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Abbreviations 

AIDS: acquired immune deficiency syndrome 

AOM: acute otitis media 

ATCC: American Type Culture Collection 

BLNAR: β-lactamase-non-producing ampicillin resistance 

BLPAR: β-lactamase positive ampicillin resistance 

BLPACR: β-lactamase positive amoxicillin/clavulanic acid resistance 

CA-MRSA: community-acquired methicillin resistant S. aureus 

CAP: community acquired pneumonia 

CDC: Centers for Disease Control and Prevention 

COPD: Chronic obstructive pulmonary disease 

DCC: day-care center 

ECDC: European Centre for Disease prevention and Control 

EUCAST: European Committee on Antimicrobial Susceptibility Testing 

EU/EEA: European Union/European Economic Area 

Hap: Haemophilus adhesion protein 

HA-MRSA: hospital-associated methicillin resistant S. aureus 

Hia: H. influenzae adhesion 

Hib: H. influenzae serotye b 

H. influenzae: Haemophilus influenzae 

HIV: human immunodeficiency virus 

HMW1/HMW2: high molecular weight proteins 

ICAM1: intercellular adhesion molecule 1 

IgA: immunoglobulin A 
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IgD: immunoglobulin D 

IgG: immunoglobulin G 

IPD: invasive pneumococcal disease 

LA-MRSA: livestock-associated methicillin resistant S. aureus 

LOS: lipooligosaccharide 

M. catarrhalis: Moraxella catarrhalis 

MHC II: major histocompatibility complex class II 

MIC: minimum inhibitory concentration 

MID/Hag: M. catarrhalis immunoglobulin D-binding protein/hemagglutinin 

MLST: multilocus sequence typing 

MRSA: methicillin resistant S. aureus 

MSSA: methicillin-sensitive S. aureus 

NAD: nicotinamide adenine dinucleotide 

NT: non-typeable 

NTHi: non-typeable Haemophilus influenzae 

NVT: non-vaccine type 

OM: otitis media 

ON: overnight 

PCho: phosphorylcholine 

PCR: polymerase chain reaction 

PBP: penicillin binding protein 

PCV7: 7-valent pneumococcal conjugate vaccine 

PCV13: 13-valent pneumococcal conjugate vaccine 
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PFGE: Pulsed-field gel electrophoresis 

PPV23: 23-valent pneumococcal polysaccharide vaccine 

PVL: Panton-Valentine Leukocidin 

S. aureus: Staphylococcus aureus 

SCCmec: staphylococcal cassette chromosome mec 

S. pneumoniae: Streptococcus pneumoniae 

SSSS: staphylococcal scalded skin syndrome 

TEA: Tris-acetate EDTA 

TMP/SMX: trimethoprim/sulfamethoxazole 

TSS: Toxic shock syndrome 

USA: United States of America 

Usp: Ubiquitous surface protein 

VT: vaccine type 
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1. Introduction 

Streptococcus pneumoniae (S. pneumoniae), Staphylococcus aureus (S. aureus), 

Haemophilus influenzae (H. influenzae) and Moraxella catarrhalis (M. catarrhalis) are 

common pathogens found in the respiratory tract. Except for S. aureus, they are obligate 

human pathogens (1-4). Preschool children carry these pathogens often 

asymptomatically, but occasionally, when their immune system is compromised by a 

simultaneous viral infection or other enhancing factor, even severe diseases can develop. 

Disease is most common in young children (< 5 years) and in elderly (> 65 years) who 

are often contacting with grandchildren (5, 6). The following detailed introduction 

summarizes the most important characteristics of the four investigated species. 

 

1.1. S. pneumoniae 

1.1.1. S. pneumoniae in general  

S. pneumoniae is a Gram-

positive, catalase negative 

coccus, sized 0.8-1.5µm, 

displayed as diplococci 

(arranged in pairs) or short 

chains under the microscope. 

It has α-hemolytic activity, 

which means that on blood 

agar plate a greenish 

discoloration can be seen 

around the colonies due to partial lysis of red blood cells (Figure 1). S. pneumoniae 

belongs to the mitis group of streptococci and other mitis group streptococci (S. mitis, S. 

oralis, and S. pseudopneumoniae) are associated with human diseases, therefore it is 

crucial to identify them accurately for the proper treatment (3, 7-10). The routine culture-

based identification of S. pneumoniae involves bile solubility and optochin susceptibility 

testing (11). However, exceptions were also reported (12, 13). 

Figure 1. Culture of S. pneumoniae on blood agar 

(Photo by E. Kovács) 
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Nowadays, a lot of molecular methods can be involved in S. pneumoniae identification, 

like PCR of species-specific target genes (pneumolysin, autolysin, pneumococcal surface 

antigen A) (14-16), multilocus sequence typing (MLST) or whole genome sequencing 

(WGS) (17, 18). 

1.1.2. Virulence factors 

S. pneumoniae, like many other bacterial species, produces toxins that are harmful to its 

host, has several surface proteins and physical structures, which play a vital role in its 

pathogenesis (19). Some selected, important virulence factors are listed in Table 1. 

The most important virulence factor of S. pneumoniae is its polysaccharide capsule, 

which protects the microbe from phagocytosis. The capsule is strongly antigentic, 

therefore the antibodies produced by the immune system against it can neutralize the 

pneumococcus. Unfortunately, more than 95 serotypes are distinguished currently, which 

challenges vaccine improvement (20). 

First, Fred Neufeld described a process to differentiate serotypes with the help of type-

specific antisera in 1902. Basically, the capsule will appear to swell due to binding of 

antibodies which cause a surface tension. This phenomenon can be visualized under a 

microscope. The method is also called as Quellung reaction (21, 22). 

Capsule switching ability further increases its virulence. Mutations in the capsule 

polysaccharide synthesis genes (cps) promote serotype switching. This phenomenon can 

be observed often under antibiotic or vaccine pressure (23). 

Table 1. Selected virulence factors of S. pneumoniae, their location, and function (24). 

Virulence factor Location on S. 

pneumoniae 

Function 

Polysaccharide 

capsule 

Layer of 

polysaccharides 

on cell wall 

• Allows the bacteria to escape the nasal mucus 

• Inhibits phagocytosis by innate immune cells 

• Escapes neutrophil net traps 

• Inhibits complement and recognition by 

immunoglobulins 

• Allows adherence and colonization of the 

nasopharynx 

Pneumolysin Cytoplasmic toxin • Binds to membranes with cholesterol 

• Forms pores which cause cell lysis 

• Induces inflammation 

• Drives host-to-host transmission 
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• Can activate complement and modulate 

chemokine and cytokine production 

Autolysin (lytic 

amidase) 

Intracellular 

enzyme produced 

by Gram-positive 

bacteria 

• Cell lysis 

• Break down peptidoglycan 

• Exposes hosts cell to pneumolysin and teichoic 

acid 

• Enhances bacterial colonization 

Pneumococcal 

surface 

protein A 

Bound to the cell 

wall via 

phosphorylcholine 

(PCho) moiety 

• Protects against complement system of the host 

• Enhances colonization by adhering to epithelial 

cell membranes 

• Decreases the deposition of the complement 

Pneumococcal 

