes of the ion current), whereof 5- or 6-
mers are calculated with a Hidden Markov Model (see chapter 1.2.2) to generate a path
representing reads of the sample DNA. These reads initially can contain base errors of
25 —35% at ssDNA (1D-reads) and 12 —20% at dsDNA (2D-reads). For comparison, the error
rate of the PacBio technology is about 10 — 15%. Subsequent error correction is able to reduce
this error rate to about 0.5% as demonstrated at the genome of E. coli K-12 MG1655.Further
developments and improvement of this sequencing technology try to reduce the initial error

rate.
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Beginning with two sequenced bacterial genomes in 1995 (Haemophilus influenzae
(Fleischmann, et al.,, 1995) and Mycoplasma genitalium (Fraser, et al., 1995)), the first
Streptococcus pyogenes (M1) (Ferretti, et al., 2001) and Streptococcus pneumoniae (TIGR4 and
R6) (Tettelin, et al., 2001; Hoskins, et al.,, 2001) genomes were published in 2001.
Improvement of sequencing technologies and reduction of costs and sequencing duration
during the last two decades led to tens of thousands of bacterial genomes today, assembled
from a vast number of sequence data (Land, et al., 2015). The S. pneumoniae data base alone
(https://www.ncbi.nlm.nih.gov/genome/genomes/176) lists 8.514 of genomes to date

(November 2019).
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1.2.2 Genome assembly

The sequencing techniques used for the current work belong to the next generation
sequencing (NGS) and thus, the assembly process of NGS generated data will be described

here.

Sequencing produces sequence reads representing the nucleotide sequence and further
information like quality or pair information. To obtain a genome sequence, these fragments
have to be assembled, which is possible, when the sequence information of all sequence reads
covers the size of the real sequence and if there is an overlap of the reads. However, if
sequence reads are shorter than repetitive sequence regions, which are present in almost all
bacterial genomes, the assembly of this region is problematic as described below and has to
be solved otherwise. The task of an assembly is the grouping of sequence reads into contigs
and scaffolds (also called supercontigs or metacontigs), where contigs represent multiple
alignments of reads and their consensus sequences and scaffolds represent these contigs in

defined orientation and order as well as the size of gaps between contigs (Miller, et al., 2010).

The assembly of NGS data is generally performed by NGS assembler software. This kind of
software is based on so called graphs and can be divided into three groups using several forms
of graphs: De Bruijn graph (DBG), overlap/layout/consensus (OLC) and greedy graph. Common
to assemblers using these types of graph is a pre-processing of reads to reduce possible errors,
a simplification during or after graph generation, including usage of information from outside
the graph, and the generation of consensus sequences for contigs and scaffolds (Miller, et al.,

2010).

A graph is a set of nodes and edges and can be used as abstraction for sequence data
processing. A collection of edges visiting nodes in a certain order is called path. The complexity
of a graph is determined by the size and repeat structure of the sequenced genome (Miller,
et al., 2010; Nederbragt, 2010). According to the underlying sequence, the graph may contain
so called spurs, which are diverging dead-end branches, for example induced by sequencing
errors at read end or zero coverage. Bubbles are diverged branches, which converge back to
the “main” branch, induced by mid-contig sequencing errors and polymorphism. Repeats

might induce a frayed rope pattern when a converged branch is diverging again. They also
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might induce cycles, paths converging on themselves. Such divergences and convergences

enlarge the complexity of a graph (see Figure 1.5) (Miller, et al., 2010).
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Figure 1.5: Schematic representation of graph complexity

Nodes of a graph might be connected not only in a straight sequential
manner, but also in more complex forms like (a) “spurs”, (b) “bubbles”, (c)

“frayed rope” or other.

Source: Miller et al. 2010, Figure 3.

OLC graphs needs pre-calculation of all-against-all pairwise alignments of sequence reads. The
graph itself represents the reads (nodes) and their overlaps (edges). Paths through the graph
form potential contigs. Usually, the workflow of assemblers using OLC graphs consists of three
main steps. During the first step overlaps of all reads are estimated. After this, a graph is
constructed and adjusted. The third step is a multiple alighment and the generation of a
consensus sequence per path and thus contig. An assembler using OLC graphs for example is

Newbler (Margulies, et al., 2005; Miller, et al., 2010).

Originally developed for representation of string sequences, the DBG represents all possible
fixed-length substrings at nodes and identical suffixes and prefixes of nodes at edges. A special
and popular form of DGB is the K-mer graph (K-mer = substring of length K), using a fixed
length of pre- and suffixes. The nodes of a K-mer graph during assembling WGS data represent
sequence reads, while edges represent identical pre- and suffixes of these reads. Due to these
identical alignments, K-mer graphs are more sensitive to repeats and sequencing errors than
OLC graphs. An assembler using DBG/K-mer graphs is for example Velvet (Zerbino, et al., 2008;
Miller, et al., 2010).

Assemblers using greedy graphs use a very stringent form of OLC or DBG graph. A read is only
joined with a read with the highest score. This is repeated while possible. An assembler using

the greedy algorithm is for example SSAKE (Warren, et al., 2007; Miller, et al., 2010).

21



Introduction

The certainty of assemblies can be improved by so called paired ends (also called mate pairs),
which also aid in gap closure and linkage of contigs to scaffolds. At least from 1981 on (Hong,
1981), paired ends are used in variations for several applications (Fullwood, et al., 2009; Hong,
1981; Collins, et al., 1984; Fleischmann, et al., 1995; Bentley, et al., 2008). Common to all is
the core principle of circularizing DNA of a certain length, where the latter paired sequence
fragments are linked and sequenced together. During assembly, such read pairs can be used
for estimation of the average distance between paired sequences, when both fragments are
located within the same contig (Miller, et al., 2010; Nederbragt, 2010). This information can
be used to estimate the gap size between not overlapping contigs, where each contig contains
a fragment of at least one pair (Miller, et al., 2010; Nederbragt, 2010). These gaps are filled
up with the indicator for ambiguous nucleotides (‘N’) (Miller, et al., 2010; Nederbragt, 2010;
Fullwood, et al., 2009).

An alternative to a de novo assembly is a mapping of the reads using a reference sequence.
This is useful to detect single nucleotide polymorphisms (SNPs, substitutions) and deletion and

insertion polymorphisms (DIP, indel) between closely related organisms (Miller, et al., 2010).

The assembly procedure in detail is dependent on the used assembler. Most of the assemblies
used for the current work were performed with gsAssembler (Newbler) (Margulies, et al.,
2005) version 2.6 and thus some properties of the procedure are described here. Initial to the
assembly, Newbler generates so-called seeds from each read (Nederbragt, 2010). These seeds
are sequence fragments of a certain length and position within a read and thus, each read
contains a defined set of seeds. Differ two reads in their sequence but not in their seed-set
due to differences in the sequence between seeds, then seeds can be extended until the two
sets differ. This happens dynamically and automatically during joining reads at similar or equal
ends (dependent on program parameters). Reads are removed from assembly, if their ends
do not overlap with other reads (singletons) (454 Life Sciences Corp, 2009). Furthermore,
Newbler removes sequence repeats from assembly, when more than 70% of the seeds of one
read have an identity of at least 70% to the seeds of another read. Apart from that, partial
repetitive reads are used in the assembly. So-called outlier, problematic reads e.g. due to
chimeric sequence, are also removed from assembly as well as too short reads. The result of
removal and joining of reads are so-called contigs (from ‘contiguous’), sequence fragments

composed of several overlapping reads (compare description of graphs above). A problem
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occurs, when overlapping read fragments continue in different sequence contents, e.g.
because the single sequences might be located at distant positions within the genome. In this
case the consensus sequence of the reads is split, and the fragments are assigned to several
contigs (Figure 1.6). Especially repetitive sequences or such with a high number of copies
within the genome like insertion sequences (IS) or RNA are often cause of segregation of
contigs and reads. After the assembly has finished, the resulting contigs are written into

output files.

Contig 1

Contig 2 Contig 3

Figure 1.6: Scheme of reads spanning several contigs

Partially overlapping reads lead to a branching of the graph and
the consensus sequence is thus split into fragments which are
assigned to several contigs.

Source: Nederbragt, 2010
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1.2.3 Sequence errors

Based on the used sequencing technology as well as the sequenced object, several errors

might occur during assembly (and preceding sequencing).

A major problem of assemblers are repeat regions, especially at the processing of short reads,
resulting in ambiguous assignment of reads. Some repeats might be bridged by so called
spanners, reads longer than the repeat and containing unique sequences at each end.
Furthermore, paired reads might contribute to the solution of this problem, when one
member of a pair is located in unique sequence outside the repeat. If the repeats are not
exact, a more stringent alignment might also reduce the problem. In general, shorter reads
are not appropriate to solve repeat regions. The problem is worsened by sequencing errors.
Increased error tolerance of the assembler software would increase the rate of correctly
assembled reads, but also the rate of false positive alignments, especially at non-exact
repeats. While sequencing technologies do not provide error-free data, assemblers cannot
work stringent and a certain uncertainty regarding repeats will continue. Repeats,
polymorphisms and sequencing errors may lead to increased graph complexity during
assembly (Miller, et al., 2010). For the first complete genomes, gaps were filled by manually
sequencing using primers that match the ends of contigs (see (Hoskins, et al., 2001;

Reichmann, et al., 2011; Denapaite, et al., 2010)).

Detection of the signal intensity during 454 sequencing causes inaccuracies due to the
underlying technology (Margulies, et al., 2005; Brockman, et al., 2008; Luo, et al., 2012;
Ronaghi, 2001). Read errors occur by over- or undercalls rather than miscalls during flowgram
calculation (Huse, et al., 2007). Over- or undercalls emerge, when the calculated value differs
by at least 0.5 units from the real amount of the affected type of nucleotide and rounding
errors are generated. The rounding errors cumulate by increasing stretch length of one type
of nucleotide. Consequently, the sequences of the generated contigs from different genomes
may contain homopolymer stretches of different lengths in homologous regions, which may
result in artificially disrupted genes. For sequence confirmation, these stretches have to be
determined by another sequencing method. Some assemblers like Newbler are able to reduce
the amount of such under- and overcalls by calculating more precisely the length of a
homopolymer stretch at increasing coverage (Miller, et al., 2010). At lllumina/Solexa

sequencing, error rates in homopolymer stretches are not increased compared to other
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sequence regions albeit polyA- and polyT-stretches contribute to an increased overall error
rate by protracted (carry forward) errors, as well as repeat regions as mentioned above and

GC-content of the sequenced genome (Dohm, et al., 2008).

Using Illumina/Solexa sequencing technology, detection errors also may occur. Different from
454 technology, where only one type of nucleotide is added per time, all four bases are added
per time for sequence generation and detection at this technology. The nucleotides G and T
are detected with the same laser, distinguished only by signal strength, as well as the
nucleotides A and C. Thus, it is not surprising, that substitution of G by T and A by C seem to
be the most frequent substitution errors (26 - 43% (Dohm, et al., 2008)). It was found, that
errors are preferentially located at positions after a G-rich sequence region, which indicates
problems of incorrect flushing between the sequence elongation steps and thus incomplete
de-protection and removal of fluorophore from the formerly added nucleotide (Dohm, et al.,
2008). Protected nucleotides inhibit the incorporation of the subsequent nucleotide and lead
to erroneous sequence data (Dohm, et al., 2008). In addition, one or more Gs prior to a SNP

hint at a possibly wrong base call (Dohm, et al., 2008).

The overall error rate differs depending on the used sequencing technology. So, the error rate
of 454 generated sequences concerning indels is approximately 0.31% (50% of which are in
homopolymer stretches) (Huse, et al., 2007) and in sequences generated by Illlumina/Solexa
technology less than 0.01% (thereof about 25% in homopolymer stretches with at minimal

length of four) (Dohm, et al., 2008).

As ambiguous bases generally indicate erroneous reads, removal might drop the overall error

rate and improve assemblies and mappings (Huse, et al., 2007).

A difference between the 454 and lllumina/Solexa sequencing technologies is the different
meaning of the per base quality score provided with each of these methods. While the 454
score indicates the probability of correct homopolymer length, the Illumina/Solexa score
indicates the probability of correct base call. Despite the different meaning of quality scores,

higher values indicate fewer error rates (Huse, et al., 2007; Dohm, et al., 2008).
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1.2.4 Recognition and annotation of genomic features

There are several methods and programs to identify and describe structures within a genome
sequence, i.e. to annotate a given sequence. These structures can be protein coding
sequences (CDS), RNA genes, repeat regions, phages or other genomic features. Examples for
annotation software are the PGAP (NCBI prokaryotic genome annotation pipeline) (Tatusova,
et al., 2016) or the RAST (rapid annotation using subsystem technology) pipeline (Aziz, et al.,
2008). Both pipelines employ partially different but also similar methods and algorithms to

determine genomic structures. These methods are described here representatively.

For prediction of protein coding genes, both pipelines use programs (e.g. Glimmer (Salzberg,
et al., 1998; Delcher, et al., 1999) and GeneMarkS (Besemer, et al., 2001)), which are based on
so called Markov models (MM). In general, MM are sequences of random variables, whose
occurrence probability is only determined by a certain number of preceding variables
(Delcher, et al., 1999). Applicated for DNA sequences, this means that the probability of one
nucleotide is determined by its predecessors (Delcher, et al., 1999). These preceding
nucleotides are called the context of this nucleotide (Delcher, et al., 1999). There are several
variants of MM, where 5™-order MM (five preceding nucleotides; fixed order MM) have
turned out to be effective for the prediction of bacterial genes (Delcher, et al., 1999; Audic, et
al., 1998; Borodovsky, et al., 1995). Disadvantage of these fixed-order MM is that they are
only reliable if enough training data are available (Salzberg, et al., 1998; Delcher, et al., 1999).
To solve this problem, interpolated MM (IMM) use different context lengths up to 8™ order
only with enough training data. The interpolation of a linear combination of probabilities
calculated from different context lengths and context weight, which depends on the oligomers
occurrence frequencies, result in more accurate gene predictions than with fixed-order MM
(Salzberg, et al., 1998; Delcher, et al., 1999). In addition, Glimmer and GeneMarkS produce
three IMM (3-periodic MM) per strand to cover all three frames (Salzberg, et al., 1998;
Delcher, et al., 1999; Besemer, et al., 2001). To resolve gene overlaps, Glimmer compares the
scores of the single genes and the overlap region and, if possible, moves the start position of
the genes, to decide which of both genes remains in the annotation (Salzberg, et al., 1998;
Delcher, et al., 1999). In contrast, GeneMarkS employs heuristically scored models (heuristic
MM; HMM) using e.g. ribosomal binding sites (RBS) and spacer lengths (sequence between

RBS and supposed gene start) to predict correct gene starts (Besemer, et al., 2001). Compared
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to each other, Glimmer and GeneMarks identify about the same number of genes (Delcher, et

al., 1999; Besemer, et al., 2001).

To detect RNA genes, other approaches are applied. For transfer RNA (tRNA), tools like
tRNAScan-SE (Lowe, et al., 1997) are used. tRNAScan-SE was designed to determine eukaryotic
RNA genes but is also usable for other organisms (Lowe, et al., 1997). This program works in
three steps. At first, the core tRNAScan program (Fichant, et al., 1991) is applied together with
an algorithm (Pavesi, et al.,, 1994), which determines tRNA genes by recognition of two
intragenic control sequences, the transcription termination site and the spacer between them
(Lowe, et al., 1997; Pavesi, et al., 1994). The covariance search model program covels (Eddy,
et al.,, 1994) then tries to validate the predicted tRNA genes with the Spinz/ database
(Steinberg, et al., 1993), which contains sequences of tRNA genes (Lowe, et al., 1997). During
the third step, the validated sequences are used by the covariance model global structure
alignment program coves (Eddy, et al.,, 1994) to predict secondary structures, where
anticodons are tried to be determined (Lowe, et al., 1997). The usage of heuristic data helps

to determine pseudogenes (Lowe, et al., 1997).

Besides homology searches in databases (Tatusova, et al., 2016) like Rfam (Griffiths-Jones, et
al., 2005; Nawrocki, et al., 2015) or usage of private tools (Aziz, et al., 2008), already existing
tools like Infernal (Nawrocki, et al., 2013), which allows search of RNA in databases and
generation of multiple sequence and structural alignments of RNA and is based on hidden
Markov models (HMM) and covariance models, are applied to determine putative ribosomal

RNA (rRNA) sequences.

The PGAP pipeline identifies core proteins of the pan-genome of a specific prokaryotic clade,
which is predetermined or determined by ribosomal markers. After clustering them with
USearch (Edgar, 2010), the proteins of this set are used as so-called footprints for GeneMarkS
(Besemer, et al., 2001) to determine proteins in a new genome. Furthermore, RNA genes are
determined using Rfam (Griffiths-Jones, et al., 2005; Nawrocki, et al., 2015) and BLASTN
(Altschul, et al., 1990) (see below) and a family of repetitive regions (clustered regularly
interspaced palindromic repeats; CRISPRs) with the especially designed CRISPR recognition
tool CRT (Bland, et al., 2007) and PILER-CR (Edgar, 2007). Phages are recognized using a
database containing phage and plasmid proteins with TBLASTN (Altschul, et al., 1990) and

ProSplign (Sayers, et al., 2011). Protein genes detected by these previous steps are passed as

27



Introduction

footprints or hints to GeneMarkS for further determination and confirmation, where also RNA

genes are taken into account (Tatusova, et al., 2016).

The RAST pipeline uses Glimmer2 (Delcher, et al., 1999) to identify proteins independent on
the correct start codon. These predicted proteins are compared to a set of FIGFams, which are
universal in most prokaryotes to determine the closest neighbours of the current genome. A
FIGFam is a set of proteins, which share a family function and a decision procedure for adding
new proteins. The predicted proteins are searched within the FIGFams of the closest
neighbours and the start positions as well as overlaps of the encoding genes are corrected if
necessary. Predicted proteins, which cannot be found among this set of FIGFams, are searched
against the whole manually curated FIGFam database. tRNA genes are determined by usage
of tRNAScan-SE (Lowe, et al., 1997), while rRNA genes are determined by an internal tool
called search _for rnas. Besides download of the annotated sequence, browsing and
comparing this genome with other genomes is provided by RAST, as well as download of
additional information like subsystem collection, where a subsystem is a set of functional
roles, which describe special biological processes or complex structures (Overbeek, et al.,

2005; Aziz, et al., 2008).

Another attempt of annotating genomes is the transfer from a reference sequence by
extraction of annotated features, which are searched for in the sequence to be annotated.
This attempt needs no underlying database and corresponding tools are introduced by RATT

(rapid annotation transfer tool) (Otto, et al., 2011).

Looking at the described excerpt of annotation pipelines and software, the underlying
methods are rather similar, although differing in their final application and further
improvements. The choice, which tool to use for annotation, depends on the current needs of
the annotating researcher. Genomes used in the current work were annotated using RATT,
RAST, manual transfer from similar genomes or databases (in case of small RNA or
finalization). Although the annotation software is still improving and becomes more reliable,

none of the methods are free of errors.
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1.3 Analysis

Depending on the particular question, there is a variety of possibilities to analyse the retrieved
sequence information. Besides statistical analyses like determination of GC-content which can
be used to determine the DNA melting temperature (Yakovchuk, et al., 2006) or potential sites
of recombination (Lassalle, et al.,, 2015)), codon usage (relevant to predict translation
efficiency) (Chaney, et al., 2015; Hockenberry, et al., 2014) and other (Song, et al., 2014),
mostly sequence alignments are used. Alignments are comparisons of character strings, which
might represent DNA, RNA or amino acid sequences. During such an alignment of two

sequences and based on substitution matrices and gap introduction and extension costs, one

CLUSTAL 2.1 multiple sequence alignment
sequencel AGCATGTTCTCCCTCCTACAGTTACATCCTGTTCAATCATGCTGCCTGATCCCTCTGCTA
sequence3 AGCATGTTCTCCCTC-TACATTTACATCCTGTTCA-TCATGCTGCCTGATCCCTCTGCTA A
sequence?2 AGCATGTTCTCCCTC-TACACTTACATCCTGTTCAATCATGCTACCTGATCCCTCTGCTA
sequence4 AGCATGTTCTCCCTC-TACATTTACATCCTGTTCAATCATGCTGCCTGATAAATCTGCTA
sequenceb AGCATGTTCTCCCTC-TACACTTACATCCTGTTCAATCATGCTGCCTGATAAATCTGCTA
hkkhkhkhkhhkhkhhkkhkhkhkhkh hhkkh *hhkhkkhkhkrkhkhhhrhkhx hhkhkhkhrkhkx hrkkhxx * ok ok ok ok ok ok

CLUSTAL 0O(1.2.4) multiple sequence alignment

sequence3 —~AGCATGTTCTCCCTCTACATTTACATCCTGTT-CATCATGCTGCCTGATCCCTCTGCTA 58
sequencel AGCATGTTCTCCCTCCTACAGTTACATCCTGTTCAATCATGCTGCCTGATCCCTCTGCTA 60
sequence?2 -AGCATGTTCTCCCTCTACACTTACATCCTGTTCAATCATGCTACCTGATCCCTCTGCTA 59 B
sequence4 —AGCATGTTCTCCCTCTACATTTACATCCTGTTCAATCATGCTGCCTGATAAATCTGCTA 59
sequenceb -AGCATGTTCTCCCTCTACACTTACATCCTGTTCAATCATGCTGCCTGATAAATCTGCTA 59

* * % khkkkk hkhkkkkkkkkkkk Kk hkkkkkkk Kk kkkk * ok Kk ok ok ok ok
1 50 60

sequencel AGCATGTTCT CCCTCCTACA GTTACATCCT GTTCAATCAT GCTGCCTGAT CCCTCTGCTA
sequence?2 AGCATGTTCT CCCTC.TACA CTTACATCCT GTTCAATCAT GCTACCTGAT CCCTCTGCTA
sequence3 AGCATGTTCT CCCTC.TACA TTTACATCCT GTTCA.TCAT GCTGCCTGAT CCCTCTGCTA (:
sequenced4 AGCATGTTCT CCCTC.TACA TTTACATCCT GTTCAATCAT GCTGCCTGAT AAATCTGCTA
sequence5 AGCATGTTCT CCCTC.TACA CTTACATCCT GTTCAATCAT GCTGCCTGAT AAATCTGCTA

Consensus AGCATGTTCT CCCTC.TACA .TTACATCCT GTTCAaTCAT GCTgCCTGAT cccTCTGCTA

Figure 1.7: Examples of sequence alignment results

The result and output format of sequence alignments depend on the underlying mechanism. The example shows multiple
alignments of the same set of test sequences using several aligners: ClustalW (A) (Thompson, et al., 1994), ClustalO (B)
(Sievers, et al., 2014; Sievers, et al., 2014) and Multalin (C) (Corpet; Corpet, 1988) with “-“ (A, B) and “.” (C) representing
gaps. As demonstrated at (A) and (B), matching characters might be marked (here as “*”) or a consensus sequence is
generated as demonstrated at (C).
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sequence is tried to be converted into the other sequence (Henikoff, et al., 1992; Miyazawa,
et al., 1993; Koshi, et al., 1995; Schneider, et al., 2005; Dayhoff, et al., 1978; Agrawal, et al.,
2011; Edgar, 2009; Waterman, et al., 1992). If necessary, gaps can be introduced for alignment
purposes. The required steps of this transformation determine the alignment score. The
consensus sequence is a representation of the alignment result and describes each compared
character position using sequence characters or similarity symbols (match, mismatch, gap,
etc.) (Waterman, 1986). Several tools (e.g. ClustalW (Thompson, et al., 1994), Clustal Omega
(ClustalO) (Sievers, et al., 2014, Sievers, et al., 2014), Multalin (Corpet; Corpet, 1988), Blast
(Altschul, et al., 1990)) are available for sequence alignments and a variety of possible
applications like usage during assembly (see above), searches of sequences or patterns (see
below) within single sequences or sequence collections (see
https://blast.ncbi.nlm.nih.gov/Blast.cgi). Depending on the underlying algorithm and matrix,
the results can differ in content and format (see Figure 1.7). The several alignment algorithms
can be broadly separated into local and global alighments. Global alignments calculate
comparison and score for the whole sequences and are used for sequences of similar length
and assumed high homology (Polyanovski, et al., 2011). At the other hand, local alignments
determine the fragments of both sequences with the highest score, which otherwise would
get lost in the global score. The most established and basic algorithms are the Needleman-
Wunsch algorithm (Needleman, et al., 1970) and the Smith-Waterman algorithm (Smith, et
al., 1981).

A multiple sequence alighnment is an extended form of the pairwise alignment of two
sequences, where alignments are processed in any (e.g. progressive or iterative) manner, to

produce reasonable results in improved processing time (Mount, 2001).

A further form of alignment and also used in many other fields of daily life is the search for
DNA and protein sequences with patterns. Patterns are sequences providing a certain
variability by using wildcards and variable lengths and are used by a variety of tools like

PatMatch (Yan, et al., 2005) or tools of the EMBOSS software suite (Rice, et al., 2000).

Pairwise and multiple alignments facilitate the determination of exchanges, deletions or
insertions of single nucleotides (single nucleotide variations, SNVs) referred to a reference
sequence, but also of larger sequence regions and make statements possible concerning

relationship of several strains or species as well as evolution and horizontal gene transfer.

30



Introduction

Analyses are not restricted to the raw sequence, but also applicable to the level of identified
or annotated genes and derived proteins. For example, genotyping methods like MLST (multi
locus sequence typing) (Enright, et al., 1999) are capable to identify strains initially and assign
them to certain taxa depending on the number of sequence deviations (Xu, et al., 2011;
Margos, et al., 2018). One question that can be addressed now given the large number of
genome data of individual bacterial species is the definition of the core genome (genes
present in all strains of a species), the accessory (or dispensable) genome (genes present only
in some strains and their putative origin) and the pan genome, representing all genes of
(Tettelin, et al., 2005; Guimaraes, et al., 2015)). For the definition of the core genome, it is
reasonable to tolerate a certain variability of the sequences, i.e. define a minimum similarity

(Pearson, 2013).
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1.4 Visualisation

There are several tools for visualization of sequences, sequence comparisons/alignments and
so on. The ones mainly used in the current work are the tools Artemis (Carver, et al., 2012)
and the Artemis comparison tool (ACT) (Carver, et al., 2005). Artemis is capable of displaying
single protein and DNA/RNA sequences — also whole genomes —including several features like
CDS or genes. Furthermore, it contains a broad palette of functions for analysis, editing and
annotation. ACT extends the functionality of Artemis by displaying two or more sequences and
their differences or homologies (BLAST table). An example can be seen at Figure 1.1. Both
programs run platform-independently due to their implementation in Java and without

installation.
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1.5 Goals and work objectives

The work presented here concerns detailed genome comparisons of clones and strains of the
species Streptococcus pneumoniae and with related species in respect of similarities and

differences also in regard to structure and spread of virulence and resistance.

The possibility to generate genome sequences with increasing speed and quantity leads to
problems regarding the enormous and barely to handle amounts of data. Besides the quantity
of data, the underlying sequencing technologies bring along their own problems. Two
representatives of such technologies are the 454- and the lllumina-technology. In the present
work, genomes were generated by either one of these sequencing methods to investigate
changes in the assembled genomes, that are observed between strains belonging to one clone
of S. pneumoniae (publications | (Rieger, et al., 2017) and Il (Rieger, et al., 2017) ), that occur
in one S. pneumoniae strain after transformation with DNA from other species (publication IlI
(Todorova, et al., 2015)) and genomic differences between streptococcal species of the
viridans group with emphasis on virulence factors described in S. pneumoniae and cell surface
components (publications IV (Denpaite, et al., 2016) and V (Tettelin, et al., 2015)). The
challenges in such analyses include the definition of SNPs and Indels, and regions of high
variability signifying potential sites of recombination with DNA of other species as the result
of horizontal gene transfer. Moreover, the identification of altered sites due to sequencing
errors which is especially important for SNP definition has been addressed, an issue which is

often neglected in many publications.

Sequences described in publications (1) and (IV) were sequenced with 454-technology and
Illumina-technology has been applied in publication (II) and (lll). Since all sequences were
assembled with the same software, the gsAssembler of Roche, also known as Newbler, which
initially was developed to process 454-Data, the question was whether it is possible to

compare the used datasets.

Analyses performed after, during and prior to assembly depend on their purposes. Many of
them include sequence alignments in a more or less stringent manner. While for example SNV
(single nucleotide variations) analysis needs strict settings to not miss single nucleotide
mismatches, analyses of core or dispensable genomes need to be more tolerant against

differences to a certain degree to bundle genes or proteins with a similar sequence.
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Streptococcus pneumoniae, a naturally transformable organism and the main target of the
present work, represents a perfect example to study genomic variability within clones and
between closely related species to further our understanding on the evolution of antibiotic

resistance and the pathogenicity potential associated with this particular bacterium.

In publication | and its unpublished material, SNP retrieval as well as unaligned regions were
analysed in detail, and the gene content was examined to investigate whether strains of one
S. pneumoniae clone ST10523 associated with a cystic fibrosis patient differ from a strain of
the same clone that was obtained from a non-cystic fibrosis host. Differences of virulence
factors were of special interest due to their contribution to survival within a host. Similar
analyses were performed in three strains of a high-level penicillin and multiple antibiotic
resistant S. pneumoniae clone Hul9A-®, a rare example where one member of a clone was
antibiotic sensitive (I). In this case, the focus was on components involved in penicillin
resistance in addition to virulence factors. The identification of highly variable regions was
important to specify regions introduced via transformation and recombination using the
laboratory strain S. pneumoniae R6 as recipient (lll). The definition of the core genome was
important to determine species specific features comparing a wide variety of streptococcal
species in publication (IV) and to clarify the speciation of S. pneumoniae and closely related

species as reviewed in (V).

In all publications emphasis was also placed on penicillin binding proteins (PBPs), a paradigm

for mosaic genes as a result of horizontal gene transfer involving different species.
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2 Scientific papers
2.1 Long persistence of a novel Streptococcus pneumoniae 23F clone in a cystic
fibrosis patient

Martin Rieger, Harald Mauch and Regine Hakenbeck. mSphere Jun 2017, 2 (3) e00201-17;
DOI: 10.1128/mSphere.00201-17

Summary:

Over a period of 37 months, seven streptococcal isolates were extracted from a cystic fibrosis
(CF) patient. All isolates showed intermediate penicillin resistance and belonged to the S.
pneumoniae serotype 23F clone ST10523. Since S. pneumoniae is not known to be a persistent
colonizer, the first (D122) and the last (D141) isolate were sequenced to investigate genomic
differences, especially in respect to pneumococcal specific virulence factors, that might
explain the unusual long persistence of this clone. Another member (D219) of this clone, which
was isolated from another patient at another location, was also sequenced and used for

comparative analysis.

The penicillin binding proteins (PBP) PBP2x, PBP2b and PBP1a, which play an important role
in penicillin resistance, were identical in all three genomes and unique compared to other
S. pneumoniae except for PBP1a which was identified in one S. pneumoniae strain HMC3243.
Most interestingly, a mosaic block of PBP2x was found in another isolate (S. mitis B93-4) from
the same host, indicating horizontal gene transfer from S. pneumoniae to S. mitis. Amino acid
changes associated with the PBP alleles of ST10523 agree with the intermediate penicillin

resistance of this clone.

All pneumococcal major virulence factors were present in the ST1023 isolates and identical or
highly similar to the laboratory strain S. pneumoniae R6, except for a pspA variant encoding a
choline-binding protein. One remarkable difference was found in the hyaluronidase gene hlyA,
which contains deletions within the promoter region and the coding region and thus appears

to be non-functional.

In addition to almost 200 SNVs present in the S. pneumoniae D219 genome compared to those

of S. pneumoniae D122 and D141, S. pneumoniae D219 contains a phage relict and a prophage
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carrying at least two genes putatively involved in virulence. Furthermore, S. pneumoniae D219
carries a cluster of five genes, which is missing in the other two isolates. No ST10523 specific

genes were found.

The presence of a non-functional hyaluronidase and the lack of the prophage containing
putative virulence factors might contribute to the long persistence of S. pneumoniae

D122/D141 strains in the CF patient.

Own contribution to the paper:

Assembly of sequence reads and final generation of genome sequences from assembled
contigs including annotation of the three S. pneumoniae ST10523 isolates (D122, D141 and
D219) and submission of genome sequences to the NCBI database. Comparative analysis of
the three genomes including single nucleotide variation (SNV) retrieval and analysis of
diverging sequence regions. Manual SNV retrieval and confirmation of results of automatically
performed analysis by a newly developed wrapper tool. Detailed comparison of the serotype
23F capsule of the ST10523 genomes with the capsule cluster of S. pneumoniae ATCC 700669
(Acc. No. NC_011900; afterwards referred to as 23F) (Croucher, et al., 2009). Individual
analysis of single virulence factors. Extraction of coding regions and deduction of proteins for
determination of proteins specific to the ST10523 clone by comparison with other

S. pneumoniae genomes. Unpublished work is described in chapter 3.1.
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Long Persistence of a Streptococcus
pneumoniae 23F Clone in a Cystic
Fibrosis Patient

Martin Rieger,* Harald Mauch,® Regine Hakenbeck®
Department of Microbiology, University of Kaiserslautern, Kaiserslautern, Germany?; HELIOS Klinikurm Emil Von
Behring, Berlin, Germany®

ABSTRACT Streptococcus pneumoniae isolates of serotype 23F with intermediate
penicillin resistance were recovered on seven occasions over a period of 37 months
from a cystic fibrosis patient in Berlin. All isolates expressed the same multilocus se-
quence type (ST), ST10523. The genome sequences of the first and last isolates,
D122 and D141, revealed the absence of two phage-related gene clusters compared
to the genome of another $ST10523 strain, D219, isolated earlier at a different place
in Germany. Genomes of all three strains carried the same novel mosaic penicillin-
binding protein (PBP) genes, pbp2x, pbp2b, and pbpia; these genes were distinct
from those of other penicillin-resistant S. pneumoniae strains except for pbpla of a
Romanian S. pneumoniae isolate. All PBPs contained mutations that have been asso-
ciated with the penicillin resistance phenotype. Most interestingly, a mosaic block
identical to an internal pbp2x sequence of ST10523 was present in pbp2x of Strepto-
coccus mitis strain B93-4, which was isolated from the same patient. This suggests
interspecies gene transfer from S. pneumoniae to S. mitis within the host. Nearly all
genes expressing surface proteins, which represent major virulence factors of
S. pneumoniae and are typical for this species, were present in the genome of
ST10523. One exception was the hyaluronidase gene hlyA, which contained a 12-
nucleotide deletion within the promoter region and an internal stop codon. The lack
of a functional hyaluronidase might contribute to the ability to persist in the host
for an unusually long period of time.

IMPORTANCE Streptococcus pneumoniae is a common resident in the human naso-
pharynx. However, carriage can result in severe diseases due to a unique repertoire
of pathogenicity factors that are rare in closely related commensal streptococci. We
investigated a penicillin-resistant S. pneumoniae clone of serotype 23F isolated from
a cystic fibrosis patient on multiple occasions over an unusually long period of over
3 years that was present without causing disease. Genome comparisons revealed an
apparent nonfunctional pneumococcus-specific gene encoding a hyaluronidase, sup-
porting the view that this enzyme adds to the virulence potential of the bacterium.
The 23F clone harbored unique mosaic genes encoding penicillin resistance determi-
nants, the product of horizontal gene transfer involving the commensal S. mitis as
donor species. Sequences identical to one such mosaic gene were identified in an
S. mitis strain from the same patient, suggesting that in this case S. pneumoniae
played the role of donor.

KEYWORDS 23F clone, Streptococcus pneumoniae, cystic fibrosis, hyaluronidase,
penicillin-binding proteins, persistence

treptococcus pneumoniae is a common member of the commensal flora of the
nasopharynx, particularly in children. Carriage rates between 5% and 20% have
been observed in healthy children in Europe and the United States (1-3); however, high
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rates of over 80% are reported occasionally (4-6) and especially in developing countries
(7, 8). Carriage may lead to a variety of diseases, such as otitis media, pneumonia,
septicemia, and meningitis, especially in young children, elderly people, and immuno-
compromised patients (for a review, see reference 9). In fact, pneumococcal infections
cause more deaths than other infectious diseases worldwide. The pathogenic potential
distinguishes S. pneumoniae from other members of the group of viridans streptococci
(10).

Numerous virulence factors of S. pneumoniae have been described (for a review, see
references 11 and 12), but most of them are also present in the closely related
commensal Streptococcus species S. mitis, S. pseudopneumoniae, and S. oralis (13-15).
Typical for S. pneumoniae is the polysaccharide capsule, which is crucial for the
pathogenicity of this species. Over 90 capsular types have been reported, based on
biochemical and genetic analyses (16), and the potential to cause disease depends on
the serotype (ST) (17). Before introduction of pneumococcal conjugate vaccines (PCVs),
only a few serotypes accounted for the majority of invasive diseases, including types 4,
6B, 9V, 14, 18C, 19F, and 23F. The prevalence of serotypes changed after introduction
of the first seven-valent conjugated vaccine (PCV7) in 2000, which covered serotypes 4,
6B, 9V, 14, 18C, 19F, and 23F, followed later by PSV10, which also included serotypes 1,
5, and 7F, and by PCV13, with the additional serotypes 3, 6A, and 19A. Vaccination was
accompanied by the appearance of antibiotic-resistant clones expressing nonvaccine
serotypes (18). Other important virulence factors present in most S. pneumoniae strains
are the pneumolysin Ply, choline-binding proteins (CBPs), which include the autolysin LytA
as well as the variable CBPs PspA, PspC, and PspA, and the hyaluronidase HlyA (11, 12).

Due to its ability for genetic transformation, the genomes of S. pneumoniae isolates
are highly diverse and include a large accessory genome. The increasing number of
available genome sequences has provided an insight into the astounding repertoire of
genes available in the pan-genome of pneumococcus (19, 20). The current standard for
the definition of clones is based on comparative sequence analysis of housekeeping
genes, which are part of the core genome common to all strains of the species; the
methods is termed multilocus sequence typing (MLST) (21). The Streptococcus pneu-
moniae MLST database (https://pubmist.org/spneumoniae) listed 13,126 STs in Febru-
ary 2017. Different capsular serotypes may be found within one ST due to capsule
switching (22, 23). Genomes of an identical ST may vary considerably in their accessory
genome content (24).

We report here on a rare clone of serotype 23F S. pneumoniae representing isolates
with intermediate penicillin resistance which have been collected over a period of over
3 years from a patient in Berlin, Germany, with cystic fibrosis (CF); presence of the clone
was not associated with disease. The genome sequences of three isolates of the same
clone, including one isolate obtained from a different hospital in Germany, were used
for comparative analysis of penicillin resistance determinants, the penicillin-binding
proteins PBP2x, PBP1a, and PBP2b, and the main pneumococcal virulence factors.

1senb Ag 2102 ‘|1 dunp uo /Blo wse aiaydswy//:diy wolj papeojumoq

RESULTS

Twenty-nine S. pneumoniae isolates were obtained between 1992 and 1995 from the
Wannsee-Lungenklinik-Heckeshorn in Berlin. Seven of these isolates were recovered
from one CF patient over a period of 37 months and were not associated with disease
(Table 1). All seven strains expressed serotype 23F and showed identical antibiotic
resistance patterns that were distinct from patterns of the other 22 strains (data not
shown). MLST revealed that these seven isolates were members of the same clone of
a new ST, ST10523. Screening of our strain collection detected another member of
ST10523, strain D219, which was isolated in Leipzig, Germany, in 1989 (25). In order to
see whether special virulence factors are associated with this clone and whether the
isolates from the CF patient differed from D219, the genomes of the first (D122) and last
(D141) isolate from Berlin and of D219 from Jena were sequenced.

Antibiotic resistance and penicillin-binding proteins. All seven ST10523 strains
had intermediate resistance to beta-lactam antibiotics but were sensitive to tetracy-
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TABLE 1 Bacterial strains®

Species and Date of isolation S ey TET/CLO/ERY
isolate no.” (day/mo/yr) Site ST PEN-G CTX OXA susceptibility
S. pneumoniae (ST23F)

D122 27/07/1992 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/S/S

D127 8/4/1994 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/S/IS

D128 25/07/1994 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/SIS

D134 31/10/1994 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/S/IS

D136 9/1/1995 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/5/S

D139 9/5/1995 Sputum 10523 0.19-0.25 0.125-0.19 ND4 S/S/S

D141 1/8/1995 Nasopharynx 10523 0.19-0.25 0.125-0.19 4-6 S/S/S

D219 1989 Throat 10523 0.19-0.25 0.125-0.19 ND S/S/S
S. mitis

B8 1995 Oral cavity 0.12-0.2 0.006-0.03 0.5 S/S/S

B93-4< 1995 Oral cavity ND ND ND ND

B10 1995 Oral cavity 0.47 0.23 0.38 S/S/S
S. oralis

B11 1995 Oral cavity 8 2 96 R/S/(R)

a5, sensitive; R, resistant; (R) intermediate resistant. Drug abbreviations: PEN-G, benzylpenicillin; CTX, cefotaxime; OXA, oxacillin; TET, tetracycline; CLO,
chloramphenicol; ERY, erythromycin.

“All isolates were obtained from the Wannsee-Lungenklinik-Heckeshorn, Berlin, and from the same patient, except for D219, which was isolated in Leipzig (25).
“The strain could not be recovered after DNA isolation.

9ND, not determined.

cline, erythromycin, and chloramphenicol (Table 1). Since PBP2x, PBP2b, and PBP1a play
key roles in penicillin resistance, these genes were analyzed in detail to see whether
they are related to PBP alleles of other penicillin-resistant S. pneumoniae (PRSP) strains.
The PBP sequences of D219, D122, and D141 were identical and contained sequence
blocks that diverged from PBP genes of the penicillin-sensitive R6 laboratory strain by
~20%. They did not match any other PBP sequences in the NCBI database except for
pbpla (see below). Interestingly, the genomic regions containing pbp2x (spr302 to
spr307; yliC to elpl) and pbp2b (spr1513 to spr1517; mutT to pbp2b) contained a
significantly larger amount of single nucleotide polymorphisms (SNPs; >5.3%) in the
ST10523 strains than in the entire genome of the R6 strain, excluding variable genes
(<0.7%), indicating transfer of large sequence blocks flanking the PBP genes. Similar
observations have been reported previously (26). In contrast, flanking genes of pbpia
showed no signs of recombination events.

The PBP2x gene of ST10523 has a complex mosaic structure (Fig. 1). It contains
sequence blocks that are highly related (<<3% difference on the DNA level) to pbp2x of
putative penicillin-sensitive donor S. mitis strains M3, SV01, and NCTC10712 (27), in
addition to other divergent sequences of unknown origin (Fig. 1A). The deduced
protein sequence included mutations Aj;5 and Esg,, which are known to confer
resistance to beta-lactams; both amino acid changes are frequent in clinical PRSP
isolates. The only other 2 amino acids that did not match any of the sensitive reference
S. mitis strains were T,,o, present in pbp2x of low-level-resistant viridans streptococci,
and T34, which occurs in some penicillin-sensitive strains (Fig. 1B) (27).

Furthermore, we obtained pbp2x sequences from four commensal streptococcus
isolates from the same patient, isolates D122 and D141 (Table 1). The PBP2x genes of
S. mitis strains B8 and B10 were identical and were distinct from pbp2x of S. oralis B11
and that of S. pneumoniae ST10523. The gene pbp2xg,, contained a central sequence
block almost identical to that of Spain?3f-1, and 3'-sequences were related to S. oralis
ATCC 35307 (Fig. 1A). BLAST searches revealed one Romanian isolate, HMC3243, of
unknown serotype (28) which was partially identical to D219 up to codon 517, whereas
the C-terminal part represented R6 sequences (Fig. 1A and B). Interestingly, pbp2x of
S. mitis B93-4 contained a 284-nucleotide (nt) sequence block almost identical to
PBP2xp5,0 (codons 284 to 377), including two SNPs resulting in 1 amino acid change,
DsesN, suggesting that this block was acquired from S. pneumoniae ST10523 (Fig. 1A).
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sequence blocks in PBP2x. PBP2x genes of ST10523 (S. pneumoniae strains D122, D139, D141, and D219) are identical; pbp2x of
S. pneumoniae Spain?3*-1 is included for comparison. The pbp2x gene of S. pneumoniae HMC3243 from Romania, which is partially
identical to pbp2x of ST10523, was also included. The colors indicate closely related sequence portions with >95% identity to pbp2x
reference sequences from penicillin-sensitive S. mitis (Sm.) strains M3, 658, NCTC10712, and SVO1 and S. oralis (So) ATCC 35307 (76),
as indicated by the color coded boxes. White indicates sequences related to the penicillin-sensitive strain S. pneumoniae R6, and gray
sequences are highly divergent from R6 sequences and other pbp2x reference sequences. The domain structure of PBP2x with the
three homology boxes is shown above; the central penicillin-binding domain is indicated by the black bar. Black arrows represent
mutations A5, and E. in pbp2x. The regions that are identical between pbp2x of ST10523, S. mitis B93-4, and S. pneumoniae HMC3243
are indicated by the shaded area. (B) Deduced amino acid sequences of the transpeptidase domain of PBP2x; PBP2x of S. pneumoniae
R6 was used as a reference. The positions of the amino acids are indicated vertically in the top three rows. Only positions with altered
residues are shown; residues identical to those in strain R6 are indicated by dots. The mutations A, ., and E,, are highlighted by black
arrowheads; white arrowheads indicate amino acids which are not present in PBP2x of the penicillin-sensitive reference strains (see
text for details).
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The flanking 5’-sequence block was identical to S. oralis B11, and the 3'-end was
identical to the S. pneumoniae R6 sequence, documenting multiple interspecies gene
transfer events.

The internal mosaic blocks of ST10523 pbp2b and pbp1a were highly related to the
respective genes in S. mitis NCTC10712 (see Fig. S1 in the supplemental material).
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PBP2b contained the mutation A, close to the conserved S,,;SN motif, which
mediates low resistance levels (29) and which is present in most penicillin-resistant
isolates. Moreover, it had one more amino acid, Y,,,, that resulted in a deduced protein
of 681 residues (Fig. S1). Regarding PBP1a of ST10523, the change of four consecutive
residues, Ts,,SQF to NTGY, has been associated with penicillin resistance, but the
mutation A5, within the active site motif S,,,TMK, which also has been implicated in
penicillin resistance, was not present (30-32). The PBP1a gene of ST10523 was identical
to that of S. pneumoniae strain HMC3243 (Fig. S1) except for three silent SNPs. In
contrast, the mosaic structure of pbp2b was entirely different. This clearly indicated that
the three PBP genes were acquired from different sources or occasions in S. pneu-
moniae HMC3243 compared to ST10523. In summary, all three PBPs contained amino
acid mutations that have been associated with the resistance phenotype corresponding
to the intermediate penicillin resistance of ST10523.

Genomic comparison of S. pneumoniae genomes. Since ST10523 is a new se-
quence type, the 2,050,063-nt draft genome of strain D219 was first compared to the R6
genome. Genes with no match in R6 were then used in a BLAST search of the NCBI
database. Excluding transposases, the genome of D219 differed from the R6 genome by
~8%, including parts of a bacteriocin cluster (SPND219_00557 to SPND219_00567), the cps
biosynthesis cluster encoding the 23F capsule (SPND219_00380 to SPND219_00398), and
two clusters encoding phage-related genes (SPND219_00003 to SPND219_00023
[phage relict] and SPND219_01526 to SPND219_01585 [prophage]). This percentage
corresponds to data obtained in comparative genomic hybridization on an oligonucle-
otide microarray representing the TIGR4 genome (33). Large parts of the phage relict
were present in several genomes of S. pneumoniae. The prophage shows high similarity to
S. pneumoniae phage 040922 (GenBank accession number FR671406), which is associated
with a Tn976-like element in one S. pneumoniae strain, 18C/3 (34). The prophage
contains two large genes (fragments SPND219_01501-3 and SPND219_01535) that
encode the surface-expressed tail fiber PbIB and the tape measure protein PblA.
Homologues of PblA and PbIB of S. mitis phage SM1 have been shown to be involved
in the platelet-binding activity of S. mitis SF100 (35) and for its virulence in an animal
model of infective endocarditis (36). No genes exclusively carried by ST10523 could be
detected in BLAST searches.

Between the genome of D219 on one hand and D122 and D141 on the other hand,
little difference regarding gene content was noted. The only exceptions were the phage
relict and the prophage mentioned above, which were absent in D122 and D141.
One gene cluster, SPND122_00705 to SPND122_00709 and SPND141_00707 to
SPND141_00711 related to the R6 genes spr0623 to spr0627 (ABC transporter, lactate
monooxygenase, 2-lysyltRNA synthetase) were not found in D219. However, since
these genes are all located on small contigs, including repeat elements such as BOX and
RUP (37, 38), which result in problems during the genome assembly process, verifica-
tion of their absence in D219 will require further analyses.

The genomes of D122 and D141 differed from each other by approximately 0.01%
SNPs in 49 genes, less than that found in D219 (0.02 to 0.024% affecting a total of 178
genes in D219), i.e,, the isolates from the patient are more closely related to each other
than to D219, in agreement with their distinct place of isolation. One clear difference
was observed in the gene encoding the two-component sensor kinase HK07 (39), which
is not essential in S. pneumoniae (40). It was intact in strains D122 and D219
(SPND122_00180 and SPND219_00200), whereas an ISL3 family transposase fragment
was inserted into the D141 gene, resulting in three incomplete gene fragments,
SPND141_00182 to SPND141_00184.

Virulence genes in ST10523. All genes encoding the main S. pneumoniae specific
virulence factors IytA, ply, Nana, and nanB and the CBPs pspC, pspA, and pcpC were
present in the three ST10523 genomes. The deduced protein sequences were identical
to each other and identical or highly similar to R6 proteins except for pspA, which
represented a distinct genetic variant in ST10523. Differences in the repeat regions in
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FIG 2 The HIyA gene of S. pneumoniae R6 and ST10523. The HIlyA gene of S. pneumoniae R6, including upstream sequences (57 nt) to codon 72, is indicated.
The —35 region, the —10 region, and the start codon ATG are underlined. The deduced amino acid sequence is indicated below. In the hlyA region of D219
(ST10523), only nucleotides and deduced amino acids that differ from the reference R6 sequence are shown. The 12-nt deletion upstream of the ATG start codon
and the 4-nt deletion in the D219 sequence are indicated by open arrows. Vertical numbers in the first three rows refer to codons; numbers 1, 2, and 3 in the
fourth row indicate the first, second, and third positions in the respective codon.

genes encoding CBPs were not considered, since they are most likely caused by
assembly problems of the choline-binding repeat regions. Other genes encoding surface
proteins of important biological function, pavA and, for the IgA proteases, zmpB and
zmpA were also present and identical in all three strains, except for the IgA protease,
which contained gaps in the sequence of D219 and two SNPs plus a single-nucleotide
deletion in D122, resulting in a premature stop codon. No pilus cluster was detectable.
The capsule cluster SPND219_00380 to SPND219_00394 differed from that of S. pneu-
moniae strain Spain23F-1 by 20 SNPs, as expected for genes of distinct clonal origins.
The last four-gene rm/ operon encoding enzymes involved in dTDP-rhamnose synthesis
and which is common to several serotypes (41) included two short divergent regions in
rmiB identical to rm/B of many serotype 19F strains.

However, all three ST10523 genomes contained significant differences in hlyA, which
encodes the hyaluronidase (SPND219_00348, SPND122_00329, and SPND141_00331)
and which are unusual in other S. pneumoniae genomes. Within the HlyA gene, a 4-bp
deletion corresponding to the position 128 nt downstream of the putative ATG start
codon of R6 resulted in a premature stop codon. Moreover, a 12-nt deletion within the
promoter region 10 nt upstream of the ATG start codon was present (Fig. 2). This
strongly suggests that no functional hyaluronidase is expressed in ST10523 strains.
Searches in the whole-genome contig NCBI database revealed another six genomes
which contained this peculiarity (Table 2), but they differed by up to four SNPs from the
D219 region shown in Fig. 2.
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DISCUSSION
Prolonged carriage of the same S. pneumoniae clone for a period of 37 months, as
observed for serotype 23F isolates obtained from a CF patient in our study, is unusual.

TABLE 2 S. pneumoniae genome sequences with an incomplete hlyA

Date
Accession no. Strain Serotype Source (day/mo/yr) Country (region or city)
LJVO01000185 NTPn 4 NT Blood 2004 South Africa (KwaZulu-Natal)
CVHP01000011 0338 NT Blood 2001 USA (Alaska)
CKDLO1000005 Type strain NT Nasopharynx 14/4/2008 Thailand (Maela)
CPLS01000001 LMG205 6B Not known 2008 Thailand
CRPUO01000001 SMRU824 NT Nasopharynx 10/10/2008 Thailand (Maela)
AGOE01000004 GA16531 NA? NA 2001 USA (metropolitan Atlanta)
CFNWO01000018 6378-99 19F Not known 1999 USA (Tennessee)
9NA, not available.
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S. pneumoniae is not considered a persistent colonizer in CF patients, unlike Pseudomo-
nas aeruginosa and Staphylococcus aureus (42-44). Long-term persistence has been
reported for Staphylococcus aureus for up to 70 months (45). The duration of pneumo-
coccal carriage in healthy children is a few weeks, ranging from 2 days and in rare cases
up to 6 to 12 months, depending on the age of the carrier and the serotype of the
isolate (2, 3, 46-48). Some serogroups, including serotype 23F, are generally carried for
longer periods than other serogroups (46, 49) and have a low propensity to cause
invasive disease (50). Interestingly, an inverse relationship between the attack rate of a
given capsular serotype and its duration of carriage has been noted (3).

Carriage rates for S. pneumoniae isolated from CF patients are similar, with coloni-
zation rates ranging between 3 and 20% (51-56). No special serotypes appear to be
associated with CF (57), but some serotypes may be more common, depending on the
geographic area. Serotype 23F isolates were prevalent in a CF unit in Madrid, mainly
due to the clone Spain?3f-1 of a varied multiresistance phenotype (52). Serotype 3
prevailed in another study which reported no 23F serotype isolates in a CF center in
Rome, probably because all patients had received vaccination (58). In both studies,
S. pneumoniae was recovered more than once from some patients. However, only three
strains of serotype 23F isolated over a period of 3 months showed identical Smal
restriction patterns, revealed by pulsed-field gel electrophoresis (PFGE), and the same
antibiotic resistance profile, and thus most likely represented members of the same
clone (52). Three patients carried S. pneumoniae with the same serotype and identical
Smal PFGE pattern for 1 to 8 months (58). In these cases, S. pneumoniae was considered
a colonizer, since at the time of isolation the patients showed no evidence of pulmo-
nary exacerbation.

Genomic comparisons showed that the two strains, D122 and D141, from the CF
patient are more closely related to each other than to D219, which was isolated 3 years
before from a different geographical site. They differed from D219 by the absence of
two large gene clusters encoding a prophage and a phage relict, by the presence of a
five-gene cluster, including an amino acid ABC transporter, and by the estimated
number of SNPs. The prophage carries two genes encoding large proteins PblA and
PbIB. Homologues of these proteins are frequent in S. pneumoniae phages (59) and
have been shown to play a role in adhesion and virulence in S. mitis (35, 36). It these
proteins play a similar role in S. pneumoniae, it is conceivable that their absence in D122
and D141 supports extended carriage.

The variation between D122 and D141 concerned only 49 genes, and D141 con-
tained an insertion of an ISL3 family transposase fragment into the gene encoding the
histidine protein kinase HK07, which was absent in the D122 gene. This element was
present at another three sites in the D141 genome and at one site in the D122 genome,
whereas it could not be detected in D219. Other studies have supported little genomic
variation during carriage of the same S. pneumoniae clone. Minimal variation was
observed during carriage established experimentally with a single serotype 6B strain of
ST138 (60). The maximum SNP distance between any of the 229 isolates obtained over
a period of 35 days versus the reference strain was three SNPs (60). It should be noted
that the genomic comparison between two isolates of strain D39, a historically impor-
tant serotype 2 isolate from the early 1940s (61) and which have been cultivated
separately for at least 21 years, revealed only five mutations (62). Similarly, some strains
isolated during a 7-month period from a child with chronic pneumococcal infection
varied by only =30 SNPs (63). However, those authors noted there were also multiple
events of horizontal gene transfer in some strains, which most likely occurred during
polyclonal infection. In contrast, we saw no evidence of gene acquisition in D141 versus
D122, and the S. mitis strain B93-4 contained a pbp2x fragment identical to pbp2x of
ST10523. The mosaic PBP2x and PBP2b genes of ST10523 represent new gene variants
and are distinct from all others found in the NCBI database. Therefore, this finding
indicates interspecies gene transfer from S. pneumoniae to S. mitis in the same host.

No genes specifically associated with ST10523 genomes were identified. This is not
astounding, given the vast number of actually available genomes of S. pneumoniae.
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Based on a pan-genome analysis of 158 S. pneumoniae genomes, it has been predicted
that only 0.3 new genes will be discovered in a new genome if a data set from 1,000
genomes is already available, and only 0.06 new genes will be discovered from 5,000
genomes (24). However, an unusual hyaluronidase gene, hlyA, was present in the
ST10523 genomes which contained a stop codon (Fig. 2) distinct from that described
in a serotype 3 clone, ST180, where an SNP at position 376 of the hyaluronidase coding
sequence resulted in a stop codon and truncation of the protein after 125 amino acids
(24). Moreover, a 12-nt deletion within the promoter region 10 nt upstream of the ATG
was detected. Hyaluronidase is produced by almost all clinical isolates of pneumococci
(64). It is one of the genes which have not been found in closely related viridans
streptococci, except for some S. oralis isolates, but not in S. mitis strains (65), i.e., it
represents a typical component of the species S. pneumoniae. The enzyme depolymer-
izes hyaluronic acid, which is an important component of the host connective tissue
and extracellular matrix (66). No significant impact on virulence was found in a mouse
intraperitoneal infection model when a single hlyA mutant was used (67); however,
when a double mutant that was also deficient for the pneumolysin gene ply was tested,
virulence was significantly decreased (68). Hyaluronidase significantly potentiated
pneumolysin-mediated ciliary slowing and epithelial damage in an in vitro model,
suggesting that its presence favors colonization and subsequently extrapulmonary
dissemination of the pneumococcus (69). It is therefore tempting to assume that the
lack of a functional hyaluronidase predestines ST10523 to survive within the host for an
extended period without causing disease. In conclusion, the unusually long carriage
rate observed for S. pneumoniae isolates D122 and D141 might not be related to
mutations or genetic variants acquired during persistence in the human host, but
rather to the loss of a large prophage carrying potential virulence factors and to the
absence of a complete hyaluronidase gene.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pneumoniae strains D122 to D141, S. mitis B8, B93-4, and
B10, and S. oralis B11 (Table 1) were part of a strain collection obtained from the Wannsee-Lungenklinik-
Heckeshorn in Berlin; strain D219, isolated in Leipzig, has been described elsewhere (25). Strains were
grown at 37°C without aeration in complex C medium (70) supplemented with 0.1% yeast extract (C +
Y). MICs were determined by the agar dilution method (for beta-lactams) or by using E-test strips for all
other antibiotics (Oxoid GmbH, Basingstoke, United Kingdom) on p-agar plates supplemented with 3%
sheep blood (71).

DNA sequencing and analysis. Chromosomal DNA from streptococci was isolated as described
previously (72). Internal sequences of the seven housekeeping genes were obtained with primers
described on the Streptococcus pneumoniae MLST homepage (https://pubmist.org/spneumoniae). PBP2x
gene fragments were amplified with the primers pn2xup and pn2xdown (72), and direct sequencing of
PCR products was performed with consecutive primers. PCR products were purified using a JetQuick DNA
purification kit (GenoMed). PCRs were performed using either Goldstar Red Taq polymerase (Eurogentec)
or DreamTaq polymerase (Fermentas), according to the manufacturer instructions. The genomes of D219,
D122, and D144 were sequenced using a 454 Life Sciences FLX sequencer, and reads were assembled by
the 454 Newbler Assembler version 2.6. Contigs were aligned to the S. pneumoniae R6 genome sequence
(73). The rapid annotation subsystem technology (RAST) server (74) designed for annotation of bacterial
and archaeal genomes was applied to obtain EMBL-formatted files containing protein, tRNA, and rRNA
annotations from a large set of several output formats.

DNA analysis and bioinformatic tools. For the analysis of SNPs in the three ST10523 genomes, only
sequences that were 350 nt from contig ends were included, to avoid potential errors generated by the
454-generated sequences. Individual open reading frames were investigated manually and compared
with other genome sequences by using BLAST analyses and the NCBI database (nucleotides and
whole-genome contigs). As a reference for the serotype 23F capsule cluster, genes of strain ATCC
(Spain?3F-1) were used (75). Alignments were prepared using Clustal X2 (76). Codon sites were included
manually and trimmed by using the program Clustal Formatter 3 (http://nbc11.biologie.uni-kl.de/
sequence_analysis/ClustalFormatter3/documentation.html) to reveal only sites that differ from the ref-
erence sequence shown in Fig. 1B.

Accession number(s). The following sequences have been submitted to GenBank and assigned the
following accession numbers (shown in parentheses): for genomes, D219 (CP016227), D122 (CP016632),
D141 (CP016633); for PBP genes of S. pneumoniae strain HMC3243, pbp2x (FJ439546), pbp1a (F1439538),
and pbp2b (FJ439554) (28); for PBP2x genes, S. mitis strain B8 (KY292528), strain SV0O1 (KY292540), and
strain B93-4 (KY783589), and S. oralis strain B11 (KY783587).
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SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mSphere.00201-17.

FIG $1, TIF file, 6.6 MB.
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2.2 Draft genome sequences of two Streptococcus pneumoniae serotype 19A
sequence type 226 clinical isolates from Hungary, Hul7 with high-level
beta-lactam resistance and Hul5 of a penicillin-sensitive phenotype

Martin Rieger, Dalia Denapaite, Reinhold Briickner, Patrick Maurer and Regine Hakenbeck.

Genome Announc. 2017 May; 5(20): e00401-17.

Summary:

Annotated draft genomes of two members (Hul5 and Hul7) of the high-level penicillin
resistant Streptococcus pneumoniae Hu19A-6 clone ST226 were generated. This clone appears
more variable compared to other common S. pneumoniae clones judged from previous
genome hybridization data using an oligonucleotide microarray of a representative S.
pneumoniae TIGR4 strain (Tettelin, et al., 2001), and this finding can now be analysed in detail
on the genome sequence level. Moreover, the two strains represent a unique situation since
strain Hul5 is penicillin sensitive, whereas Hul7 is highly resistant against beta-lactam
antibiotics similar to other members of this clone. Thus, the genome sequences of these two

strains offer the opportunity of further investigations on the evolution of penicillin resistance.

Own contribution to the paper:

Assembly of sequence reads and final generation of genome sequences from assembled
contigs including annotation of two S. pneumoniae ST226 isolates (Hul5 and Hul7) and
submission of genome sequences to the NCBI database. Comparative analysis of the two
genomes and their plasmids including single nucleotide variation (SNV) retrieval and analysis
of diverging sequence regions. Manual SNV retrieval and confirmation of results of
automatically performed analysis by a newly developed wrapper tool. Comparison of the two
ST226 genomes with the genome sequence of S. pneumoniae Hungary'®-6 (Acc. No.
NC_010380; afterwards referred to as Hu19A). Extraction of coding regions and deduction of
proteins for comparison with S. pneumoniae Hu1l9A. Unpublished work is described in chapter

3.2
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Draft Genome Sequences of Two
Streptococcus pneumoniae Serotype 19A
Sequence Type 226 Clinical Isolates from
Hungary, Hu17 with High-Level Beta-
Lactam Resistance and Hu15 of a
Penicillin-Sensitive Phenotype

Martin Rieger,” \©’Dalia Denapaite, Reinhold Briickner, Patrick Maurer,*
Regine Hakenbeck

Department of Microbiology, University of Kaiserslautern, Kaiserslautern, Germany

ABSTRACT The draft genome sequences of two multiple-antibiotic-resistant Strep-
tococcus pneumoniae isolates from Hungary, Hul5 and Hul7, are reported here.
Strain Hu15 is penicillin susceptible, whereas Hu17 is a high-level-penicillin-resistant
strain. Both isolates belong to the serotype 19A sequence type 226, a single-locus
variant (in the ddl locus) of the Hungary'?-6 clone.

igh-level-penicillin- and multiple-antibiotic-resistant Streptococcus pneumoniae

(PRSP) strains of serotype 19A were prevalent in Hungary during the 1990s (1, 2).
The strain HUN663 represents the clone Hungary'9-6, as defined by multilocus se-
quence typing (MLST), belonging to sequence type 268 (ST268) (3). Meanwhile, another
11 strains representing 4 single-locus variants (SLVs) of Hungary'®A-6 with respect to
the dd! locus are reported in the MLST database (http://pubmlst.org/spneumoniae/),
including isolates from the Czech Republic and Slovakia (4) and Norway belonging to
ST226, ST340, ST382, and 5T7133. The ddl locus maps closely to pbp2b, which is
acquired by horizontal gene transfer during the evolution of penicillin resistance (5)
and is therefore not used in phylogenetic analyses based on MLST. Therefore, all these
strains can be considered to belong to the clone Hungary'94-6. In agreement, strains of
ST258 and ST226 express a penicillin-binding protein 3 (PBP3) of different electropho-
retic mobility compared to that of most other S. pneumoniae (1, 6, 7) strains.

Isolates of 5T226 are varied in their MIC values, PBP profile, and PBP2x sequences,
and multilocus electrophoretic typing revealed several electrophoretic types (6, 8).
Accordingly, their genomes appear surprisingly variable compared to other clones (9);
in fact, Hungary'®#-6 had acquired the largest proportion of genes (8.2%) from Strep-
tococcus mitis in a comparative genomic analysis of 35 Streptococcus species genomes
(10). These strains are part of the Kaiserslautern strain collection obtained from Anna
Marton as cited in (6) now held at the German National Reference Center for Strepto-
cocci in Aachen, Germany. Interestingly, one member (strain Hu15) was penicillin
susceptible (MICs, 0.1 pg/ml for oxacillin and 0.024 pg/ml for cefotaxime), whereas
Hu17 is among the strains expressing the highest beta-lactam resistance levels (MICs,
30 and 1.6 pg/ml, respectively). Moreover, the strains were resistant to tetracycline,
streptomycin, erythromycin, and trimetroprim.

Information retrieved from these two genomes will help decipher the evolutionary
pathway of penicillin resistance. The genome sequences revealed a plasmid related to
pSpnP1 (11).
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The genomes were sequenced using an Illumina HiSeq platform (Hul5/Hu17,
2,203,997/2,192,370 bp of paired-end reads). Genomes were assembled using gsAs-
sembler (version 2.6). RATT was used for genome annotation (12) using S. pneumoniae
Hu19A-6 as a reference genome, and was adjusted manually if necessary, according
to NCBI submission guidelines. The five capped small RNA (csRNA) genes encoding
small regulatory RNAs controlled by CiaRH (13) were identified by their high identity
to the S. pneumoniae R6 counterparts and added to the annotation. The genomes
of Hul5/Hul7 were assembled into 176/200 contigs, with a total length of
2,136,165/2,141,026 nucleotides (nt) (sequenced to ~2.2 million reads with ~157/159x
coverage). A plasmid was assigned to 1/4 contig(s), with a total length of 5,327/5,112 nt.
The predicted genes from the genomes include 2,191/2,190 coding sequences (CDSs),
64/93 incomplete genes at contig ends, 2/3 rRNAs, 22/23 tRNAs, 5/4 csRNAs, and 3/3
other small RNAs (RNase P; srpB; transfer-messenger RNA [tmRNA]).

Accession number(s). The draft genome sequences and plasmid sequences of Hu15
and Hu17 have been deposited in the NCBI database under the GenBank accession

gename,

numbers CP020551 and CP020552 and CP020549 and CP020550, respectively.
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2.3 Highly variable Streptococcus oralis strains are common among viridans
Streptococci isolated from primates

Dalia Denapaite, Martin Rieger, Sophie Kondgen, Reinhold Briickner, Irma Ochigava, Peter
Kappeler, Kerstin Matz-Rensing, Fabian Leendertz and Regine Hakenbeck. mSphere. 2016
Mar-Apr; 1(2): e00041-15.

Summary:

Viridans streptococci represent a major part of the commensal flora of the human upper
respiratory tract. Streptococcus pneumoniae is the only member of this group of bacteria
which shows a distinct virulence potential. The pathogenicity is dependent on a set of
virulence factors including the polysaccharide capsule and a variety of surface proteins such
as choline binding proteins, the hyaluronidase HlyA, and the cytolysin pneumolysin. Many
other factors described as virulence factors are also present in non-pathogen members of the
viridans group and are most likely important for bacterium/host interaction. Based on
comparative genetic analysis it has been proposed that S. pneumoniae and its close relatives
Streptococcus mitis and S. pseudopneumoniae share a common ancestor and have evolved
later compared to S. oralis (Kilian, et al., 2008). S. pneumoniae is considered to be a human
specific pathogen, but it is not known whether this is true for the closely related species as
well. The current study determined the distribution of viridans streptococci isolated from
great apes and other monkeys (captivity and free living) to characterize the distribution of
streptococcal species among primates. Moreover, a detailed comparative analysis of genome
sequences obtained from different streptococcal species was performed, focusing on the
presence of pneumococcal virulence factors, large pneumococcal genomic islands, small non-
coding RNA controlled by CiaRH (csRNA), and genes involved in the synthesis of the important

surface polymers peptidoglycan and teichoic acids.

This study revealed that S. oralis could only be found in Old World monkeys, providing
evidence that this species evolved prior to the origin of human. In addition, S. oralis was also
isolated from Rhesus monkeys held in captivity; further investigations will be necessary to
confirm its presence in wild animals, since transfer from human to monkeys cannot be

excluded at this stage.
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The genomic analysis revealed that many pneumococcal virulence factors are present in the
streptococcal genomes analysed here. Only a few genes encoding surface proteins appear to
be present in S. pneumoniae and only rarely or not at all in other streptococcal species. The
pneumococcal neuraminidases NanBC occurred only in one S. mitis strain, but a related

protein, a putative B-N-acetyl-hexosaminidase occurred in all S. oralis strains.

Genes encoding the penicillin-binding proteins PBP2x, PBP2b and PBP1a and MurMN also
involved in peptidoglycan synthesis were surprisingly variable in S. oralis. Interestingly, some
species contained two homologs of PBP3, named group 1 (the common PBP3) and group 2. In
these genomes, the group 2 PBP3 was intact, while the group 1 gene appeared inactive judged
from the presence or absence of the conserved active site motifs. Surprisingly, besides an
unusual MurM, MurN is absent in most S. oralis genomes. At least three variants of the genes
responsible for choline decoration of teichoic acids (/ic clusters) were identified among S.

oralis/S. mitis, suggesting also a distinct biochemistry of these surface polymers.

This study has revealed some important features in streptococci that will help to unravel
important questions such as their adaptation to diverse habitats and mechanisms involved in

diversification of their genomes.

Own contribution to the paper:

Assembly of sequence reads and final generation of scaffold sequences from assembled
contigs including annotation of 30 bacterial isolates (DD01-DD30) and submission of scaffold
sequences to the NCBI database. Comparative analysis of proteins and pilus cluster common

to S. oralis are described in chapter 3.3.
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Highly Variable Streptococcus oralis
Strains Are Common among Viridans
Streptococci Isolated from Primates

Dalia Denapaite,® Martin Rieger,® Sophie Kéndgen,® Reinhold Briickner,2
Irma Ochigava,® Peter Kappeler,c Kerstin Matz-Rensing,© Fabian Leendertz,®
Regine Hakenbeck?
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Ecology and Sociobiology Unit, German Primate Center, Géttingen, Germany©

ABSTRACT  Viridans streptococci were obtained from primates (great apes, rhesus
monkeys, and ring-tailed lemurs) held in captivity, as well as from free-living animals
(chimpanzees and lemurs) for whom contact with humans is highly restricted. Iso-
lates represented a variety of viridans streptococci, including unknown species.
Streptococcus oralis was frequently isolated from samples from great apes. Genotypic
methods revealed that most of the strains clustered on separate lineages outside
the main cluster of human S. oralis strains. This suggests that S. oralis is part of the
commensal flora in higher primates and evolved prior to humans. Many genes de-
scribed as virulence factors in Streptococcus pneumoniae were present also in other
viridans streptococcal genomes. Unlike in S. pneumoniae, clustered regularly inter-
spaced short palindromic repeat (CRISPR)-CRISPR-associated protein (Cas) gene clus-
ters were common among viridans streptococci, and many S. oralis strains were type
PI-2 (pilus islet 2) variants. S. oralis displayed a remarkable diversity of genes in-
volved in the biosynthesis of peptidoglycan (penicillin-binding proteins and MurMN)
and choline-containing teichoic acid. The small noncoding cia-dependent small
RNAs (csRNAs) controlled by the response regulator CiaR might contribute to the
genomic diversity, since we observed novel genomic islands between duplicated
csRNAs, variably present in some isolates. All S. oralis genomes contained a 3-N-
acetyl-hexosaminidase gene absent in S. pneumoniae, which in contrast fre-
quently harbors the neuraminidases NanB/C, which are absent in S. oralis. The
identification of S. oralis-specific genes will help us to understand their adapta-
tion to diverse habitats.

IMPORTANCE  Streptococcus pneumoniae is a rare example of a human-pathogenic
bacterium among viridans streptococci, which consist of commensal symbionts, such
as the close relatives Streptococcus mitis and S. oralis. We have shown that S. oralis
can frequently be isolated from primates and a variety of other viridans streptococci
as well. Genes and genomic islands which are known pneumococcal virulence fac-
tors are present in S. oralis and S. mitis, documenting the widespread occurrence of
these compounds, which encode surface and secreted proteins. The frequent occur-
rence of CRISP-Cas gene clusters and a surprising variation of a set of small noncod-
ing RNAs are factors to be considered in future research to further our understand-
ing of mechanisms involved in the genomic diversity driven by horizontal gene
transfer among viridans streptococci.

KEYWORDS: Streptococcus oralis, horizontal gene transfer, primates, teichoic acid,
viridans streptococci, virulence factors
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Vi(idans streptococci are a major part of the commensal microbiota of the upper
respiratory tract of humans (for a review, see reference 1). Only one member,
Streptococcus pneumoniae, represents a major pathogen causing a variety of diseases,
such as pneumonia, otitis media, sepsis, and meningitis, whereas even its closest
relatives Streptococcus mitis, Streptococcus oralis, and the recently described Strepto-
coccus pseudopneumoniae (2) are rarely associated with disease. Genomic analyses
represent a powerful tool to further our understanding of the genetic basis for the
pathogenic potential of S. pneumoniae and to decipher the evolutionary relationship
between these species.

Many gene products have been described as virulence factors in S. pneumoniae.
Strains carrying mutations in these genes are less virulent in mouse models. However,
most of them are probably required for host interaction rather than being directly
responsible for disease since in most cases homologs are present in S. pneumoniae’s
nonpathogenic commensal relatives S. mitis and S. pseudopneumoniae (2-4). There are
only a few components that are clearly associated with S. pneumoniae and which are
not or are only rarely found in commensal streptococci: the pneumolysin Ply, a
pore-forming toxin whose gene is located on an islet together with the autolysin gene
IytA, and the three choline-binding proteins (CBPs) PspA, PcpA, and PspC, including the
Hic variant of Psp and the hyaluronidase HlyA. Moreover, the biochemically highly
diverse capsule is essential for pneumococcal pathogenicity. Nevertheless, even those
compounds are either absent (rare) in S. pneumoniae or highly varied. A random
distribution of virulence genes (lytA, ply, and the cap locus, representing the capsule
biosynthesis operon) has been observed among S. mitis strains (5), suggesting that the
acquisition and loss of genes is an ongoing process in this group of bacteria. It has been
proposed that the three species S. mitis, S. pneumoniae, and S. pseudopneumoniae arose
from an ancient bacterial population that included all S. pneumoniae-specific genes (6),
and genomic analysis of 35 Streptococcus spp. indicated that the common ancestor was
a pneumococcus-like species (5). Moreover, the authors provided evidence that inter-
species gene transfer occurred mainly unidirectionally from S. mitis to S. pneumoniae.

Due to the ability of streptococci to develop genetic competence resulting in a large
accessory genome, identification to the species level has been problematic using
phenotypic and physiological criteria. Therefore, a variety of genotypic methods have
been established based on sequences from the core genes (housekeeping genes).
Multilocus sequence typing (MLST) has become the gold standard for clonal analysis,
especially within species (7), and multilocus sequence analysis (MLSA) has been applied
to differentiate closely related streptococcal species (8). Nonetheless, recombinogenic
bacteria do not form clusters with clear boundaries and have been termed “fuzzy
species” (9). Phylogenetic analyses show that S. pneumoniae is a single lineage in a
cluster formed by a variety of S. mitis clusters, whereas the S. oralis cluster is well
separated (5, 6, 10). Diversification within the S. pneumoniae lineage has probably
occurred during growth of the human population, its primary host (5). This suggests
that the diversification of S. mitis and S. oralis took place earlier and that great apes
might still harbor S. mitis and S. oralis as part of their commensal flora.

We therefore investigated the distribution of viridans streptococci among great apes
and other primates. Samples were obtained from animals held in captivity, namely,
gorillas, orangs, and bonobos from the Frankfurt Zoo and rhesus monkeys and ring-
tailed lemurs (Lemur catta) from the German Primate Center, as well as from free-living
animals for whom contact with humans is highly restricted, namely, chimpanzees from
the Tai National Park, Ilvory Coast, lemurs from the Kirindy Forest in Madagascar
(Verreaux's sifaka, Propithecus verreauxi), red-fronted lemurs (Eulemur rufifrons), Western
fat-tailed dwarf lemurs (Cheirogaleus medius), and gray mouse lemurs (Microcebus
murinus). In the first part of our study, the species are described based on genotypic
methods. S. oralis was common among great apes, including wild chimpanzees, and
was also found in rhesus monkeys. In the second part of our study, the genomes from
23 isolates are analyzed in detail. Emphasis is placed on the presence of large genomic
islands which are part of the accessory genome of S. pneumoniae, small noncoding
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RNAs controlled by a highly conserved two-component system, CiaRH, S. pneumoniae
virulence factors, and genes involved in peptidoglycan and teichoic acid (TA) metab-
olism.

RESULTS

Determination to the species level of viridans isolates from primates by MLSA. All
isolates from primates were initially characterized for their morphologies (by colony
and microscopic analysis of cells), antibiotic susceptibilities, 165 rRNAs, and in some
cases SDS-PAGE protein patterns of cell lysates and penicillin binding protein (PBP)
profiles. A total of 139 isolates was included in further analyses (see Table S1 in the
supplemental material). MICs of oxacillin above 1 pg/ml and resistance to antibiotics of
other classes were common among isolates from animals held in captivity, but isolates
from free-living chimpanzees of the Tai National Park in Africa did not show significant
resistance patterns for any of the antibiotics tested (Table S1). If a group of isolates
obtained from one animal showed properties identical to those listed above, only one
isolate was subjected to further analysis by MLST. This group consisted of 44 isolates,
including all isolates from Tai chimpanzees and at least three isolates from the other
group of animals. Most isolates from zoo animals were furthermore defined by MLST
analysis (see below).

Figure 1 shows a neighbor-joining radial tree of the primate isolates in comparison
with the published MLSA data set of a wide variety of streptococcal species (8). In
addition, MLSA data were extracted from another five genomes available recently.
Streptococcus oligofermentans AS1.3089 (11) was positioned within the Anginosus
group, as expected, whereas the reference strain used by Bishop et al. (8), S. oligofer-
mentans CCUG48365, clustered within S. oralis, strongly suggesting that the latter strain
has been misidentified as suggested before (8). Streptococcus sinensis HKU4 (12) was
located at nearly the same position as S. sinensis SK1972 (8), and Streptococcus downei
F0415 was part of the Mutans group. Moreover, Streptococcus tigurinus AZ_3a and
Streptococcus dentisani 7747, representing two new species that have been described
as being closely related to S. oralis (13-15), were located within the S. oralis group
(Fig. 1) and will be discussed below. The primate isolates covered a wide range of
Streptococcus spp. Sixteen isolates obtained from zoo animals, wild chimpanzees, and
rhesus monkeys were found among the S. oralis cluster. One isolate from a gorilla
(DD22) clustered among S. mitis strains, and one from another gorilla (DD18) clustered
close to Streptococcus infantis/Streptococcus peroris. Three isolates from Tai chimpan-
zees were defined as Streptococcus gordonii (CB10, CB18, and DD07), DD08 was defined
as Streptococcus cristatus, and DD04 from ring-tailed lemurs mapped close to S. sinensis,
all of which are within the Mitis group of viridans streptococci. One isolate (DD09) from
a chimpanzee was defined as Streptococcus constellatus, which belongs to the Angino-
sus group of viridans streptococci. No streptococci could be isolated from free-living
lemurs of Madagascar, where Enterococcus sp. and Lactococcus sp. were commonly
obtained. Only from Propithecus verreauxii were we able to obtain Streptococcus sp. that
could not be defined by MLSA (Table S1).

A total of 20 isolates fell into different lineages outside the streptococcal species
included in the MLSA tree (Fig. 1). A cluster of seven isolates from Madagascar lemurs
is magnified in Fig. 1B. Some isolates could not be identified to the species level by
MLSA. From Tai chimpanzees, there were two clusters within the Mitis group consisting
of three strains (CB23, CB11, and DD10) and four strains (DD11, CB9, CB17, and CB20)
and two pairs of strains (DD12/CB5 and DD13/CB14) between the Anginosus and
Salivarius groups that could not be identified to the species levels; from ring-tailed
lemurs, there were two isolates between the Salivarius group and S. pyogenes (KG3e
and DDO06) that could not be identified to the species level. Comparison of their 16S
rRNA sequences did not match any known sequences from the NCBI data bank except
those of DDO06 (Streptococcus lutetiensis) and the Madagascar lemurs (Streptococcus gal-
lolyticus) (Fig. 1B). It should be noted that 16S rRNA sequences pose significant
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FIG 1 MLSA trees of strains from this study and reference strains. (A) A neighbor-joining tree was constructed using the concatenated sequences of the
MLSA loci from 44 strains of this study combined with sequences of 427 strains from the study of Bishop et al. (8). In addition, MLSA genes were extracted
from the genomes of S. tigurinus AZ_3a (GCF_000344275.1), S. dentisani 7747 (GCF_000382805.1), S. sinensis HKU4 (GCF_000767835.1), S. oligofermentans
AS1.3089 (CP004409.1), and S. downei F0415 (GCA_000180055.1) (strains included in addition to those from the study by Bishop et al. [8] are shaded gray).
Viridans group reference and type strains are framed. The Anginosus group of viridans streptococci is shaded gray and the Salivarius group orange. The
color key for reference strains and isolates from primates is indicated on the right. Mdg, Madagascar. (B) Neighbor-joining tree of the Streptococcus sp.
cluster of strains from Madagascar lemurs (blue circles in the square in panel A) magnified to show more clearly the clustering of the strains. Bootstrap
values (percentages) are based on 1,000 replications. The bar refers to genetic divergence as calculated by the MEGA software.

problems for identification, and matches below 100% are not very meaningful to
differentiate between species (see reference 16 and references therein).

Determination to the species level by genome analysis and plasmids.
Twenty-five streptococcal isolates (named “DD” followed by consecutive numbers)
were chosen for whole-genome sequencing, 23 of which were Streptococcus spp. (see
Table S1 in the supplemental material). This included 8 S. oralis isolates representing
different lineages of the MLSA tree to cover a broad range of variation within this
species. In addition, we used 1 isolate each of S. gordonii, S. cristatus, S. constellatus,
S. infantis, and S. mitis as defined by MLSA and 10 isolates of unclear species determi-
nation according to MLSA.

The species defined by MLSA were confirmed by genome sequences (Table S2).
According to BLAST analysis with 16S rRNA, MLSA genes, and pbp2a in the NCBI
microbial genome data bank (Table S3), the two genomes of DD02 and DD03 from
Lemur isolates were identified as S. gallolyticus, DD06 from ring-tailed lemurs was
identified as S. lutetiensis, and DD19 from zoo animals was identified as S. parasanguinis.
DDO04 was close to S. sinensis. There remained four isolates from Tai chimpanzees
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of 119 human isolates (S. oralis, S. mitis, and S. pneumoniae) from different geographic locations (10) (isolate numbers are preceded by Hu for Hungary,
RSA for South Africa, S for Spain, HK for Hong Kong, and B for Germany). Lineages within the S. oralis cluster containing only isolates from primates are
shaded in dark blue. Bootstrap values (percentages) are based on 500 replications. The bar refers to genetic divergence as calculated by the MEGA
software.

(DD10, DD11, DD12, and DD13) whose species could not be determined; for none of
their genes did we find close matches in the NCBI data bank.

During preparation of chromosomal DNA, plasmids were detected in five samples.
The plasmid of S. oralis strain DD25 from rhesus monkeys was identical to the S.
pneumoniae pSpnP1 plasmid, large parts of which were also found in S. oralis strain
DD24. Fragments related to pSpnP1 were also present in plasmids from S. oralis strain
DD17, and S. infantis strain DD18 was partially related to a plasmid from S. pseudo-
pneumoniae 157493 pDRPIS7493. No significant matches to the S. gallolyticus strain
DDO03 plasmid were found by BLAST analysis.

A closer look at S. oralis. The published MLSA data set distinguishes three
phenotypically distinct subclusters among S. oralis strains: one which covered strains
previously defined as S. mitis biovar 2, an IgA protease-negative S. oralis cluster, and
various lineages of IgA protease-positive S. oralis (8). As can be seen in Fig. 2A, S was
found within the S. oralis subcluster of IgA protease-negative strains and S. dentisani
among the subcluster of strains previously defined as S. mitis biovar 2 (8). We found
only one isolate from primates within the biovar 2 group (DD05 from a bonobo) and
one within the IgA protease-negative group (DD14) (Fig. 2A). Four isolates from rhesus
monkeys formed one subcluster (grey in Fig. 2A). Seven isolates were found on
different lineages outside the main S. oralis group of human S. oralis strains (pink in
Fig. 2A).

We then analyzed 38 isolates from zoo primates by MLST since most of them were
suspected of being S. oralis based on the preliminary characterization. The MLST
sequences extracted from the genomes of isolates from rhesus monkeys and chimpan-
zees were included. The results were compared to previously published MLST data (10)
derived from a set of 119 S. pneumoniae, S. mitis, and S. oralis isolates from different
geographic areas, and the MLST sequences from S. tigurinus AZ_4a were also included
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FIG 3 Comparison of TetM-containing genetic elements in two genomes from rhesus monkeys with
those of 5. pneumoniae Spain 23F-1 (Sp 23F) and S. oralis Uo5 (So Uo5). Red, tetM; green, ermB; blue,
hemology to Enterococcus faecium plasmid pM7M2 genes. xis is the excisionase gene (black); the
integrase is a pseudogene in 5. pneumoniae (dashed arrow). Gray areas indicate BLASTn matches
between sequences.

(Fig. 2B) (not all MLST sequences from the genome of S. dentisani 7747 were included
since the genes spi and gdh were not found in the genome). The presence of multiple
subclusters within the S. oralis cluster is evident also in the MLST-based phylogeny
shown here, which positions S. tigurinus within the main S. oralis cluster. Again, most
S. oralis isolates from primates except four (A7.1, A6.3, and A6.1 from zoo apes and
DD25 from a rhesus monkey) were located outside the main cluster of human S. oralis
strains in several lineages (blue in Fig. 2B). In only one case were identical MLST
sequences obtained from strains from two different primate species: DD20 from a
gorilla, A12.3 from bonobo Ku, and A15.2/A15.3 from bonobo Zo (arrow in Fig. 2B; see
Table S1 in the supplemental material). DD18, which was defined by MLSA as S. infantis,
and DD22, identified as S. mitis, were positioned in the tree outside the S. oralis
lineages.

Thus, MLSA as well as MLST data showed that most S. oralis isolates from primates—
independently of whether they had been obtained from animals held in captivity or
from free-living animals—were distinct from those of the many human isolates from
different geographic areas, including China, South Africa, and several eastern and
western European countries.

Dissemination of large genomic islands. In the following analyses, we included
another three human S. oralis and four S. mitis isolates described before (10, 17). Two
isolates from rhesus monkeys (S. oralis strains DD24 and DD25) were tetracycline
resistant; DD24 was erythromycin resistant as well. Tetracycline resistance in S. pneu-
moniae is most commonly conferred by tetM, located on an integrative conjugative
element (ICE) of the Tn976 family (18, 19). As shown in Fig. 3, both genomes carried
parts of Tn276 like the S. pneumoniae Spain 23F-1 clone (20). S. oralis strain DD24
contained ermB located on an ICE which is also present in a variety of Streptococcus sp.
genomes, including that of S. pneumoniae Hungary 19A-6. In contrast, the human
isolate S. oralis Uo5 contained ermB next to tetM, a genotype frequently also found in
S. pneumoniae (18). The S. oralis strain DD25 Tn916 region had an insert corresponding
to Enterococcus faecium plasmid pM7M2 sequences (21) which are present in a wide
variety of Gram-positive bacteria, including Staphylococcus spp., Bacillus spp., and
Streptococcus spp., according to BLAST analysis with the NCBI nucleotide data bank
(blue in Fig. 3).

There are several large gene clusters of the accessory genome in S. pneumoniae
(>10 kb) implicated in modulation of the pathogenicity potential (22) and which are
found to be widespread among different species. One cluster harbors genes encoding
a serine-rich cell surface protein (named PsrP in 5. pneumoniae and MonX in S. mitis B6)
with accessory components responsible for glycosylation and export. Serine-rich pro-
teins are adhesins common among Gram-positive bacteria and contribute to a variety
of diseases (for a review, see reference 23). This cluster was widespread also among the
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FIG 4 CRISPR-Cas gene clusters in streptococcal genomes. The five classes (designated 1 to 5) of
CRISPR-Cas gene clusters identified in the genomes of this study are shown; representative genomes
containing these clusters are indicated on the left. The annotation given by the RAST server
(http://rast.nmpdr.org/) was used. Red, Cas1 genes; blue, Cas2 genes; S. sp, Streptococcus sp.

primate genomes (Table S2). Moreover, a region containing genes for a V-type ATPase
was present in several primate genomes (Table S2).

CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-
associated proteins) loci represent defense systems against foreign genetic elements.
Although S. pneumoniae does not contain CRISPR sequences, they were found among
S. mitis and S. oralis isolates (5), but information concerning other streptococcal species
is still limited (24). We detected CRISPR-Cas gene clusters in most of the streptococcal
genomes, and several genomes contained more than one CRISPR-Cas cluster at differ-
ent genomic positions (Table S2). Five different cluster arrangements were observed
(examples are shown in Fig. 4); S. oralis genomes contained clusters of types 1, 2, and
5. Four of these clusters contain Cas1 genes which clustered according to their genomic
arrangement (Fig. S1), as described by Makarova et al. (24).

An interesting case of intra- and interspecies gene transfer events among the Mitis
group of streptococci is the presence of new variants of pilus islet 2 (PI-2), described to
occur in S. oralis, S. mitis, and S. sanguinis (25). PI-2 pili are present in a limited number
of S. pneumoniae strains (26, 27) and facilitate adhesion to eucaryotic cells. A PI-2 islet
is present in S. oralis Uo5, and we used the deduced PitB protein, the major pilus
subunit, to screen the primate genomes for the presence of pilus variants. Six primate
genomes contained pitB-related genes, five S. oralis genomes were from a variety of
primates, and one was of unclear species. All of them encoded PitB variants distinct
from that of the reference strain S. oralis ATCC 10577 used by Zahner et al. (25) (Fig. 5).
All these data indicate that interspecies gene transfer is a common feature among
viridans streptococci independently of the source of isolation; alternatively, the genes
have been lost in some of the strains.

In further analyses, we concentrated on cell surface components, namely, genes
encoding enzymes for peptidoglycan and teichoic acid biosynthesis, cell surface pro-
teins, and virulence factors not detected in S. mitis B6 (3) or S. oralis Uo5 (28), since they
are the major factors responsible for the interaction with host cells.

Penicillin-binding proteins and MurMN. S. pneumoniae contains six PBPs (the
bimodular transglycosylase/transpeptidases PBP1a, -1b, and -2a, the transpeptidases
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FIG 5 Comparison of PitB genes deduced from pilus clusters in streptococcal genomes. The
phylogenetic tree was generated with MEGA6 using the Clustal ali t. PitB of S. p i
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sortases. White genes mark conserved flanking genes outside the pilus cluster.

PBP2x and -2b, and the p,n-carboxypeptidase [CPase] PBP3), and homologs to all six
PBPs were present in the streptococcal genomes of this study. Resistance to B-lactam
antibiotics is due to alterations in at least three PBP genes, PBP2x, PBP2b, and PBP1a,
which are known to be encoded by mosaic genes in resistant S. pneumoniae, S. mitis,
and S. oralis strains (for a review, see reference 29). No mosaic structures have been
detected so far in PBP2a, which is only occasionally involved in strains of high-level
resistance, and PBP3 is not known to contribute to resistance in clinical isolates of
S. pneumoniae.

Genes encoding all six PBPs were found in all genomes analyzed here, Surprisingly,
more than one CPase homolog was found in several of the streptococcal genomes
(5. constellatus, S. parasanguinis, S. gordonii, S. sinensis, and 5. cristatus), which formed
two well-separated homology clusters (group 1 and group 2 in Fig. 6). The larger group,
group 1, which roughly reflects the phylogeny of the species, consisted of the common
PBP3 homolog present in all genomes, as expected for a gene product of the core
genome, whereas this is less obvious for group 2 CPases. All group 2 CPases contained
the active-site motifs SMSK, SSN, and KTG; Streptococcus sp. strain DD10 even contained
a second group 2 protein with the deduced motifs SMAK, SSA, and KTG. This indicates
that all group 2 proteins are functional enzymes. In contrast, in almost all strains with
group 2 CPases, with the exception of S. constellatus strain DD09, the group 1 CPases
had mutations at the active-site serine and/or at the conserved lysine residue within the
SXXK motif (strains with this motif are marked with an asterisk in Fig. 6), suggesting an
inactive enzyme. In all genomes where a group 2 CPase was present, the PBP3 homolog
was positioned between the SufF gene and a gene encoding an ABC transporter. In
contrast, group 2 CPases were found at three different genomic environments, indi-
cating that they were acquired later during evolution.

The three PBPs known to be related to the resistance phenotype (PBP2x, PBP2b, and
PBP1a) were examined more closely. The aims were to see how variable PBP sequences
are among the S. orglis isolates, whether PBP sequences are shared between PBP genes
from human and primate isolates, and whether signs of gene transfer are detectable.

Mosaic structures were apparent in penicillin-sensitive isolates from primates com-
pared to the penicillin-sensitive strain S. oralis ATCC 35037 (Fig. 7), in agreement with
the high variability of PBP genes detected in a large number of human commensal
streptococci (30). Interestingly, the sequences from the three genes obtained from Tai
chimpanzees were distinct from those of all other PBP genes; BLAST searches of
sequences in the NCBI data bank also did not reveal any identical genes. This confirms
that these isolates belong to a special group of S. oralis strains that has evolved
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independently. Moreover, the pr

imate isolates clustered separately from the human

isolates, with the exception of S. oralis strain DD20 (bonobo isolate), which was closely

related to ATCC 35037, and S. miti:

s strain DD22 (gorilla isolate), which carries PBP genes

almost identical to S. mitis M3 genes (Fig. 7 and Fig. S2). These data also clearly indicate
that there is no correlation between PBP2x, PBP2b, and PBP1a sequences; PBP2x from
S. oralis strains DD14, DD15, and DD17 were identical, and all PBP2b and PBP1a
sequences differed from each other (Fig. S2).
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FIG 7 Mosaic PBPs in S. mitis and 5. oralis. Mosaic gene structures were deduced by comparison to S. oralis ATCC 35037 PBP genes.
Sequences that are highly similar to each other (<5% difference) are shown in the same color; sequences of different colors diverge
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chimpanzees; dashed box, PBPs from human isolates with high-level penicillin resistance. The amino acid numbers are those of PBPs
from sensitive S. pneumoniae strains.

Mosaic structures were most obvious in PBP2x, PBP2b, and PBP1a genes from the
human isolates with high-level penicillin resistance (Fig. 7). The mosaic PBP2x genes
belonged to the major PBP2x family common among oral streptococci, with a large
sequence block highly related to some S. mitis strains (10). The mosaic structures
indicate multiple gene transfer events among different species.

Mutations known to contribute to the resistance phenotype (for a review, see
reference 29) were detected only within or close to the active-site motifs. Seven PBP2x
variants contained T338A, whereas PBP2x of 5. oralis DD20 contained the mutation
Q552E, consistent with the lower susceptibility to cefotaxime of the strain. PBP2b
mutations were also common (T446A), and S. oralis DD30 contained the same PBP1a
mutation as S. oralis Uo5 (T3725) (see the arrowheads in Fig. 7). The PBP2b mutation
confers only a small increase in B-lactam MICs (31), and therefore it is not surprising
that S. oralis DD24 containing this mutation expresses only marginal resistance. In all
cases, the PBP mutations were located within mosaic blocks; i.e., they have been
acquired by gene transfer and are thus most likely not spontaneous mutations. In
summary, mosaic structures are common also in S. oralis PBP2x genes, not only in the
resistant isolates but also among penicillin-sensitive strains.

PBPs use muropeptides as the substrates for their transpeptidation reaction and the
formation of cross-links in the peptidoglycan. In S. pneumoniae, MurM and MurN
enzymes, which are responsible for the synthesis of branched muropeptides, have been
described. MurM adds an L-Ala or L-Ser to the e-amino group of the L-Lys residue of lipid
Il, and MurN adds another L-Ala residue. The branched peptides are used as an acceptor
substrate for the transpeptidation reaction of PBPs, resulting in interpeptide bridges in
mature peptidoglycan (32). MurM genes have a mosaic structure in some penicillin-
resistant S. pneumoniae strains (33) and are thus also the subject of gene transfer
events, We recently showed that S. oralis Uo5 contains an unusual MurM gene and no
murN, consistent with the presence of branched muropeptides containing only 1
alanine residue attached to lysine (34) instead of the Ala-Ala or Ser-Ala dipeptide found
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in S. pneumoniae (35-38). We therefore searched the genomes for the presence of
murMN to see whether the lack of murN is a common feature of S. oralis.

Although MurMN was present in most streptococcal genomes (Table S2), the
situation among the S. oralis/S. mitis group was surprisingly varied. We found MurM
homologs only in two S. oralis genomes (DD17 and DD21) and not in the other S. oralis
genomes, regardless of the MurM variant used in BLAST searches (MurM from S. oralis
Uo5, S. mitis B6 or S. infantis DD19). Similarly, BLAST searches of S. oralis draft genomes
in the NCBI data bank revealed only one genome which contained a MurM homolog.
Also, the S. mitis genome DD22 contained murM within a genomic environment similar
to that of S. oralis Uo5 but not murN, whereas other S. mitis genomes contained murMN
in a genetic environment similar to that of S. mitis B6.

TAs and choline-binding proteins. The genomes were screened for genes
required for teichoic acid (TA) backbone biosynthesis and decoration. The sequenced
strains can be divided into two groups. The first group of 13 strains contains one gene
whose product is the key enzyme LtaS, the lipoteichoic acid (LTA) synthetase which
catalyzes the polymerization of type | LTA, containing a polyglycerolphosphate chain,
the most frequently encountered cell wall polymer (39). This group includes different
Streptococcus species (Table S2), and their entire LtaS proteins are similar to LtaS of
S. mitis B6 (Smi0753), with 58% to 75% of their amino acids being identical to those of
LtaS of B6. Three S. mitis strains (DD22, DD26, and DD28) contained a deduced LtaS
protein with >96% identity to LtaS of B6. In contrast, /taS homologs were not found in
S. oralis and S. infantis genomes, in agreement with published data (40).

The 12 strains where /taS was absent contained the genes involved in the biosyn-
thesis of the unusually complex, choline-containing type IV LTA, typical for S. pneu-
moniae and closely related species. In S. pneumoniae, LTA and wall teichoic acid exhibit
identical structures within their repeating units (RU) (41). In the S. mitis B6 strain, the TA
gene content and genetic organization are nearly identical to those of S. pneumoniae
R6, except that S. mitis may contain galactose instead of glucose in its TA repeating unit
(40). In contrast, S. oralis Uo5 produces a structurally different TA repeating unit and has
structural complexity even greater than that of pneumococcal LTA (42). Two S. mitis
isolates, DD22 and DD28, contain S. pneumoniae-type TA biosynthesis clusters but differ
in their glycosyl transferase genes, suggesting that DD22 contains glucose but that
DD28 contains galactose in its TA. In contrast, all S. oralis isolates and S. mitis DD26
contain glycosyl transferase genes of the S. oralis Uo5 type; the S. infantis DD18 licD4
cluster also differed from that of S. oralis Uo5. All three species contain the genes for
uptake and activation of exogenous choline (licABC) as well as for decoration of teichoic
acids (licD homologs). A closer look revealed that one group (S. mitis DD26 and S. oralis
DD16, DD17, DD20, and DD21) contained a lic4 region where the homology of the licD3
and tacF gene products to the S. oralis Uo5 proteins was much lower (Table S2). This
suggests that at least four biochemical variants of choline-containing teichoic acids
occur in S. mitis, S. oralis, and S. infantis. The results are in agreement with data obtained
by Kilian et al. showing that monoclonal antibodies directed against the backbone and
the phosphocholine residues of TAs react with some strains of these three species (6).

CBPs. Choline-binding proteins (CBPs) are anchored to the cell wall by hydrophobic
interactions with choline-containing teichoic acids (for a review, see reference 43). They
are composed of a choline-binding module consisting of repeats of 20 amino acids and
a nonconserved functional domain. They represent a highly varied family with respect
to non-CBP modules, and numbers of CBPs also vary largely even within one species.

There are only three CBPs common to S. mitis B6, S. oralis Uo5, and S. pneumoniae,
namely, LytB, a key enzyme for cell separation (44), CbpD, a murein hydrolase impli-
cated in the lysis of noncompetent genes (45), and CbpF, a putative modulator of cell
wall hydrolases (46), strongly suggesting that these CBPs have an important physio-
logical role in these species. Genes encoding these three CBPs were found in the
S. oralis, S. mitis, and the S. infantis genomes, which contained the lic clusters described
above. All streptococcal genomes that did not contain CBPs, and thus did not contain
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CbpD, encoded a protein related to LytF of 5. gordonii and possessing a similar function
(47, 48) or another, new autolysin with a related CHAP domain (Streptococcus sp. strains
DD10 and DD13).

Noncoding ¢sRNAs 1 to 6. Streptococci contain a two-component regulatory
system, CiaRH, which was originally identified in and characterized for S. pneumoniae
(49-51). The system affects diverse processes, such as genetic competence (52, 53),
bacteriocin production (54), host colonization (55), virulence (56), and B-lactam resis-
tance (49, 57). Within the CiaR regulon, there are variable numbers of genes specifying
small noncoding RNAs, i.e., cia-dependent small RNAs (csRNAs), ranging in size from 51
to 200 nucleotides (59). Since the c¢sRNAs are involved in major CiaR-associated
phenotypes in S. pneumoniae (53, 58), it was of interest to look for csRNA genes in the
novel genomes.

First, the genomes were searched for the response regulator CiaR, which was clearly
detected in all genomes with the typical recognition helix described previously (59).
The corresponding histidine kinase, CiaH, was also present and showed a greater
variability than CiaR, consistent with an earlier observation (59). Subsequently, the
genomes of 5. mitis, 5. oralis, S. gallolyticus, and S. gordonii strains were searched for the
types of ¢csRNAs previously defined in other strains of these species (59). All csRNAs
were present in the new strains. Interestingly, some S. oralis strains contained six
instead of the five csRNAs of S. oralis Uo5 (17) caused by duplications of csRNA2,
csRNA4, or csRNA6 genes. Two species with unknown repertoires of csRNAs contained
csRNAs known from other species. S. lutetiensis harbored the S. gallolyticus UCN34
csRNAs except for csRNA40 (59), and S. infantis harbored four of the five S. oralis Uo5
csRNAs but not csRNAT. The other streptococci, especially those without species
designation, did not yield full-length hits in the BLAST analysis with csRNA types
defined by Marx et al. (59), indicating the existence of novel csRNAs in these bacteria.

Closer inspection of S. oralis sequences with duplicated csRNA genes revealed a
surprising result. In between duplicated csRNA2 and csRNA6 genes (DDO5 and DD15),
we found a genetic island of four genes encoding redox proteins related to succinate
dehydrogenase and fumarate reductase, a transporter of the oxalate/formate antiporter
family and an AraC-type regulator. These genes are not present in S. oralis strains
without duplicated csRNA genes. It appears therefore, that this small metabolic island
is integrated into the S. oralis genome via csRNA genes. Similarly, an even smaller island
of two genes encoding proteins without assigned functions is integrated between
duplicated csRNA4 genes (DD27).

In S. infantis DD18, the four-gene island of S, oralis DD05/DD15 is integrated
between two csRNA6 genes. A phage is apparently integrated into csRNA2 in DD14, but
we could not deduce whether this is also related to a csRNA gene duplication due to
termination of the contig sequence.

5. pneumoniae virulence factors in viridans streptococci. A large number of
surface components important for the interaction with host cells have been described
to occur in S. pneumoniae (for reviews, see references 60 and 61). Most of these genes
were present in all genomes of this study, as has been described for S. mitis B6 (3),
including the lipoprotein PsaA, a manganese transporter, and the two peptidyl-prolyl
isomerases SIrA and PpmA, as were the nonclassical cell surface proteins, the
plasminogen-binding proteins GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
and enolase, and the fibronectin-binding protein PavA. PavA is essential for coloniza-
tion in the upper respiratory tract but probably mediates adherence indirectly by
affecting other virulence factors (62, 63). The high conservation of PavA is exemplified
in Fig. S3. Despite a high degree of sequence identity, every genome contained a
distinct predicted PavA which differed from S. pneumoniae PavA by up to 3.6% (S. mitis)
and 5.4% (S. oralis). In this context, it is interesting that none of the viridans streptococci
investigated here contained the gene cluster implicated in riboflavin biosynthesis
(5. pneumoniae R6 spr0161 to spr1064) except the S, gallolyticus and S. lutetiensis
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genomes. In contrast, the thiamine cluster absent in S. mitis B6 (3) was variably present
in several S. oralis genomes (see Table S2 in the supplemental material).

We investigated neuraminidases in more detail, since these enzymes target sialic
acids, which differ between humans and primates. N-Acetylneuraminic acid (Neu5Ac)
and its derivative N-glycolylneuraminic acid (Neu5Gc) are major sialic acids in many
vertebrates, including the great apes. However, Neu5Gc is missing in human tissues due
to an inactive form of the enzyme required for the generation of this compound (64,
65). In S. pneumoniae, three neuraminidases have been described: NanA, which con-
tains an LPXTG motif, and NanB/NanC (for a review, see reference 4). NanA contributes
to attachment to host cells by hydrolyzing terminal sialic acid residues from host
proteins and polysaccharide components. The S. mitis genome of DD22 and many of
the S. oralis genomes contained a closely related nanA homolog, as did the genomes
of DDO08 (S. cristatus), DD10 (unknown species), and DD04 (S. sinensis) (Table S2). In
contrast, NanBC were absent in all S. oralis isolates and found only in one human S. mitis
isolate, DD28 (Table S2). Instead, a protein encoding a B-N-acetyl-hexosaminidase
occurred in most oral streptococci (Table S2), which was absent in all S. pneumoniae
genomes. Like NanA, it contains a YSIRK signal peptide and represents an LPXTG cell
surface protein. No primate-specific clustering was observed (Fig. 8).

A few genes described as S. pneumoniae virulence factors were not detected in the
S. mitis B6 (3) or the S. oralis Uo5 (28) genome. This includes the three CBPs PspA, PcpA,
and PspC (for reviews, see references 60 and 66), the hyaluronidase HysA, and the cps
cluster responsible for the highly variable polysaccharide capsule. As shown recently,
cps clusters have been imported from numerous Streptococcus species (5) and were not
investigated here. Hyaluronidase activity is present in most S. pneumoniae isolates. It
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has been found in some S. oralis, but not in S. mitis, strains (6). Consistently with this
observation, only one S. oralis genome harbored a HysA gene (DD25) (Table S2).

PspA is a highly immunogenic protein, and antibodies against PspA protected mice
when challenged with S. pneumoniae (60, 66). It interferes with complement activation
and is able to bind lactoferrin (67, 68). PspA sequences are highly divergent in
S. pneumoniae due to intragenic recombination similar to that of PspC (60, 69). PspA has
a mosaic structure in its central highly charged and proline-rich regions. BLAST analysis
performed with the non-choline-binding domains revealed that only in the human
isolate S. mitis DD28 is a PspA-related deduced protein identical to S. mitis B6 CBP2
(smi0038) present. N- and C-terminal sequences were closely related to S. pneumoniae
PspA; however, the charged and proline-rich regions were distinct.

PcpA is conserved among pneumococci, and since it elicits protection in murine
models of pneumonia and sepsis, it is now included in vaccination trials (70). The PcpA
gene is associated with transposase elements, indicating acquisition from a still-
unknown source, We found only in DDQ9 (S. constellatus) a PcpA homolog with 72%
identity to S. pneumoniae PcpA (first 360 amino acids). However, it lacked the choline-
binding domain and carried an LPXTG motif instead. We did not find evidence in other
S. constellatus genomes for the presence of this gene, strongly suggesting that it is part
of the accessory genome in this particular case.

S. pneumoniae PspC (also named ChpA) interacts with the secretory component of
the polymeric immunoglobulin receptor and interacts with components of the innate
immune system, such as the complement proteins C3 and factor H (71); it also binds to
vitronectin (72). It is located on an island encoding TCS06 and an integral membrane
protein of unknown function. Some isolates contain another PspC-like protein, but one
which shows a C-terminal cell wall-anchoring LPXTG motif instead of the choline-
binding repeat, and differ also in their proline-rich domains. PspC was also named Hic
for factor H-binding inhibitor of complement (73, 74). PspC/Hic proteins are highly
varied in S. pneumoniae, and only the signal peptide, as well as the overall domain
organization, is conserved (74).

PspC homologs containing the highly conserved N-terminal signal peptide of
S. pneumoniae PspC were found in S. oralis DD14 and DD15 as well as in S. mitis DD26,
encoded by a gene located in the same genetic environment as in S. pneumoniae,
downstream of a TCS06 homolog (Fig. 9). However, as with Hic, these proteins con-
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tained an LPXTG motif and no choline-binding module and differed largely in their
proline-rich internal regions; both S. oralis proteins were almost identical throughout
the first 319 residues. It should be noted that the pspC island in S. pneumcniae is
frequently associated with BOX elements (strain R6) or transposases (strain Hungary
19A_6) which may be involved in the variability of this region. Such elements were
missing in the S. oralis pspC islands, and only two BoxABC elements were present in the
S. mitis DD26 genome.

LytA autolysin and Ply pneumolysin. In contrast to all other CBPs, LytA does not
contain a signal peptide and is therefore located mainly in the cytoplasm of the cells
(75-77). It is still unclear how it accesses the pneumococcal cell wall, and it has been
suggested that its activity is restricted to sites of nascent peptidoglycan biosynthesis
(78). LytA encodes the major autolysin in S. pneumoniae and is responsible for
stationary-phase lysis of pneumaococcal cultures and for the lytic response to B-lactams
and other cell wall inhibitors. It acts during genetic competence to lyse noncompetent
cells, a process named “fractricide” (79), and it is probably required for the release of
virulence factors, including the pneumolysin Ply (80). In 5. pneumoniae, the LytA gene
is located on a genomic islet, including the Ply gene, and has been imported probably
via recombination with phages, which frequently carry a fytA homolog (81). LytA genes
associated with cryptic phage relicts are genetically distinct. The presence of IytA and
ply in S. mitis has been documented (3, 6, 81-83), but their genomic organization has
not been elucidated.

LytA homologs were found in the genomes of three S. oralis isolates from primates.
LytA from a wild chimpanzee was closely related to LytA from a zoo ape. Two human
S. mitis isolates contained two copies, one of which was associated with phage genes,
whereas the other one was located downstream of dinF, as with 5. pneumoniae IytA.
Both 5. mitis DD28 and DD26 also contained a ply homolog. The organization of lytA-ply
in S. mitis DD28 was similar to that in S. pneumoniae but included two genes not
present in S. pneumoniae, while S. pneumoniae contained multiple fragmented insertion
sequence (IS) elements and other mobile sequences, such as RUP and BOX elements
(Fig. 10). The rare occurrence of RUP elements among S. mitis strains has been noted
(5). A similar organization can be deduced from the DD26 genome, but it contained a
sequence gap between IytA and ply (not shown). This shows that the complete island
is present also among the 5. mitis strains from humans.

In summary, almost all genes associated with S. pneumoniae virulence were found
in the primate isolates. However, a small set of genes encoding the PspC islet, HysA,
NanBC, and Ply-LytA, present in most 5. pneumoniae strains, were restricted to a few
S. oralis and/or S. mitis genomes.
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DISCUSSION

Species isolated from primates. One part of this study was to see which primate
species contained streptococci related to those that are commensals in human. Strep-
tococci could be isolated from great apes, Old World monkeys (rhesus monkeys), and
lemurs (ring-tailed lemurs and Verreaux's sifaka) and included a wide variety of species
of viridans streptococci according to MLSA and genomic analyses. No streptococci of
the Mitis group of viridans streptococci could be isolated from lemurs from Madagas-
car; we found only S. gallolyticus, which belongs to the Bovis group. However, members
of the Mitis group of streptococci were obtained only from monkeys and great apes,
with S. oralis being the predominant species. None of our samples showed 16S rRNA
identity to other species of the Mutans group, including Streptococcus troglodytes,
Streptococcus dentirousetti, Streptococcus downei, and Streptococcus macacae, which
have been isolated from plaques of chimpanzees obtained by brushing their teeth (84),
probably due to the different methods used for sampling. The streptococci included
novel species isolated from wild chimpanzees that we could not define by MLSA or 16S
rRNA analysis, and other genes did not reveal matches with >90% homology (Ta-
ble S3). These findings should be corroborated by microbiome analyses to reveal
potential differences between the commensal floras of primates.

The genomes of three strains isolated from ring-tailed lemurs defined one strain,
KG3c, closely related to S. dysgalactiae subsp. equisimilis and two strains of the Mitis
group, S. lutetiensis DD06 and S. sinensis DDO4. It was difficult to obtain MLSA se-
quences from other ring-tailed lemur isolates, and only sequences from rpoA and pyk
could be obtained from another seven strains. Phylogenetic analysis showed that they
formed an unidentified cluster between S. sinensis and S. gordonii (not shown). S. oralis
strains were obtained only from Old World monkeys, most of which were located on
branches distinct from those containing the main cluster of human isolates in the
phylogenetic trees generated by MLST and MLSA. This strongly suggests that S. oralis
had evolved in these animals prior to the origin of humans and that this species is part
of the commensal flora at least of great apes. The finding that S. oralis is also associated
with rhesus monkeys should be confirmed by screening of wild animals, since the
possibility of transfer of strains from humans to animals held in captivity cannot be
excluded. Taken together, the phylogenetic tree of viridans streptococci appears to
parallel the evolution of primates. Obviously, more samples from free-living animals,
including New World monkeys, are needed to gain a comprehensive view of the
evolutionary history of streptococci, which are important commensals in these animals.

In this context, it is remarkable that antibiotic resistance phenotypes and the TetM
resistance determinant were found only in isolates from zoo animals and in those from
the German primate center, i.e., in an environment where these phenotypes are
frequent among Streptococcus spp. but not in free-living animals. Nevertheless, the
possibility of transfer from humans to wild animals cannot be excluded. The sampling
of fruit wedges is a successful strategy to screen for bacteria and viruses (85), and a
human-to-monkey transmission of S. aureus has been reported (86).

As pointed out before (5, 8), the highly diverse subclusters within the S. mitis cluster
could not be distinguished by phenotypic properties, challenging the definition of
species. This is also apparent if one considers the S. oralis lineages (Fig. 2), which are
probably a reflection of the diversification in different nonhuman hosts. Remarkably,
the newly defined species S. tigurinus (87) and S. dentisani (15) cluster among the
organisms of the S. oralis subcluster of IgA protease-negative organisms and the
previously defined S. mitis biovar 2 subcluster (Fig. 2A), respectively, challenging the
definition of S. oralis. 16S rRNA sequences are varied within designated S. oralis isolates,
and thus the species of isolates that cluster within the heterogeneous S. oralis cluster,
including the genomic information of many more strains, should be confirmed by
further analyses. Determination to the species level is aggravated by the capacity for
genetic transformation in viridans streptococci. The large accessory genome bears
many signs of interspecies gene transfer, including large genomic islands common
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among different streptococcal species, leading to a smooth transition between species
in comparative genomic hybridization experiments of oral streptococci (3, 4, 88). In this
context, it is remarkable that csRNA genes apparently serve as entry sites for horizontal
gene transfer in several cases, as described here, thereby contributing to the genomic
variability observed for S. oralis and resulting in an overlap in the accessory genomes
of S. oralis and S. infantis. It will be interesting to see if csRNAs with inserts are also
found or are found even more often in other streptococcal species.

Genome analysis of peptidoglycan and teichoic acid biosynthesis. The
second part of this study investigated cell surface components, including enzymes
involved in cell wall polysaccharide biosynthesis, extending previous genomic analyses
that focused mainly on S. mitis (3, 5). The variability of genes involved in peptidoglycan
biosynthesis among S. oralis strains—those for PBPs and MurMN—is astounding. A high
variability of PBPs in S. mitis is well known and has been exemplified recently using a
large number of isolates (30). We now provide evidence that S. oralis isolates also differ
largely in sequences encoding PBP2x, PBP2b, and PBP1a, proteins implicated in
B-lactam resistance, and that these proteins are known to have a mosaic structure in
resistant isolates. Mosaic blocks present in a common class of resistant mosaic PBP2x
genes that are closely related to PBP2x genes from sensitive S. mitis isolates were found
only in human isolates with high-level resistance (Fig. 7; see Fig. S2 in the supplemental
material). In contrast, PBP2a sequences were conserved throughout the sequences (not
shown). In several genomes, two genes encoding CPase PBP3 homologs, termed group
1 and group 2 CPases, were present (Fig. 6). In most cases, only the group 2 CPase gene
encoded a protein with conserved active-site motifs. It is likely that that the products
of these genes represent the only functional CPase. The gene encoding group 1 CPases
was located in the same genomic environment, whereas the genes encoding group 2
CPases were present at locations in DD04 (S. sinensis), DDO8 (S. cristatus), and DD07
(S. gordonii) that were distinct from those in DD09 (S. constellatus), DD11 (unknown
species), and DD19 (S. parasanguinis); the genes in DD10 (unknown species) were again
positioned differently, suggesting that these genes have been imported into the
genomes on different occasions. It would be interesting to see whether the enzymatic
activities of group 2 enzymes differ from those of group 1 enzymes.

S. oralis Uo5 lacks MurN, associated with an interpeptide bridge consisting of only
one L-Ala residue (34), and we now show that murM and murN are also apparently
lacking in some isolates (see Table S2 in the supplemental material). Accordingly, these
strains most likely contain no interpeptide bridges in their peptidoglycan, which should
be confirmed by biochemical analyses. This raises the question of which of the PBPs is
preferentially affected by an altered substrate, a question that can be clarified only by
complex genetic or biochemical experiments. Jensen et al. also noted the absence of
MurM homologs in S. mitis and S. oralis (30) and hypothesized that this genotype is
tolerated only in penicillin-sensitive strains. Interestingly, we found mutations in PBPs
associated with resistance (Q552E in PBP2x of DD20 and T446A in PBP2b of DD24) in
S. oralis isolates where both murM and murN were missing. Since deletion of MurMN in
penicillin-resistant strains leads to a breakdown of resistance, including cefotaxime
resistance, which is mediated by PBP2x but not by PBP2b, it has been speculated that
itis the altered “resistant” PBP2x whose function depends on the presence of branched
peptides (89). Given the variability of PBP sequences and of PBP2x in particular, it is
quite possible that resistant PBP variants that are still functional even in the absence of
MurMN have evolved. However, it might be difficult to find such isolates. Since resistant
PBPs evolved in the genomic context of the respective murMN constellation and are
transmitted mainly by gene transfer, resistant de novo variants of strains that do not
contain murMN might be encountered only on rare occasions.

The variation observed in S. oralis strains with respect to teichoic acid biosynthesis
clusters responsible for choline decoration of teichoic acids (LTA type IV) is astounding.
All strains contained genes required for choline-containing TAs, but the presence of
distinct lic clusters (lic3 versus lic4 of Uo5 and lic4 of S. oralis cluster 2 isolates) strongly
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suggests three different biochemical makeups of this cell surface polysaccharide in
S. oralis strains and in at least two variants of S. mitis. Kilian et al.,, using monoclonal
antibodies to detect epitopes characteristic of the backbone and the phosphocholine
residues of the TA, showed that S. infantis contains choline in its cell wall (6). We now
provide genetic evidence for the presence of these components in S. infantis, with
DD18 containing a licD4 cluster similar to the licD4 cluster in Uo5; more S. infantis
genomes are needed to confirm that lic genes and CBP genes are uniformly present in
this species and whether variants occur, as shown here for S. oralis. All species with type
IV LTAs share the physiologically important choline-binding proteins CbpD, CbpF, and
LytB. The other viridans streptococci investigated here contain LtaS synthase to po-
lymerize a much simpler LTA (type I) consisting of a polyglycerolphosphate chain (39).
Some S. mitis strains contain /taS in addition to the lic operons, similar to what occurs
in S. mitis B6 (40). As pointed out before, experimental evidence is required to know
whether these strains express two types of LTA.

S. pneumoniae virulence factors. In general, this study confirmed that many
genes encoding so-called virulence factors of S. pneumoniae are present in many strains
among viridans streptococci, as has been shown in several genomic studies (3, 5, 6, 28).
We focused our analysis on cell surface proteins since these are the components that
interact with host cells and thus are potential candidates to reveal differences between
S. pneumoniae and related streptococci. The main finding was that the neuraminidases
NanBC, which are variably present in S. pneumoniae genomes, were found only in one
S. mitis isolate and were completely absent in S. oralis and other viridans streptococci.
In contrast, a related protein with predicted N-acetyl-hexosaminidase activity occurred
in all S. oralis genomes, independently of the host of the isolates, and was present also
in the S. infantis genome. The in vivo role of this protein remains to be clarified. We
failed to detect features that are exclusively associated with primate versus human
isolates for several reasons. First of all, the sample size for one streptococcal species
from a single primate species is still too small to interpret results reliably in this respect.
It is possible that the capsule plays an important role for host specificity, as has been
pointed out for S. pneumoniae (5), but due to the variability of capsular clusters, it is
difficult to interpret the variability encountered, e.g., in S. oralis genomes. Also, differ-
ences that are due to host specificity might not be visible at the genomic level but
require physiological tests or biochemical analyses (e.g., tests for the glycosylation
pattern of surface components).

Two clusters which included S. pneumoniae-specific virulence genes were found
among S. mitis and S. oralis: the ply (or IytA) gene cluster and the TCS06 pspC islet. The
presence of ply-lytA in commensal streptococci is well known (3, 6, 81-83), but this is
the first time that we can show that the entire island is present in some S. mitis strains
and that it is located at the same genomic position as in S. pneumoniae. The main
difference is the absence of the repeat elements RUP and BOX (Fig. 10). RUP elements
have apparently undergone extensive expansion during the evolution of S. pneumoniae
(90), whereas they are rarely found in S. mitis or S. oralis (3, 5). Similarly, the TCS06 pspC
cluster (Fig. 9) includes BoxABC elements in S. pneumoniae which were missing in the
two S. oralis genomes containing this islet; they were present in the S. mitis genome.
Generally, BOX elements are much rarer in S. oralis than in S. mitis or S. pneumoniae.
Sequences related to the three novel S. mitis/S. oralis PspC-like proteins were found in
S. pneumoniae genomes (e.g., strains NT_110_58 and Hungary 19A_6), documenting a
remarkable example of domain shuffling and protein diversification during evolution.

There are several open questions that remain. What is it that makes S. pneumoniae
a pathogen? Do the S. oralis/S. mitis strains that contain PspC, HysA, and the lytA-ply
island have a higher-pathogenicity potential than those that lack these components? Is
it the combination of these well-known virulence genes plus PcpA, PspA, and the highly
variable polysaccharide capsule (which are present in most pneumococcal strains) what
imparts pathogenicity? What is the role of the N-acetyl-hexosaminidase in S. oralis and
S. infantis? What is the driving force behind the variation observed in peptidoglycan
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and the teichoic acid biosynthesis enzymes, PBPs, MurMN, and LicD3/4? Are there
host-specific components that occur in human as well as in primate isolates? The speed
of genomic research and novel biochemical tools might help to solve some of these
riddles.

MATERIALS AND METHODS

Bacterial strains. Swabs were obtained from the Frankfurt Zoo (throat swabs from bonobos, orangs, and
gorillas) and from the German Primate Center, Géttingen, Germany (throat swabs from rhesus monkeys
and nose swabs from ring-tailed lemurs). Throat swabs from free-living lemurs (Verreaux's sifakas,
Propithecus verreauxii; red-fronted lemur, Eulemur rufifrons; Western fat-tailed dwarf lemur, Cheirogaleus
medius; gray mouse lemur, Microcebus murinus) in the Kirindy Forest in Madagascar, which is part of a
field site operated by the German Primate Center, were obtained during a survey of anesthetized animals
in the course of an annual marking and survey mission that followed the protocol described previously
(91). Samples from wild chimpanzees from the Tai National Park, Ivory Coast, where contact to humans
is highly restricted, were isolated from fruit wedges containing the fruit of two species of plants
(memecylon and Parinari), which are chewed by the animals for long time periods and sucked on
intensively before they are spit out. These fruit wedges where collected once the chimpanzees had
reached a minimum distance of 10 m from the sample, which was placed in STGG medium (92) and
transported to the field camp, where they were preserved in liquid nitrogen and shipped to Germany as
described previously (86). Samples were vortexed and streaked on blood agar plates using a 10-pul
inoculation loop. Plates were incubated overnight, and colonies showing alpha-hemolysis were isolated
and tested for optochin susceptibility (see Table S1 in the supplemental material). Bacterial samples from
swabs were grown in C medium (93) supplemented with 0.1% yeast extract, diluted, and streaked on
p-agar plates (94) with 3% defibrinated sheep blood. Individual colonies suspected of representing
viridans streptococci were isolated, and antibiotic susceptibility was tested with the Etest (B-lactam
antibiotics) and antibiotic discs (all other antibiotics) (Table S1).

Bacterial genomes. The 25 genomes of isolates from primates and their accession numbers are
listed in Table S1 in the supplemental material. In addition, seven genomes from human S. mitis and
S. oralis isolates which were used in previous studies (10) were included for comparison (Table S1). Files
with sequence reads from 454 3K paired-end sequencing technology were available for 26 strains
isolated from various monkeys and monkey groups, including 24 from Streptococcus spp. The gsAssem-
bler (Newbler), version 2.6, from Roche was applied for assembly. The rapid annotation subsystem
technology (RAST) server (95) designed for annotation of bacterial and archaeal genomes was applied to
obtain EMBL-formatted files containing protein, tRNA, and rRNA annotations from a large set of several
output formats; S. mitis NCTC10712 was annotated by best BLAST analysis (96).

DNA isolation and PCR amplification. Chromosomal DNAs from streptococci were isolated as
described previously (97). PCR products were purified using a JetQuick DNA purification kit (GenoMed).
PCRs were performed using either Goldstar Red Taq polymerase (Eurogentec) or DreamTaq polymerase
(Fermentas) according to the manufacturer’s instructions. The oligonucleotides used in this study were
obtained from Eurofins. PBP2x gene fragments were amplified with the primers pn2xup and pn2xdown,
as described previously (97). 165 rRNA sequences were amplified by PCR with the bacterium-specific
primers rRNA2 (TCAGATTGAACGCTGGCGGC) and rRNA1 (TATTACCGCGGCTGCTGGCA) or the Streptococ-
cus sp.-specific primer rRNA-Strep1rev (CTTACGGTTACCTCACCGACTTCG) and rRNA2.

Identification of csRNA genes. The genomes were searched for csRNA genes by BLAST analysis
using the genes of 40 csRNA types defined by Marx et al. (59) as a query. Hits covering at least 50
consecutive base pairs were taken, and their genomic upstream regions were visually inspected for the
presence of a typical CiaR-regulated promoter with the CiaR-binding site NTTAAG-5-content-
type="gene">TTTAAG placed 10 bp upstream of a —10 region. In all cases, such a promoter sequence
was identified. It allowed us to predict exactly the start of the csRNA genes. Subsequently, the last T in
the terminator region was taken to define csRNA genes completely.

Bioinformatic tools and analysis. BLAST searches were performed using the NCBI microbial
genome data bank. A specialized search for the primate genomes was established on the NBC11
bioinformatic computational site http://nbc11.biologie.uni-kl.de/ (database searches/BLAST primate iso-
lates) for all contigs. Neighbor-joining trees were generated with MEGA6.06 (98) and Clustal alignments
using standard parameters; in some cases, muscle alignment was chosen, as stated in the text. Bootstrap
analysis was based on 1,000 replicates; for MLST-derived phylogenetic trees, 500 replicates were used.
For comparison, analyses were also conducted with the neighbor-joining algorithm.

id q i b The whole-genome shotgun project sequences have
been deposited in DDBJ/EMBL/GenBank (accession numbers are listed in Table S1 in the supplemental
material). The versions described in this paper are versions XXXX01000000. The accession numbers for
16S rRNA sequences are listed in Table S4. Primers used for PCR amplification of internal gene sequences
that were used for MLST and MLSA have been published (8, 10). Accession numbers for reference MLST
genes (10) are EU075657 to EU076239. The accession numbers of MLST/MLSA sequences generated in
this study are listed in Table S4.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://dx.doi.org/10.1128/
mSphere.00041-15.
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2.4  Transfer of penicillin resistance from Streptococcus oralis to Streptococcus
pneumoniae identifies murkE as resistance determinant

Katya Todorova, Patrick Maurer, Martin Rieger, Tina Becker, Nhat Khai Bui, Joe Gray,
Waldemar Vollmer and Regine Hakenbeck. Mol Microbiol. 2015 Sep;97(5):866-80. doi:
10.1111/mmi.13070. Epub 2015 Jun 19.

Summary:

In Streptococcus pneumoniae, penicillin binding proteins (PBP), as well as MurM and MurN,
are important enzymes involved in peptidoglycan (PG) synthesis. Resistance against the beta-
lactam antibiotics in clinical isolates is mainly due to alterations in the genes pbp2x, pbp2b,
pbpla, and murM. Transformation experiments with DNA from the high-level beta-lactam
resistant S. oralis strain Uo5 into the recipient S. pneumoniae R6 strain were performed to
identify genes involved in the high resistance level of the donor strain. The genome sequence
of a high-level resistant transformant PCP indicated that the gene murE, previously not
associated with the evolution of penicillin resistance, contributes to this phenotype, an
assumption which could be confirmed experimentally. MurE adds a lysine residue to the PG
precursor. Like the three penicillin-binding protein genes and murM, murE is a mosaic gene in
S. oralis Uo5, and thus has apparently been imported into this strain. MurkE genes with
sequence blocks identical to murE of S. oralis Uo5 were recognized in some S. pneumoniae
and S. mitis strains as well. Unlike S. pneumoniae, S. oralis Uo5 does not contain MurN, which
is reflected in its distinct PG biochemistry. The study added MurE as an important resistance
determinant, underlining the importance of non-PBP genes in the development of penicillin

resistance.

Own contribution to the paper:

Assembly of sequence reads, final generation of genome sequences from sequence reads and
contigs including annotation of three S. pneumoniae transformants (PCP-7, PCP-C6 and PCP-

CCO). Comparative analysis of the three genomes and with S. pneumoniae R6 and S. oralis Uo5
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including manual retrieval of SNVs and transferred sequence fragments as described in

chapter 3.4.
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Summary

Beta-lactam resistant clinical isolates of Streptococ-
cus pneumoniae contain altered penicillin-binding
protein (PBP) genes and occasionally an altered
murM, presumably products of interspecies gene
transfer. MurM and MurN are responsible for the syn-
thesis of branched lipid I, substrate for the PBP cata-
lyzed transpeptidation reaction. Here we used the
high-level beta-lactam resistant S. oralis Uo5 as donor
in transformation experiments with the sensitive labo-
ratory strain S. pneumoniae R6 as recipient. Surpris-
ingly, piperacillin-resistant transformants contained
no alterations in PBP genes but carried murEy.s encod-
ing the UDP-N-acetylmuramyl tripeptide synthetase.
Codons 83-183 of murE,;,; were sufficient to confer the
resistance phenotype. Moreover, the promoter of
murEy.s, which drives a twofold higher expression
compared to that of S. pneumoniae R6, could also
confer increased resistance. Multiple independent
transformations produced S. pneumoniae R6 deriva-
tives containing murEucs, pbp2xu.s, pbplau.s and
pbp2byos, but not murly.s sequences; however, the
resistance level of the donor strain could not be
reached. S. oralis Uo5 harbors an unusual murM, and
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murN is absent. Accordingly, the peptidoglycan of
8. oralis Uo5 contained interpeptide bridges with one
L-Alaresidue only. The data suggest that resistance in
S. oralis Uo5 is based on a complex interplay of dis-
tinct PBPs and other enzymes involved in peptidogly-
can biosynthesis.

Introduction

Development of beta-lactam resistance in Streptococcus
pneumoniae has become a paradigm of evolutionary
processes in the antibiotic era. Since the late 1970s,
penicillin-resistant S. pneumoniae (PRSP) has increased
worldwide to represent now over 50% of all isolates in
many countries, and the resistance level has risen from
the minimal inhibitory concentration (MIC) values of
around 0.01 ug mi-' for benzylpenicillin — typical of sensi-
tive isolates — to over 100-fold in PRSP (for review, see
Henriques-Normark, 2007). The wide range of resistance
levels suggests a complicated multistep process that
underlies this phenomenon.

Penicillin resistance is mainly due to alterations in the
target enzymes for beta-lactam antibiotics, the penicillin-
binding proteins (PBPs). PBPs act during late steps of the
biosynthesis of the essential cell wall peptidoglycan. They
are modular enzymes containing a transpeptidase domain
responsible for cross-linking the peptide subunits, the
crucial penicillin-sensitive step. PBPs are grouped into
three main classes according to their primary sequence,
domain structure and enzymatic activities: class A PBPs
contain an N-terminal glycosyltransferase domain, which
in class B PBPs is replaced by an N-terminal domain
of unknown function; class C PBPs act as DD-
carboxypeptidase and/or endopeptidase (Goffin and
Ghuysen, 1998; Sauvage etal, 2008). S. pneumoniae
contains six PBPs: the three class A PBPs 1a, 1b and 2a,
the essential class B PBPs 2x and 2b, and the
DD-carboxypeptidase PBP3. Altered PBP2x, 2b and 1a
are the main players during the development of beta-
lactam resistance (for review, see Hakenbeck et al., 2012).
Beta-lactams are bound covalently to the active site serine
residue within the transpeptidase domains of PBPs.
Resistant strains harbor mutations that result in a low
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affinity for beta-lactam antibiotics, apparently enabling
enzymes to functionin cell wall synthesis in the presence of
beta-lactams. In some resistant clinical isolates, a low
affinity PBP2a contributes to resistance (Smith etal,
2005), whereas resistant laboratory mutants can have
sequence alterations in all PBPs (Hakenbeck et al., 2012).

PBP2x and PBP2b are primary resistance determinants,
i.e. they are capable of conferring low or intermediate
levels of resistance when transformed into a penicillin-
sensitive strain. However, high resistance levels can only
be achieved upon additional introduction of an altered
PBP1a. PBP2x plus PBP1a suffice to confer high resist-
ance levels to cefotaxime and related antibiotics (Mufioz
et al., 1992), as PBP2b does not interact with these beta-
lactams (Hakenbeck et al., 1987). Consequently, muta-
tions in PBP2b can only be selected with penicillins,
whereas cefotaxime favors the selection of PBP2x
mutations.

Non-PBP genes are also involved in the resistance
phenotype in some PRSP. Some penicillin-resistant
strains express an altered, mosaic MurM gene (Filipe
et al., 2001; Cafini et al., 2005; del Campo et al., 2006).
MurM adds an L-Ala or L-Ser to the e-amino group of the
L-Lys residue of lipid Il, and MurN adds another L-Ala
residue. The resulting branches are used as acceptor
substrate for the transpeptidation reaction of PBPs,
becoming the interpeptiide bridges in mature peptidogly-
can (Lloyd et al., 2008). Resistant isolates with an altered
murM produce much higher amounts of peptide branches
(L-Ala-L-Ala or L-Ser-L-Ala) than sensitive and other
resistant clones (Severin and Tomasz, 1996). Surpris-
ingly, deletion of murM results in a complete breakdown of
resistance in all resistant strains (Filipe and Tomasz,
2000; Weber et al., 2000), a phenomenon that is not well
understood. Moreover, mutations in the histidine protein
kinase CiaH, which occur frequently in laboratory mutants
but are rare in resistant clinical isolates (Maller et al.,
2011, and references within), can contribute to resistance.

PBP genes and occasionally murM in PRSP have a
mosaic structure where sequence blocks are replaced by
highly altered sequences as a result of interspecies gene
transfer events (Dowson et al., 1989; Laible et al., 1991;
Martin et al., 1992; Filipe et al., 2001). Sequences related
to those of mosaic blocks of the resistant PBP genes have
been identified in sensitive S. mitis, the closest relatives of
S. pneumoniae (Dowson et al., 1993; Sibold et al., 1994),
indicating that ‘resistant’ PBP genes have evolved in
S. mitis prior to transfer into other species. In fact, using
DNA of resistant S. mitis and S. oralis as donor, transfor-
mants of S. pneumoniae can be obtained in the laboratory
expressing mosaic PBP variants, confirming that interspe-
cies gene transfer can occur (Reichmann et al., 1997;
Hakenbeck et al., 1998). Indeed, genome-wide analysis
of resistant derivatives of the unencapsulated sensitive

laboratory strain S. pneumoniae R6 obtained after several
consecutive transformations with DNA from the high level
resistant strain S. mitis B6 documented multiple recombi-
nation events scattered throughout the genome that
included all PBP genes (except the PBP3 gene) and
murM (Sauerbier et al, 2012). Sequence comparison
revealed that the donor strain S. mitis B6 already con-
tained PBP genes and murM of apparent mosaic struc-
ture, suggesting that also in this species high resistance
levels are the result of multiple intra- and possibly inter-
species DNA transfer events.

We have now used the high level penicillin and multiple
antibiotic resistant S. oralis Uo5 strain as donor to perform
multiple transformations with chromosomal DNA and PCR
amplified fragments using S. pneumoniae R6 as recipient.
S. oralis Uo5 was used as its genome sequence is avail-
able (Reichmann et al., 2011), enabling the identification
of known penicillin resistance determinants and thus
facilitating genetic approaches. Our main task was to see
which resistance level can be achieved and whether non-
PBP genes are involved as well.

Results

Transformation of S. pneumoniae with chromosomal
S. oralis Uo5 DNA — how high can we get?

Streptococcus oralis Uo5 is a high penicillin and cefo-
taxime resistant isolate (Reichmann et al., 2011) contain-
ing low affinity PBP2x, PBP2b and PBP1a. S. oralis Uo5
DNA has been used in transformation experiments previ-
ously with the sensitive S. pneumoniae R6 laboratory
strain as recipient (Reichmann et al., 1997). With cefo-
taxime as the selective antibiotic, only transformants con-
taining pbp2xu.s were obtained. We now used other beta-
lactams in addition to cefotaxime for the selection of beta-
lactam resistance. First, we wanted to test whether
pbp2by.s, the other primary resistance determinant, can
also be introduced into S. pneumoniae R6. This required
the selection with oxacillin or piperacillin because cefo-
taxime does not select for low affinity PBP2b (Hakenbeck
et al., 1987). Second, we used cefotaxime to select for
changes in pbp2x (Grebe and Hakenbeck, 1996) and, in a
further round, for an altered pbpia (Mufdz et al., 1992).
Finally, multiple transformations were performed with
chromosomal Uo5 DNA to see which resistance level can
be transferred. Transformants were examined for PBP
changes and for potential other resistance determinants.
In each step several narrow concentrations of the selec-
tive beta-lactam were used at and above the MIC of the
recipient, and always the transformant with the highest
resistance level was chosen for the next selection step
(Fig. 1A; see Experimental procedures for detail).

With all three beta-lactams, transformants were
obtained in one transformation step. All cefotaxime-

© 2015 John Wiley & Sons Ltd, Molecular Microbiology
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Fig. 1. S. pneumoniae R6 transformants obtained with chromosomal DNA of S. oralis Uo5.

A. Schematic representation of the selection steps. O (oxacillin), P (piperacillin) and C (cefotaxime) indicate the beta-lactams used for
selection. Transformants are named according to the order of selective beta-lactams used during three transformation steps. Genes of the
resistance determinants that are present in the transformants are indicated by 2x (pbp2x), 1a (pbp1a) and 2b (pbp2b). The selective
concentrations are indicated in brackets. The question mark (?) indicates a non-PBP resistance determinant.

B. PBP-profiles of the transformants. PBPs of cell lysates were labeled with Bocillin™FL and separated by SDS-PAGE followed by
fluorography. Arrows depict the low affinity PBPs in the transformants. PBPs of the recipient S. pneumoniae R6 are indicated on the left.

resistant transformants (C) contained a low affinity PBP2x
(not shown) as did all oxacillin-resistant transformants (O;
Fig. 1B). Curiously, 19 transformants obtained with pipera-
cillin (P) at selective concentrations between 0.02 and
0.035 pug ml~' contained no PBP changes (P2 is shown as
an example in Fig. 1B), whereas P20, the only transfor-
mant obtained at 0.04 ug mi~' piperacillin, again contained
alow affinity PBP2x (Fig. 1B). These results are consistent
with the previously reported selection of PBP2x mutations
with penicillins (ZerfaB3 et al., 2009). However, no transfor-
mants with a low affinity PBP2b were obtained.

Selected transformants O and C expressing a low affin-
ity PBP2x displayed the same resistance profile for the
three beta-lactams (only the values for the transformant O
are shown in Fig. 2). Compared with these, the transfor-
mant P20 had between twofold and fourfold higher MIC
for all three antibiotics and therefore was used in the next
transformation step as recipient. Transformants contain-
ing a low affinity PBP1a could be selected with 0.6 ug mi-'
cefotaxime (PC), and a low affinity PBP2b could be
introduced in a third transformation using piperacillin
(0.08 ug ml™") resulting in the transformant PCP. The
further selection of higher resistant transformants with
cefotaxime and oxacillin proved difficult. The number of
colonies on the selective plates was low, suggesting that

© 2015 John Wiley & Sons Ltd, Molecular Microbiology

the selection of point mutations rather than gene transfer
has occurred, and this was confirmed by further experi-
ments (own unpubl. data). Thus, the maximum of resist-
ance that could be transformed with chromosomal DNA of
S. oralis Uo5 to S. pneumoniae R6 was well below the
level of the donor S. oralis Uo5, which expresses an
approximately 20-fold higher MIC for piperacillin, over
threefold for cefotaxime, and more than twofold for oxa-
cillin compared with PCP (Fig. 2).

The presence of S. oralis Uo5 PBP sequences was
verified by DNA sequencing: P20 contained pbp2xue.s
sequence from nucleotide (nt) 853 to nt 2980 into the
downstream gene mraY, in PC the entire pbplay.s was
present plus parts of the flanking genes recU and spr0326
(region from nt 156 to +2610) and pbp2by.s in PCP
included upstream regions and parts of the transpepti-
dase domain (nt —1177 to 1350). All three PBPs differed
widely from the sequences of S. pneumoniae R6 PBPs
with changes affecting more than 15% of amino acids
(Figs S1-88).

These data suggest that S. oralis Uo5 PBP sequences
can confer certain level of beta-lactam resistance in
S. pneumoniae, but other genes important for high level
resistance must be present in S. oralis Uo5 and these
cannot be readily transferred to S. pneumoniae. Moreo-
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Fig. 2. Resistance pattern of S. pneumoniae R6 transformants obtained with chromosomal DNA of S. oralis Uo5. The three beta-lactams
oxacillin (Oxa), piperacillin (Pip) and cefotaxime (Ctx) were used. Mean values of at least three independent experiments are shown. Bars
indicate standard deviation. Note the different scale valid for PCP transformants as indicated by the different shading. The MIC values of the

donor strain S. oralis Uo5 are indicated above the black bar.

ver, it is likely that a non-PBP resistance determinant
selectable with piperacillin has been transferred into the P
transformants.

PBP2xy.s and PBP2by.s genes are not the only
resistance determinants

In order to verify that a non-PBP gene conferring beta-
lactam resistance is involved in the resistance pheno-
type of P and P20 transformants, PCR fragments of
S. oralis Uo5 PBP genes including approximately 1 kb
flanking regions were used to transform S. pneumoniae
R6. Transformanis obtained with PCR fragments are
designated with *. Oxacillin was used to select for trans-
fer of pbp2xu.s. Oxacillin-resistant transformants O*2x
containing a low affinity PBP2x were readily obtained,
and they all showed significantly increased MIC values
to oxacillin and cefotaxime and slightly increased resist-
ance to piperacillin, similar to the O and C transformants
obtained with chromosomal DNA (Fig. 3). However,
none of the transformants reached the MIC levels
expressed in P20.

Piperacillin at a concentration just above the MIC of the
recipient (0.02 pg mI™') was chosen to select for the intro-
duction of PBP2by,s into R6. Only one out of 10 transfor-
mants examined contained a low affinity PBP2b (P*2b).
The MIC was similar to that observed in the P mutants
described above (Fig. 3). Curiously, only the pbp2by,s

region around the codon changing Thr446 to Ala was
introduced into the two transformants P*2b and OP*2x2b:
P*2b contained the region between nt 1331-1350 result-
ing in the single T446A exchange, and OP*2xb had nt
1261-1350 or four aa alterations in addition to T446A (Fig.
S3). None of the transformants contained S. oralis
sequences after codon 450. Higher resistance levels to
penicillins than in P20 were obtained only after transform-
ing the PBP2b gene into O*2x.

The MurE gene of S. oralis Uo5 is altered in
piperacillin-resistant transformants

To identify genes altered in P20 in addition to pbp2x
comparative genomic hybridization on a S. pneumoniae
R6 oligonucleotide microarray was performed using DNA
of S. pneumoniae R6 versus P20 (not shown). Genes
located in three regions of the genomes displayed low
hybridization signals indicating the presence of S. oralis
DNA. The first region included mraY (spr0305), which is
located downstream of pbp2x (pbp2x was not detected
since the oligonucleotide of the microarray matched also
pbp2xy,.s sequences), the second corresponded to xerC
(spr1046), a recombinase gene that is unlikely to be
involved in resistance, and the third region included murE
(spr1384) encoding the UDP-N-acetylmuramyl tripeptide
synthetase and hypothetical genes located downstream
of murE.

© 2015 John Wiley & Sons Ltd, Molecular Microbiology
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transformants.

Next, the genome of PCP was sequenced to identify
recombined sequences of S. oralis Uo5. In addition to the
three PBP genes encoding low affinity PBP2x, 1a and 2b,
the only region that drew our attention again included murkE
(spr1384 encoding the UDP-N-acetylmuramy! tripeptide
synthetase) and affected the flanking genes spr1383,
spr1385 and spr1386. Another five recombination events
were detected, but their putative gene products did not
indicate a role in resistance (Fig. 4 and Table S1). No
changes in other PBP genes nor in murM were observed.

Because murE has been shown to be involved in the
resistance phenotype of Staphylococcus aureus (Gardete
etal, 2004), the gene locus was sequenced in P20
(Fig. 5) and in three of the resistant P transformants con-
taining no apparent PBP changes. All these transformants
contained the sequence of the corresponding S. oralis
DNA upstream of murE or in various parts of the coding
region. P20 and P15 contained the entire murEy.s, P5
only the first 750 nt and P2 only the first 240 bp of the
coding regions.

Fig. 4. Recombination sites in the
transformant PCP. White arrows mark the
position of the resistance determinants pbp2x,
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murEyes confers increase in beta-lactam resistance

To confirm that murEy.s confers a resistance phenotype in
R6, PCR amplified fragments of murEs» containing the
entire gene were used in transformations with R6 and O*2x
as recipients, using piperacillin for selection at concentra-
tions at and slightly above the MIC of the recipient. Trans-
formants P*murE and O*2xmurE were readily obtained
that displayed MIC values similar to P2 respectively P20
(see Fig. 2). DNA sequencing confirmed the presence of
murEyes: O*2xmurE contained the entire coding sequence,
whereas two examined P*murE transformants contained
internal sequences overlapping between nt 300 and 687
(Fig. 5). This sequence block results in protein changes
between aa 113 and 183 corresponding to 15 aa differ-
ences compared with MurEgs (Fig. 6A).

Since these sequences were not present in P2, a PCR
fragment obtained from murE of the P2 transformant,
covering only the first 240 nt plus upstream region, was
used in a second set of transformation experiments with
R6 as recipient. Selective conditions were as described

A

(obtained with a PCR fragment covering
murEuy.s) and P*m® (obtained with a PCR
fragment covering the promoter and upstream
regions) are shown. +1 in the scale
corresponds to the start of the MurE gene.
The black bars indicate the recombined
regions.

300 to 1230
160 to 687

above. Transformants were readily obtained with MIC
values similar to P2. Two transformants were sequenced,
and both contained only upstream sequences that
included at least the promoter region (Fig. 5). The pro-
moter of murEyes is highly altered compared with that of
S. pneumoniae R6 with one change C to T being located
within the =10 box and another seven in the region
between the —10 and —35 boxes (Fig. 6B). This strongly
suggests that the promoter region also confers the resist-
ance phenotype.

The promoter of murE s drives higher expression
compared with murEgs and confers p-lactam resistance

If the murEy.s promoter region is involved in resistance, it
could be due to altered expression levels of the MurE
gene. To test this assumption, the promoter region of
murEyes and for comparison that of murEgs were cloned
into the pPP2 promoter probe plasmid containing a pro-
moterless B-galactosidase gene lacZ (Halfmann et al.,

1111111111111111211111112121111111111111111111111211211111111111111111111111
11111112222222222333333333344444444445555555555666666666677777777778888
34567890123456789012345678901234567890123456789012345678901234567890123
ILAFTGTKGKTTAAYFAYHILSQRYPTALLSTMNTTLDGETFFKSSFSTPENIDLFDMMAQAVONGRTHLV

Uo5

-10 murkE

ATCTTCCATTATAAACTTTTCCTTGTTACTTGTAAAATTCGGGCTTGAAGTTTATAATAGAAAGTATG

Fig. 6. A. Protein sequences of MurE variants related to the MurEy.s region aa 113-183 common in R6 transformants to those in other
Streptococcus spp. The positions of the amino acids are indicated vertically in the three rows on top. So, S. oralis; Sm, S. mitis; Sp,

S. pneumoniae. Protein sequences identical to S. pneumoniae 670 are also present in S. pneumoniae TCH8431/19A, A026, Taiwan19F-14,
ST556. B. Comparison of the murEy.s promoter region with those of other Streptococcus spp. The —35 and —10 region are underlined.
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Table 1. R6 derivatives with an ectopic copy of murE carrying various promoter regions and coding sequences.”

MIC (ug ml-")
Strain® Genotype Pip Oxa Cix
O*xUu Pbp2x AmurEmPyesmurEucs 0.07-0.08 1-1.5 0.4
O*xRU pbp2x AmurEmPrsmurEyes 0.07-0.08 1-15 0.4
O*xUR pbp2x AmurEwmPycsmurEas 0.07-0.08 1-15 0.4
O*xRR pbp2x AmurEmPremurEps 0.02-0.03 0.4-05 0.3

a. MIC values were taken from at least three independent experiments; Pip, piperacillin; oxa, oxacillin; ctx, cefotaxim.
b. U: S. oralis Uo5; R: S. pneumoniae R8; the first letter refers to the promoter region, the second to the coding sequence of murE.

2007) and transferred to S. pneumoniae R6 as described
in Experimental procedures. Two transformants each
were used, and beta-galactosidase activity was assayed
during late exponential growth and 2 h after reaching sta-
tionary phase. Each of the constructs with the murEyes
promoter showed an approximately twofold higher activity
with 80-98 Miller Units (MU) compared with 38—43 MU in
case of the murEgs promoter at both time points.

To finally prove that the promoter of murEy,s as well
as its coding region can mediate an altered susceptibility
to B-lactams, four derivatives of O*2x were constructed
that contained an ectopic copy of the essential murE
with different combinations of promoter versus coding
sequence of murEy.s respectively murEgs. Subsequently
the genomic murEgs was replaced with the spectinomy-
cin resistance cassette aad9 (LeBlanc et al., 1991). The
resulting strains were named according to their promoter
and coding sequences: U for Uo5, R for R6, i.e. UO
contains the promoter of murEy.s and the coding regions
of murEgs etc. All constructs containing S. oralis Uo5
sequences, UU, UR and RU, showed higher MICs
compared with the RR strain with values similar to the
transformants P20 and O(2x/murE) described above,
especially for oxacillin and piperacillin (Table 1).

Taken together, these data prove that the promoter as
well as the structural gene of murEyss contribute to beta-
lactam resistance independently; the presence of both
does not further increase resistance in the S. pneumoniae
R6 genetic background.

MurE s contributes to resistance in combination with
PBP2by,s and/or PBP2Xyes

The capacity of MurEyes to confer resistance was also
tested in combination with PBP2by.s and/or PBP2xy.s
using strains that were constructed exclusively with PCR
fragments of the respective genes (Fig. 7). In each case,
piperacillin was chosen to select for pbp2by.s and
murEyes. The presence of murEyes resulted primarily in a
significant increase of piperacillin resistance compared
with strains harboring the PBP genes alone (Table 2).

© 2015 John Wiley & Sons Ltd, Molecular Microbiology

MurE s sequences in other resistant
Streptococcus spp.

If murEyes can contribute to beta-lactam resistance, one
can expect to find relevant sequences, i.e. the promoter
and internal gene regions, in other resistant streptococ-
cal strains. Promoter regions almost identical to murEuyes
were found in some S. oralis unfinished genomes
(S. oralis ATCC 49296 is shown as an example in Fig. 6)
and S. mitis B6 (Fig. 6). Codons 113—183 are within the
shortest fragment that was transferred from S. oralis
Uo5 to S. pneumeniae R6; this region encodes the ATP
binding motif. Such sequences were found also in
S. pneumoniae genomes including strain S. pneumoniae

©—

+ pbp2x 1 (0]

+ murEimure®

+ murEﬂ P + pbp2b l P + pbp2x C
|OP2xm | [PP'mas | | PCrmea |
+ pbp2b 1 P

Fig. 7. 8. pneumoniae R6 transformants containing murEues.
Schematic representation of the selection steps. O (oxacillin), P
(piperacillin) and C (cefotaxime) indicate the beta-lactams used for
selection. Transformants are named according to the order of
selective beta-lactams used during up to three transformation
steps. The PCR amplified gene used as donor DNA is indicated by
(+). murE’: PCR fragment covering the promoter sequence. Genes
of the resistance determinants that are present in the transformants
are indicated by m (muwrE), 2x (pbp2x) and 2b (pbp2b).
Transformation steps involving murEy.s are indicated by open
arrows.
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Table 2. Beta-lactam susceptibilities of S. pneumoniae transformants with murMy.s and/or PBP genes of S. oralis Uo5.

MIC (ug ml")®
Strain Recipient Genotype Selection (ug mi') Pip Oxa Citx
R6 - WT = 0.01 0.07 0.01
P*m R6 murE/murE® 0.02 (Pip) 0.04-0.06 0.08-0.09 0.02-0.03
P*2b R6 pbp2b 0.02 (Pip) 0.05-0.06 0.06-0.07 (ns) 0.02-0.03
PP*m2b P'm murEpbp2b 0.07 (Pip) 0.2 0.1-0.2 0.03
0*2x R6 pbp2x 0.08 (Oxa) 0.01-0.02 (ns) 0.4-0.5 0.2-0.3
OP*2xm o* pbp2xmurE® 0.02-0.03 (Pip) 0.07-0.1 15 0.4-0.5
OP*2x2b o* pbp2xpbp2b 0.03 (Pip) 1-15 3-3.5 0.2-0.3
PCP*m2x2b PC* murE”pbp2xpbp2b 0.08-0.09 (Pip) 3 3-4.5 0.4-0.5

a. MIC values were taken from at least three independent experiments; Pip, piperacillin; oxa, oxacillin; ctx, cefotaxime. MICs which were at least
10-fold higher than that of the R6 strain are in bold letters and underlined; MICs that are less than twofold higher than that of R6 are marked with

ns (not significant).

b. MIC values were identical for transformants containing the promoter region or coding sequences of murEyes.
c. MIC values were identical for transformants containing nt 160-690, nt 300-1230, or the promoter regions plus the first 123 nt of murEyes.
MIC values that are significantly increased in individual transformants are in bold letters and underlined.

670, a representative of the clone Spain®®-2 (Fig. 6),
strongly suggesting that the MurE gene contributes to
resistance also in these strains.

MurM in S. oralis Uo5

The MurMy,s gene was not transferred in the three trans-
formation steps with chromosomal S. oralis Uo5 DNA, i.e.
was not present in the PCP genome. As murM represents
a resistance determinant and has a mosaic structure in
some penicillin clones of S. pneumoniae (Garcia-Bustos
and Tomasz, 1990a; Smith and Klugman, 2001; Filipe
et al., 2002; Cafini et al., 2005), we investigated murMyos
in more detail.

The first curious finding was that the MurM gene is
located in the S. oralis Uo5 genome at a different position
compared with other Streptococcus spp. genomes. When
compared with the S.pneumoniae R6 genome, the
murMy.s homologue sor1963 is located in opposite orien-
tation adjacent to degenerate transposase fragments cor-
responding to the position between spr2020 and spr2021.
This and the fact that murMy.s differs by 41% in nt (cor-
responding to 50% aa) sequence from murMgs suggests
that it has been imported into S. oralis Uo5 from an
unknown source. Indeed, the closest homologue of
MurMuyes is MurM of Streptococcus sp. 140 (92.3% iden-
tity) according to BLAST analysis against the NCBI micro-
bial genome data bank. A second interesting feature is the
lack of a murN homologue in the S. oralis genome. These
data suggest that the peptidoglycan of S. oralis has dis-
tinct interpeptide bridges in its peptidoglycan.

HPLC analysis combined with mass spectrometry of the
S. oralis peptidoglycan indeed revealed several interesting
features (Fig. 8, Table 3 and Table S2). First, branched
muropeptides were abundant, and these contain one
alanine attached to lysine instead of an Ala-Ala or Ser-Ala

dipeptide found in S. pneumoniae (Garcia-Bustos et al.,
1987; Garcia-Bustos and Tomasz, 1990b; De Pascale
et al., 2008; Bui et al., 2012), in agreement with the lack of
murN. Although the MS analysis cannot distinguish
whether the Ala resides at the epsilon amino group of Lys
or at position 4 of the stem peptide, the elution time of the
peaks in the HPLC analysis is consistent with branched
muropeptides rather than with linear ones (Bui etal.,
2012). Second, some of the muropeptides are deacety-
lated in agreement with the presence of a homologue of the
pgdA GIcNAc deacetylase gene (Vollmer and Tomasz,
2000) in the S. oralis Uo5 genome (sor1343). Third, some
muropeptides contain an unamidated Glu residue instead
of glutamine due to incomplete amidation mediated by the
operon gatD/murT. This operon encodes the amidotrans-
ferase GatD and MurT with a substrate-binding domain of
Mur ligases (Figueiredo et al., 2012), homologues of which
are present in S. oralis (sor1448/sor1447). A highly sensi-
tive micro-LC-MS analysis revealed more than 50 distinct
monomeric to tetrameric muropeptides and two further
modifications resulting from the loss of sugar moieties
(GlcNAc or GIcNAc-MurNAc) by the activities of glycosyl-
hydrolases (Table S2).

Attempts to replace murMge with murMy.s in PCP via the
Janus cassette (Sung et al., 2001) proved to be difficult
(not shown). Only one transformant could be obtained,
and such a poor transformation efficiency strongly sug-
gests that other compensatory mutations have occurred.
murMy.s could not be introduced in the absence of murNgss
(not shown). This indicates that the presence of murMyes
is not tolerated in the R6 background.

Discussion

The results presented here demonstrate that high beta-
lactam resistance can be transferred from S. oralis into

© 2015 John Wiley & Sons Ltd, Molecular Microbiology
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Fig. 8. Muropeptide profile of S. oralis Uo5 obtained by reversed-phase HPLC and proposed structures of major muropeptides.

A. Chromatogram showing reduced muropeptides from Uo5. Fractions number 1 to 5 were analysed by ESI-MS/MS (Table 3).

B. Proposed structures of muropeptides 1-5 from S. oralis Uob. G, N-acetylglucosamine; G*, glucosamine, M, reduced N-acetylmuramic acid.
Table S2 contains all muropeptides from Uo5 identified by micro-LC-MS analysis.

S. pneumoniae, involving four components important for
peptidoglycan biosynthesis: the well-known primary peni-
cillin resistance determinants and transpeptidases PBPs
2x and 2b; the bifunctional glycosyltransferase transpepti-
dase PBP1a; and surprisingly MurE, responsible for the
addition of the lysine residue to peptidoglycan precursors.
This combination adds a new aspect to the many path-
ways of resistance development in PSRP and related
streptococci. Three of these components when present as
the only S. oralis Uo5 gene in the S. pneumoniae R6

Table 3. Quantification and LTQ-FT MS analysis of the main muro-
peptides separated by HPLC.

Mass (amu) from collected

Muropeptide® peaks [H']-form
Relative
Proposed peak

No.  structure area (%) Theoretical  Determined
1 Tri(A)[Glu] 4.88 898.4257 898.4349
2 Tri(A) [Glu,deAc] 5.39 856.4151 856.4244
3 Tri(A) 24.05 897.4417 897.4511
4 Tri(A)[deAc] 8.91 855.4311 855.4458
5 Tri(A)Tetra(A)[Glu]  12.48 1847.8469  1847.9774

a. Tri(A), GlcNAc-MurNAc(r)-L-Ala-y-D-GIn-L-Lys-e-L-Ala; Tetra(A),
GlcNAc-MurNAc(r)-L-Ala-y-D-GIn-L-Lys(-e-L-Ala)-D-Ala, with
GlcNAc, N-acetylglucosamine; MurNAc(r), N-acetylmuramitol. [Glu]
indicates an unamidated Glu residue instead of Gin; [deAc] indicates
deacetylation of GlcNAc to glucosamine. Muropeptide No 5 is a
dimer.

© 2015 John Wiley & Sons Ltd, Molecular Microbiology

transformants confer resistance, albeit of low level and
predominantly to different beta-lactams: PBP2x, PBP2b
and MurE.

All three PBP genes are unique to S. oralis Uo5 and
show signs of gene ftransfer when compared with
those of the penicillin sensitive S. oralis ATCC35037
(Almaguer-Flores et al., 2006) and other Streptococcus
spp. genomes (Figs S1-S4), i.e. have a mosaic struc-
ture with sequences that occur in other Streptococcus
spp. as well. MurE.s is highly similar to MurE in several
S. oralis strains according to BLAST searches in the
NCBI microbial draft genome database; however, it
differs between codons 294 and 357 by almost 10% in
DNA sequence, suggesting that it is a mosaic gene.
Thus, all four resistance determinants appear to be
acquired by S. oralis Uo5, which is known to develop
competence at least under laboratory conditions
(Reichmann et al.,, 2011).

The total amount of DNA imported into S. pneumoniae
R6 during three transformation steps (nine recombination
events affecting 18.6 kb) was approximately 10-fold lower
compared with S. mitis DNA acquired during four succes-
sive transformations (Sauerbier et al., 2012). In addition
to the regions that included the resistance determinants
(altogether 10.7 kb), another five loci showed signs of
recombination (Table S1). Their putative gene products
did not suggest any role in resistance, but it remains to be
clarified whether any of these genes affect the phenotype
of the R6 transformants.
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Alterations in PBPs

All R6 transformants expressing low affinity PBPs con-
tained sequences that encode at least the transpeptidase
domain of the respective PBPs, with mutations implicated
in penicillin resistance (Figs S1-S3). PBP2xy.s carries the
mutation Ta3sG (Gase in UoS) next to the active site Sar,
whereas it is Asss in most other related versions of PBP2x
in PSRP. G5 confers a higher resistance level compared
with Ags (Zerfal3 et al., 2009) and might thus contribute to
the unusually high beta-lactam resistance of S. oralis
Uo5. The effect of the other three sites that differ between
Spain23F ' and Uo5 (l33sM, EazsD and GassS) has not been
investigated. PBP1ay.s, the other PBP implicated in cefo-
taxime resistance, contains the mutation Ts74S (Sare in
Uo5) next to the active site Ssz; an Asz occurs frequently
in PSRP (Smith and Klugman, 1998; Asahi et al., 1999;
Ferroni and Berche, 2001; Nagai etal, 2002; Nichol
etal,, 2002) and is related to the resistance phenotype
(Smith and Klugman, 1998; Nagai et al., 2002; Job et al.,
2008). There are several other mutations that have been
described in PBP1a of PSRP: LsssM, AsesV and PuaaT
(Smith and Klugman, 1998; Nichol et al., 2002). The block
of four altered amino acids NszsTGY has been implicated
in cephalosporin resistance (Smith and Klugman, 2003).
This is present also in S. oralis ATCC35037, which is not
a high level resistant strain (Almaguer-Flores et al., 2006).
It is conceivable that these alterations contribute to resist-
ance only in the context of other mutations in PBP1a.

High level cefotaxime resistance occasionally required
additional alterations in PBP2a (for review, see Hakenbeck
etal, 2012), but neither did we observe transfer of
pbp2ay.s nor were any significant changes such as TanA
flanking the active site Suo apparent in PBP2ays as
described in PBP2a of some PSRP (Smith et al., 2005). In
conirast, the S. mitis B6 PBP2a was readily transferred
during transformation experiments (Sauerbier efal.,
2012).

High level resistance to penicillin is mediated by a low
affinity PBP2byes in the transformants. Transfer of PBP2b
into S. pneumoniae R6 appeared to be more difficult than
that of the other PBP genes: transformation efficiency was
always much lower, frequently only one mutation was
transferred (TasA = Ausr in Uo5 next to the S.zSN motif),
and regions downstream of nt 1350 corresponding to aa
450 of the protein were not detected in the various trans-
formants analyzed (Fig. S3). This suggests that the TasA
mutation is of major importance, whereas changes in the
C-terminal region relate to S. oralis Uo5 specific features
somehow involved in PBP2byes structure or function.
Failure to transform the entire PBP2b gene might be one
of the reasons why the resistance levels of S. oralis Uo5
could not be reached in the transformants. Moreover,
PBP2by,s contains one additional amino acid, D430,

which is lacking in all other PSRP PBP2b variants. It is
positioned on a loop between two short beta sheets p2b
and p2c (Contreras-Martel et al., 2009), adding a negative
charge to the surface close to the active site cavity. Its
impact on enzymatic activity cannot be deduced, but it
could have an effect on the interaction with the substrate
or partner molecules of PBP2b.

Low affinity PBP2x of PSRP has been shown to have a
lower transpeptidase activity than those of their sensitive
counterpart (Zhao et al., 1997). It is likely that the muta-
tions in the other low affinity PBPs, including those
described above, also affect their activity that might have
to be compensated by other components of the enzymatic
machinery involved in peptidoglycan biosynthesis. It is
possible that the special MurM of S. oralis Uo5 is impor-
tant in this context. Most importantly, PBP2b function has
been shown to somehow depend on the availability of
branched muropeptides, the product of MurM (Berg et al.,
2013). Berg ef al. showed that MurM-deficient mutants
require much higher levels of PBP2b for growth compared
with those that contain MurM (Berg efal., 2013). The
presence of MurM only, i.e. the absence of MurN seems to
be common among S. oralis (own unpubl. data), and this
might contribute to the difficulty to transfer beta-lactam
resistance from S. oralis into S. pneumoniae.

MurE, s — alterations and resistance

The surprising result was not only that murEy.s mediates
resistance in the R6 background but that also the murEyes
promoter region without any change in the coding
sequence confers this phenotype. The murEy.s promoter
drives a twofold increase in expression, and this suggests
that the structural alterations may lead to a higher activity of
the enzyme. The region nt 300-687 represents the intra-
genic fragment that overlapped in all transformanis ana-
lysed here, corresponding to alterations between aa 113
and 183, which include the ATP-binding motif G TKGK.
The structure of S. aureus MurE in the presence of ADP
and its reaction product UDP-MurNAc-L-Ala-y-D-Glu-L-Lys
has been solved (Ruane et al., 2013). According to this
structure, there are two sites that may affect the activity of
MurEyes: A126 (T126 in R6), which is located next to the
ATP binding site, and the side-chains of S15sFS (A15.LT in
R6) are directed toward the UDP-MurNAc-L-Ala-y-D-Glu-L-
Lys moiety. Unfortunately, attempts to overexpress
MurEuyss in Escherichia coli have not been successful pre-
venting us to purify the enzyme to test its biochemical
properties.

MurE has also been identified as an important factor for
oxacillin resistance in S. aureus (Gardete et al., 2004). In
the MRSA strain used by Gardete et al., an insertion 3 nt
upstream the stop codon resulted in reduced specific
activity of MurE and a drastic reduction especially of oxa-

© 2015 John Wiley & Sons Ltd, Molecular Microbiology
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cillin resistance in the mutant strain. Higher murE expres-
sion resulted in higher oxacillin resistance, similar to what
we observed in the present study. It was also noted that a
decline in murE transcription parallels decreased tran-
scription of pbpB and mecA encoding PBP2 and the
MRSA specific PBP2A respectively. S. aureus PBP2 is the
homologue of S. pneumoniae PBP2x. We did not obtain
any evidence that PBP2x is produced in higher amounts
inthe S. pneumoniae AmurE derivatives containing either
the promoter or coding region of murEy.s using Western
blots and anti-PBP2x antiserum, consistent with the unal-
tered expression of a pbp2x promotor-lacZ fusion (data
not shown). In other words, within the twofold difference in
murE expression that affects beta-lactam susceptibility in
S. pneumoniae, the amount of PBP2x was not affected. It
is possible that the phenomenon described in S. aureusis
related to the different number of PBPs in this organism
that contains only three hmw PBPs compared with four in
S. pneumoniae and/or the presence of the additional
PBP2a, which is specifically associated with MRSA
strains. In this context the unusual cell wall biochemistry
of S. oralis Uo5 is remarkable, with branched muropep-
tides containing only one Ala on the epsilon-amino groups
of the stem peptide lysine residues, the consequence of a
distinct MurM allele and the lack of MurN. It is conceivable
that the combination of altered MurE and MurM in
S. oralis ensures an optimal concentration of muropeptide
precursors, the substrates for PBP-mediated transpepti-
dation reactions, for proper cell growth and division.

BLAST search of the NCBI microbial genome database
revealed the presence of the murEy.s promoter sequence
highly similar to that of MurEy.s in some S. oralis genomes,
and in S. mitis B6 as well but not in S. pneumoniae
genomes (Fig. 6). The alterations within MurE that are
present in the murEy.; transformants described here were
also found in these genomes, as well as in five S. pneu-
moniae strains of different serotypes TCH8431/19A, A026,
Taiwan19F-14, ST556 and 670-6B (Fig. 6). This clearly
documents dissemination of the altered MurE gene among
oral streptococci, but its origin remains unknown. MurEy.s
alone mediates only low level of resistance to beta-lactams
but has a remarkable effect on resistance when present
together with PBP2xyes or PBP2bues (Table 2), thus facili-
tating the selection of such PBP variants during the evolu-
tion of beta-lactam resistance.

Experimental procedures
Bacterial strains and growth conditions

Streptococcus pneumoniae R6 is a beta-lactam-sensitive,
unencapsulated laboratory strain derived from Rockefeller
University strain R36A (Avery et al., 1944). S. oralis Uo5 is a
high level beta-lactam resistant isolate from Hungary from a
nasal swab (Reichmann etal, 1997). Streptococci were

© 2015 John Wiley & Sons Ltd, Molecular Microbiology
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grown in C-medium (Lacks and Hotchkiss, 1960) supple-
mented with 0.2% yeast extract at 37°C without aeration or
on blood agar plates (D-Agar; Alloing et al., 1996) supple-
mented with 3% defibrinated sheep blood. Growth in liquid
culture was monitored by nephelometry (nephelo units [NU]J).

MIC determination

To determine minimal inhibitory concentrations (MICs), cul-
tures of S. pneumoniae were grown in C-medium to a density
of NU = 30, and after 1000-fold dilution in 0.9% NaCl aliquots
(30 pl) were spotted on D-agar plates containing the antibiotic.
Narrow concentrations at and above the MIC value of the
recipient were used. MIC values were monitored after 24
incubation at 37°C. Strains were tested in at least three
independent experiments. Antibiotic resistance genes used
for chromosomalintegrations in S. pneumoniae were selected
with 2 ug mI™' erythromycin (trimethoprime, 15 ug ml™'; spec-
tinomycin, 80 ug ml™").

Transformation

Transformation of S. pneumoniae was performed using com-
petent cells as described previously (Mascher et al.,, 2003).
Transformation efficiency was calculated as the percentage of
colonies obtained on the selective medium compared with the
colony number on control plates without antibiotic. Chromo-
somal DNAfrom S. pneumoniae strains and S. oralis Uo5 was
prepared as described previously (Laible et al., 1989) except
that S. oralis Uo5 was lysed in the presence of lysozyme
(25 mg ml") plus mutanolysin (0.5 mg ml'). PCR fragments
were used as donor DNA after purification from agarose gels.
Transformants were named according to the order of selective
beta-lactams (O, oxacillin; P, piperacillin; C, cefotaxime).
Transformants obtained with PCR fragments are indicated by
asterisk (*). At least 10 transformants from each experiment
were analysed for MICs and PBP profiles, and at least two
transformants were selected for DNA sequencing of the gene
encoding a low affinity PBP. In case of murE,.s transformants,
murE was sequenced in at least three of those displaying a
higher MIC than the recipient. One transformant was chosen
as recipient for further transformation experiments.

Amplification and sequencing of PBP genes

Amplification of chromosomal DNA with PCR was carried out
using either GoldStar Tag polymerase or high fidelity iProof
polymerase according to the manufacturer's instructions.
Alternatively, 100 ul cells from glycerol stock were centri-
fuged and resuspended in 50 pl H:O; 1 pl of this suspension
was used directly in a PCR reaction. DNA fragments were
purified using an extraction kit (NucleoSpin®Extract II;
Macherey-Nagel, Diren) as described by the manufacturer.
The presence of PBP and MurE sequences in the transfor-
mants was confirmed by DNA sequencing. The oligonucleo-
tides used for PCR- and sequencing-reactions relevant for
this study are listed in Table S3.

Detection of penicillin-binding proteins

Cells of an exponentially growing culture were harvested by
centrifugation and resuspended in 20 mM sodium phosphate
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buffer pH 7.2. The volume was adjusted so that 5 pl cell
suspension corresponds to 1 ml culture at NU = 20. Cells were
lysed in 20 mM sodium phosphate buffer pH 7.2 containing
0.2% Triton X-100 during an incubation of 30 min at 37°C.
S. oralis Uo5 cells were lysed after addition of lysozyme
(0.8 mg ml™") and cellosyl (0.5 mg ml™") in the same buffer. For
labelling, 5 ul of the cell lysate were incubated with 3 ul of
Bocillin™FL (10 uM) for approximately 20 min (Zhao et al.,
1999). Proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE). The final acrylamide concentration of
the separation gel was 7.5%, the ratio of acrylamide : bisacry-
lamide = 30:0.8. Bocillin-PBP complexes were visualised with
a Fluorlmager at 488 nm (GE-Healthcare). Proteins were
stained with Coomassie brilliant blue.

Construction of an ectopic copy of murE

Integration of a copy of murE in the S. pneumoniae transfor-
mant O*2x was achieved by means of the integrative plasmid
pSW1, which can be selected with trimethoprime (Denapaite
and Hakenbeck, 2011). The genes bgaA and spr0566-
spro568 serve as recombination sites for integration into the
S. pneumoniae genome. PCR fragments from chromosomal
DNAwere generated using the primer pair PM 278/PM270 and
the PM 277/PM270 for the amplification of the S. oralis Uo5
respectively S. pneumoniae R6 promotor region of murE. After
digestion with BamHI and Nhel, the amplified fragments were
ligated with BamHI-Nhel-digested pSW1 vector DNA. The
ligation mixtures were transformed into strain O*2x, and trans-
formants were selected with 15 ug ml" trimethoprim. For the
inactivation of wild-type murEin the strains constructed above,
the spectinomycin-resistance gene aad9 was amplified from
chromosomal DNA of S. pneumoniae strain ciaR::aad9
(Mascher et al., 2003) using the primer pair PM273/PM274.
The fragment was digested with BamHI and Nhel. Flanking
regions of approximately 1 kb down- and upstream of murEgs
were amplified with the primer pairs PM272/PM171 and
PM170/PM271 and digested with Nhel and BamHI respec-
tively. After ligation and transformation of the ligation mixture,
transformants with inactivated murE were selected with
80 ug mi' spectinomycin.

Construction of reporter plasmids

For cloning the murE promoter fragments into pPP2
(Halfmann et al., 2007), the promoter regions from murE of
S. pneumoniae R6 and S. oralis Uo5 were amplified with the
PCR primer pair PM275/PM276. The PCR products were
cleaved with Sphl and BamHI and ligated into pPP2 digested
with the same enzymes. The plasmids were transferred to
S. pneumoniae R6 using the tetracycline resistance marker
tetM for selection as described previously (Halfmann et al.,
2007).

Determination of -galactosidase activity

Cell extracts were prepared from of S. pneumoniae cultures
grown to a density of NU = 80; cell lysis and determination of
specific B-galactosidase activities were performed as

described (Halfmann et al.,, 2007). B-galactosidase assays
were performed in six independent experiments.

DNA microarray analysis

The oligonucleotide microarray covering genes and intergenic
regions of S. pneumoniae R6/TIGR4 is listed under ArrayEx-
press accession number A-MEXP-1846. Oligonucleotides
were spotted on Nexterion HiSens Slides E (SCHOTT Jenaer
Glas GmbH) using the SpotArray TM24 Microarray Spotting
System (Perkin-Elmer) with 32 SMP3-Pins (Telechem). DNA
labeling, hybridization and data processing were performed as
described (Sauerbier et al., 2012).

Cell wall analysis

Preparation of S. pneumoniae R6 and S. oralis Uo5 cell walls
and peptidoglycan, digestion of peptidoglycan with cellosyl,
separation of muropeptides by HPLC and MS analysis were
performed essentially as described recently (Bui et al., 2012).
In brief, cells of a late exponential phase culture were col-
lected by centrifugation. After boiling in 5% sodium dodecyl
sulfate and washing, cells were disrupted with glass beads.
Cell walls were treated with 48% hydrofluoric acid to remove
secondary cell wall polymers, and the resulting peptidoglycan
was digested with cellosyl for 18 h. After reduction with
NaBH., muropeptides were separated by HPLC on a
reversed-phase column. Muropeptides were detected at
205 nm, and collected fractions of major muropeptides were
analysed at the Newcastle University Pinnacle facility by
offline electrospray-MS. For details, see Bui et al. (2012). In
addition, non-reduced muropeptides were analysed by online
micro-HPLC-MS as described (Bui et al., 2009).

DNA sequencing

The genome of the transformant PCP was sequenced using
illumina sequencing technology and paired end information,
and reads were assembled with paired end information
(~ 600 bp distance) by the Newbler gsAssembler Version 2.6.
Contigs were aligned to the S. pneumoniae R6 sequence
(Lanie et al., 2007) and to S. oralis Uo5 (Reichmann et al.,
2011), and regions of identity to S. oralis Uo5 were identified
using BLAST analyses in combination with visual inspection
of the regions.
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2.5 Genomics, genetic variation, and regions of differences

Hervé Tettelin, Scott Chancey, Tim Mitchell, Dalia Denapaite, Yvonne Schahle, Martin Rieger
and Regine Hakenbeck. In: Jeremy Brown, Sven Hammerschmidt and Carlos Orihuela.
Streptococcus pneumoniae: Molecular mechanisms of host-pathogen interactions. 2015

May; Elsevier Science Publishing Co Inc. ISBN: 978-0-12-410530-0

Summary:

This book chapter concerns the genomics of the bacterial species Streptococcus pneumoniae.
The three parts address questions related to whole genome analysis, virulence factors, and

differences to closely related commensal species.

Several studies revealed genomic alterations as a result of horizontal transfer, such as capsule
switching and acquisition of antibiotic resistance in response to clinical interventions. These
studies demonstrate the ability of whole genome sequencing and comparative analysis to

generate deeper insights into the evolution of the species S. pneumoniae.

The pan-genome of S. pneumoniae, the repertoire of genes accessible to this species, is quite
large. A new pan-genome analysis resulted in a new formula to predict new genes found
within a given number of new genome sequences. The core-genome comprises only genes
shared by all strains of the species and which are required for basic functions. However,
depending on the method and the genomes used, the number of core genes varies between
~950 - 1.100 with a total number of genes around 2.100. In contrast, the dispensable genome
(approximately 25% of the pneumococcal genome) which is present only in a subset of strains,
comprises a huge diversity and can provide advantages such as antibiotic resistance and

variable host defence mechanisms.

Multi locus sequence typing (MLST), based on comparison of housekeeping genes, is the
current typing method of choice for the definition of clones. Comparative genomics has
revealed a substantial variation within clones defined by MLST mainly due to horizontal gene

transfer events. S. pneumoniae is well adapted to gain new DNA by transformation and
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recombination. Alternative ways of gene transfer involve integrative and conjugative element

(ICE), phages and insertion sequence (IS) which contribute to an increase of the pan-genome.

The role and variability of pneumococcal virulence factors such as the polysaccharide capsule,
surface proteins and the cytolysin pneumolysin will be discussed in the second part. In
addition, the role of two-component systems (TCS) that mediate physiological responses to
environmental signals for virulence, and the impact of the variable genetic background on

infection potential is discussed.

The third part addresses differences between the pathogen S. pneumoniae and its close
relatives, commensal streptococci. Genomic comparison documents many examples of
horizontal gene transfer between species, and examples of gene clusters that occur in several
species are documented. The differentiation between the species can be achieved by
comparative analyses of house-keeping genes (MLST and MLSA), but genomic hybridisation
data revealed a smooth transition between the species, due to the large dispensable genome
which is circulating among different species. Finished genomes are available for
S. pneumoniae R6, S. mitis B6 and S. oralis Uo5, and core genome analysis revealed that about
60% of the deduced proteins are common among these strains. Of the 532 proteins, which
are specific to R6 in this analysis, only 104 remain S. pneumoniae-specific after comparison
with another 26 pneumococcal genomes. These genes probably include factors important for
the adaption to the ecological niche and the pathogenicity potential of S. pneumoniae. The
MLST tree of S. pneumoniae, S. mitis, S. oralis and S. pseudopneumoniae reveals a common
ancestor of S. pneumoniae and S. mitis with later diversification of S. pneumoniae, probably in
parallel to human evolution (Kilian, et al., 2008). Genomic analyses showed that horizontal
gene transfer occurred mainly unidirectional from S. mitis to S. pneumoniae. This is supported
by analysis of capsular genes and mosaic genes (e.g. PBPs) as well as the presence of disrupted

versus complete genes in these two species.

Most virulence factors of S. pneumoniae including many surface proteins can be found in
other Mitis-group streptococci. On the other hand, the two-component system TCS06 and the
variable choline-binding proteins pspA, pcpA and pspC can be considered to be specific for
S. pneumoniae. This is also true for the hyaluronidase hlyA and the pneumo-/autolysin-island
(ply-lytA) which occur rarely in some strains of other species. The highly variable capsule

cluster is essential for pneumococcal virulence but it was recently found, that virtually all
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commensal viridans streptococci are capable of capsule expression (Kilian, et al., 2019; Skov
Sgrensen, et al., 2016). Genomic comparison of representatives of the species S. pneumoniae,
S. mitis and S. oralis reveals a core genome of similar size (1.140 genes) compared to the core
genome of S. pneumoniae. In summary, this chapter emphasizes the progress in our

understanding of the pneumococcal biology in the genomic area.

Own contribution to the paper:

Estimation of core and accessory genomes of S. pneumoniae R6, S. mitis B6, S. oralis Uo5 and
S. pseudopneumoniae. Estimation of S. pneumoniae R6-specific genes as well as core and

accessory genome of 29 further S. pneumoniae genomes as described in chapter 3.5.
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CHAPTER

5

Genomics, Genetic Variation, and
Regions of Differences

Hervé Tettelin', Scott Chancey’, Tim Mitchell’, Dalia Denapaite”,
Yvonne Schihle’, Martin Rieger’ and Regine Hakenbeck®

"Department of Microbiology and Immunology, Institute for Genome Sciences, University of Maryland

School of Medicine, Baltimore, MD, USA *Division of Infectious Diseases, Department of Medicine,

Emory University School of Medicine, and Laboratories of Microbial Pathogenesis, Department of
Veterans Affairs Medical Center, Atlanta, GA, USA *School of Immunity and Infection, College
of Medical and Dental Sciences, University of Birmingham, Edgbaston, Birmingham, UK *Department

of Microbiology, University of Kaiserslautern, Kaiserslautern, Germany

STREPTOCOCCUS PNEUMONIAE
COMPARATIVE GENOMICS

High-throughput sequencing technologies
applied to bacterial pathogens provide an
information-rich environment for the study of
bacterial evolution, epidemiology, and patho-
genesis [1]. Since publication of its first whole
genome sequences in 2001 [2,3], Streptococcus
pneumoniae has received a great deal of atten-
tion from a genomics perspective, with more
than 4000 genomes sequenced to date, most of
them in draft form, and many more to come.
Comparative genomics analyses range from
the comparison of assembled and annotated
genomes to the mapping of unannotated raw
sequence data to a reference genome.

Streptococcus pnewmonice.
DOI: http://dx.doi.org/10.1016/B978-0-12-410530-0.00005-3

A recent analysis of 240 S. pneumoniae isolates
of the PMEN1 (Spain®™f-1) multidrug-resistant
lineage has provided the ability to distinguish
accumulated base substitutions from polymorph-
isms generated by recombination of imported
DNA [4]. A phylogeny constructed using only
vertically inherited single nucleotide poly-
morphisms (SNPs) (regions affected by recombi-
nation events were removed) proved to be a
superior estimation of the evolution of the
PMENT clone based on the correlation between
the distance from the root of the tree and the
date of isolation of each strain. By comparing
this more accurate phylogeny to the dates and
locations of isolation, the authors were able to
pinpoint the likely origins of different clades
and to discern information about the geographic

® 2015 Elsevier Inc. All rights reserved.
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spread of the clone [5]. The Croucher et al. [4]
study of closely related isolates from 22 coun-
tries revealed capsule switching events and
acquisition of antibiotic resistance determinants
in response to clinical interventions over short
timescales. For instance, it identified 10 cases
where PMENT1 isolates escaped pressure applied
by the PCV7 vaccine by switching to the
expression of non-vaccine serotypes. Analysis
of integrative and conjugative mobile elements
revealed selection for determinants of resis-
tance to drugs commonly used for treatment of
upper respiratory tract infections.

In a separate study, the genomes of 426
isolates from a genetically diverse, historical,
and global collection covering the years
1937-2007 were sequenced in order to track
the rapid increase of penicillin resistance [6].
A particular focus on PMENI1 revealed that
its likely ancestor is one of the -earliest
known penicillin-nonsusceptible strains, iso-
lated in 1967 in Australia. The study further
indicated that PMEN1 is a very efficient
donor of penicillin and other antibiotic resis-
tance genes to many genotypically diverse
S. pneumoniae lineages. This led the authors
to designate PMENT1 a “paradigm for genetic
success.”

In-depth genomic analysis of the PMEN1
clone provided a detailed overview of the
worldwide distribution and evolution of a set
of closely related isolates that successfully
adapted to host and therapeutic pressures. An
alternate way of studying pneumococcal evolu-
tion is to compare unrelated isolates recovered
over time from a specific geographical location.
We took this approach in order to characterize
the genomic diversity of S. preumoniae clinical
isolates within the Atlanta, Georgia, metropoli-
tan area. Our study focused on the generation
of 147 whole genome sequences, including 121
invasive and 10 carriage isolates from Atlanta
as well as 16 invasive isolates from outside of
Atlanta. The genomes encompassed 22 sero-
types, 86 multilocus sequence typing (MLST)
types, resistance to 10 antibiotics, and 10

5. GENOMICS, GENETIC VARIATION, AND REGIONS OF DIFFERENCES

disease outcomes. The collection included 29
strains belonging to the MLST-based clonal
complex CC320, a multidrug-resistant complex
responsible for the global emergence of non-
vaccine serotype 19A in the years following the
introduction of PCV7. The predicted founder
of the complex, ST320, was a serotype 19A
clone carrying dual macrolide resistance
determinants (Mega and erm(B)) [7]. The clone
represented a 19F-19A capsule switch and
horizontal acquisition of multiple antibiotic
resistance mechanisms, suggesting that vac-
cine and antibiotic pressures influenced its
emergence [8].

The 29 CC320 whole genome sequences in
our study (20 Atlanta invasive, 1 Atlanta car-
riage, and 8 invasive isolates from states
outside of Georgia), together with publicly
available CC320 genomes TCHS8431/19A
(ST320) and Taiwan''"-14 (ST236), were sub-
jected to whole genome multiple sequence
alignment using the Mugsy software [9] with
default parameters. The alignment in MAF for-
mat was then filtered with Phylomark [10] to
extract and concatenate the core nucleotides,
including SNPs, and to construct a neighbor-
joining phylogenetic tree using MEGA v6.06
[11]. Of the 31 CC320 isolates, 18 were serotype
19F and 13 were 19A. In order to eliminate the
influence of capsule switching on the phylog-
eny, we deleted the capsule locus from the
genome sequence of the Taiwan'*F-14 isolate
such that the capsule locus would no longer be
part of the core alignment. The genomes clus-
tered into three clades representing each of the
three subgroups in CC320: ST236, ST271, and
ST320 (Figure 5.1). Clade 236 consisted exclu-
sively of serotype 19F isolates belonging to the
CC320 subgroup founded by ST236. Clade 236
isolates were identified in the pre- and post-
vaccine eras, despite vaccine pressure against
serotype 19F due to PCV7. This could be
explained by antibiotic pressure selecting for
the multidrug-resistant phenotype. Clade 236
isolates, with exception of one pre-PCV7 era
isolate  (GA13499), were resistant to
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erythromycin. Each resistant isolate contained
macrolide efflux genes mef(E) and mel, encoded
on the macrolide efflux genetic assembly
(Mega) integrated directly into the pneumococ-
cal chromosome or nested within a Tn916-like
element, either Tn2009 or Tn2010. Tn2010 also
contained the erm-type methylase gene erm(B)
(Figure 5.1). Interestingly, Tn2010 was identi-
fied only in post-PCV7 isolates in clade 236
(Figure 5.1). The earliest isolated CC320 strain
in this genome collection was GA04375, a 19F,
ST236 isolate from 1995. GA04375 did not
contain the Mega- and erm(B)-containing trans-
poson Tn2010 that is commonly found in
ST320. It contained instead the Mega element
integrated into the RNA methyltransferase
gene (rumA) located at the left junction of the
pneumococcal pathogenicity island-1 (PPI-1,
[12]), which was partially deleted. The genome
of GA04375 clustered closely with serotype
19F isolates from 1999, GA13499 (ST236) and
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FIGURE 5.1 Comparison of clonal complex 320 (CC320)
multilocus sequence types in the Atlanta genome collection
with all known CC320 sequence types. Top panel: eBURST
analysis of clonal complex CC320 in the spneumoniae.mlst.net
database (as of November 2014), CC320 is composed of three
subgroups, or clades, each named after the predicted founding
sequence type (ST) of the clade. Each dot represents a unique
ST with a diameter proportional to the number of representa-
tives in the database. The founding ST is located at the center
of each clade. Clade 320 was founded by ST320 (purple), clade
271 was founded by ST271 (green), and clade 236 was founded
by ST236 (orange). Lines connecting each ST represent a single
locus variation between the two types. Sequence types circled
(pink) are represented in the Atlanta genome collection.
Bottom panel: eBURST analysis of CC320 in the Atlanta pneu-
mococcal genome collection. Sequence types and clades are
color-coded as above. Numbers indicate the ST number of
each type. Boxed ST numbers indicate that at least one mem-
ber of the ST was serotype 19A. Numbers enclosed by a
rounded rectangle contain a serotype 19F isolate. ST connected
by a pink line were single locus variants. Blue numbers indi-
cate that an isolate of that ST was isolated prior to the intro-
duction of PCV7 in the Atlanta metropolitan area (i.e., prior to
November 2000). Red indicates that the ST was isolated post-
PCV7. Triangles indicate the presence or absence of mobile
elements encoding macrolide resistance: gray, Tn2010; light
blue, Tn2009; yellow, Mega; open, susceptible isolate without
macrolide resistance element.

3063-00 (ST652). Strain 3063-00 contained Mega
integrated the DNA-3-methyladenine glycosi-
dase gene (TIGR4 annotation, SP_0108) instead
of rumA. GA13499 was sensitive to macrolides
and contained no macrolide resistance determi-
nant. This demonstrated the independent acqui-
sition of macrolide resistance by closely related
isolates prior to PCV7 introduction. CC320
strains isolated after 2000 were mostly 19A, and
all CC320 19A isolates contained Tn2010, sug-
gesting that the clone acquired Tn2010 prior to
the 19F to 19A serotype switch. This is sup-
ported by the observation that Tn2010 is inserted
into the same locus and with identical junction
sequences within the chromosome, regardless of
serotype. The core analyses of CC320 isolates
revealed the influence of antibiotic pressure,
vaccine pressure, and the passage of time on the
evolution of pneumococcal clones. It will be
interesting to see if CC320 emerges with a new
serotype in the post-PCV13 era.
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Clade 271 correlated to the ST271 subgroup
of CC320 and included only macrolide-
resistant serotype 19F isolates (Figure 5.1).
Unlike clade 236, clade 271 isolates all con-
tained Tn2010, including those dating to the
pre-PCV7 era. Clade 320 correlated to the
CC320 subgroup founded by ST320. Clade 320
represents a PCV7 escape clone, containing
mechanisms to avoid antibiotic and vaccine
pressures (Figure 5.1). All clade 320 isolates
were serotype 194, indicating a serotype switch,
and dual-macrolide resistance determinants
were encoded on Tn2010 (Figure 5.2). Tn916-like
elements harboring macrolide resistance ele-
ments were in the Atlanta population prior to
the appearance of ST320 in Atlanta, and indeed
globally. It is believed that the clone developed
in Asia and was subsequently disseminated
worldwide. Epidemiology data supports this
theory [13]. However, our sampling of CC320 in
Atlanta isolates reveals CC320 clonal diversity
in Atlanta similar to that observed around the
world. This suggests that the ingredients for the
ST320 superbug evolution exist in local popula-
tions globally and raises the possibility that
convergent evolution could result in similar
clones developing independently in local pneu-
mococcal populations. Does this mean that
under the correct selective pressures, the forma-
tion of the superbug, or a similar dominant
clone, was inevitable and will happen again?
Significantly, while many of the precursors of
ST320 were present in Atlanta prior to PCV7,
serotype 19A ST320, with its characteristic dual
macrolide resistance determinants encoded by
Tn2010, did not appear in Atlanta until a single
isolate was identified post-PCV7 in 2003
(unpublished). The earliest ST320 isolate in the
genome study was from 2004 (Figure 5.2).

Because the ST320 clone emerged globally,
including in locations with poor or no PCV7
coverage, antibiotic resistance was thought to be
the major selective force driving its emergence

in these populations. However, this did not
explain why 19A displaced multidrug-resistant
19F in non-vaccinated populations. Recent find-
ings have suggested that the ST320 clone was a
better colonizer of the nasopharynx than its pro-
genitor 5T236 [13]. The increased fitness was not
explained by the capsule difference [13]. This
suggested that ST236 had acquired, by transfor-
mation and recombination, genes involved in
colonization as well as the 19A capsule locus.
Thus, it appears the evolution of ST320 was a
result of multiple selective pressures.

Another geographically restricted study
focused on more than 3000 carriage isolates
from a 2.4 km® refugee camp at the border of
Thailand and Myanmar [14]. Hierarchical clus-
tering of genomes based on sequence similarity
revealed clusters that roughly corresponded
to MLST-based clonal complexes. This study
revealed that among the 3085 carriage isolates
sequenced, the largest capsule phenotype group
(512 isolates) was composed of non-typable
S. pneumoniae. These non-typable isolates appear
to act as a reservoir of recombinant DNA, espe-
cially drug resistance determinants, for the dif-
ferent S. pnewmoniae lineages; and given that
these non-typable isolates are not targeted by
current polysaccharide vaccines, they will con-
tinue to be carried. The study also identified
hotspots of recombination within the S. pneumno-
nige genome. These indicate that there are a
limited number of genes in which diversity
accumulates as a consequence of recombination.
It is likely that host and therapeutic pressures
underlie this phenomenon. Indeed, the six most
prominent hotspots among the refugee camp
isolates harbored genes encoding cell surface
antigens (pspA and pspC) and genes associated
with resistance to antibiotics (pbpla, pbp2b,
pbp2x, and fol A).

These applications of whole genome
sequencing and analysis to different collections
of S. pneumoniae illustrated the power of
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FIGURE 5.2 Core genome phylogeny of CC320 isolates from metropolitan Atlanta. Clades are color-coded as in
Figure 5.1. Purple, clade 320; green, clade 271; orange, clade 236. Each clade harbors a single serotype, which is indicated
in parentheses within the boxed clade labels. Branch tips of the tree are labeled with strain names, followed by ST (in
parentheses) and year of isolation. Years are color-coded to distinguish between strains isolated prior to and after the intro-
duction of PCV7 in the Atlanta metropolitan area (blue and red, respectively). Triangles represent the presence of macro-
lide resistance elements and are color-coded as in Figure 5.1: gray, Tn2010; light blue, Tn2009; yellow, Mega; open,

susceptible isolate without macrolide resistance determinant.
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genomics in providing critical insights into the
biology of this species. Current sequencing
efforts are focused on filling in the pneumococ-
cal space of genomic diversity, geographical
origin, and time (evolution). For instance,
the ongoing global pneumococcal sequencing
project (GPS, http://news.emory.edu/stories/
2013/03/video_pnemonia_genome/) aims to
sequence the genome of 20,000 pneumococcal
strains isolated before and after the introduc-
tion of vaccines in developing countries. The
team aims to better characterize vaccine escape
and devise next-generation vaccines that avoid
that escape.

S. pneumoniae Pan-Genome

S. pneumoniae displays extensive genomic
diversity. This is reflected in the analysis of its
pan-genome, the entire repertoire of genes
accessible to the S. pneumoniae species, which
was determined to be much larger than the
genome of any individual strain or isolate
[15—18]. In fact, the S. pneumoniae pan-genome
was defined as open, its size increasing loga-
rithmically, meaning that extrapolation based
on the 44 genomes sequenced in 2010 sug-
gested that every new genome sequenced con-
tributed new genes to the species, and the
trend indicated that a very large number of
genomes would have to be sequenced to fully
characterize the entire gene repertoire [15,16].

A pan-genome analysis we performed based
on 158 isolates from the Atlanta metropolitan
area and other publicly available genomes
confirmed the trend based on 44 genomes
(Figure 5.3). The new genes power law regres-
sion equation for 158 genomes was:

= 269.3229 + 2 7959096821 =0.0028)

This formula allows for extrapolation that
can be used to predict the number of new
genes that would be identified given increasing
numbers of additional genomes sequenced;
this is shown in Table 5.1. It suggests that after

500 genomes sequenced, every other genome
will provide a new gene on average (~0.5 new
gene per genome); after 1000 genomes every
third genome will still provide a new gene;
and so on. This, of course, depends on the ran-
domness of sampling for strains to be
sequenced. Thus, the pan-genome of S. pneu-
moniae is still predicted to be extremely large.
This has broad implications for the biology of
S. pneumoniae. The core genome (shared by all
strains) typically includes genes responsible for
the basic aspects of the biology of the species
and its major phenotypic traits. By contrast,
dispensable genes (shared by a subset of the
strains) contribute to the species diversity and
might encode supplementary biochemical
pathways and functions that are not essential
for bacterial growth but which confer selective
advantages, such as adaptation to different
niches, antibiotic resistance, or colonization of
a new host [19]. Donati et al. [15] predicted
that a fast-growing pan-genome, with strains
that are quickly diversifying by integrating
new genes, indicates that the species is explor-
ing novel evolutionary possibilities. They postu-
late that the S. pneumoniae species is possibly
adapted to its current ecological niche but
remains open to the acquisition of new genes
while maintaining stability.

Van Tonder et al. [20] used a Bayesian
approach to estimate a bacterial core genome
that, unlike the classical pan-genome analysis
described above, does not require that every
single isolate sequenced harbors all core genes.
This accommodates for the possible presence
of rare strain variants that may be missing
some genes that would otherwise be consid-
ered core. Application of the model to 336
5. pneumoniae genomes encompassing 39 sero-
types, 32 countries, and 90 years of isolation
estimated the presence of 948 core genes.
Another method, based on clusters of ortholo-
gous genes, also applied by van Tonder et al.
predicted 1194 core genes. Generally speaking,
differences in core gene counts arise from the
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FIGURE 5.3 New gene discovery graph from the pan-genome analysis of 158 S. pneumoniae isolates. For each
reported number of genomes (1), the circles represent the number of new genes found in different randomly chosen combi-
nations. Triangles show the mean values for each distribution. The curve and equation represent a power law regression
for new genes discovered that was fitted to the means of new gene counts (triangles) for each value of .

use of different data sets (the more genomes
analyzed, the smaller the core genome),
different models, and varying methods for
alignment and different cutoffs, including per-
cent identity and whether or not alignment
had to occur over the full length of the genes
(estimated core genome model) or half of the
gene length [17].

Dispensable Genome
and Mobile Elements

The concept of what constitutes a pneumo-
coccal clone (or strain, or isolate) has evolved

with our ability to look into the genetics behind
pneumococcal evolution with increasing reso-
lution. Capsule serotyping was insufficient as a
means to infer phylogeny. Several typing
methods were improvements, but not until
MLST provided a standardized and accessible
method whereby isolates could be reliably
typed and compared to typed isolates from
any location [21]. MLST demonstrated that a
single sequence type can exist with many
different capsule serotypes due to serotype
switching  [8,22]. Comparative genomics
revealed a surprisingly large amount of varia-
tion within the genomes of “identical” clones
as defined by MLST.
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TABLE 5.1

Use of a Pan-Genome Analysis to Extrapolate the Number of New Genes That Would Be

[dentified Given Increasing Numbers of Additional Genomes Sequenced

Estimated number of new
genes identified per genome

Number of genomes sequenced

Estimated number of genomes
needed to find a new gene

158 1.87
200 1.48
500 0.60
1000 0.30
5000 0.06
10,000 0.03
20,000 0.02
50,000 0.01

0.54
0.68
1.66
3.28
15.94
31.49
62.20
152.96

Variability between individuals within a
single clonal complex is due primarily to varia-
tions in the gene content of their dispensable
genomes, that is, those genes not essential for
survival and pathogenicity of the pneumococ-
cus. The dispensable genome accounts for
approximately one-quarter of a pneumococcal
genome [15]. The contents of the dispensable
genome of a pneumococcal clone are heavily
influenced by horizontal gene transfer of mate-
rial from other pneumococci, closely related
commensal streptococci, and/or more distantly
related bacteria. The pneumococcus is extremely
adept at acquiring novel DNA through transfor-
mation and recombination, allowing virtually
unrestricted flow of gene content within pneu-
mococcal populations. Frequent recombination
events lead to constant shuffling of the dis-
pensable genome and often to swapping of large
regions of the core genomes. This process has
created genotypic heterogeneity within pneu-
mococcal populations [22]. Successful clones
emerge from the milieu of genotypes due to
selective environmental and host-related pres-
sures. Antibiotic pressure selects for genotypes
that include antibiotic resistance genes. Vaccine
pressure suppresses targeted capsule genotypes,

thus promoting the emergence of non-vaccine
capsule genotypes. The pneumococcal capsule
conjugate vaccines (PCV7, PCV13) selected for
non-vaccine capsule serotypes including sero-
type switch “escape” mutants [8].
Transformation and recombination can also
be a genome-stabilizing factor. There is no SOS
response system encoded within the core
genome of S. pneumoniae to repair damaged
DNA [23]. Instead, pneumococci repair dam-
aged DNA by allele replacement through
recombination with undamaged DNA acquired
by transformation [24]. The “sharing” of DNA
between pneumococcal cells to repair ran-
domly located DNA lesions can have a homog-
enizing effect on the pneumococcal genome.
Clonal diversity is also limited by the
recombination-dependent phenomenon of soft
selective sweeps. Interspecies transformation
events have been demonstrated to transfer frag-
ments ranging in size from 0.4 to 235kb [25].
Transformation of genes providing a selective
advantage can be linked to neutral or even detri-
mental genes. The closer two genes are on the
chromosome, the more likely they are to be
transferred concomitantly and the stronger the
selective pressure on the indirectly selected gene.
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In the Atlanta genome collection, soft
sweeps driven by macrolide resistance are
apparent. Tn5253-like conjugative transposons
carry the chloramphenicol acetyltransferase
gene (cat), conferring resistance to chloram-
phenicol. In all instances, Tn5253-like elements
were inserted into the ribosome maturation
protein ylgF (TIGR4 annotation, SP_1154) [26].
Nested in the Tn5253-like elements were
Tn916-like elements carrying the tetracycline
resistance gene tet(M). Inserted in conserved
loci of the Tn916-like elements were various
macrolide resistance elements including Mega
and the erm(B)-containing elements Omega
and Tn917. Macrolide-resistant Tn916-like ele-
ments associated with Tn5253-like elements
included Tn6002 (Omega), Tn2009 (Mega),
Tn2010 (Omega and Mega), or Tn3872 (Tn917).
This indicates that selection for recombination
of the Tn916-like elements, or fragments
thereof, into larger elements allows intercon-
version between Tn916 and the macrolide-
resistant version of Tn916. Selection for these
recombination events by macrolide exposure
also provides a soft selective sweep for chlor-
amphenicol and tetracycline resistance.

The efficiency of homologous recombination
depends upon suitable regions of homology
between donor and recipient cells. This becomes
a barrier to horizontal gene transfer between
distantly related bacteria. Transfer between spe-
cies lacking extensive homology with pneumo-
coccal chromosomes is facilitated by mobile
DNA elements such as insertion sequences,
phages, and integrative and conjugative trans-
posons (ICE). Mobile elements are excised,
transferred, and integrated in a target sequen-
ce—dependent manner, thus bypassing the
need for homology between donor and recipi-
ent. These elements often carry “cargo” genes,
which may come from distantly related bacteria
and which may be beneficial to the pneumo-
coccus. Once integrated into a pneumococcal
chromosome, the mobile element and its novel
gene cargo can be disseminated within the

pneumococcal population by transformation
and recombination. Thus, mobile elements are a
means of expansion of the pneumococcal pan-
genome through additions of novel gene content
to the accessory genome.

In conclusion, S. pneumoniae has a large and
growing pan-genome. Horizontal gene transfer
is mediated by transformation and recombina-
tion, and by the movement of mobile elements.
The continual shuffling of gene content within
the pan-genome and the occasional acquisition
of novel DNA from non-pneumococcal bacteria
have led to tremendous variation in the genetic
background of pneumococcal clones circulat-
ing in a population. Selective forces including
antibiotics, vaccines, inter- and intraspecies
competition, and host defenses pull the previ-
ously existing rare strains, from the milieu of
pneumococcal genotypes, that are most suit-
ably adapted to deal with the environmental
challenges at hand at any given time.
Widespread selective pressure, such as antibi-
otic usage and vaccination, subsequently pro-
mote the clonal propagation and dissemination
of successful clones. Future genomic studies
will aid in improving our understanding of the
relative roles played by genetic variability in
local and global pneumococcal populations.

VARIATION AND VIRULENCE

S. pneumoniae (the pneumococcus) colonizes
the human nasopharynx and in some cases can
cause diseases such otitis media, pneumonia,
and meningitis. The pneumococcus produces a
range of colonization and virulence factors
including a polysaccharide capsule, surface
proteins and enzymes, and the cytoplasmic
toxin pneumolysin. In terms of ability to cause
disease, not all pneumococci are equal. Some
strains or serotypes are rarely associated with
disease, while others are often associated with
invasive disease [27,28]. The ability of pneumo-
cocci to cause disease in humans is related to
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the genetic content of the organism, such that
the presence or absence of virulence genes
and/or variation in the sequence of virulence
genes dictates the virulence of the strain.
Several screens have been conducted to
identify genes important in pathogenesis of
infection. These include signature-tagged
mutagenesis in animal models of infection
and colonization [29-32] as well as TnSeq-
based screening [33]. Microarray-based studies
and whole genome sequencing have been used
in attempts to determine the complement of
genes required to define the ability to cause
invasive disease [27,34,35]. These studies
assume that there is an essential core genome
and that the differing virulence of pneumococ-
cal strains is determined by a set of accessory
genes in the pneumococcal chromosome. It has
proved difficult to associate the ability to
cause invasive disease with particular genetic
loci. The capsule locus is essential for viru-
lence, but not all capsulated strains cause dis-
ease. Serotypes associated with the highest
rates of invasive disease are 1, 4, and 7F.
However, there may also be differences in
ability to cause invasive disease among clonal
types of the same serotype [27]. Blomberg
et al. [27] conclude that the accessory regions
required for invasive disease may be redun-
dant as no unique pattern distinguishes the
most invasive pneumococcal clones from
others. Gene content may also be reflected in
different regulatory pathways within strains
of pneumococci. In addition to variation in
gene content there is also variation in the
sequence of individual genes known to be
important for virulence, such that SNPs may
define the virulence profile of some strains.
By understanding the effect of these sequence
variations on the ability of pneumococci to
cause disease, it may be possible to define
more subtle mutations (rather than presence
and absence of genes) that allow pneumo-
cocci to vary in invasive potential. Some of
these key genes and the biological effects of

variation in sequence of these virulence fac-
tors are considered here.

Capsule

The polysaccharide capsule is the most
important virulence factor in the pneumococ-
cus and is the basis for serotyping of pneumo-
cocci. There are 94 known serotypes [36—40].
The genes for the biosynthesis of 93 of the
capsule types are found in the same location in
the pneumococcal chromosome, between the
dexB and aliA genes. The exception to this is
serotype 37, which is synthesized from a single
gene elsewhere in the chromosome. One of the
most striking features of the pneumococcal
capsule locus is its huge genetic divergence,
as only a few genes are conserved among
the different clusters [36,41]. The capsule pro-
tects the pneumococcus from phagocytosis
[42]. Antibody to cell wall constituents binds to
the surface of the pneumococcus and in turn
binds complement components. Presence of
the capsule prevents iC3b and the Fc of immu-
noglobulins bound to the bacterium from inter-
acting with their receptors on the surface of
phagocytic cells, with the result that the bacte-
ria cannot be taken up and killed by the phago-
cyte [43]. The capsule is also crucial for
colonization as it prevents removal by mucus
[44] and can also restrict autolysis and reduce
exposure to antibiotics [45]. Pneumococci lack-
ing a polysaccharide capsule can be isolated
from the upper respiratory tract of humans
[46]. These strains are often referred to as non-
typable and are usually associated with asymp-
tomatic carriage but are also associated with
outbreaks of conjunctivitis [47] and occasion-
ally with invasive disease [48,49]. Non-typable
strains can be divided into two groups. Group
I are those with a disrupted or nonfunctional
capsule locus and Group II are those isolates
that contain genes not found in normal capsu-
lar types [50]. Group II can be further divided
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into NCC1 and NCC2. NCC1 isolates have the
pspK gene present at the site of the capsule
locus [51]. The pspK gene codes for a novel
pneumococcal surface protein that may play a
role in colonization [52]. The pspK gene has
also been named novel surface protein gene A
(nspA) [53]. The nspA gene is present along
with a variety of intact and disruptive IS ele-
ments. The nspA gene itself shows high levels
of conservation in some areas, with a hypervar-
iable repeat region: no two isolates are identi-
cal [53]. NCC2 isolates have both the aliB-like
ORF1 and aliB-like ORF-2 genes [50,51,53].
Analysis of population structure shows that
nspA is not restricted to a single lineage of
closely related pneumococci but is found in
distantly related isolates. The presence of this
gene in strains isolated from distant geographi-
cal locations suggests that strains carrying this
gene are successful [53].

Surface Proteins

Analysis of the genome sequence of S. pneu-
moniae strain TIGR4 [3] identified 70 genes for
proteins predicted to be exposed at the cell sur-
face. These proteins are surface attached by one
of three mechanisms: peptidoglycan anchor
motif (LPXTG), choline-binding motif, or lipid-
attachment motif [54]. The LPXTG motif allows
the enzyme sortase-A to covalently link the pro-
tein to the bacterial cell wall by linkage of the
threonine of the motif to the pentaglycine link-
age of peptidoglycan in the pneumococcal cell
wall [55]. The number of LPXTG proteins can
differ between strains, and several of these pro-
teins are known to be associated with the viru-
lence of the organism. Key LPXTG-anchored
proteins are neuraminidase A (NanA), serine
protease PrtA and hyaluronidase.

Neuraminidase cleaves N-acetyl neuraminic
acid from glycolipids, lipoproteins, and oligo-
saccharides in host cells, which may unmask
binding sites for the organism. NanA plays a

role in colonization and development of otitis
media in a chinchilla model [56]. Loss of sialic
acid as a result of neuraminidase activity
accompanies the spread of pneumococci along
the eustachian tube to the middle ear [56].
NanA plays an important role in biofilm for-
mation, and sialic acid released by the action of
NanA may be an important signal in regula-
tion of pneumococcal virulence [57]. The nanA
gene is present in all clinical isolates [58—60].
The nanA gene shows high sequence diversity
that may be important in avoidance of the host
immune response [58]. The original cloning of
the nanA gene from S. pneumonige strain R36a
(NCTC 10319) isolated an enzymatically active
clone [61]. Subsequent sequence analysis
showed this clone was not complete, lacking 233
amino acids from the C-terminus. Interestingly,
in the original genome sequencing project of
TIGR4 the nanA sequence is annotated as a
pseudo-gene due to the presence of an 11 base
pair deletion that results in a changed reading
frame and termination of the gene at amino acid
804 (of a possible 1035) [3]. However, the enzy-
matic portion of the protein is intact and can be
isolated from the pneumococcus. The absence of
the C-terminal part of the protein means that the
LPXTG anchor is missing and the enzyme is not
linked to the cell wall. This may be important in
the pathogenesis of disease as NanA is impor-
tant in binding pneumococci to human cells,
including those of the blood—brain barrier
[62,63], and lack of surface anchoring may com-
promise this function.

Hyaluronidase breaks down the hyaluronic
acid component of mammalian connective
tissue and extracellular matrix and is produced
by clinical isolates of pneumococci [64]. The
degradation of hyaluronic acid may aid bacte-
rial spread and colonization. Hyaluronidase
may also potentiate pulmonary inflammation
by complex interaction with chemokines and
cytokines. TNFo and IL-13 are able to induce
the production of hyaluronic acid by fibroblasts
[65], which can then promote further cytokine
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secretion by binding to CD44 on host cells. The
system is further complicated by the ability of
IL-1 to release host hyaluronidase. Breakdown
products of hyaluronic acid stimulate chemo-
kine production by macrophages [66], which
increases cell recruitment and inflammation.
Some serotype 3, ST180 strains contain an SNP
at position 376 of the hyaluronidase coding
sequence, which results in a stop codon and
truncation of the protein after 125 amino acids.
These strains produce no active hyaluronidase.

The prtA gene has been confirmed in all
pneumococcal isolates tested [67]. PrtA is a ser-
ine protease and is required for full virulence
in animal models; vaccination with the protein
provides protection from infectious challenge
[67]. PrtA plays a role in the killing of S. preu-
moniae by apolactoferin [68]. Expression of prtA
is co-regulated with a number of other viru-
lence genes, including those encoding the pilus
and pneumolysin genes, by the transcriptional
factor PsaR [69]. Regulation of prfA expression
by PsaR has also been demonstrated to be
oppositely repressed and stimulated by man-
ganese or zinc [70].

Three proteins from TIGR4 have LPXTG-like
motifs; these are the pilin proteins (SP_0462,
SP 0463, and SP_0464), which are linked to
each other by specific pilus-sortase enzymes
[71]. These genes are part of the rlrA pathoge-
nicity islet [72] and are transcribed together on
the same transcript by the adjacent transcrip-
tional regulator. The rlrA pathogenicity islet
codes for the production of the pneumococcal
pilus; this genetic locus is present in less than
20% of clinical strains [73]. A second pilus
type, which is involved in adherence of pneu-
mococci to epithelial cells, has been identified,
and some strains can express both types [74].

Choline-binding proteins (CBPs) are anchored
to the cell surface via the interaction of repeat
domains of the protein with choline residues
present in the pneumococcal cell wall. Teichoic
and lipoteichoic acids in the cell wall are
decorated with phosphorylcholine residues that

anchor the CBPs to the pneumococcal cell. These
proteins have repeated sequences of approxi-
mately 20 amino acids (choline-binding mod-
ule), usually present in the C-terminal region of
the protein. Two to twelve modules form the
choline-binding domain that is attached to phos-
phorylcholine in the cell wall in a noncovalent
manner. CBPs may have various enzymatic
activities or may have binding properties to
allow binding to host cells or extracellular matrix
[54]. Analysis of the genome sequences of pneu-
mococcal strains R6 [75] and TIGR4 [3] predict
12 CBPs in R6 and 15 in TIGR4 [76]. Several
CBPs are associated with the ability to bind to
host proteins.

The genome of S. preumoniae contains approx-
imately 40 genes predicted to code for lipopro-
teins [3,54], many of which are involved in
virulence as part of nutrient uptake transporters.
Cation ABC transporters have major effects on
pneumococcal virulence, with loss of PsaA man-
ganese transporter lipoprotein or combined loss
of AdcA and AdcAll zinc or the PiaA and PiuA
iron ABC transporter lipoproteins, resulting in
strains of greatly reduced virulence [77—82]. The
mechanism of lipoprotein attachment to the bac-
terial cell membrane and processing is con-
served among bacteria. Prolipoproteins are
secreted by the general secretory pathway and
then are covalently linked to the cell membrane
by the enzyme diacylglyceryl transferase (Lgt)
[82]. A type II lipoprotein signal peptidase (Lsp)
then cleaves the N-terminal signal peptide adja-
cent to the “lipobox” cysteine residue to form
the mature lipoprotein [83]. Deletion of the Igf
gene from pneumococcus has widespread effects
on ABC transporter functions that collectively
prevent the mutant from establishing invasive
infection [84].

Pneumolysin

Pneumolysin (Ply) is a b53-kDa pore-
forming toxin made by almost all clinical
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isolates of the pneumococcus; it is expressed
during the log phase of growth [85]. There are
at least 16 different naturally occurring
variants of Ply including allele 5 Ply, which is
expressed in specific strains of serotypes 1
and 8 pneumococci [86—88]. It has been dem-
onstrated that both human and murine mono-
nuclear cells exposed to S. pneumoniae that
express fully lytic toxin produce IL-18, and
the production of this cytokine depends on
the NOD-like receptor family, pyrin domain
containing 3 (NALP3) inflammasome [89].
Strains expressing the nonhemolytic allele 5 of
the toxin did not stimulate IL-13 production.
NLRP3 activation was beneficial for mice
during pneumonia caused by pneumococcal
strains expressing fully active toxin due to
cytokine production and maintenance of the
pulmonary microvascular barrier. Thus, poly-
morphisms in the pneumolysin protein may
substantially affect recognition of bacteria
by the innate immune system. Pneumolysin is
produced by virtually all clinical isolates of
the pneumococcus [90], and analysis of the
pneumolysin gene sequence from 121 clinical
isolates identified 14 protein alleles [87], some
of which are associated with lack of hemolytic
activity of the toxin. Some clinical strains
were shown to have insertions of either a
section of duplicated sequence or transposon
IS1515 [87,91], suggesting that pneumolysin
is not absolutely essential for the pneumococ-
cus to be able to cause infection. Although
thought to be released only when pneumo-
cocci undergo autolysis [92], Ply can be
released independently of the major autolysin
[93]. Ply has been shown to be exported to the
cell wall [94,95]. Ply plays several roles in
infection. The toxin appears to have no role in
inflammation associated with meningitis
[96—-98] but does have a role in deafness asso-
ciated with meningitis [98] and in bacteremia
[99] and pneumonia [100]. Ply has been sug-
gested to play a role in damage to the blood
brain barrier as it his responsible for the

majority of cytotoxicity in brain microvascular
endothelial cells exposed to S. preumoniae
in vitro [101].

Two-Component Systems and Regulation
of Virulence

Bacterial adaptation to the external environ-
ment is often mediated by two-component sys-
tems (TCS). A typical TCS is composed of a
membrane-bound sensor histidine protein
kinase (HK) and a cognate response regulator
(RR), which is usually a DN-binding protein.
On stimulation by an appropriate signal the
HK is auto-phosphorylated on a conserved his-
tidine. The phosphate group is then relayed to
an aspartate residue in the RR. The availability
of pneumococcal genome sequences reveals 13
HK:RR pairs and a single “orphan” RR with no
associated HK [102,103]. Genetic studies have
been conducted to define the roles of these sys-
tems in virulence. Lange et al. [102] analyzed
the effect of gene deletions on the virulence of
serotype 3 and serotype 22 pneumococci in a
mouse model of systemic infection and found
no effect on virulence. Throup et al. [103] used
a mouse model of pneumonia and demon-
strated a role in infection for most of the TCS
in a serotype 3 strain (0100993). Thus the role
of TCS in virulence is dependent on the genetic
background of the bacterial strain as well as
route of infection. This finding was confirmed
by Blue and Mitchell [104], who found that
deletion of the TCS09 system had no effect on
the virulence of strain D39 in murine models of
pneumonia and bacteremia; the same mutation
in strain 0100993 caused attenuation in the
pneumonia model but not in the systemic dis-
ease model. There are many other examples of
different effects of regulatory genes on viru-
lence depending on the strain of pneumococ-
cus studied. It is becoming increasingly clear
that to understand these regulatory processes
we need to study the control of bacterial gene
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expression in the in vivo environment as well
as the detailed regulatory pathways involved
in the processes of bacterial colonization and
development of disease in the host. The use of
RNA sequencing to analyze bacterial transerip-
tomics will allow these detailed relationships
to be dissected.

Pneumococcal Strain Variation
During Infection

The pneumococcus can undergo genetic
changes during the course of an infection.
Two isolates of a serotype 3, ST180 were taken
from a patient with pneumococcal meningitis
[105]. One isolate was grown from the blood
and the other from a sample of cerebrospinal
fluid (CSF). The two strains were compared
by microarray and RNA sequencing, which
showed that they had different expression pro-
files, including a marked up-regulation in the
expression of the PatAB transporter in the
strain isolated from CSF. Whole genome
sequencing identified an SNP present in the
regulatory region of the PatAB gene that was
associated with changes in gene expression.
When the two strains were compared in an ani-
mal model of disease, they showed different
profiles, with the strain isolated from human
blood growing better in mouse blood, while
the strain from CSF grew less well in blood but
reached higher numbers in the brain. Thus,
one SNP can have a marked effect on the viru-
lence of S. preumoniae. The role of recombina-
tion also plays a key role in the evolution of
pneumococci. Croucher et al. [4] used high-
throughput sequencing to analyze 240 isolates
of the PMEN-1 (Spain®*"-1) strain, and more
than 700 recombination events were detected,
which frequently affected major antigens,
including 10 capsule switch events, one of
which accompanied a population shift as vac-
cine escape serotype 19A isolates emerged in
the United States after the introduction of the

conjugate vaccine. The evolution of antibiotic
resistance was observed to occur on multiple
occasions. The study shows how genomic plas-
ticity within the pneumococcus can permit
adaptation to clinical interventions on very
short timescales.

The environment within patients infected
with pneumococcus can vary not only accord-
ing to clinical interventions (antibiotics, etc.)
but also due to underlying conditions. For
example, children with sickle cell disease (SCD)
have a 600-fold increased risk of invasive
pneumococcal disease [106]. The increased risk
of infection is due to functional asplenia and
complement deficiency, and patients also have
altered plasma levels of zinc, iron, amino acids,
and carbohydrates [107,108]. These patients are
routinely vaccinated and prescribed prophy-
lactic antibiotics. Analysis of strains from car-
riage and disease in the general population
and those isolated from patients with SCD
shows that strains from SCD patients have spe-
cific adaptations [109]. As well as the expected
adaptation to antibiotics and vaccination,
strains from SCD had undergone gene loss and
intragenic recombination to produce mosaic
genes. These events had occurred in four key
groups of genes responsible for penicillin resis-
tance, capsule biosynthesis, metabolic path-
ways, and metal ion uptake. The mutations in
genes involved in metal ion uptake suggest
that these mutations are beneficial in the SCD
host and can only be tolerated in this host
environment but not in the normal host. Use of
a library of Tn-seq mutants in wild type and
SCD mice identified genes involved with
aspects of SCD pathophysiology in humans,
such as abnormal iron homeostasis, purine
metabolism, and complement function. One of
the six genes identified by Tn-seq analysis is
involved in iron uptake into the pneumococcus.
The iron transport complex is immunogenic,
and loss of this protein may be advantageous in
avoiding the immune response. The iron trans-
port process is probably not required or may
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even be detrimental to the bacterium in an iron-
rich SCD host. The ability of the pneumococcus
to thrive despite the loss of antigenic proteins
could compromise protective immunity in spe-
cific host environments and could influence tar-
gets for new protein-based vaccination in SCD
patients. The study of Carter et al. [109] also
highlights how analysis of bacterial genome
sequences from particular disease groups may
vield information on the selective conditions
within patients suffering from the disease (in
this case SCD).

S. PNEUMONIAE AND
CLOSE RELATIVES

The pathogenic potential of S. pneunioniae is
intriguing in the light of its closest relatives, such
as S. mitis and S. oralis, that are rarely associated
with disease and are representatives of the
commensal microbiota of the upper respiratory
tract of humans. Recently, S. pseudopneumoniae
has been added as a new species, a group of
bacteria previously referred to as atypical
pneumococci [110—112]. These species are part
of the Mitis group of streptococci [113—115].
They are naturally competent for genetic trans-
formation; that is, they can take up DNA and
incorporate it into their genome via homolo-
gous recombination. It is this property that is
the major driving force for genomic diversity
within a single species, resulting in a large
accessory genome. The molecular mechanism
of competence development, a quorum-sensing
process based on secretion of the competence-
stimulating peptide CSP and its recognition by
the TCS ComCD, which is present in all gen-
omes of the above-mentioned species, is well
understood (for review, see [116]). However,
it is not known under which in vivo condi-
tions competence develops, and how frequent
gene transfer occurs within and between
species. Genomic comparison revealed that in
several S. mitis and S. oralis strains, not all of

the 22 essential competence genes described in
S. pneumoniae are functional or are even absent
[117], an indication of fighting genome inst-
ability. Nevertheless, S. mitis NCTC10712 and
S. oralis Uo5, which are included in this list, are
transformable under laboratory conditions, and
it should be noted also that most clinical isolates
of S. pneumoniae do not develop competence
under laboratory conditions, although they con-
tain the entire equipment for competence.

S. pneumonige inhabits the nasopharynx,
whereas oral streptococci reside in the oral
cavity. However, signs of interspecies gene
transfer, which are obvious from genomic data,
indicate that at least occasionally DNA from
other species is available. The fact that pneu-
mococcal genomes are significantly larger,
approximately 2.1 Mb compared to those of
most S. mitis or S. oralis genomes (~2Mb),
documents a larger accessory genome. Genetic
transformation under laboratory conditions
results in considerable sequence exchange.
After four successive steps of transformation,
over 3% of the recipient S. preumoniae genome
was replaced by donor S. mitis DNA [118]. The
recombination events resulted in deletion of one
gene, the replacement of a functional gene copy
that was fragmented in the recipient strain, and
the acquisition of genes not present in the pneu-
mococcal population. The 36 recombination
events, spanning between approximately 100
nucleotides up to over 10kb, clustered in 16
regions throughout the genome. Apparently,
gene transfer from S. mitis to S. pneumoniae also
occurs under natural conditions. Phylogenetic
trees obtained from all predicted genes among
35 Streptococcus spp. revealed clustering of
5. pneumoniae genes among S. mitis genes, which
was interpreted as gene transfer from 5. mitis to
5. pneumonige [117]. The size of the regions
affected spanned between 116 and 10,600 bp, in
agreement with the results reported in the
in vitro experiment [118].

S. pseudopneumoniae, S. mitis, and S. oralis are
the closest relatives of S. pneumoniae. The
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finished genomes of members of S. mitis B6
[119] and S. oralis Uo5 [120] are preferentially
used in the following analysis. Despite the rela-
tive close relatedness of these species, the over-
all arrangement of the S. pneumoniae genome
reveals a striking arrangement, termed X-align-
ment, when compared to S. mitis B6 or S. oralis
Uo5 (Figure 54). Throughout the genome,
sequences that are symmetrically inverted with
respect to the position of the replication origin
or terminus alternate with those that have the
same positioning. It is not clear what causes
this phenomenon. It has been suggested that
inversions might be linked to the replication or
termination processes [122]. In S. mitis B6, sev-
eral breakpoints are associated with insertion
elements ISSmil, but the relevance of this
observation is not clear [119].

Genomic Comparison—An Overall View

A clear distinction among S. pneumoniae,
S. mitis, and S. oralis (Figure 5.5) is obtained by

S. oralis Uo5

S. mitis B6

S. pneumoniae R6

MLST [114,115], which has become the gold
standard for analyzing pathogenic bacteria [124]
and which is based on sequence comparison of
housekeeping genes. MLSA data derived from
S. pseudopneumoniae strains places this species
between S. pneumoniae and S. mitis [111], but
according to MLST analysis the type strain of
S. pseudopneumoniae as well as strain 157493, the
genome of which is available [125], are found
among the S. mitis group (Figure 5.5). More gen-
omes of S. pseudopneumoniae will be required to
clarify the phylogenetic relationship on a geno-
mic basis.

Genomic hybridization of oral streptococci
using oligonucleotides based on the S. pneumo-
nine R6 and TIGR4 as well as S. mitis B6
sequences revealed an almost smooth transition
between these species (Figure 5.6). The explana-
tion is a large accessory genome that circulates
among these species but which becomes appar-
ent only by whole genome analysis [126,127]
and not by using individual genes that are part
of the common core genome.

RN BRE 106 Mb
2.16 Mb
2.04 Mb

FIGURE 5.4 Genome alignments of the S. pneumoniae R6 genome with those of S. oralis Uo5 and S. mitis B6. The
alignments are displayed using the ACT program [121]. Red areas mark regions of the same orientation in both species,
blue indicates regions implicated in the X-alignment. Only regions greater than 1 kb are shown.
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FIGURE 5.5 Phylogenetic tree of Streptococcus spp. Left: The concatenated sequences of loci used for MLST of
Streptococcus spp. [115] except that of ddl were used for tree construction with the MEGA3.1 program [123]. Sequences
were treated as protein coding data. The bootstrap test of phylogeny was chosen as the principal phylogenetic analysis
method with the minimum evolution algorithm applied. For bootstrapping the default option of 1050 replicate calculations
was chosen. For all other parameters the default options given by the program were used. The color of the dots marks the
origin of the strains used in the hybridization experiment shown in Figure 5.6. Red, South Africa; green, Spain; white,
Germany; light blue, Hungary; black, reference strains S. pneumoniae R6 and S. mitis NCTC10712. Sp: S. pnewmoniae; Sm:
S. mitis; So: S. oralis. For comparison, the type strain of S. pseudopneumoniae ATCC BAA-960 and S. pseudopneumoniae 157493
whose genomes are available are included (triangles). Right: multilocus sequence analysis, MLSA [113]. The bracket shows
S. pseudopneumoniae; Sp: S. pnewmoniae; others: uncertain. The triangles mark the two S. pseudopneumoniae strains used in
the MLST tree on the left.
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FIGURE 5.6

S. pneumoniae

Genomic hybridization analysis of Streptococcus spp. using a S. mitis Bé-specific oligonucleotide

microarray. Phage-related gene clusters and mobile elements were not considered. The number of genes giving positive
hybridization signals is indicated. The microarray data were evaluated as described [119].

S. pneumoniae R6 S. mitis B6

S

S. oralis Uo5

FIGURE 5.7 Core genomes of S. pneumoniae R6,
S. mitis B6, and S. oralis Uo5. The numbers represent pro-
teins that are 60% identical with a coverage of 70%. When
all whole genomes listed in the NCBI microbial genome
data base are included, the S. pneumoniae-specific proteins
drop to 104 (gray circle).

The core genome derived from three
strains—S. pneumoniae R6, S. mitis B6 and
S. oralis UoS5—includes approximately 60% of
the deduced proteins (Figure 5.7), and between
461 and 537 protein encoding genes represent
the accessory genome specific to each strain.
When the genome of 5. pseudopneumoniae 157493
is included, the number of common genes drops
to 1105. This number is drastically reduced if
more strains of one species are used. When all
26 complete S. pneumoniae genomes listed in the
NCBI microbial genome database are included,
only 104 proteins remain specifically associated
with S. pneumoniae, with 72 genes being associ-
ated with 15 clusters of 2—12 genes. Among
them are mostly genes encoding for sugar
uptake and utilization systems that are probably
a reflection of the special ecological niche
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acquired by this species, in addition to compo-
nents related to its pathogenicity potential, as
outlined in the next section. It is clear that with
the growing number of genomes all these num-
bers will need to be adjusted over time.

During the evolution of S. pneumoniae, the
MLST tree points to two crucial events. One (red
circle in Figure 5.5) reveals a common ancestor
of both S. mitis and S. pneumoniae, with S. pneu-
monige representing one lineage in a cluster of S.
mitis strains. In fact, each S. mitis is approxi-
mately as distantly related from each other as
from S. pneumoniae, and the problem of defining
species is obvious. Diversification within the
S. pneumoniae lineage (blue circle in Figure 5.5)
occurred later. It is possible that this second pro-
cess also reflects the growing population of
humans, suggesting that S. mitis or S. oralis had
evolved already in primates. In this context it is
curious that specialized serotype 3 clones of
S. pneumoniae were found in diseased wild chim-
panzees in the Thai National Park, Ivory Coast,
which were distinct from human isolates
described so far [128,129]. Moreover, S. oralis
and S. mitis could be isolated from primates
held in captivity (own unpublished results), sug-
gesting that these oral streptococci might have
evolved before S. pneumoniae had conquered
humans as their optimal host. A curious exam-
ple of host expansion is the occurrence of type 3
pneumococci that have lost some virulence-
associated genes in racing horses [130].

It has been proposed that the three species
S. mitis, S. pneumoniae, and S. pseudopneumoniae,

99

arose from an ancient bacterial population
that included all S. pneumoniae-specific genes
[114]. This model was supported recently by
genomic analysis of 35 Streptococcus spp.
Genomic comparison revealed that the aver-
age genetic distance from the type strain
S. oralis ATCC35037 is slightly but signifi-
cantly larger for S. pneumoniae than for S.
mitis, indicating that the common ancestor
was a pneumococcus-like species [117]. The
authors provided evidence that interspecies
gene transfer occurred mainly unidirection-
ally from S. mitis to S. pneumoniae. This
includes the import of genes involved in capsu-
lar biosynthesis from different groups of strepto-
cocci [117], an explanation of the astounding
biochemical diversity of the capsule. Similarly,
mosaic genes encoding penicillin target enzymes
(penicillin-binding  proteins) that occur in
penicillin-resistant S. preumoniae include sequ-
ences that are found in S. mitis and S. oralis
[131,132]. These blocks are larger in S. mitis com-
pared to S. pneumoniae strains, indicating that
they evolved in sensitive S. mitis prior to being
transferred to S. pneumoniae [115]. On the other
hand, more genes are decayed in the genome
of S. pneumoniae R6 or TIGR4 (48 and 62) versus
20 in S. mitis B6, excluding IS elements [119],
some of them affecting important functions
including amino acid biosynthesis, as shown in
Figure 5.8. It has been suggested that this func-
tional reduction signifies a “route of no return,”
that is, fixes S. pnewmoniae into a current patho-
genic lifestyle [119].

S. orgfts Uo5 Sor0875 sor0869
S. mitis B6 smi1213
leud  leuC leuB leuA smi1219
A A AA A
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N \
S. pneumoniae R6
spr1130 spr1138

FIGURE 5.8 Decay of the leucine gene cluster in S. pneumoniae. The leucine gene cluster of S. mitis B6 and S. oralis

Uob is shown on top; gray: intact genes.
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Virulence Genes of S. pnewmoniae in
S. mitis and S. oralis

One of the key questions is: Why are oral
streptococci not pathogenic; that is, what is
specific for S. pneumoniae to make it a pathogen?

The choline-containing wall and lipo-teichoic
acid (WTA and LTA) have long been believed
to be specific features of S. preumonine. The
genes involved in biosynthesis of TA molecules
are well conserved in S. pseudopneumoniae [125]
as well as in S. mitis, whereas S. oralis strains
contain a different cluster, indicating a different
TA repeat structure, which is also present in
S. mitis M3 [133]. All these species also contain
CBPs which are associated with TAs by hydro-
phobic interaction. However, their number is
highly variable and differs even among strains
of the same species, including S. pneumoniae
[134]. S. mitis B6, with 22 CBPs, represents an
unusual example of gene expansion and diver-
sification through gene duplication and recom-
bination events [119]. In contrast, only six CBPs
are found in S. oralis Uo5, including those that
play a principal role in cell physiology: IytB,
IytC, cbpF, two paralogues of chpD, in addition
to a CBP of unusual repeat structure at the posi-
tion of spr0583/SP_0666, suggesting that they
represent the minimum set of physiologically
relevant CBPs, and that expansion of CBPs has
taken place later in evolution.

The number of LPXTG cell surface proteins
that frequently contain repeat motifs predicted
to be arranged in coiled-coil structures [119]
varies largely not only between species but
also within a species. For example, 12 LPXTG
proteins are annotated in S. pneumoniae R6, 18
in S. mitis B6, 17 in S. pseudopneumoniae 157493,
and 20 in S. oralis Uo5. Many LPXTG proteins
of S. pneumoniae are found in close relatives as
well, the commensal species S. mitis [119] and
S. pseudopneumoniae [111], strongly suggesting
that they are important in these commensal
species for colonization and interaction with
host cells. Also, the S. oralis Uo5 genome
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contains a large number of S. pneumoniae
homologues [135], similar to other S. oralis
strains, as suggested from genomic hybridiza-
tion on a special microarray covering cell-
surface proteins and other virulence factors of
S. pneumoniae R6/TIGR4 and S. mitis Bé [135].
The number of homologues detected by micro-
array analysis, however, represents only a min-
imal number due to sequence variation of the
gene and insufficient coverage by the oligonu-
cleotides. According to genomic analysis, only
three LPXTG proteins are common to the four
species: the pullulanase gene pulA (spr0247), an
endo-beta-N-acetylglucosaminidase (spr0440),
and an LPXTG protein of unknown function
and of different length depending on the
number of repeats (spr0075). It is curious that
LPXTG protein-encoding genes are frequently
found in tandem or in close vicinity, indicating
either hotspots of recombination or diversifica-
tion after duplication.

One special example of genome expansion
by interspecies gene transfer is the huge serine-
rich protein (named MonX, monster, in S. mitis
B6 and PsrP, pneumococcal serine-rich repeat
protein, in S. pneumoniae) and associated genes
encoding components involved in export and
glycosylation. Serine-rich proteins are common
among Gram-positive bacteria [136], but in the
Mitis group highly similar clusters occur that
differ mainly in the number of glycosyltrans-
ferases in the center of the cluster which is
greater than 25kb (Figure 5.9). The reported
length of MonX/PsrP varies from 2100 amino
acids (aa) to over 4700 aa. However, due to the
repeat sequences, the assembly of genome
sequencing data is problematic, and Southern
blots may be required to confirm its size. In
5. gordonii it has been described as a platelet-
binding protein probably important for oral
colonization [137].

There are several other examples of excep-
tionally large islands specifically associated with
only a few strains in one or more species. The
cylM island (14 kb), encoding for a cytolysin, is
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MonX in Streptococeus spp.
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FIGURE 5.9 The monX/psrP cluster in Streptococcus spp. Red, monX/psrP; blue, glycosyltransferases; green, compo-
nents of the accessory sec system (secA/Y); pink, hypothetical proteins. Lines indicate regions of similarity.

found exclusively in four S. pnewmoniae strains.
Related genes are common among Enterococcus,
but not found in other Streptococcus spp. Unique
to S. oralis Uo5 are genes associated with the
ESA6 secretion pathway (>45kb), which is
common in mycobacteria [138]. Another island
(26 kb), which includes components of the
Vtype ATPase, is common among different
Streptococcus spp. including S. preumoniae TIGR4
[139]. Important in view of antibiotics resistance
are Tn916-like elements containing the tetracy-
cline resistance determinant tetM as mentioned
in the previous section, and which occasionally
includes erythromycin resistance genes as well
(Figure 5.10). TetM in S. mitis B6 is located on
Tn5801, which is almost identical to the one
described in S. aureus, a rare example of inter-
species gene transfer between these two species.

Taken together, only a few genes and
genomic islands appear to be specifically

associated with S. preumoniae in addition
to the highly variable capsule cluster: the
pneumolysin-autolysin ply-lytA island, the
CBPs pspA, pepA, pspC and its variant hic,
together with the two-component regulatory
system TCS06, and the hyaluronidase hlyA.
In fact, no hyaluronidase activity has
been found in S. mitis strains [114], but it is
present in S. oralis. S. pseudopneumoniae 157493
also harbors ply and IytA in close proximity,
but genes in between differ completely from
the S. pneumoniae island. Occasional isolates of
S. mitis harbor the Ply gene [114,119,140,141],
and the analysis of some ply-containing
S. mitis strains again revealed a genomic envi-
ronment distinct from that in S. pneumoniae
[127]. The presence of hlyA together with the
expansion of sugar-utilizing systems in
5. pneumoniae might be linked to the conquest
of a special ecological niche.
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ICE—TetM resistance in Streptococcus spp.

Tn916

S. pneumoniae spain 23F—1

S. oralis Uo5

S. pseudopneumoniae

S. mitis B

Tn5801
FIGURE 5.10
(B); light blue, S. mitis B6-specific.
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3 Unpublished material

This chapter describes additional details of the publications described in chapter 2 and further

unpublished work.

3.1 Analysis of Streptococcus pneumoniae clone ST10523

The annotated genome sequences of the S. pneumoniae isolates D122, D141 and D219, all
representatives of the new clone ST10523, were generated and analysed as described in the
publication (see chapter 2.1). The final genome sequences were based on 166.138 —209.299
sequence reads with 30.782.842 — 41.092.696 nucleotides (nt) obtained with 454 sequencing
technology (supplementary table S1). 25.631.541 (D122), 34.737.088 (D141) and
28.908.339 nt (D219) of reads were assembled using paired-end information into 2.066.903
(D122), 2.075.725 (D141) and 2.092.317 nt (D219) in 340 (D122), 181 (D141) and 413 (D219)
contigs. Genome comparisons and SNP analyses were performed using a program especially
developed for this purpose (see chapter 3.6). The main questions here were whether there
are differences between the two strains isolated from one patient over three years apart
(5. pneumoniae D121 and D141), and how these two strains differed from strain
S. pneumoniae D219 isolated independently at a different time and place. Furthermore, to
reveal possible clone specific genes, the deduced proteins were compared to those of other
S. pneumoniae clones. Since the 23F-capsule cluster of the ST10523 isolates, a major virulence
factor, was excluded from first analysis step due to variability of this locus among
S. pneumoniae, it was compared in detail to the capsule of the serotype 23F reference clone
S. pneumoniae ATCC700669 (Acc.No. NC_011900; afterwards referred to as 23F). This chapter

shows details of this work which had not been included in the publication.
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3.1.1 Genome comparison

3.1.1.1 Regions of divergent sequences

Pairwise comparisons between the S. pneumoniae D122, D141 and D219 genomes revealed a
varying number of regions that differed between two genomes: 252 regions between D122
and D141, 303 regions between D141 and D219 and 415 regions between D122 and D219.
Most of these regions were detected at contig edges that defined sequence gaps in one
genome, where the gap is represented by a given number of N (N-stretch) (Figure 3.1)
introduced automatically by the assembly program Newbler (gsAssembler) (Margulies, et al.,
2005) version 2.6. Since the genome sequences of the ST10523 strains originated from paired-
end-sequencing, assembled contigs could be combined to scaffolds, interspersed by gaps of
unknown sequence. The number of N (representing the gap) is determined by the distance of
the generated contigs as given by the read-pair information. Gaps between scaffolds, which
have been arranged in regard to a reference sequence (S. pneumoniae R6 for D219 and D219
for D122 and D141), are represented by one hundred N according to the current NCBI
guidelines (NCBI). These and inter-contig N-stretches within scaffolds contain no information
and, consequently, were neglected in all further analyses. Regions which contain N-stretches
were inspected manually and removed from the analysis. Furthermore, regions with
duplicated sequences at contig edges were also removed from analysis. Using pairwise
genome comparison of the three genomes, between two and five regions per comparison at
a total of seven locations (Figure 3.2) were analysed in detail. It is important to realize that
each genome was composed of a distinct number of contigs, and gaps occurred not
necessarily at the same positions in the genomes. The pairwise comparisons were combined
into a comparison of all three genomes, where the number of regions to be investigated
increased accordingly. The comparison of D122 and D141 revealed two differing regions. Only
one region remained in the overall comparison with D219, since sequence information
concerning the second gap was too limited in D219. Furthermore, D122 and D141 differed
from D219 in four regions. A fifth region again could not be used in the overall comparison
due to gaps. Thus, the genome sequence common to all three genomes is smaller than the

estimated genome size of each ST10523 strain.

Two of these regions, where both, D122 and D141, differed from D219, included the phage

relict and the prophage present only in D219 as described in the publication.
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Figure 3.1: Representation of a discontinuous region in one genome in ACT genome comparison

The visualization with the Artemis comparison tool (ACT) shows an example of the alighment between
S. pneumoniae D141 (top) and D122 (bottom) genome sequences. The D141 sequence is contiguous,
whereas this region is discontinuous in case of D122, i.e. is located on two contigs. The apparent gap
between the two D122 contigs is filled by a stretch of N (representing unknown sequence) during the
assembly with Newbler 2.6. In the ACT visualization, this region might be mistaken as an insertion in
D122. Frequently, sequences flanking such gaps are ambiguous or duplicated, depending on the
sequencing and assembly technology and the assembly procedure used. For resolution of this
problem, see text for details.

A region of approximately 7.500 nt absent in the D219 genome, located between
SPND219 00722 and SPND219 00724 and representing five genes in the genomes of D122
and D141, is also described in the publication. In this case, the sequence of D122 and D141 is
distributed on several small contigs (Figure 3.3) and therefore contains N-stretches of
approximately 1.700 N. In D219, 95 nt remained at one contig edge with no match to D122
but to D141.

Furthermore, D122 contains an exchange of 433 nt by 369 nt within the gene SPND122_00874
(encoding the specificity subunit S of type | restriction-modification system; the gene is
incomplete at a gap in the D219 genome) compared to the other two genomes. This protein
family is known to be highly variable, and as discussed by Manso et al. (Manso, et al., 2014)
plays a role as an important regulator of pneumococcal virulence by enabling phenotype
switching between opaque and transparent colony morphology (Weiser, et al., 1994).
Although rearrangements within the encoding genes are mentioned in this publication, the

second half of the affected gene appears to be entirely different in D141 compared to D122.
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The exchanged region is most likely due to an assembly error, since the D122-sequence
(433 nt) is present approximately 2.500 nt downstream in case of D141, whereas D122

contains a gap at the corresponding location (Figure 3.5).

D219 |175000 350000 |525000 700000 875000 |1050000  |1zzsooo  |iaoooop  [is7sooo  [17soooo  [1szsooo  [ziooo

D141 [175000 |350000 525000 |700000 |g75000 |tosooo0  |1zzsooo 1400000 [1s7sooo [17soooo [1s2sooo

D122 |175000 |350000 |525000 [ro0000 575000 |toso000  |12zs000  [i4o0c00  [1S7s000  [17s0000  |1ozSc00

D219 |175000 350000 |525000 700000 875000 [1050000  [1zzsoop  [p1400000  [1s7sooo [1750000  [1szsooo  [erooo
Figure 3.2: Unaligned regions in pairwise comparison of ST10523 genomes
The visualization with the Artemis comparison tool (ACT) shows an overview of the regions obtained from a pairwise
alignment of the ST10523 genomes. Regions containing only or mainly N or sequence which is duplicated at contig edge
were removed.

Sixty-three nt downstream of the gene SPND141 00511, the D141 sequence reveals a
deletion of 829 nt, containing fragments of a gene encoding a type | restriction endonuclease
(Figure 3.4). Since this is located 227 nt upstream of a gap, this region was not further analysed
due to potentially low sequence quality near contig edges especially of sequences generated

by the 454-sequencing technology.

The remaining two regions are located at BOX elements (see introduction, chapter 1.1.1) and

due to assembly problems at repeats they were also not considered.

In summary, no differences in gene content between the three genomes were apparent
except for the phage relict and the prophage present only in D219 as well as a gapped five-
gene-cluster missing in the genome of D219 between SPND219 00722 and SPND29_00724.
The fact that D219 differs more to each of the two strains D122 and D141 than D122 and D141

to each other is easily explainable by the fact that D122 and D141 were isolated from the same
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patient and D219 was isolated at a different time and location from another host. Differences

based on the presence of SNPs are described in chapter 3.1.2.

II‘I Il
e

[ 1111
lsEmr

P
EElEDD Lszquu 663200 ﬁsquuu |_548|JD II_SESEEIIJ IEEEAIIJEI |_5572D|J I_EBIJEIIJ LEBBDD I_EQEEIIJ

#‘”\W ul S\lwl’%“l’%\ﬁiz M"\ “‘M\u " mu\ IMH Wm'h‘\': ‘mml n‘\ ﬂ‘HI':‘m‘:l W"(l V| :\ |‘H I (H

HlH H I H H H |H |m I w 11 “ /'H\w Ll\l [N} 5PND219 oozzb |l | H”\(l I ‘H 11 H 1

Lo | [ L 1 LR A O FESIRENE 00 I II [l
\||\||||\||| [| M|||||| |||||| |||H ||\|||\H |M 1l Ml\ ||h \‘ | H \’l H ||||| | |h\\\\ 1T 1 ’ W hll”lll\llH IHIIM\ H || |
13 oo71Brupz19 ozzobenpzis ooFfrmpzic oo] [sPamz10 00 UU Erupzis oozzlrmzis ook UU?Z FHDZ18 00

56000 lsooo  Jsosoon LMDD brizog__Jazaon L?zemIJ L?ﬁﬁﬂﬂ [574400 [s75200 L?EDDIJ g7
LR = e a8

i i ‘HHI \Hh m”‘\w”’n ﬁM””' i
Figure 3.3: Genes absent in D219
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The visualization with Artemis comparison tool (ACT) shows the alignment of Streptococcus pneumoniae D219 (bottom)
and D122 (top) where five genes are present in D122. The region in D122 spans over several small contigs and contains
approximately 23% of N bridging the contig gaps. The region looks similarin D141 with a different number of N. In D219,

95nt not matching D122 sequences remain at one contig edge (marked yellow in D219, selection contains a gap in D219).
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Figure 3.5: An apparent divergent region in SPND122_00874

Visualization with the Artemis comparison tool (ACT) shows the alignment of Streptococcus pneumoniae D122 (bottom)
and D141 (top) at the location of the gene SPND122_00874/SPND141_00877 and downstream region. The altered region
of SPND122_00874 (yellow) is present (also marked yellow) in D141 about 2.500 nt downstream of the exchanged

region, where the sequence of D122 has a gap. The sequence in D122 is likely to be the result of a mis-assembly.
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Figure 3.4: Apparent insertion in D122

The visualization with Artemis comparison tool (ACT) shows the alignment of Streptococcus pneumoniae D122 (bottom)
and D141 (top) at the location of the gene SPND141_00511 and downstream region. 63 nt downstream of the gene
SPND141_00511 829 nt are absent compared to D122 corresponding to a location 227 nt upstream of a sequence gap.

This sequence contains fragments of a gene encoding a type | restriction modification system.
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3.1.1.2 ST20523-specific genes

In order to see whether some gene products are
specifically associated with the ST10523 clone,
comparative analysis with other S. pneumoniae
genomes, based on protein coding genes (CDS)
common to all ST10523 genomes, were
performed. RNA genes were excluded, since they
are organized in several clusters with similar or
nearly identical sequences, increasing the
probability of assembly errors. CDS located in the
serotype specific capsule cluster, where all three
sequences are identical except for gaps, as well as
in the two phage clusters, were analysed
separately and were also excluded in the overall
analysis, as well as small non-coding RNA genes.
Furthermore, 207 - 233 CDS  containing
differences due to homopolymer stretches and
partial CDS (incomplete at gap) in any of the three
genomes were omitted as well as insertion
sequences, transposases and mobile or repetitive
introduction  for  further

elements (see

information). Each of the ST10253 genomes

D122
total 1.602

Figure 3.6: Comparison of protein coding genes of
S. pneumoniae D122, D141 and D219.

The values represent proteins with at least 60%
coverage and at least 70% identity. The analysis is
based on all deduced proteins complete in all three
isolates and not located within the capsule or any of

the two phage clusters. Furthermore, proteins

encoded by genes containing  putative
homopolymer differences or encoding
transposases, insertion sequences, mobile or

repetitive elements (e.g. BOX) were omitted. The
differences between the three genomes arise

mainly from SNVs in genes resulting in frameshifts.

contained between 2.262 and 2.359 genes. After subtracting the genes described above, there

remained a total of 1.591 — 1.620 genes per genome, which were included in the analysis. This

means, more than 22% of all CDS and about 30% of all genes (31% of D219 due to phage

clusters) are not used for analysis.

Deduced protein sequences were used rather than DNA sequences. A coverage of > 60% and

an identity of > 70% was used to define the presence of a protein. These values were chosen

according to Denapaite et al. (Denapaite, et al., 2010) to allow a certain variability of the

proteins which is important especially in comparisons between genomes of unrelated clones

as described below. According to these values, a total of 1.547 representing 95 —97% of the
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1.591 — 1.620 genes were used for comparative analysis of other S. pneumoniae genomes,

since they are common to all three ST10523 genomes. Figure 3.6 summarizes the result

obtained by the pairwise comparison between
all three ST10523 genomes. Between 28 and 73
proteins consist of fragments due to
frameshifts in their genes and thus appear to
be absent in some genomes although the DNA
Based on these

sequence was present.

numbers, a pan-genome of these three

genomes was estimated with 1.678
proteins/protein coding genes. The 1.547
proteins common to all genomes, represent
92% of the pan-genome (95-97% of
individual genomes). 5 % (90 proteins) of the
pan-genome seems “unique” to any of the
three genomes and 2% (41 proteins) are shared
by two genomes. It should be kept in mind, that
most of the “unique” proteins are fragments
caused by frameshift or premature stop.
Comparison of their encoding nucleotide

sequence reveals their presence in all

compared isolates.

Only one protein differsin S. pneumoniae D219
(SPND219_00891) and D141 (SPND141_00877)
compared to D122 (SPND122_00874) in the
gene encoding a specificity subunit S of a type |
restriction-modification system. Besides some
SNPs and indels described below, a sequence

exchange already mentioned is apparent.

In the next step, the 1.547 proteins were

compared to those of the laboratory strain

1.360 1 1.350 1347
1340 4
1320 4
1.300 4

1.280 A1

present proteins

1.260 A

1.240 1

1.220 -

G54 Hu19A-6 R6 TIGR4 CGSP14 23F

strains

Figure 3.7: D219-proteins other

S. pneumoniae strains

present in

Based on a coverage of 260% and an identity of 270%,
six S. pneumoniae strains (R6, TIGR4, ATCC 700669,
Hul%4-6, G54 and CGSP14) contain between 82 - 87% of
the 1.547 D219 deduced proteins, corresponding to
1.275 proteins of 23F and up to 1.350 proteins of G54.

112

genes incluster type

cluster size [genes]

a4

genes incluster type

cluster size [genes]

Figure 3.8: Clustering of protein coding genes in D218,
absent in other strains

Genes encoding D219 proteins which were below a
coverage of 60% and an identity of 70% in other
S. pneumoniae strains are frequently organized in
clusters.

Upper chart: 224 of the deduced D219 proteins are not
present in S. pneumoniae R6. 50% of them are
organized in clusters between two to eight genes.

Lower chart: 78 of the deduced D219 proteins are not
present in any of the six S. pneumoniae genomes (R6,
TIGR4, ATCC 700669, Hu?A-6, G54 or CGSP14). Thirty-
four (43%) of them are organized in clusters of two to
six genes.
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S. pneumoniae R6 which was used as reference genome. For this purpose, deduced proteins
with a coverage of at least 60% and an identity of at least 70% were retrieved by a combination
of BLASTP (Altschul, et al., 1990) and Clustalw2 (Thompson, et al., 1994). It should be kept in
mind that the annotation can differ between S. pneumoniae genomes, resulting in absence of
CDS in some cases, although the DNA is present. Also, the product description as part of the
annotation might differ while the same sequence is annotated. 1.323 (86%) of the 1.547
ST10523 proteins are present in S. pneumoniae R6. In case of the D219 genome, there
remained 224 proteins whose genes were spread throughout the genome with 112 (50%) of
them being organized in 39 clusters composed of between two to eight genes (Figure 3.8,

upper part).

This type of comparison was extended to the genomes of the S. pneumoniae strains TIGR4
(accession number NC_003028), Hu'®-6 (NC_010380), CGSP14 (NC_01058), G54
(NC_011072) and ATCC 700669 (NC_011900) which is referred to as 23F in the current work.
These strains were chosen to provide a diverse set of strains of distinct genotype, isolated at
various locations. A total of 1.257 —1.350 (82 — 87%) of the 1.547 ST10523 proteins are
present in the six genomes (Figure 3.7), 1.146 genes are present in all genomes. Only 78
S. pneumoniae D219 proteins could not be found in any of these strains. Similar to the
corresponding genes not found in S. pneumoniae R6, 34 (44%) of the genes encoding the
S. pneumoniae D219-specific proteins show a clustering into eleven groups of two to six genes

(Figure 3.8, lower part).

A subsequent BLAST search of the 78 proteins against the NCBI database revealed hits with a
similarity of 99 - 100% for every single one of these proteins in the thousands complete or

incomplete S. pneumoniae genomes. Thus, none of the 1.547 proteins is specific to ST10523.
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3.1.2 SNPs and indels in ST10523

The detailed retrieval of single nucleotide polymorphisms (SNPs) and single nucleotide
deletions and insertions (indels), was performed by the software described in chapter 3.6
between the ST10523 genomes. As mentioned above, not considered in this analysis was a
subset of genes such as IS elements, repetitive elements and RNA coding genes as well as
differences in homopolymer stretches, incomplete genes and genes with differences closely

(<350 nt) located to contig edges.

Concerning the comparison of only S. pneumoniae D122 and D141, 63 genes in D122 and 56
genes in D141 contained 46 SNPs and 39 indels (see supplementary table S2). Six genes
contained only silent SNPs. 38 genes in D122 and 31 genes in D141 were affected by
frameshifts as a result of indels (in addition to potential SNPs in these genes) and 19 genes
contained amino acid changing SNPs and no frameshift. Two of these genes contained SNPs,
which either result in a stop codon (leading to a premature stop) or where a stop codon is
affected to extend the coding region. These genes encode the substrate-binding component
MalE of the maltose/maltodextrin ABC transporter and a hypothetical protein. The gene
SPND122_ 00874 contained two indels and three SNPs directly after an exchanged region
already described in chapter 3.1.1.1. It should be kept in mind, that the exchanged region of
this gene is likely to be the result of a mis-assembly. Likewise, the for members of the same
clone high number of potential frameshifts distributed all over the genome — also considering
the underlying sequencing technology —indicates, that subsequent verification of them seems

necessary to confirm or falsify the presence of authentic frameshifts.

Concerning the comparison of all three Table 3.1: CDS of all ST10523 isolates affected by SNVs

ST10523 genomes, 159 genes in D122, 153 Counting CDS, which contain differences between the

three isolates, represents their relational distance.
genes in D141 and 163 genes in D219 contain Where D122 and D141 each show with 7-33 CDS
containing SNVs only a low number of differences to
both other isolates, the difference of D219 to the other
with two is quite high with 111 — 119 affected CDS. Only
9 — 7 CDS differ in all three isolates.

163 SNPs and 72 indels (see supplementary

table S3), where 19 genes contain only silent

SNPs. Counting CDS containing SNVs for each

differing isolate affected CDS
D122 D141 D219

strain represents the relational distance of the
D122 33 28

isolates (Table 3.1). D122 and D141 contain D141 7

D219 111 119

only few affected CDS each (D122 compared to

all 7 9

D141 and D219, which are equal at the
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particular CDS and so on). 7 — 33 CDS are affected by SNVs, where D122 or D141 are equal to
D219. As expected by the relational distance, D219 contains a much higher number of SNVs
(111 -119CDS) compared to D122 and D141. Only 7 — 9 CDS contain SNVs in all three isolates.

Another two genes are mentioned in the publication since they affect important gene
products. They were excluded in the overall analysis since they are located close to contig
edges; however, manual inspection of the sequences in these two regions implied true
changes rather than sequence errors. This concerns the disruption of the non-essential
histidine kinase SPND122_00180/SPND219 00200 in D141 due to the insertion of a
transposase fragment. Moreover, the hyaluronidase gene hlyA contains a gap of four nt in the
ST10523 genomes as well as a deletion in the promoter region, resulting in a non-functional

gene product.

In addition, the IgAl-protease gene in D141 contains two non-silent SNVs and one indel,
resulting in two adjacent amino acid exchanges (KFP'?265QLP%!) a frameshift and thus a longer
IgAl-gene (5.892 nt; 1.998 nt in D122). IgAl-proteases cleave immunoglobulin Al to evade
host immune defence (Chi, et al., 2017). The D219 allele was excluded from the analysis of all
three isolates because of incompleteness of one gene fragment. Due to the sequencing

technology used here, SNVs of potential interest should be verified by direct sequencing.

In conclusion, only the unusual hlyA present in the ST10523 clone possibly contributes to the
ability to persist within the host over a long time period. The absence of two phage related

regions in D141 and D122 could add to this property.
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3.1.3 The capsule cluster

The ST10253 clone expresses a 23F capsule (Reichmann, et al., 1995). Although the 23F
capsule is not associated with a high prevalence to cause invasive diseases (Croucher, et al.,
2009; Sjostrom, et al., 2006), this cluster was investigated since a reduced capacity to
synthesize a capsule might contribute to the long persistence in a host of D141 and D122. No
differences could be found between the capsule clusters of S. pneumoniae D219, D122 and
D141, excluding differences within a region of 350 nt at contig edges and homopolymer
stretches. The ST10523 isolates expressed a variant of the 23F-capsule when compared to the
cps cluster of S. pneumoniae ATCC 700669 (Acc. No. NC_011900; afterwards referred to as
23F), which belongs to the Spain 23F* clone (ST81) (Croucher, et al., 2009).. Some members
of the clone Spain23F! express a different serotype due to a capsule switch which results in
evasion of vaccine treatment (Croucher, et al., 2011; Croucher, et al., 2009; Coffey, et al.,
1998; Coffey, et al., 1998; Klugman, 2002), but this is not an issue of the ST10523 genomes.
The high prevalence worldwide of Spain23F* is most likely due to its multiple antibiotic and

high-level penicillin resistance phenotype.

For further analysis, the region between the genes encoding DexB and AliA was used for
comparison and flanking mobile elements and transposases were excluded. The comparison
of S. pneumoniae D219 with the capsule of S. pneumoniae 23F using the tool described in
chapter 3.6 revealed several differences (Table 3.2). Most differences (Figure 3.9) are silent
SNPs and thus do not affect the function of the gene product. Interestingly, the rImB gene
contains 22 SNPs (SPN23F_03350/SPND219_00397, dTDP-glucose-4,6-dehydratase), but all of
them are silent (see publication for details). Thirteen amino acid changes in six genes

remained.

There are only few differences between the ST10523- and the ST81-capsule which affect the
encoded amino acid sequences. A quantitative analysis of the cell wall polysaccharide will be

required to assess an effect on protein function and thus on capsule synthesis (Table 3.2).
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Table 3.2: Divergences in proteins of the 23F capsule cluster of ST10523 and S. pneumoniae 23F

The capsule cluster of ST10523, compared to the capsule cluster of S. pneumoniae ATCC700669 (23F), contains only few
differences with effect on the encoded proteins; Differences at contig edges and homopolymer stretches were not
considered as well as intergenic differences. Only six genes contain a total of thirteen amino acid changing SNPs compared
to 23F, while the capsule clusters of the ST10523 among each other are identical.

23F locus_tag gene product D219 locus_tag difference
SPN23F_03180 wzg cps biosynthesis integral membrane regulatory protein Wzg SPND219_00380 4 SNPs: silent, 129V, LsoV, E123D
SPN23F_03220 wchA UDP-phosphate glucose phosphotransferase SPND219_00384 2 SNPs: E3G, G202S
SPN23F_03290 wchX glycerol phosphotransferase WchX SPND219_00391 1 SNP: Gs76R
SPN23F_03310 wchZ nucleotidyl transferase Wchz SPND219_00393 4 SNPs: silent, 1132T
SPN23F_03340 rmliC dTDP-4-keto-6-deoxyglucose-3,5-epimerase RmIC SPND219_00396 3 SNPs: silent, C20G, Nig2H
SPN23F_03360 rmID dTDP-4-dehydrorhamnose reductase RmID SPND219_00398 7 SNPs: silent, A3V, N3gD, EsoA, Rs7K
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Figure 3.9: Comparison of the capsule cluster of ST10523 and S. pneumoniae ATCC700669

(ACT)

Streptococcus pneumoniae D219 (bottom) and ATCC700669 (23F) (top) at the location of the
capsule cluster. Most of the differences represent silent SNPs. Only six genes contain SNPs which

lead to thirteen amino acid changes, excluding differences in homopolymer stretches or near gap.
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3.2 Analysis of Streptococcus pneumoniae clone ST226

The annotated genome sequences of the S. pneumoniae isolates Hul5 (penicillin sensitive)
and Hul7 (penicillin resistant), both representatives of the ST226 clone, were generated and
analysed as described in the publication (see chapter 2.2). lllumina sequencing technology
resulted in 2.230.196 —2.246.554 sequence reads with 336.759.596 —339.229.654
nucleotides obtained with (supplementary table S1). 309.345.207 (Hu15) and 307.838.725 nt
(Hul7) of reads were assembled using paired-end information into 2.136.165 (Hul5) and
2.141.026 nt (Hul7) in 175 (Hul5) and 200 (Hul7) contigs. The main question here was how
these two genomes differ from each other, especially concerning genes involved in penicillin
resistance. This chapter shows details of this work which had not been included in the

publication.

3.2.1 Genome comparison

3.2.1.1 Regions of divergent sequence

The comparison of the S. pneumoniae Hul5 and Hul7 genome sequences revealed several
regions that differed between the two genomes. These regions consist of sequences present
in only one genome or in both but with massive differences originating from exchanges or a
high density of SNVs. Since the lllumina technology was used, the sequence quality at contig
edges does not decrease and homopolymer stretches pose no problem and thus filtering of
the alignment results is not as strict as described for 454 data in chapter 3.1. After removing
regions from analysis which are located in gaps (one of the compared sub-sequences contains
only N) as described at the analysis of the ST10523 genomes in chapter 3.1.1.1, ten regions
were analysed in detail (see supplementary table S4). As also described in chapter 3.1.1.1,
sequence gaps occur not always at the same position in the genomes and therefore some
genes are missing in the overall analysis. The genome of Hul5 seemed to have a
rearrangement of the sequences at the location 66.277 — 205.350 and 1.542.457 — 1.659.837
(corresponding regions in Hul7: 1.522.723 — 1.662.135 and 66.343 — 184.853) including the
genes from SPNHU15 00077 to SPNHU15 00213 and from SPNHU15 01637 to
SPNHU15_01767. Compared with the reference strain Hu'°A-6 (NC_010380) and with 454-

sequence data (unpublished), this appears to be a mis-assembly. The apparently interchanged
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sequence regions are directly flanked by gaps, which separate them clearly from preceding or
subsequent sequence regions. Thus, there are no contigs containing sequence of these regions
together with flanking regions of the first or second position. At the other hand, such contigs
can be found in the unpublished 454-data, indicating a mis-assembly of the Illumina-data due

to short and ambiguous reads.

Five of the analyzed regions contain a high SNP density, indicating recombination events.
Indeed, three of them contain the genes encoding the penicillin-binding proteins Pbp2b,
Pbp2x and Pbpla and which are known to have a mosaic structure in penicillin-resistant
strains. The comparison of these genes with S. pneumoniae R6 reveals almost identical
sequences between R6 and Hu15, i.e. there was no indication of a mosaic structure, whereas
Hul7 clearly contained mosaic PBP genes (Schweizer, et al., 2017). Two regions also contain a
high density of SNPs and contain mainly genes of membrane associated proteins and several
other proteins apparently not involved in penicillin-resistance. Another five of the analyzed
regions affect only one single gene each. The insertions, deletions and replacement of these
short regions are not likely to have arisen by repetition of sequence at contig edge or within a
repeat. These inserted or deleted sequence fragments lead to frameshifts in the predicted

genes and have to be verified by direct sequencing of this regions.

In summary, several differences in gene content between the two genomes are apparent,
arisen by diverging sequence fragments (not SNVs). 71 (Hul5) and 75 (Hu17) genes from 2.151
(Hul5) and 2.157 (Hul?7) genes, which were compared between the two genomes, were
affected by insertions, deletions and exchanges as well as by high SNP density (likely due to

recombination events). These genes represent three percent of the analysed genes.

Based on the publication of the genome sequences of S. pneumoniae Hul5 and Hul7, the
penicillin-binding proteins PBP1a, 2b and 2x and the effect of their differences were further
analysed and described by Schweizer et al. (Schweizer, et al., 2017). The proteins MurM and
CiaH, mutations of which are also associated with penicillin-resistance and were described in
this publication, were identical in Hul5 and Hul7. Thus, all three PBPs (1a, 2b, 2x) of Hul5
contain no mosaic blocks, in agreement with the penicillin-sensitive phenotype of Hul5. The
presence of a ciaH mutation and a mosaic murM in Hul7, both associated with a penicillin-
resistance phenotype, not only in Hul7 but also in the penicillin-sensitive strain Hul5, were

surprising.
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The plasmid (related to pSpn1 as mentioned in the paper) which is present in each of the two

strains is identical in both strains except for gaps by assembly.
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Figure 3.10: Apparent region exchange and deletions in the genes SPNHU15_00614 and SPNHU15_00615

Visualization with the Artemis comparison tool (ACT) shows the alignment of Streptococcus pneumoniae Hul5 (top) and
Hul?7 (bottom) at the location of the genes SPNHU15 00614 and SPNHU15 00615 and their counterparts
SPNHU17_00609 and SPNHU17_00610. The first difference is an exchange of 89 nt in the genome of Hul5 by 40 nt in
Hu1l7. 14 nt downstream of the exchanged region Hul5 contains four nucleotides (TTTG), which are absent in Hul7. 65
nt downstream of the exchanged region a sequence of 163 nt is missing in Hul7, which is present in Hul5. Two single
nucleotide deletions (missing nucleotide in Hu17) lead up to this deletion.
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3.2.1.2 Comparison of S. pneumoniae Hul5/Hul7with the closely related clone

Hul%-6
In order to see whether the genomes of Hul5 and Hul7 contain specific genes, a comparative
analysis was first performed with the closely related strain S. pneumoniae Hungary*®*-6 (Acc.
No. NC_010380; afterwards referred to as Hu19A which represents a single locus variant (SLV)
of the same clone), based on protein coding genes (CDS) filtered as described before. RNA
genes were excluded for reasons described earlier in this work. 2.151 proteins of Hul5 and
2.157 proteins of Hul7 were compared with proteins of HuU19A and, as also described before,

were considered as present with a coverage of at least 60% and an identity of at least 70%.
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Figure 3.11: Representation of a gene with denoted authentic frameshift in Hu19

The visualization with the Artemis comparison tool (ACT) shows an example of the alignment between S. pneumoniae
Hungary19A-6 (Hu19, top) and Hul7 (bottom) genome sequences. In Hu19 for 34 genes no CDS were annotated, since
the genes might have internal stop codons, but the protein fragments were also not annotated. The proteins or protein
fragments of Hul7 had to be compared separately with the deduced protein fragments of Hu19.

Hu19A contains 34 genes with annotated authentic frameshifts (Figure 3.11). Since there is no
CDS annotated for these genes, they were manually compared with the proteins of Hul5 and

Hul7.

The comparison resulted in the deduced proteins of 25 genes in Hul5 and 23 in Hul?
(supplementary table S5). 22 of these proteins were identical in Hul5 and Hul7. The genes
SPNHU15_00707 (encoding a sodium/hydrogen exchanger family protein; Na+/H+
antiporter), SPNHU17_00868 (MutT/nudix family protein) and SPNHU15_01161 (hypothetical
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protein) were present in Hu19A, which indicates frameshifts at positions, where the required
coverage and identity could not be reached by the resulting protein fragments. Extension of
the protein search at the NCBI homepage showed that all 23 Hul5 and Hul7 proteins are
present in other S. pneumoniae strains. Only the proteins encoded by
SPNHU15_00868/SPNHU17_00868 and SPNHU15_01681/SPNHU17_00123 could not be
found. However, their DNA sequences were present in S. pneumoniae 670-6 and CSGP14 but

were not annotated.

In summary, 98.84% respectively 98.93%, of the proteins of Hul5 and Hul7 are present in
Hul9A in agreement with their clonal relatedness. The remaining proteins respectively their
genes were present in other clonally unrelated S. pneumoniae. The penicillin-resistance
determinants murM and ciaH are identical in all three genomes. In contrast, the PBP-encoding
genes and flanking regions differ between the penicillin-resistant strains Hu17/Hu19A and the
penicillin-sensitive Hul5 which resemble those of the laboratory strain R6, indicating

functional differences.
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3.2.2 SNVsin ST226

A detailed retrieval of single nucleotide polymorphisms (SNPs) including single nucleotide
deletions and insertions (indels), was performed by manual comparison of the genes of the
two ST226 genomes. This manual inspection confirmed the results of a test run of the software
described in chapter 3.6. As mentioned above, not considered in this analysis was a subset of
genes such as IS elements, repetitive elements and RNA coding and incomplete genes.
Differences in homopolymer stretches were not omitted since this problem (described in
chapter 1.2.3) does not occur with the lllumina sequencing technology. Furthermore, genes
with differences located close (<350 nt) to contig edges were also used in the analysis, in
contrast to the comparison described in chapter 3.1.1.2, since the sequence quality at contig
edges was much higher due to high coverage by reads. 64 - 66 CDS were excluded from
analysis and 37 SNVs in 18 genes were further analysed (results are listed in detail in
supplementary table S6). Six of these genes contain only silent SNPs. Most other genes
containing amino acid exchanges and frameshifts seem not remarkable, except for two genes
encoding ribosomal proteins: S12 (RpsL) and S6 (RpsF). RpsL is known to be involved in high-
level streptomycin-resistance (Salles, et al., 1992). In the current analysis, a SNP results in a
stop codon in S. pneumoniae Hul7 and thus to a length reduction of the amino acid sequence
by ten amino acids (aa). Changes in length by extension at the N-terminus with effect on tRNA-
binding behaviour could be observed in Escherichia coli (Calidas, et al., 2014). RpsF as a
component of the 40S ribosomal subunit plays a crucial role in controlling cell survival and
proliferation (Babina, et al., 2015). In E. coli and other bacteria, RpsF was observed to form
heterodimers with the ribosomal protein S18 (RpsR) (Babina, et al., 2015). These heterodimers
inhibit the translation of RpsF (Babina, et al., 2015). However, it was described as non-
essential (Bubunenko, et al., 2007). The gene encoding RpsF (S6) contains a frameshift in
S. pneumoniae Hul5/Hul9A and S. pneumoniae Hul7, leading to different 15 respectively 10
N-terminal amino acids. Such variants were not found in genome sequences of S. pneumoniae
or other streptococcal species listed in the NCBI database by BLAST search. The SNVs should

be verified by manual sequencing.
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3.3 Analysis of streptococcal species isolated from different host organisms

The streptococcal genomes described in the publication originate from isolates obtained from
primate and human hosts. Especially members of the species S. oralis which are part of the
commensal human oral flora, can also be found in monkeys. Therefore, the analysis of genes
and proteins present in S. oralis genomes obtained from different hosts was expected to
reveal host specific components. Fortunately, the complete genome of one S. oralis strain Uo5
is available (Reichmann, et al., 2011). This chapter shows details of this work which had not
been included in the publication. The generation of the scaffold sequences is based on
88.373 - 208.626 sequence reads with 15.968.893 —40.461.884 nt obtained with 454
sequencing technology (supplementary table S1). 13.410.689 - 35.085.231 of reads were
assembled using paired-end information into 25 - 2.883 contigs with a total of 1.672.711 -

3.031.270 nt (supplementary table S7).

3.3.1 Comparison of S. oralis genomes

Eleven of the genomes described in the 1600 1 oo

publication could be assigned to S. oralis, B

1500 -
1450 A

nine (DDO5, DD14-17, DD20-21, DD24-25)
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DD16 (chimpanzee)

different host organisms a comparison

DD25 (rhesus monkey)
DD24 (rhesus monkey)

was performed, based on the reference strains
strain S. oralis Uo5. After removal of

Figure 3.12: S. oralis Uo5-proteins present in S. oralis strains

genes encoding transposases, deduced | °Ptained from primates and human

. . . Based on a coverage of 260% and an identity of >70%, eleven
proteins of 1.896 protein coding genes of ) . . ) .
S. oralis strains obtained from primates and humans contain

between 71 - 83% of the 1.896 deduced proteins of S. oralis
Uo5, corresponding to 1.341 proteins of DD16 and up to 1.566
proteins of DD30. DD30 and DD29 as well as Uo5 originate
from human hosts.

S. oralis Uo5 were used for comparison

with the eleven genomes. This

comparison was performed as best hit

retrieval with TBLASTN (Gertz, et al., 2006), to search the deduced S. oralis Uo5 proteins within
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the nucleotide sequences of the eleven genomes contigs. It should be considered, that the
contig sequences might contain errors in homopolymer stretches due to possible errors of the
sequencing technology as described in the introduction. Also, matching sequences might be
part of genes, which are incomplete at contig edges in the analysed genomes. Proteins were
defined as present with at least 60% coverage and 70% identity as described above. 823 (44%)
of the deduced S. oralis Uo5 proteins could be found in the eleven genomes, between 1.341
(71%) and 1.566 (83%) proteins in single genomes (Figure 3.12, supplementary table S8). The
genomes of strains obtained from human hosts as well as the rhesus monkey strains and one
chimpanzee strain contained 80 - 83% of the S. oralis Uo5 proteins. The second group of
S. oralis genomes contained only 71 -77% of S. oralis Uo5 proteins and were isolated from
bonobo and chimpanzee. It should be kept in mind, that the rhesus monkeys had contact with
humans as mentioned in the publication. In contrast, close contact of human to chimpanzees
of the Thai national park was not allowed, and strains were obtained from fruit residues (three
genomes were obtained from S. oralis). Since random occurrence of the observed number of
shared proteins in DD15 is not likely, evolution might have contributed and has to be
investigated in detail. Incomplete genes (and accordingly proteins) as well as possible errors
in homopolymer stretches were not removed from the analysis, values obtained should be

taken as an approximation since not all genes were covered.
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3.3.2 Genomes with pilus islet 2

As described in the publication, the pilus islet 2 (PI-2) (Zéhner, et al., 2011) was identified in

six genomes of streptococci from primates by screening for the deduced putative pilus

backbone protein PitB of S. oralis Uo5. In addition, the PI-2 islet was also present in two

S. oralis genomes: DD25 (rhesus monkey) and DD27 (human).

The PI-2 islet of DD25 is reduced in length due to the absence of the genes SOR_1070 (pitA),

SOR_1069 (sipA), SOR_1068 (pitB) and the start of SOR_1067 (srtG1) (Figure 3.14). Since pitA

and pitB encode the structural pilus proteins and sipA encodes a peptide essential for pilin

synthesis (Zahner, et al., 2011), the PI-2 pilus is likely to be not expressed in S. oralis DD25.

Table 3.3: Presence of pilus proteins in DD27

The values represent coverage and identity

of deduced proteins of the pilus islet 2 (PI-2)

of DD27 compared to the five deduced

proteins of the S. oralis Uo5 PI-2. The gene

encoding pilus protein PitA is disrupted in

DD27 but not by possible detection errors

located in homopolymer stretches. Using

60% coverage and 70% identity as threshold,

all PI-2 proteins are present in DD27.

locus_tag

gene

coverage

identity

SOR_1066

srtG2

100,00%

95,86%

SOR_1067

srtG1

100,00%

99,70%

SOR_1068

pitB

96,44%

78,08%

SOR_1069

SipA

100,00%

99,45%

SOR_1070

pitA

63,62%

84,70%

37,89%

92,66%

The PI-2 cluster of S. oralis DD27 appeared intact, but
with a large number of SNVs and indels and a
disruption of the gene encoding PitA (Figure 3.13). This
disruption appears not to originate from possible
detection errors in homopolymer stretches.
Comparison of the sequences of the S. oralis Uo5 and
the S. oralis DD27 PI-2 proteins reveals the presence
of all proteins with at least 60% coverage and 70%
identity (Table 3.3). The first fragment of the disrupted
protein PitA exceeds this threshold and thus, the

protein is considered as present.
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Figure 3.13: Comparison of the pilus islet 2 of S. oralis Uo5 and DD27

DD27

The visualization with Artemis comparison tool (ACT) shows the alignment of the pilus islet 2 (PI-2) of S. oralis Uo5 (top)

and DD27 (bottom). Although massive differences at nucleotide level are apparent, all deduced proteins are present

(Table 3.3). SOR_1070 is disrupted in DD27 but not by possible detection errors located in homopolymer stretches.
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The visualization with Artemis comparison tool (ACT) shows the alignment of the pilus islet 2 (PI-2) of S. oralis Uo5 (top)
and DD25 (bottom) where three genes are absent in DD25. The three genes SOR_1068-70 encode the two pilus proteins

PitA and PitB and the protein SipA, which is essential for pilin biosynthesis. Furthermore, the start region of the gene

encoding the sortase SrtG1 is absent in DD25.
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3.4 Analysis of S. pneumoniae R6 transformants obtained with S. oralis Uo5

DNA

Using S. pneumoniae R6 as recipient and DNA of S. oralis Uo5 and different beta-lactam
antibiotics for selection, a series of high-level beta-lactam resistant transformants was
generated. As described in the publication, the transformants were selected with piperacillin
(P), cefotaxime (C) and then again with piperacillin and therefore named PCP. The genome of
the transformant PCP-7 was sequenced and assembled, as well as the genomes of
transformants obtained in two subsequent transformation and selection steps: PCP-C6 and
PCP-CCO (selection with cefotaxime (C) and oxacillin (0)). To see whether and which
differences occurred during these transformation steps, the genomes of these three
transformants - PCP-7, PCP-C6 and PCP-CCO - were compared to each other, to the donor
S. oralis Uo5 and the recipient S. pneumoniae R6 as described in this chapter. These
transformants were already analysed in detail concerning B-lactam-resistance caused by
recombination of penicillin-binding proteins and MurE (Todorova, 2010) using single gene
sequencing, MIC (minimal inhibitory concentration) and microarrays. Genome-wide
differences between these transformants based on the work described here were analysed in
detail (Meiers, 2015). The data presented here were basic to the work of Todorova (Todorova,

2010; Todorova, et al., 2015) and Meiers (Meiers, 2015).

3.4.1 Generation of genome sequences

With lllumina (Hillier, et al., 2008; Liu, et al., 2012; Bentley, et al., 2008) sequencing technology
sequence reads of the three transformants S. pneumoniae PCP-7, PCP-C6 and PCP-CCO were
generated. This generation is based on 2.330.466 —2.358.666 sequence reads with
351.900.366 —356.158.566 nucleotides obtained (supplementary table S1). 309.345.207
(Hul5) and 307.838.725 nt (Hu17) of reads were assembled using paired-end information into
2.136.165 (Hul5) and 2.141.026 nt (Hul7) in 175 (Hul15) and 200 (Hul7) contigs. 330.220.372
(PCP-7), 328.527.136 (PCP-C6) and 335.158.827 nt (PCP-CCO) of reads were assembled into
1.987.196 (PCP-7), 1.987.398 (PCP-C6) and 1.987.327 nt (PCP-CCO) in 170 (PCP-7), 146
(PCP-C6) and 157 (PCP-CCO) contigs. The three sets of read data were assembled with Newbler
(gsAssembler) (Margulies, et al., 2005) and then aligned with the genome sequence of

S. pneumoniae R6. The generated genome sequences (unpublished) contain 1.971.219 nt
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(PCP-7), 1.973.754 nt (PCP-C6) and 1.977.000 nt (PCP-CCO). The annotation of genes, CDS and
RNA — genomic features - was manually transferred from S. pneumoniae R6 and S. oralis Uo5
to the PCP-transformants depending on alignments (BLASTN). In a first step, exchanged
sequence regions were identified. The annotation of genomic features of S. pneumoniae R6
was then transferred to the new genome at sequence regions, which are nearly identical
(except for SNVs) to S. pneumoniae R6, otherwise the annotation of S. oralis Uo5 was used.

During this process, transferred regions as well as SNVs were identified.

3.4.2 Genome comparison

3.4.2.1 Transferred regions

Complete genomes of the recipient S. pneumoniae R6 and of the donor S. oralis Uo5 were
available (references), and therefore recombined regions in the transformants could be
identified unambiguously. The alignment of the generated sequence contigs of the
transformant PCP-7 with the S. pneumoniae R6 genome revealed nine regions where the
alignment failed due to the presence of S. oralis Uo5 sequences. All nine S. oralis Uo5 regions
were also present in PCP-C6 and PCP-CCO (Table 3.4) as described by Meiers (Meiers, 2015).
Four regions contained sequences of S. oralis genes encoding Uo5 Pbp2x, Pbp2b, Pbpla and
surprisingly MurE and contributed to the increased resistance of the transformants. The
region with the gene encoding Pbpla contained a short (238 nt) fragment of S. pneumoniae
R6 sequence within the RecU gene with a silent SNP, indicating two closely neighboured or
nested recombination events. The same region also contains an intergenic indel. In addition,
five regions with apparent recombination events contained genes encoding hypothetical
proteins, ABC-transporter components, a topoisomerase, a tRNA-synthetase, a deacylase and
an integrase. Apart from the mentioned differences, the transferred regions were identical to
the donor sequence. Surprisingly, the genomes of PCP-C6 and PCP-CCO showed no further
recombination events, but one SNP within the exchanged region in the pbp2b gene resulted
in the change of GIn406 into Pro in the S. oralis Uo5 sequence. These findings were confirmed

by additional manual sequencing (Meiers, 2015).
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3.4.2.2 SNPs and other differences

Besides the apparent regions of recombination described before, some SNPs, single and short
sequence indels appear in the three transformants, compared to R6 and each other (Table

3.5). Differences in incomplete genes, gaps or repeats were ignored.

In the genome of PCP-7, three SNPs occurred compared to R6, which are also present in the
two subsequent transformants: An intergenic SNP and amino acid changing SNPs in spr0087
(encoding a hypothetical protein) and spr0738 (encoding the purine nucleoside phosphorylase

DeoD).

In the genome of PCP-C6, two SNPs appeared compared to PCP-7, which were also presentin
the genome of PCP-CCO: one non-silent SNP in the gene spr1992 (encoding a hypothetical
protein) and another one within the gene spr0708 encoding the histidine protein kinase CiaH,

where mutations frequently affect penicillin susceptibility (Mller, et al., 2011; Meiers, 2015).

PCP-7 and PCP-C6 contain further differences to S. pneumoniae R6 respectively PCP-7, which
occurred only in the analysed genome and not in subsequent transformants and therefor were

ignored in the analysis of penicillin resistance determinants.

Based on the observation described above and because there is no genome sequence of a
potential subsequent transformant available, it is not easy to decide, which alteration in the
genome of PCP-CCO is authentic. This genome contains, compared to the preceding
transformants, one intergenic SNP and two intergenic indels, moreover a deletion of 157 nt
within the gene spr0415 (encoding the pyruvate formate-lyase Pfl), a deletion of 66 nt at the
end of spr1835 and the start of spr1336 (encode the cellobiose-specific 1IB component PtcB
and IIA component PtcA of a phosphotransferase system) and a deletion of ten nucleotides
within the gene spr2045 (encodes the serine protease Sphtra), which is involved in
competence control (Schnorpfeil, et al., 2013; Laux A, 2015) and is known as major virulence

factor (Ibrahim, et al., 2004). The deletion results in a truncated 124 aa protein product.

In summary, there are only few differences between the three transformants and to
S. pneumoniae R6. As described above, there is no apparent recombination after PCP-7. The
transformants contain only one or two amino acid changing SNPs within genes. Furthermore,
there are two to five genes containing deletions of more than one nucleotide. As stated in this

chapter, these deletions have to be verified, except for the deletion in the Sphtra gene, which
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was confirmed by an alternative sequencing method (Meiers, 2015). The differences listed

here are described in detail by Meiers (Meiers, 2015).

Together, these studies revealed several important issues. First, murE was identified as a
penicillin-resistance determinant. Second, it became clear that it is not possible to transfer the
entire resistance potential phenotypically expressed in S. oralis Uo5 into S. pneumoniae. Third,

the contribution of CiaH, HtrA and Pbp2b alleles to beta-lactam resistance was evident.
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3.5 Common genes of different streptococcal strains and species

In the book chapter, core genome analyses of representatives of the streptococcal species
S. pneumoniae, S. pseudopneumoniae, S. mitis and S. oralis are described as well as the
comparison of the S. pneumoniae-specific proteins with the proteins of 26 complete
S. pneumoniae strains. This work visualizes differences as well as common features between

species and strains, and the impact of horizontal gene transfer within and between species.

3.5.1 Comparison of individual streptococcal genomes representing different
species
To examine the proteins common to S. pneumoniae and its close relatives, the deduced
proteins of S. pneumoniae R6 (1.935 proteins) were compared to those of S. mitis B6 (1.937)
and S. oralis Uo5 (1.898), excluding transposases and IS-elements. In addition, S. mitis B6 and
S. oralis Uo5 specific genes were retrieved. In this context it is important to note that
S. pneumoniae R6 is a penicillin sensitive laboratory strain isolated over 80 years ago, whereas
both, S. mitis B6 and S. oralis Uo5, are multiple antibiotic and high-level penicillin resistant
strains indicating several gene transfer events in the latter two strains. Using a threshold of
60% coverage and 70% identity for the definition of common deduced proteins (Denapaite,
et al., 2010), a minimum of 1.140 proteins is present in all three species. This number differs
slightly when pairwise comparisons are performed and does not necessarily represent
common gene content, since some genes might be fragmented in one genome (i.e. the
product is not present), whereas it is intact in the other. The pan-genome of these three
species was determined to include 3.057 proteins/protein-coding genes. The estimated core
of 1.140 proteins amounts to 37% of the pan-genome and 59-62 % of the individual
genomes. The percentage of proteins shared by two genomes reflects the evolutionary
relationship between the three species. S. oralis and S. mitis could be isolated in Old World
monkeys held in captivity and are supposed to have evolved from a common ancestor prior
to specialization of S. pneumoniae out of S. mitis in a common ancestor of primates and
human (see reference book chapter, and chapters 2.3 and 3.3). According to MLST data as
well as deduced from genomic comparisons, S. pneumoniae represents a specialized S. mitis

lineage evolved in the human host (see book chapter). In agreement with this, S. pneumoniae
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R6 shares more proteins with S. mitis B6 (1.321) than with S. oralis Uo5 (1.237). A total of 345
proteins (11 % of the pan-genome) is shared by only two of the three species (9 — 14 % per
species). 1.572 proteins (51 % of the pan-genome, 26 — 30 % of individual genomes) are found

to be specific to one of the three species.

Recently, the species S. pseudopneumoniae was defined, which is placed in a distinct group
between S. pneumoniae and S. mitis according to MLSA (multi locus sequence analysis) data
(see book chapter). Since the complete genome of S. pseudopneumoniae strain 157493,
accession number NC_015875) (Shahinas, et al., 2011) was available, we included this species
in a final comparison. 1.105 deduced proteins were common to the four species, and 1.446

S. pneumoniae R6 proteins are present in S. pseudopneumoniae 1S7493.

3.5.2 Global comparison of Streptococcus pneumoniae with other streptococcal
species
To see, which of the 532 proteins defined as S. pneumoniae R6-specific in the comparison with
S. mitis B6 and S. oralis Uo5 are common to S. pneumoniae in general and which are specific
for this strain, 26 public available complete genomes of S. pneumoniae were used
(supplementary table S9) using the same cut-off values as before. S. pseudopneumoniae was
not included since it was not available during the first analysis; see previous paragraph. 104
proteins were present in all these genomes (supplementary table S10). 67 of their genes were
organized in 17 clusters composed of two to twelve genes. They mainly represent
transporters, proteins related to sugar-metabolism and hypothetical proteins as well as
variants of the competence stimulating peptide precursor ComC (competence stimulating
peptide (CSP), essential for competence (Laux A, 2015)) and the two-component system of
HKO06 and RR0O6, which is known to regulate expression of the major virulence factor choline
binding protein A (CbpA), PspA and other proteins related with adhesion (Standish, et al.,
2005; Standish, et al., 2007). ComC is also present in other genomes but with highly altered

sequences, similar to HKO6 and RRO6.

This analysis was repeated after publication of the first S. pseudopneumoniae genome in order

to further specific S. pneumoniae specific virulence factors (Figure 3.15).
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All (filtered) 1.935 deduced S. pneumoniae R6-protein sequences were searched for presence
in the genomes of S. mitis B6, S. oralis and S. pseudopneumoniae 1S7493 as described in the
previous chapter. The addition of S. pseudopneumoniae resulted in a reduced number of
common proteins from 59% (1.140) to 57% (1.105) (Figure 3.15, second row) and
S. pneumoniae R6-specific proteins from 532 (27%) to 384 (20%), while the number of proteins
shared by any but not all species increased from 263 (14%) to 446 (23%). This result shows
that the addition of one closely related species to the analysis affected the number of common
proteins only slightly, whereas a significant decrease of species-specific proteins was

observed.

Proteins specific for S. pneumoniae R6 proteins were further defined in a comparison with
another finished 26 S. pneumoniae genomes (supplementary table S9). Only 1% (22) of the
proteins of S. pneumoniae R6 was not found in any of the other genomes. These 22 proteins

are hypothetical proteins, which can be found in other (incomplete) genomes at the NCBI

26 SPN 26 SPN + SPPN + SOR + SMI

SPPN + SOR + SMI SOR + SMI ™ Spn R6 specific

M core

W accessory

Figure 3.15: Overview of common and special proteins

Proteins of S. pneumoniae R6 were compared to deduced proteins of 29 publicly available S. pneumoniae genomes (29
SPN) and to those of representatives of closely related species (S. mitis B6 (SMI), S.oralis Uo5 (SOR) and
S. pseudopneumoniae (SPPN)) using a minimum identity of 70% and a minimum coverage of 60%. The addition of the
SPPN genome (right) affected mainly the species-specific features and the accessory genome whereas little effect on the
number of common proteins was noted.
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homepage. 66% (1.285) of the proteins are common to all genomes. This result deviates
slightly from the results reported by Donati et al. (Donati, et al., 2010), who calculated that
74% of the DNA sequences were common to all genomes using the genomes of 14 complete
and 30 incomplete S. pneumoniae genomes. The difference is probably due to the inclusion of
incomplete genomes, as well as using DNA sequences as the basis for the comparison. Another
study was based on the definition of orthologous clusters (Hiller, et al., 2007). Here, 17
pneumococcal genomes were used (seven of these genomes in addition to S. pneumoniae R6
are used in the current work), and 21 -32% of all CDS (or orthologous cluster) of any
S. pneumoniae genome were not associated with the core genome. 46% of the 3.170 analysed
clusters were conserved among all genomes. The current work did not use orthologous
clusters, but distinct deduced proteins of one reference genome (S. pneumoniae R6) and a
similar number of non-core genes (34%) was identified (or proteins). Croucher et al. (Croucher,
et al., 2013) analysed 616 mainly unfinished S. pneumoniae genomes. Their calculation was
based on the definition of orthologous clusters, i.e. functional similar genes but not similar
sequences, resulting in 1.194 orthologous clusters (out of a total of 5.442) present in a single

copy in all genomes and thus representing the pneumococcal core.

In summary, all these studies confirm a large accessory genome of S. pneumoniae and other

related streptococci as well.

The current analyses revealed 1.285 proteins common to 26 S. pneumoniae genomes, 966 of

which were shared with all other related streptococcal genomes analysed.

And what differentiates S. pneumoniae R6 from other pneumococci? Since only a few proteins
are left after analysis which are specific for this genome which can be found in other
(incomplete) S. pneumoniae genomes, the individuality and abilities of S. pneumoniae R6 arise
not from special genes or proteins but rather from individual point mutations and the absence

of some (functional) genes.
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3.6 Software development

The main questions concerning the current work are based on comparisons of genome
sequences to retrieve differences of strains that belong to the same S. pneumoniae clone
(strains from different patients that belong to the novel serotype 23F ST10523 clone, and
strains varying in their antibiotic resistance pattern of the clone ST226, a single locus variant
(SLV) of the multiple antibiotic resistant clone Hungary°A-6), transformants of the laboratory
strain R6 obtained with DNA of high-level resistant closely related oral streptococci, and
genomes of different streptococcal species to identify species specific genes. Besides presence
or absence of genomic islands, gene clusters or single genes, also single nucleotide variations
(SNV) are important for the analysis of clones and transformants. There are several genome
comparisons described for S. pneumoniae and other streptococci. For example, Croucher et
al. (Croucher, et al., 2011) examined 240 S. pneumoniae genomes including serotype switch
variants of the international important multiple resistant S. pneumoniae clone Spain?3f-1.
Fernandes et al. (Fernandes, et al., 2017) compared five S. pyogenes isolates to the S.
pyogenes MGAS5005 genome to reveal differences which can explain factors of invasive
infections, and Wyres et al. (Wyres, et al., 2012) compared 426 pneumococcal genomes of
several serotypes and of 70 years for a better understanding of evolution and penicillin-
resistance in this species. However, differences in highly variable genes which are the result
of gene transfer events were often not distinguished from true SNVs that originate by
mutations, resulting in a distortion of e.g. phylogenetic analysis based on SNVs. There are
several publicly available tools offering a broad variety for sequence alignment, analysis and
visualization as well as for the conversion of file formats required for the input. For example,
BLAST (Altschul, et al., 1990), CLUSTAL (Sievers, et al., 2014; Thompson, et al., 1994) and
Mauve (Rissman, et al., 2009) are well known tools used for sequence alignments as MEGA4
(Tamura, et al., 2007), PHYLIP (Felsenstein, 2013), PAUP (Swofford, 1999) and other are used
for phylogenetic analyses. SNP analysis can be performed with tools like GATK (McKenna, et
al., 2010), SNPsFinder (Song, et al., 2005) and Mummer (Delcher, et al., 1999; Delcher, et al.,
2002; Kurtz, et al., 2004; Margais, et al., 2018), visualization with Artemis (Carver, et al., 2012)
or ACT (Carver, et al., 2005). But naturally, the borders of the mentioned categories are not
fix for each tool. For example, SNP retrieval and other functions can also be performed by

using BLAST or Artemis.
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During the retrieval of SNVs and other differences such as insertions or deletions of larger
regions of the ST10523 genome sequences, problems occurred due to the incompleteness —
gaps within the sequences represented by stretches of N — of the compared sequences, and
because there was no reference sequence for this clone. Empirically, available programs are
not able to distinguish between variable and not variable genes. Furthermore, they do not
meet further requirements for this analysis simultaneously as outlined below. Instead of
sequence reads, the analysis software should allow input of genome sequences containing
feature annotation in EMBL (European Molecular Biology Laboratory) file format if available
and should be widely independent from preceding sequencing technology. Another important
aspect is the form of output. It has to be human readable and, if possible, usable for
visualization, particularly by the Artemis (Carver, et al., 2012) or Artemis comparison tool (ACT)
(Carver, et al., 2005). Since the underlying data were generated with 454 sequencing
technology, under- and overcalls in homopolymer stretches might occur and differences of
the compared sequences in such stretches should be recognized. Also, the software should be
able to mark or discard differences within a certain distance to contig gaps due to possibly
decreasing sequence quality at contig edges. Furthermore, gaps of incomplete sequences
have to be considered, and information of already annotated genes should be taken into

account at least at output generation.

For example, the tool SAMtools (Li, et al., 2009) offer functions for data of several sequencing
technologies from read manipulation to alignments to text-based visualization, but input
sequences are sequence reads in MAQ (Li, et al., 2008) file format, which e.g. in case of 454
(SFF files) and lllumina (FASTQ format (Cock, et al., 2010)) have to be converted first. Many
other programs could be listed offering parts of the desired functionality, especially approved
alignment tools like BLAST or Clustal ( (Sievers, et al., 2014; Thompson, et al., 1994)). The core
principle of a further tool called Wasabi (Web Accessible Sequence Analysis for Biological
Inference) (Kauff, et al., 2007) where personal experience is available (transfer of the source
code into another programming language), which performs refinements of already existing
multiple alignments, but not of two input sequences, was considered suitable for a basic
workflow to compare two sequences in detail, wrapped by format converters to meet the
requirement of a common input file format and a summarizing human readable and

visualizable output. The program Wasabi itself was not used.
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Wasabi uses multiple alignments in Nexus (Maddison, et al., 1997) format as input for
refinement with block alignments. The output is also in Nexus format. Since this is not suitable
for aligning two sequences in EMBL format and generating output files for visualization with
Artemis or ACT, a new program was developed based on the core idea of Wasabis block
alignment, but with changes concerning input and output format as well as alignment
algorithm. Furthermore, SNV retrieval for aligned regions was integrated into the workflow as

described below.

The developed program offers no new functionality but employs the established tool BLASTN
(Altschul, et al., 1990) wrapped by pre- and postprocessing of the data. This enables the tool
to add annotation information to the output, recognize SNVs as well as not alignable regions
and generate output in tabular human readable form and files used for visualization with
Artemis and ACT. Regarding the usage with 454 data, SNVs in homopolymer stretches are
specifically marked for manual inspection but this might be ignored using data of other
sequencing technologies. Since the annotation of genes showing differences is inherited into
the results, it is possible to distinguish them e.g. for mobile elements, variable genes and so
on. The program was developed and tested with pairwise comparisons of the genome
sequences (containing stretches of N) of the three ST10523 isolates. Advantage of these
genomes was their high sequence similarity, which provide a manageable and verifiable
number of differences. This program was tested using the single gene cluster of the capsule
locus of these genomes and the reference strain S. pneumoniae ATCC700669 (23F). Usage of
the program with the ST226 genome and plasmid sequences, which were generated from
shorter lllumina sequence reads, was also successful and emphasized the problem of diverging
genomic arrangement. Success means, that detected differences were confirmed by detailed
manual inspection. Comparisons of 454 sequences as well as of lllumina sequences regardless
of the type of sequence (genome, plasmid, gene cluster) worked equally well and could be
used for analyses of further sequences. In the context of an unpublished study concerning
S. pneumoniae strains associated with meningitis, eight members (strains U22, 456, 496, 638,
PS4401, PS184, F10, SA17) of the clone Spain?*"-1 were sequenced with 454 sequencing
technology, and the comparison with the reference strain of the clone, S. pneumoniae

ATCC700669 (also called S. pneumoniae 23F), represents another opportunity to use the
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developed software for the investigation of SNVs to evaluate the evolution of clonally related

strains.
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3.6.1 Analysis software workflow
The workflow of the newly developed software, which is written in Java (Java) and requires
BLASTN (Altschul, et al., 1990), ACT (Carver, et al., 2005) and BioJava (Prlic, et al., 2012) 1.5, is

visualized in Figure 3.16 and described as follows.

The program uses EMBL formatted files as input, where the presence of a sequence, even a
gapped sequence, is important rather than gene annotation. Files containing more than one
sequence entry are not allowed. DNA sequences were extracted from these files for further

analysis and, if present, gene annotation for supplementary information in the output files.

The two DNA sequences then are searched with BLASTN (default parameters) for the best
matching region. If such a region is found, the sequences are split into three fragments: The
matching sequence pair and if available the sequence pairs located left and right of it. The
search for the best matching region is repeated recursively for the left and right sequence
pairs. If one of the pairs consist of only one sequence, because the other pair member is not
existent, this is noted in the output as unaligned region. The same applies to pairs, where both
sequences are present, but no matching region can be found by BLASTN. The matching pairs
are aligned by a Needleman-Wunsch algorithm (Needleman, et al., 1970) provided by BioJava
to determine SNPs and Indels (single nucleotide insertions or deletions), together referred to
as SNV (single nucleotide variation), of the region. The determined SNVs are reported in the
output files. In addition to the position and the kind of difference, the lower deviation of a
configured threshold of distance to the next gap as well as the ten left and right flanking
nucleotides, an indicator of possible homopolymer error and possibly present gene
information is written into output. The homopolymer indicator is set at differences in
homopolymer stretches of at least three identical nucleotides, where an insertion or deletion

of at least one of the same nucleotides occurs.

The output of the analysis is divided into several types. The first set of output consists of
tabular text files containing human readable information about unaligned regions, SNPs and
Indels. For SNVs, if sequence annotation is available, gene location, locus tag, product and

gene and protein sequences and lengths are added, if present.

Furthermore, files needed for visualization with ACT are generated. These contain tabular

comparison files and executable batch files for SNVs as well as for unaligned, aligned and all
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regions and SNVs together with unaligned regions. Execution of a batch file starts the
visualization. This visualization enables the user to find differences more easily and a simple
click into the sequence, genomic feature or difference of interest facilitates detailed

inspection including usage of ACT-intern tools.

For these files filtered variants are generated except for aligned regions. The filter removes
regions and SNVs, where one sequence contains only N (see chapter 3.1.1.1), since they
represent gaps or ambiguous nucleotides. SNVs and regions, which are completely located
within a given threshold of distance to a gap, are absent in the filtered data sets. Differences
in homopolymer stretches remain, since the analysed sequences were not necessarily

generated by 454 sequencing technology.

The program needs only a few minutes to perform the complete analysis procedure, but this
duration is dependent on the similarity of compared sequences due to the number of detailed
analysis steps and the hardware used: about 360 — 450 seconds for each comparison of the
three ST10523 genomes on a machine with four GB RAM and 2x 3.07 GHz and about 140 - 200
seconds on a machine with 16 GB RAM and 2x 4.20 GHz. Repeating an analysis returns the
same result except for differences at alignment edges within repetitive or duplicated regions,

e.g. at contig edges.

There are some features which have to be considered when using the software. The best hit
retrieval, depending on the complexity of the compared genomes, might fail at repetitive
sequence regions. According to the nature of repetitive elements, such regions should be
investigated in detail manually if of interest. Furthermore, the two sequences to be compared
have to have a similar or identical genomic arrangement, since only left or right neighboured
sequence regions are compared in an iterative manner. Rearrangements lead to not aligned
regions and thus unresolved divergent sequence regions. This was observed in the analysis of
the ST226 sequences, were an apparent mis-assembly occurred in one sequence. The
sequences at the affected locations could not be aligned and led to two large unaligned
regions. Subsequent comparison of the correct (manually assigned) sequence pairs at the two
locations led to the correct results, which were confirmed by additional sequence information
(unpublished) of 454 reads (see chapter 3.2). Also, batch execution or comparison of more

than two sequences is not yet possible. Pairwise analysis and visualization including total
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overview visualization of all input sequences (>2) might be an interesting feature for further

development.
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Figure 3.16: Model of the SNP analysis procedure

The two files in EMBL format, which serve as input of the analysis software and provide the sequences
to be compared, are initially parsed to extract the nucleotide sequences and, if possible, the annotated
features. Then, the best matching regions of these two sequences (best hit) were determined by the
program BLASTN. If any matching regions are found, the sequences were split into three fragments: left
and right of the matching region and the matching region itself. The left and right fragments serve as
input of further best hit retrievals, while a Needleman-Wunsch alignment retrieves SNPs and indels from
the best hit region. This procedure loops through the whole sequence pair until no left or right fragments
are available anymore. The results of the SNP retrieval are collected together with information about
unaligned regions and split into several types of output files. These files contain the results in tabular
form but also visualization files of SNPs and unaligned regions for usage with the Artemis Comparison
Tool (ACT, Sanger Institute) are generated.
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4 Discussion

4.1 Sequencing, assembly and annotation

Through the last decades, several techniques have been developed based on diverse methods
to retrieve sequence information of DNA, RNA and proteins as described in chapter 1.2.1. This
development facilitates a rapidly increasing number of sequences with decreasing cost at the
same time (Huse, et al., 2007; Salzberg, et al., 2012). Third-generation sequencing
technologies will lead to further acceleration of this process (see introduction). Here, the
estimation of genome sequences is discussed, concerning expected and generated results,

problems and error susceptibility as well as solutions and further development.

The assemblies and analyses described in this work used data generated by 454-
pyrosequencing and lllumina technology. Besides problems like sample quality or sequence
structure (repeats etc.), each sequencing technology brings along its own problems (Huse, et
al., 2007; Dohm, et al., 2008; Miller, et al., 2010) as described in the introduction. Both
techniques generate sequences with an average length between 330- 800 nt (Miller, et al.,
2010; Luo, et al.,, 2012; Metzker, 2010) compared to first generation techniques with
500 — 1.000 nt (Miller, et al., 2010; Luo, et al., 2012). Reads generated by the 454-technology
are longer than Illumina-generated reads and therefore are more capable of spanning
repetitive sequence sections (see chapter 1.2.1), but the higher error rate especially in
homopolymer stretches leads to indels and consequently to wrong annotation (see chapter
1.2.3). Due to the underlying technology, Illumina generated reads are less susceptible to such
errors, although there is a common basic error rate. A high coverage helps to compensate this
to some degree and can be reached especially in case of lllumina sequencing (Dohm, et al.,
2008; Miller, et al., 2010). Other methods like read trimming to reduce carry forward errors
and incomplete extensions also are applied for error detection and correction and are
integrated in sequencers and assemblers to some extent (Dohm, et al., 2008; Salzberg, et al.,

2012). Standalone applications can improve this integrated error-detection.

The 454-generated reads used in the publications (Rieger, et al., 2017; Denpaite, et al., 2016)
(see chapters 3.1 and 3.3 and supplementary table S1) have lengths of only between 182 and

244 nt, which is much less than the general average length of 330 - 800 nt of 454 reads (Miller,
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et al., 2010; Luo, et al., 2012; Metzker, 2010), while the Illlumina-generated reads have an
average length of 151 nt (Todorova, et al., 2015; Rieger, et al., 2017) (see chapters 3.2 and 3.4
and supplementary table S1) as expected for this technology (Metzker, 2010; Tritt, et al.,
2012). After initial trimming by the assembler (Newbler 2.6), the average lengths of 454 reads
decreased to 133 - 216 nt, while the lllumina read length decreased to 141 —144 nt
(supplementary table S1). This means that 11 — 16% of the nucleotides of reads generated by
454-technology and 4 — 6% of the nucleotides of the reads generated by lllumina-technology
were not used in further analyses (supplementary table S1). The trimming of reads is based
on the quality score where a high score indicates a lower error probability (Huse, et al., 2007;
Dohm, et al., 2008). In 454-generated reads, the quality score indicates the probability of a
correct length of homopolymer stretches, whereas it represents the probability of a correct
base call in [llumina-generated reads (Huse, et al., 2007; Dohm, et al., 2008). Our data confirm
that Illumina technology is less error-prone when compared to the 454-technology which is

rarely used any more.

The assembled genomes presented in the current work also show a remarkable difference of
the coverage depending on the sequencing technology as expected (Luo, et al.,, 2012;
Chaisson, et al., 2008; Liu, et al., 2012), where coverage in the current case is the ratio of
nucleotides of aligned reads and of nucleotides of generated contigs due to unknown length
of the target genomes. The average coverage (the depth of coverage is not uniformly
distributed over the target sequence) usually is determined by the ratio of nucleotides within
reads and the known target genome size, where the coverage depth depends on the accuracy
of the priorassembly (Sims, et al., 2014). The lllumina generated sequences (PCP and Hu) show
with 144 — 169x a ten-fold higher coverage than the 454-generated sequences (D-Isolates,
primate streptococci) with about 7 — 18x (see supplementary table S7 and chapters 3.1, 3.2
and 3.4). It should be noted that the coverage rate is only an approximation. Although
complete genomes are available for S. pneumoniae (R6 and TIGR4; (Hoskins, et al., 2001;
Tettelin, et al., 2001)) as well as for S. mitis and S. oralis (Denapaite, et al., 2010; Reichmann,
et al., 2011), genomes of other strains may vary in size due to a highly variable accessory
genome in these species. Minimum coverage values recommended for an assembly are
between 15 - 60x (Ajay, et al., 2011; Kisand, et al., 2013; Fang, et al., 2014; Bentley, et al.,

2008), which s in the range achieved in the work presented here. Moreover, as stated by Ajay
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et al. (Ajay, et al., 2011), the completeness of an assembly is not as important for analyses on

a population level as for determination of individual genomes.

Especially indels leading to stop codons and wrong positions and falsely annotated start
codons of protein coding genes aggravate comparative analyses between genomes and
require manual inspection if individual genes are being analysed. For example, this can be
seen at the comparison of the ST10523-isolates D122 and D141 (see supplementary table S2).
This comparison revealed 46 SNPs and 39 indels in 63/56 genes. While most of the SNPs affect
only one or even none encoded amino acid, every indel changes the subsequent gene
sequence and thus the deduced protein, and two lead to stop codons. Another problem during
the assembly are repetitive sequences within genes or genes that occur more than once within
the genome, resulting in gaps. Examples are RNA clusters and comX of S. pneumoniae, and the
repetitive motifs present in e.g. CBPs or within S. pneumoniae nanA frequently lead to wrong
assembly and consequently to wrong annotation. During assembly, the generated sequence
graph might lead to diverging branches (see introduction), after which the assembly breaks
and contigs are generated. Genes located at such sequence breaks (contig edges, gaps) cannot
be correctly or not at all be identified by annotation algorithms. Manual search or
synchronization with correctly annotated sequences might compensate this deficiency. In
case of the three ST10523 sequences, the automatically generated annotation by RAST (Aziz,
et al.,, 2008) had to be reviewed manually for synchronizing divergent or missing gene
annotations prior to a detailed comparison of individual genes. The annotations of the
streptococci from primates were not synchronized to each other due to large manual effort
and thus differed frequently from that of known streptococcal genomes. Unfortunately, the
annotation of genomes publicly available is not synchronized with the guidelines
recommended by the upload platforms e.g. of NCBI. Therefore, in the comparative analysis of
individual genes the annotation of the finished S. pneumoniae R6 (Hoskins, et al., 2001; Lanie,
et al., 2007), S. mitis B6 (Denapaite, et al., 2010) and S. oralis Uo5 (Reichmann, et al., 2011)
genomes was used as standard. Here, the call of Kisand et al. (Kisand, et al., 2013) for
“standardization of gene prediction and annotation” can be extended to the synchronization
of gene prediction and upload platforms. Complete and well curated genomes might
contribute to the quality of public available annotation databases and tools (Kisand, et al.,

2013). The number of available incomplete genomes will certainly grow faster than that of
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complete genomes, leading to steadily increasing confusion on the level of gene annotation.
Contributing to this, scientists might push forward annotation of “their” genomes only until
the desired information has been obtained (Kisand, et al., 2013). Due to the high effort to
complete genome sequences (e.g. by manual sequencing of gaps) and add and adjust the
annotation of their features, one has to live with this problem at the moment. But this does
not mean that the curation cannot be done for particular analyses and genomes. On the other
hand, the PCP-transformants (Todorova, et al., 2015) and the ST226 (Rieger, et al., 2017)
sequences were annotated by transfer using the annotation of S. pneumoniae Hungary*°A-6
(NC_010380), S. pneumoniae R6 (Hoskins, et al., 2001; Lanie, et al., 2007) and S. oralis Uo5
(Reichmann, et al., 2011). In the first case, the annotation was performed manually aided by
BLASTN, in the second case by RATT (Otto, et al., 2011) with subsequent manual curation. An
apparent disadvantage of this procedure is that wrongly annotated genes of the reference

genome remain incorrect.

In summary, although Newbler is be able to handle lllumina data as well as 454 data, different
problems occur depending on the technology used. While the error rate of 454 data is
remarkably high especially at homopolymer stretches, lllumina data are not always able to
span even short repeats. Independent on the sequencing technology, a major problem of
composing and finalizing genome sequences is the annotation, which has to be automated
and curated much more and carefully than currently done. Furthermore, genes with dubious
sequences were not used for further analysis. Concerning 454-generated sequence data, this
includes proximity to a sequence gap or differences in homopolymer stretches. In general,
repetitive or mobile elements also aggravate analysis and were thus excluded. But as
demonstrated, filtering the data leads to a loss of information which has not to be
underestimated (6—16% of nucleotides in the current work). Direct sequencing of the
excluded sequences might reduce this number as well as the choice of a more suitable
sequencing technology (excluded nucleotides: 454: 11-16%; Illumina: 4—-6%). But
dependent on the particular focus of research, these values might be acceptable after
reviewing the excluded sequence. The appearance of third-generation sequencing
technologies might solve some of the mentioned problems. Increased read lengths (several
thousand nucleotides) (Land, et al., 2015; Lu, et al., 2016) might facilitate assemblers to

resolve repeats and other ambiguities and generate bacterial genome sequences without or
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with few gaps. But still, the error-per-base rate seems quite high as well as the costs compared
to short-read technologies like Illumina and thus the usage of third-generation sequencing

technologies has to be well-considered (Boldogkdi, et al., 2019).
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4.2 Analyses

During the last years, the number of sequenced genome sequences steadily and rapidly
increased and thus comparative genomics has to deal with huge data sets. Subsequent
analysis might run into problems to handle these data due to different generation and analysis
methods, tools and formats, which complicate comparison of the increasing amount of data.
Furthermore, more data do not imply better quality or more and accessible results. The focus
should be on maintaining high and increasing quality and reliability of curated data than on

masses of unfiltered raw data.

Often the required information like reads, qualities, coverages or flowgrams for analyses or
further error correction are not available (e.g. comparison with 23F capsule in chapter 3.1.3
or pilus in chapter 3.3.2). Concerning the majority of analyses described in this document,
workflows were defined, which tolerate a certain loss and uncertainty of data, but provide
reproducibility and comparability within a certain scope. There is a variety of open source
tools available providing functionality for several analysis purposes and, besides decreasing
sequencing costs and increasing quality (Kisand, et al., 2013), enable even smaller laboratories
and single researchers to perform analyses. But no one met all requirements described in
chapter 3.6 and thus a new program was developed, employing an approved mechanism of
recursive alignments connected with conflation of annotation data and sequence comparison
at low level resulting in desired and visualizable output format. The program can be started at
command line and with minimal configuration effort. Besides the input files and output path,
only the threshold for the distance of a detected difference to a gap has to be defined.
Therefore, individual adjustment of alignment parameters is not possible, what makes the
analysis results comparable. The fast and uncomplicated workflow of the software generates
easy to read result tables and visualization, where differences are displayed between the
compared sequences. Furthermore, the input sequences, as long as they are provided in EMBL
format, are not restricted to a specific sequencing technology, but the program is not able to
resolve rearrangements within the sequences. These are only found as not matching regions
and have to be resolved manually. The disadvantage of using sequences decoupled from
sequence reads and quality information is the general use or non-use of sequences, which

might lead to detection of false positive or negative results. The steadily increasing number of
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public available and annotated genomes makes it easier to find genomes with similar

sequence organization for comparison and further analysis, if needed.

Depending on the relatedness between members of bacterial clones, strains and species, the
number and extent of differences of compared genome sequences naturally increases varies.
Thus, one expects that genomes of the same clone differ by only few SNVs and no large-scale
difference, and that between genomes of different strains the number of SNVs will be
increased while also differences of larger sequence regions can be expected e.g. by horizontal
gene transfer etc. A special case are transformants produced in the laboratory which might

differ by a few SNVs besides transferred regions.

S. pneumoniae ST10523 (Rieger, et al.,, 2017) and ST226 (Rieger, et al., 2017) represent
comparisons of genomes of the same clone. As expected, the comparisons of members of the
two clones revealed only few SNVs within genes (ST10523: 85 (D122/D141), 235 (all three
genomes); ST226: 37). Unfortunately, the results of the analyses of the Streptococcus
pneumoniae clones ST10523 (Rieger, et al., 2017) and ST226 (Rieger, et al., 2017) cannot be
compared unrestrictedly. At the one hand, the genomes of the ST226 clonal complex generally
are more variable as of other clones (Hakenbeck, et al., 2001). Moreover, the analysed
genomes of the two clones are based on different sequencing technologies (ST10523: 454;
ST226: lllumina). As already described (previous chapter), the differences between 454-
generated sequences which are located in homopolymer stretches, had to be removed from
analysis due to uncertainty, as well as differences located near sequence gaps. Additionally,
due to the high error rate of 454-generated sequences, the results of searches for SNVs (single
nucleotide variations; polymorphisms and indels) might be generally questioned (Kisand, et
al., 2013). At another part of the current work (see chapters 2.3 and 3.3), the first attempt to
find and compare sequences of the autolysin encoding gene IytA in streptococci from primates
(Denpaite, et al.,, 2016) was extremely complicated due to sequence gaps and differing
homopolymer stretches. In the current work mainly SNV within genes were further analysed
since changes in the encoded protein were the main issue. Naturally, differences in intergenic
regions affecting the transcription are of importance but were not further considered in the
current analyses. There are several cases of differences between sequences, which were
analysed manually afterwards. For example, the hlyA gene of ST10523 was excluded from the

global analysis but investigated manually due to the importance of the gene product as a main
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virulence factor afterwards. Otherwise, important information would be missing. Concerning
the same gene, intergenic differences between the compared genomes are located at the
promoter region affecting expression of the hlyA gene. Besides SNVs, short additional
sequences could be found present in one and absent in another genome during comparison
of ST10523 and ST226.These sequences mainly occur in repetitive regions or at gaps. Since
further effort is necessary to verify these differences and to exclude possible sequencing
errors, they were not analysed. Treangen et al. (Treangen, et al.,, 2011) stated, that just
ignoring repetitive sequence regions might distort analysis results and thus would be no
option. They suggest resolving this problem e.g. by using paired-end information or multiple
sequencing technologies. The ST226 genomes were generated from Illumina reads with
paired-end information and this might be an explanation, why only 130 of these additional
sequences were found (242 —-415 at the 454-generated ST10523 genomes), although
especially the short Illumina reads are known to have problems spanning longer repeats.
Leaving aside gapped and repetitive regions, the ST226 sequences differed in ten additional
sequences from each other, while the ST10523 sequences differed only in 2 — 5 sequence
regions. This is not due to the underlying sequencing technology. As mentioned above, the

ST226 clone shows a high variability in its genomes which was confirmed in this analysis.

Another and special case of SNV retrieval is the analysis of S. pneumoniae PCP-transformants
(Todorova, et al., 2015). While for analyses of ST10523- and ST226-sequences the program
described in chapter 3.6 was used, the PCP-sequences were compared using BLASTN with
subsequent manual determination of differences including sites of recombination. The first
comparison of each genome was made with the genome sequence of the recipient
S. pneumoniae R6, where SNVs were identified. During the subsequent comparison of the
sequence fragments which could not be alighed with S. pneumoniae R6, with the genome
sequence of the donor S.oralis Uo5, transferred sequence regions were identified.
Afterwards, the three transformants were compared pairwise to each other and differences
determined. In contrast to the analyses of the clones as described above, only few differences
of the transformants to each other, to the donor and the recipient genome were expected

and thus this alignment strategy seemed sufficient.

The analyses of the primate streptococci (Denpaite, et al., 2016) were complicated by

presence of highly diverse S. mitis sub-clusters, which aggravate strain identification, as well
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as by 454-specific problems, which make annotation and analysis difficult. Except for the pilus-
2 islet and particular genes, the focus of this work was not on SNV level but rather on presence
or absence of genes at the level of strains and species (in opposite to strains belonging to one
clone as described before). The comparison of S. pneumoniae R6 and its close relatives S. mitis
B6, S. oralis Uo5 and S. pseudopneumoniae 157493 and finished S. pneumoniae genomes
(Tettelin, et al., 2015) also operates on strain/species level. In contrast to the analyses of the
clones or transformants, the focus was on presence or absence of genes rather than
differences on the SNV level as described in the next chapter. Thus, the gene content of the
genomes was determined including a certain tolerance regarding sequence variation. A
tolerance of 60% coverage and 70% identity at pairwise protein alignment proved
advantageous to define proteins of a reference genome as present or absent (Denapaite, et
al., 2010) . Proteins present in all compared strains constitute the core-genome, and proteins

present only the reference genome are considered as strain specific and could be dispensable.
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4.3 Genomic diversity

The current work focuses on comparisons of genomes, their encoding genes and deduced
proteins. This task was facing several problems. Some of them concern sequence and
annotation problems already described in the chapters 4.1 and 4.2. Another point is the
purpose of the comparisons, which depended on the particular genomes to be analysed as

outlined in the subsequent chapters.

4.3.1 Technical issues

A major problem of comparing several genomes is their state of completeness. Incomplete
(gapped) genomes contain regions without known sequence information, usually represented
by a certain number of ‘N’. Even with similar genomes, these regions are not always located
at the same position and thus a sequence is present in one and absent in another genome.
Furthermore, underlying sequencing technologies lead to additional problems. Concerning
454 technology, homopolymer stretches which are not validated are not reliable, as well as
short reads of the Illumina technology which lead to an increased number of gaps (as
described in chapter 4.1). Stringency of comparison parameters and consideration of
variability of genes and proteins are closely linked and the choice of the basis for a suitable
comparison (proteins, genes, genome sequence in general, etc.) is also important. If
annotated features (like CDS or genes) are used, different annotation of the same feature in
different genomes is a further and not to be underestimated problem. Finally, distinct sets of

genes/proteins need to be considered depending on the particular analysis.

Whereas complete genomes were used in chapters 3.4 and 3.5 and (Tettelin, et al., 2015;
Todorova, et al., 2015), comparisons in other cases were based on incomplete genomes and
datasets in the first instance. The problem with incomplete sequences differing in the
locations of known and unknown sequence regions was consistently solved in several steps.
Comparisons were focused on presence or absence of genes or proteins (features) and
differences between them. Features were manually reviewed, annotation differing between
compared genomes was adjusted, and features were excluded from the analysis if they were
completely or partially located within a sequence gap in one of the analysed genomes (see

chapters 4.1 and 4.2). In case of genomes from oral streptococci from primates, only mobile
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elements were removed from CDS. This resulted in a loss of a certain amount of information
per genome (see chapter 4.1) but was a useful step for the comparisons. Since therefore not
all features were used for analysis, the ratio of features used for analysis and features
containing differences between genomes is much more expressive than their absolute
number. The comparisons are restricted so sequences and features, which are not filtered in

any sequence. 454 and lllumina data are not mixed within one analysis.

The decision whether a protein was present or absent in a particular genome, a similarity of
60% coverage (concerning the sequence length) and an identity of 70% (similarity of sequence
content) has been proven to be a good choice (Denapaite, et al., 2010). These values allow a
certain variability of the analysed proteins. However, a problem occurred when an indel was
present causing a frameshift and thus a stop codon within an encoding gene resulting in the
annotation of only part of the protein. Consequently, if the length of the protein fragment was
smaller than 60% of the complete proteins it was missed in the comparison. In order to solve

this problem manual inspection was required to verify absence/presence on the DNA level.
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4.3.2 Analysis of Streptococcus pneumoniae R6 Transformants obtained with

DNA of completely known genome sequences

The genomes of S. pneumoniae R6 and S. oralis Uo5 are complete and annotated (Hoskins, et
al., 2001; Lanie, et al., 2007; Reichmann, et al., 2011). Transformation experiments using
donor DNA from the high level penicillin resistant S. oralis Uo5 and the sensitive laboratory
strain S. pneumoniae R6 as recipient revealed transfer of several genomic regions after three
transformation steps (Todorova, et al., 2015). Not only the genes encoding Pbp2x, Pbp2b, and
Pbpla, but surprisingly MurE contributed to penicillin-resistance. This finding shows a yet
unrecognized resistance determinant in S. pneumoniae, and one can expect that there might
be further proteins contributing to penicillin resistance which are yet unknown. MurE was
described earlier to contribute to B-lactam resistance in S. aureus (Gardete, et al., 2004).
Interestingly, the murE gene alone as well as its promoter region alone are capable to increase
penicillin-resistance; however, this effect is not cumulative. Besides these four genes, many
genes or parts of genes were transferred, which were not associated with penicillin-resistance.
This was also observed with S. pneumoniae R6 transformants obtained with S. mitis B6 DNA
(Sauerbier, et al., 2012). However, while the transformation with S. mitis DNA led to the
recombination of about 66 kb in 16 clustered regions (containing closely located
recombination events) ranging between 160 bp to nearly 23 kb, the transformation of S. oralis
DNA led to the transfer of only approximately 19 kb in 9 regions with sizes of 104 —3.322 bp
(Meiers, 2015). This is not unexpected since S. mitis is more closely related to S. pneumoniae
than S. oralis and thus the higher sequences similarity of S. mitis allows for more

recombination events.

After three transformations steps to obtain the transformant PCP, another three
transformations and selection with beta-lactams resulted in only a few 'transformants'. The
genome sequence of the last transformant PCP-CCO revealed that it contained no further
S. oralis Uo5 DNA, rather mutations in four genes had occurred during the selection
procedure, and these mutations were confirmed by manual resequencing. PCP-CCO, contains
one single point mutation eachin ciaH and pbp2b, known to contribute to penicillin resistance,
and in spr1992 encoding a protein of unknown function that apparently in combination with
ciaH also contributes to resistance (Meiers, 2015). Furthermore, a deletion occurred in htrA

encoding the serine protease HtrA, leading to a frameshift and thus to a premature stop codon
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125, most likely resulting in a non-functional product. The serine protease HtrA has been
described as a virulence factor (lbrahim, et al., 2004), because HtrA mutants have a decreased

ability for colonization (Sebert, et al., 2002).
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4.3.3 Common genes of S. pneumoniae and close relatives

The identification of virulence factors (VF) in S. pneumoniae has been in the focus of research
for many decades. Over one hundred virulence factors have been described in S. pneumoniae
(Mitchell, et al., 2010; Brown, et al., 2002; Hava, et al., 2002; Polissi, et al., 1998; Lau, et al.,
2001), mainly identified by a decreased pathogenicity potential using mouse models.
Denapaite et al. described the presence of many of these VFs in the genome of the commensal
organism S. mitis B6 (Denapaite, et al., 2010), a finding later confirmed by Kilian et al., who
extended the comparison to further S. pneumoniae isolates and several members of the
closely related species S. mitis, S. oralis, S. infantis and S. pseudopneumoniae (Kilian, et al.,

2019). Thus, only a few S. pneumoniae specific virulence factors remain.

Toinvestigate overall commonalities and differences between members of S. pneumoniae and
representatives of closely related species (S. oralis Uo5, S. mitis B6 and S. pseudopneumoniae
IS7493), several complete genomes were compared on the basis of their deduced protein
sequences. The degeneracy of the genetic code leads to the same deduced protein despite
different DNA sequence and the used method facilitates to tolerate this variability during
analysis. Common genes (encoding the compared proteins) shared between the genomes are
referred here as 'core' in contrast to their large accessory genome (Hakenbeck, et al., 2001;
Tettelin, et al., 2015). As described in chapter 3.5, several combinations of genomes were used
to calculate core genomes: S. pneumoniae and representatives of related species with and

without S. pseudopneumoniae, only S. pneumoniae genomes and genomes of different

Table 4.1: Overview of core genomes within and between streptococcal species

The collection contains core genomes of members of the same clone, of the same species (intra-species) and of different
streptococcal species (inter-species). Members of the same S. pneumoniae clone share the highest number of genes,
while S. oralis strains isolated from different hosts share the fewest. It should be noted that the comparison between 12

S. oralis includes isolates of different hosts.

genomes scope core proteins
ST10523 clone 1.547
ST10523 + 6 S. pneumoniae intra-species 1.146

26 S. pneumoniae intra-species 1.285

S. pneumoniae, S. mitis, S. oralis (, S. pseudopneumoniae) inter-species 1.140 (1.105)
12 S. oralis intra-species 823

26 S. pneumoniae, S. mitis, S. oralis, S. pseudopneumoniae inter-species 966
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species together with 26 S. pneumoniae genomes. An overview is listed in Table 4.1. It should
be kept in mind, that the numbers are based on different genomes, sequencing technologies
and filtering, leading to slightly different numbers of total and core genes. Adding genomes of
the same species and of distinct clones to the calculation, the number of core-genes drops
remarkably (74% of the clone-specific core). Using the draft sequences of three members of
the S. pneumoniae clone ST10523, 1.547 common genes were identified. Adding only
S. pneumoniae R6, the number of common genes drops to 1.323, and to 1.146 adding another
five S. pneumoniae genomes. Using another set of 26 S. pneumoniae genomes derived from
distinct clones excluding ST10523, 1.285 common genes were identified. An explanation that
this number is higher probably reflects a more stringent use of the ST10523 sequences and
the annotation of the ST10523 genomes with RAST. Concerning the interspecies core based
on complete genome sequences representing four streptococcal species, 1.140 common
genes were noted, and again this number dropped to 966 by including another 25
S. pneumoniae genomes. This analysis is especially important when analysing pneumococcal

specific virulence factors.

The decrease of core genes upon addition of more genomes and other species was also
described by Kilian et al. (Kilian, et al., 2019). The core of 60 genomes of the species
S. pneumoniae, S. mitis, S. oralis, S. pseudopneumoniae and S. infantis is represented by 690
genes. Excluding S. infantis, the core genome of the remaining 54 genomes contains 894
genes, slightly lower than the value 966 calculated in the current work using 26 genomes of
S. pneumoniae and only one representative genome of each related species reflecting the

extended set of genomes of non-pneumococcal species in the study by Kilian et al..

Another approach to estimate the pneumococcal core-genome with another method
(Bayesian) was compared to a COG-based (COG: Cluster of orthologous groups) method (van
Tonder, et al., 2014). The underlying dataset contained 616 pneumococcal genomes using
S. pneumoniae ATCC700669 as reference (Croucher, et al., 2013; van Tonder, et al., 2014). The
numbers of core genes (Bayesian: 948; COG: 1.194) differed noticeable due to different
stringencies used for the definition for presence of a gene/protein. The COG-based core
tolerates a certain variability of genes, while the stringency of the Bayesian-approach at first
was 100% coverage and identity. After allowing a certain variability (90% coverage), the

Bayesian approach resulted in 1.206 core genes, a value similar to the COG-approach. Despite
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the similarity of total core gene numbers, the content of the two core gene sets differs by up
to 179 genes unique to each estimation method. These numbers are lower compared to our
data (1.285), probably due to the higher number of genomes analysed by these authors
(Croucher, et al., 2013; van Tonder, et al., 2014). It should also be kept in mind, that the
genes/proteins of the current work were extracted from a reference sequence and used
directly to estimate the core genome without grouping into clusters. Nevertheless, the
calculated number of core genes lies in a similar range around 60 % of the entire genome,
independent on the method used. As stated by van Tonder et al. (van Tonder, et al., 2014),
estimations of the core genomes depend on the data set and the parameters used and thus it

is impossible to define a single and universal core genome.

The pneumococcus specific core as defined in the current work includes only a few of the
described virulence factors: the CBPs PcpA, PspA, and PspC (and its variant Hic) together with
the two-component system TCS06, the ply-lytA island, and the hyaluronidase. Moreover, the
polysaccharide capsule is required for pathogenicity. Some of them such as the CBPs, PBPs,
and MurMN are highly variable due to an apparent mosaic structure. This indicates frequent
horizontal gene transfer events, one more justification for comparative genomics. MurN was
missing in most S. oralis and one S. mitis genome, and a variant of the Ply-LytA island was
found only in two S. mitis genomes. The TCS06 was present in all genomes but they were
missing PspC, indicating unknown regulatory functions of this system. One gene of the
polysaccharide capsule (cpsO) was found in S. oralis Uo5 (see supplementary table S11).
Recent data show that a cps cluster is present in several streptococcal species, suggesting that
it has been imported into S. pneumoniae from other sources (Skov Sgrensen, et al., 2016;
Kilian, et al., 2014). In rare cases unencapsulated S. pneumoniae isolates are able to develop
a certain pathogenicity potential (Keller, et al., 2016). The presence of most virulence factors
also in commensal species like S. mitis emphasizes their role in colonization and interaction

with host tissue.

The current work confirms the evolutionary model of a common ancestor of S. pneumoniae
and S. mitis (Kilian, et al., 2014). This ancestor, putatively pathogenic to the human ancestor,
was separated into two lineages as response to selective pressure. The S. mitis lineage became
a commensal organism coexisting with the human host and partially loosing genes associated

with pathogenicity and virulence. In contrast, the S. pneumoniae lineage obtained the
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potential to be more virulent and pathogenic by extending its potential of horizontal gene

transfer within and between related species.
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4.3.4 New genomes of two particular clones

Concerning the high degree of relationship between strains belonging to the same clone
(ST10523 and ST226), a detailed comparison on the DNA level to detect SNVs was required to
reveal their differences as described in chapter 4.2. Besides manual analysis (e.g. of previously
excluded features), these comparisons revealed a relatively low variability between the

genomes as expected but also interesting differences.

The main question concerning the ST10523 clone was, if special genes and mutations within
this clone could explain the unusual long persistence within the same host of two strains
(chapters 2.1 and 3.1). The analysis was based on the strategy for removing potential error-
prone data as described in chapter 3.1.1.2. Only a five-gene-cluster was missing in one isolate
besides the presence of two phage clusters, which were excluded from analysis. Phages and
mobile elements constitute a considerable proportion of the accessory genome of a clone
(Croucher, et al., 2011). We calculated that 92% (1.547 CDS) of the clonal pan-genome is
present in all three genomes of clone ST10523. 56 — 63 genes were affected by 85 SNVs
(comparison of D122 and D141) and 153 — 163 genes by 235 SNVs, respectively (all three
isolates). None of these genes appear to contribute to the long persistence of the ST10523
isolates. Manual inspection of genes possibly involved in virulence revealed an unusual
hyaluronidase gene, one of the S. pneumoniae specific virulence factors. It contains deletions
in the promoter region (12 bp) as well as a deletion of 4 nt in the coding region, most likely
leading to a non-functional protein. During the initial analysis, the hyaluronidase gene was not
considered due to a gap in the genome sequence of S. pneumoniae D219. All three ST10523
genomes contained the same allele. Furthermore, the ST10523 isolates carry a unique variant
of the surface protein PspA. It is possible that the absence of two phage clusters also

contributes to the long-term survival of the two ST10523 isolates D122 and D141.

The second clone analysed in detail, ST226, is high-level penicillin resistant but contains
interestingly one member which is susceptible to beta-lactams (chapters 2.2 and 3.2).
Therefore, the task was to see, which genes are responsible for the phenotypic divergence.
Genomes of the Hungary19A clonal complex which includes the SLV ST226 show a much
higher variability compared to other S. pneumoniae clones (Rieger, et al., 2017; Hakenbeck, et
al., 2001). Comparing the genomes of Hungary'®?6, and of the two ST226 strains Hul5

(penicillin-sensitive) and Hul7 (high-level penicillin resistant), 71 and 75 CDS were inserted,

180



Discussion

deleted or exchanged, a much higher number compared to the ST10523 clone. The two ST226
genomes Hul5/Hul7 differed in a gene encoding a putative N-acetyl-neuraminidase which
revealed high SNV density. The role of pneumococcal neuraminidases in colonization and
contribution to otitis media could be ascertained in chinchilla model (Tong, et al., 2000). Both
genes match homologues with almost 100% identity and coverage when compared to the
NCBI S. pneumoniae data base, suggest horizontal gene transfer events in this region.
Schweizer et al. (Schweizer, et al.,, 2017) analysed the clone ST226 based on the data
presented in the current work. PBPs, the main penicillin-resistance determinants, have a
mosaic structure in S. pneumoniae Hul7 but not in S. pneumoniae Hul5. However, both
strains contain a unique allele of CiaH (named CiaH232) and a MurM variant, suggesting their
presence prior to the introduction of mosaic PBPs in this clone. Comparison of MurM of ST226
with genomes of other streptococci revealed that it most likely originated from S. mitis. The
presence of these two genes did not contribute to penicillin resistance in the absence of
mosaic PBPs but was required to guarantee proper cell morphology. CiaH232 has been shown
to affect CiaR-mediated transcription, suggesting that that the cig-system is somehow
involved in the regulation of cell wall synthesis. Surprisingly the resistance level increased
substantially when MurM of ST226 was combined with a mosaic PBP2x, and CiaH232 could
contribute to resistance when introduced into a strain carrying both, pbp2x and pbpla from
Hul7. Thus, based on the genomic comparison, the identification of genes involved in
penicillin resistance and further genetic experiments revealed novel aspects on the origin and

regulation of this phenotype.
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4.3.5 Genomes of Streptococci of different hosts

The analysis of streptococcus isolates from human versus primate hosts which included wild
animals that had no contact to humans revealed several new aspects of the evolution of
Streptococci and S. pneumoniae virulence factors. The initial speciation analysis by MLSA and
MLST revealed that many viridans streptococci that are common in human were found in great
apes and monkeys, but not in lemurs from Madagascar. Several isolates could not be specified
and clustered outside of known streptococci. S. oralis was common among wild chimpanzees
and other monkeys, indicating that this species has evolved before the appearance of humans.
Interestingly, some of the primate S. oralis formed three clearly separated groups challenging
the definition of this species, which is much more diverse than S. pneumoniae. In contrast,
S. mitis isolates were only obtained from one gorilla held in captivity, suggesting that S. mitis
and S. pneumoniae have evolved in humans. The genomic analysis focused on virulence

factors as defined in S. pneumoniae and on components involved in cell surface components.

The choline binding proteins PspA, PspC and PcpA were only found in S. pneumoniae,

confirming species specificity. Related proteins rarely occurred in other species.

The pneumolysin and LytA island was only found in two human S. mitis strains confirming
former observations that single S. mitis strains contain these genes (Whatmore, et al., 2000;
Neeleman, et al., 2004; Tettelin, et al., 2015; Kilian, et al., 2008). Moreover, the pneumococcal
hyaluronidase HysA (HIyA) was present only in one S. oralis strain. Interestingly, only
S. pneumoniae and S. mitis harboured the N-acetyl-neuraminidase gene NanBC whereas S.
oralis contained a gene encoding another B-N-acetyl-hexosaminidase Pili can contribute to
virulence by facilitating adhesion to host tissues. A new variant of the pilus islet 2 has
described recently, and variants of the major pilus subunit PitB were found in several primate
streptococci. Part of the cia-regulon in S. pneumoniae are five so-called cia-dependent non-
coding small RNAs (ncRNA/csRNA), which also contribute to virulence potential (Marx, et al.,
2010). The current work revealed their widespread occurrence and variants thereof in viridans
streptococci. One surprising result was the presence of six csRNAs due to duplication, and
genetic islands were integrated between the duplicated csRNAs, suggesting that these

structures function as entry site during horizontal gene transfer.
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Since S. oralis could be isolated from several primates, it was interesting to see, whether, and

if how, they differ from the human isolate S. oralis Uo5.

Genes required for choline-containing teichoic acid described in S. pneumoniae were common
in S. mitis, S. oralis and present in even one S. infantis, and in case of the lic4 gene cluster
these genomes always contained the three CBPs LytB, CbpD and CbpF. Astounding was the
high variability of proteins involved in peptidoglycan-synthesis (PBP1a, 2b, 2x; MurMN)
especially in S. oralis, previously described for S. mitis (Denapaite, et al., 2010; Kilian, et al.,

III

2014). The human isolate S. oralis Uo5 contains an “unusual” murM gene and no murN gene
(Reichmann, et al., 2011), and in some primate S. oralis murM and murN are missing. It has
been suggested that the absence of MurM is only tolerated in a penicillin-sensitive context,
since deletion of murM results in a breakdown of the resistance phenotype (Filipe, et al., 2000;
Weber, et al., 2000). Interestingly, PBP2x and PBP2b of some MurMN-lacking strains contain
point mutations which are known to contribute to penicillin-resistance. Their effect on
penicillin susceptibility peptidoglycan structure needs to be investigated experimentally. In
this context it should be pointed out the antibiotic resistance determinants were only found
in isolates from animals held in captivity but not in wild animals. In contrast to the three PBPs
mentioned above, PBP2a was highly conserved among all isolates. Whereas one PBP3 gene is
present in S. pneumoniae, S. mitis and S. oralis, primate isolates representing other
streptococci of the Mitis group contained two PBP3 variants but only one variant appears to

be functional. The genetic environment indicated that these variants have been introduced by

horizontal gene transfer on several occasions.

In summary, several new insights into cell surface components, the distribution of virulence
factors and the genomic architecture complicated by inter-species gene transfer events have
been obtained. No gene indicating host specificity could be identified, requiring more isolates
especially from free living animals. However, new features related to S. oralis and other

viridans streptococci extended previous studies that focused on S. pneumoniae and S. mitis.
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5 Future prospects

The improvement of sequencing technologies, error correction, analysis methods and
annotation are an ongoing process. The genomes sequences presented in the current work
were generated by NGS technologies. Therefore, there are still gaps in the sequences as well
as potential errors in homopolymer stretches in case of 454 technology. Third generation
technologies are capable of decreasing the number of gaps and errors. Furthermore, repeat
structures, which often lead to gaps in the genome sequence due to alignment problems,
could be sequenced when the technology provides longer reads. As soon as the high error rate
and costs (Boldogkdi, et al., 2019) will be improved, this technology might provide sequences
without gaps and ambiguous homopolymer stretches. Also, due to the generation of single
reads per genome, assemblers and the errors they bring along will be obsolete. Less errors
will also improve comparative studies especially in case of deduced proteins, where indels
based on false sequences previously led to erroneous length of the gene products. In the
studies presented here, many genes and differences between sequences had to be excluded
from the analyses due to possible errors or gaps (4 — 16% of nucleotides) — 207 -233 CDS of
the ST10523 strains were excluded due to homopolymer stretches. As it can be seen at the
hlyA gene of the ST10523 isolates, important information can be missed and requires manual
inspection of individual genes of interest. Thus, eliminating the sources of errors and gaps
would massively improve quantity and quality of analysis results. The workflow presented in
the current work to provide a detailed comparison of genome sequences provides a basis that
can be adjusted in case of new technologies. Meanwhile, thousands of S. pneumoniae
genomes are available, providing the opportunity to obtain insights into more global aspects
of evolutionary mechanisms and gene transfer events, and a more precise determination of
species-specific and core genes of bacterial species as well as of closely related species. Such
data concern fundamental questions addressed in the present work: The evolution of
antibiotic resistance, pathogenicity and virulence factors, and the evolution of human specific

bacterial species.
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6 Abstract

The number of sequenced genomes increases rapidly due to the development of faster, better
and new technologies. Thus, there is a great interest in automation, and standardization of
the subsequent processing and analysis stages of the generated enormous amount of data. In
the current work, genomes of clones, strains and species of Streptococcus were compared,
which were sequenced, annotated and analysed with several technologies and methods. For
sequencing, the 454- and Illumina-technology were used. The assembly of the genomes
mainly was performed by the gsAssembler (Newbler) of Roche, the annotation was performed
by the annotation pipeline RAST, the transfer tool RATT or manually. Concerning analysis, sets
of deduced proteins of several genomes were compared to each other and common
components, the so-called core-genome, of the used genomes of one or closely related
species determined. Detailed comparative analysis was performed for the genomes of isolates

of two clones to gather single nucleotide variants (SNV) within genes.

This work focusses on the pathogenic organism Streptococcus pneumoniae. This species is a
paradigm for transformability, virulence and pathogenicity as well as resistance mechanisms
against antibiotics. Its close relatives S. mitis, S. pseudopneumoniae and S. oralis have no
pathogenicity potential as high as S. pneumoniae available and are thus of high interest to
understand the evolution of S. pneumoniae. Strains of two S. pneumoniae clones were chosen.
One is the ST10523 clone, which is associated with patients with cystic fibrosis and is
characterized by long-term persistence. This clone is lacking an active hyaluronidase, which is
one of the main virulence factors. The lack of two phage clusters possibly contributed to the
long persistence in the human host. The clone ST226 shows a high penicillin resistance but
interestingly one strain is sensitive against penicillin. Here it could be seen that the penicillin
resistance mainly arose from the presence of mosaic-PBPs, while special alleles of MurM and
CiaH - both genes are associated with penicillin-resistance — were present in resistant and
sensitive strains as well. Penicillin resistance of S. pneumoniae is the result of horizontal gene
transfer, where DNA of closely related species, mainly S. mitis or S. oralis, served as donor.
The transfer of DNA from the high-level penicillin-resistant strain S. oralis Uo5 to the sensitive
strain S. pneumoniae R6 was intentioned to reveal the amount of transferred DNA and
whether it is possible to reach the high resistance level of S. oralis Uo5. Altogether, about 19kb

of S. oralis DNA were transferred after three successive transformation steps, about 10-fold
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less than during transfer from S. mitis, which is more closely related to S. pneumoniae, as
donor. MurE was identified as new resistance determinant. Since the resistance level of the
donor strain could not be reached, it is assumed, that further unknown factors are present
which contribute to penicillin resistance. The comparison of S. pneumoniae and its close
relatives was performed using deduced protein sequences. 1.041 homologous proteins are
common to the four complete genomes of S. pneumoniae R6, S. pseudopneumoniae 157493,
S. mitis B6 and S. oralis Uo5. Most of the virulence and pathogenicity factors described for
S. pneumoniae could also be found in commensal species. These observations were confirmed
by further investigations by Kilian et al. (Kilian, et al.,, 2019). After adding 26 complete
S. pneumoniae genomes to the analysis, only 104 gene products could be identified as specific
for this species. Investigations of a larger number of related streptococci, which were isolated
from human and several primates, confirmed the presence of most of the virulence factors of
human pneumococci in S. oralis and S. mitis strains from primates. While NanBC is common
among S. pneumoniae and is missing in all S.oralis, all S. oralis contain a R-N-acetyl-
hexosaminidase which vice versa is missing in S. pneumoniae. The occurrence of S. oralis also
in free-living chimpanzees suggests the assumption, that this species is part of the commensal
flora of these Old-World monkeys unlike S. pneumoniae which has evolved with its human
host. Compared to S. pneumoniae, S. oralis shows an amazing variability in factors important
for biosynthesis of peptidoglycan and teichoic acid (PBP, MurMN, lic-cluster). Some
streptococci contain a second PGP3 homologue. Additional analyses with further isolates,

especially of wild animals, are necessary to determine host-specific components.
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6.1 Zusammenfassung

Durch immer bessere, schnellere und auch neue Technologien steigt die Zahl der
Genomsequenzierungen stetig und rapide an. Folglich besteht ein hoher Anspruch auf
Automatisierung und Vereinheitlichung der nachgelagerten Verarbeitungs- und
Analyseschritte der entstehenden enormen Datenmengen. In der vorliegenden Arbeit werden
Genome verschiedener Streptokokken-Klone, -Stamme und -Arten miteinander verglichen,
die mit verschiedenen Techniken und Methoden sequenziert, annotiert und analysiert
wurden. Fir die Sequenzierung wurden 454- und Illumina-Technologie verwendet. Die
Assemblierung der Genome erfolgte hauptsachlich mit dem gsAssembler (Newbler) von
Roche, die Annotation mit Hilfe der Annotations-Pipeline RAST, dem Transfertool RATT oder
manuell. Hinsichtlich der Analysen wurden Satze abgeleiteter Proteine verschiedener Genome
miteinander verglichen und gemeinsame Komponenten, das sogenannte Core-Genom, der
verwendeten Genome einer oder eng verwandter Spezies ermittelt. Fir die Genome von
Stammen zweier Klone wurden detaillierte vergleichende Analysen zur Erfassung von ,single

nucleotide variants” (SNV) in den Genen durchgefihrt.

Fokus dieser Arbeit ist der pathogene Organismus Streptococcus pneumoniae. Dieser ist ein
Musterbeispiel fir Transformierbarkeit, aber auch fur Virulenz, Pathogenitat und
Resistenzmechanismen gegen Antibiotika. Seine nachsten Verwandten, S. mitis,
S. pseudopneumoniae und S. oralis, besitzen nicht so ein hohes Pathogenitatspotential wie
S. pneumoniae und sind daher von groRem Interesse, um die Evolution von S. pneumoniae zu
verstehen. Stamme zweier S. pneumoniae-Klone wurden herausgegriffen. In einem Fall
handelt es sich um einen Klon ST10523, der aullergewdhnlich lange mit Patienten assoziiert
war, die an cystischer Fibrose erkrankt waren. Diesem Klon fehlte offenbar eine aktive
Hyaluronidase, einer der Hauptvirulenzfaktoren. Das Fehlen zweier Prophagencluster trug
moglicherweise ebenfalls zu dem langen Verbleiben im menschlichen Wirt bei. Der Klon ST226
weist eine hohe Penizillinresistenz auf, ein Stamm ist allerdings interessanterweise sensitiv
gegeniber Penicillin. Hier zeigte sich, dass die Penizillinresistenz hauptsachlich vom
Vorhandensein von Mosaik-PBPs herriihrte, wobei spezielle Allele von MurM und CiaH, beides
Gene, die mit Penizillinresistenz in Verbindung gebracht werden, sowohl in resistenten als
auch in dem sensitiven Stamm vorhanden waren. Penizillinresistenz von S. pneumoniae ist das

Resultat von inter-spezies Gentransfer, wobei DNS nahe verwandter Streptokokken, vor allem
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von S. mitis aber auch S. oralis, als Donor dient. Der Transfer von DNS vom hochgradig
penizillinresistenten S. oralis-Stamm Uo5 auf den sensitiven S. pneumoniae-Stramm R6 sollte
ermitteln, welche Mengen DNS dabei (ibertragen werden kénnen und ob es moglich ist, das
hohe Resistenzniveau des S. oralis-Stammes zu erreichen. Insgesamt wurde nach drei
Transformationsschritten fast 19 kb S. oralis DNS Ubertragen, ungefahr 10fach weniger als im
Falle von dem mit S. pneumoniae naher verwandten S. mitis als Donor. MurE wurde als neue
Resistenzdeterminante identifiziert. Da das Resistenzniveau des Donorstammes in dem
Rezipienten nicht erreicht werden konnte, besteht die Vermutung, dass es noch weitere,
bislang unbekannte, Faktoren gibt, die zur Penizillinresistenz beitragen. Die Vergleiche von
S. pneumoniae und seinen nahen Verwandten wurden auf Basis der abgeleiteten
Proteinsequenzen durchgefiihrt. Den vier Genomen von S. pneumoniae R6,
S. pseudopneumoniae 1S7493, S. mitis B6 und S. oralis Uo5, die alle vollstandig vorliegen, sind
1.041 homologe Proteine gemeinsam. Die meisten Virulenz- und Pathogenitatsfaktoren, die
flir S. pneumoniae beschrieben wurden, konnten auch in den kommensalen Spezies gefunden
werden. Diese Beobachtungen wurden spater durch Kilian et al. (Kilian, et al., 2019) durch
weitere Untersuchungen bestétigt. Bei Hinzuziehen von allen 26 kompletten S. pneumoniae
Genomen konnten nur 104 Genprodukte spezifisch fiir diese Spezies identifiziert werden.
Untersuchungen einer gréBeren Anzahl verwandter Streptokokken, die aus Menschen und
verschiedenen Primaten isoliert wurden, bestéatigten, dass die meisten Virulenzfaktoren, die
in menschlichen Pneumokokken vorhanden sind, auch in S. mitis und S. oralis aus Primaten
vorkommen. Wahrend in S. pneumoniae haufig NanBC vorkommt, die in allen S. oralis fehlt,
besaRen alle S. oralis eine $-N-Acetyl-Hexosaminidase, die wiederum in S. pneumoniae fehlt.
Die Beobachtung, dass S. oralis auch in freilebenden Schimpansen gefunden werden konnte,
legt die Vermutung nahe, dass diese Spezies Teil der kommensalen Flora dieser Altweltaffen
ist und nicht, wie S. pneumoniae, mit dem Menschen evolviert ist. Verglichen mit
S. pneumoniae zeigten S. oralis eine erstaunliche Variabilitat in Faktoren, die fir die
Biosynthese von Peptidoglycan und Teichonsaure verantwortlich sind (PBP, MurMN und das
lic-Cluster). Einige Streptokokken wiesen ein zweites Homolog von PBP3 auf. Weiterfiihrende
Studien mit mehr Isolaten, vor allem von freilebenden Tieren, sind notwendig, um

wirtsspezifische Komponenten aufzuzeigen.
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Abbreviations

aa amino acid NGS next generation
sequencing
ACT Artemis Comparison Tool N, A, C, G, unknown/ambiguous
T nucleotide, adenine,
cytosine, guanine, thymine
ATP adenosine triphosphate NCBI National Center for
Biotechnology Information
BLAST Basic Local Alignment and Search | nt nucleotide
Tool
Blp Bacteriocin-like peptide ONT Oxford nanopore
technology
CBP choline-binding protein PBP penicillin binding protein
C/p/O Cefotaxime/Piperacillin/Oxacillin | PG peptidoglycan
CDS (protein) coding sequence PGAP NCBI prokaryotic genome
annotation pipeline
CF cystic fibrosis Ply pneumolysin
COoG Cluster of orthologous groups Pro Proline
CRISPR clustered regularly interspaced RAST rapid annotations using
palindromic repeat subsystems technology
CsP competence stimulating peptide | RATT rapid annotation transfer
tool
ddNTP dideoxy nucleotide triphosphate | RBS Ribosome binding site
DIP Deletion/Insertion polymorphism | (t/r/nc) (transfer/ribosomal/non-
RNA coding) ribonucleic acid
DNA desoxyribonucleic acid RUP repeat unit of
pneumococcus
EMBL European Molecular Biology SFF Standard Flowgram Format
Laboratory
GIn Glutamine SLO/SLS Streptolysin O/S
HPN homopolynucleotide SLv single locus variant
ICE integrative and conjugative SNP single nucleotide
element polymorphism
Indel single nucleotide insertion and/or | SNV single nucleotide variation
deletion (SNP or indel/DIP)
IS insertion sequence TCS two-component system
LTA Lipoteichoic acid TGS Third generation
sequencing technology
MIC minimal inhibitory concentration | VF virulence factor
MLSA multi locus sequence analysis WASABI Web-Accessible Sequence
Analysis for Biological
Inference
MLST multi locus sequence typing WTA wall teichoic acid
(I/H) MM | (interpolated/hidden) Markov

Model
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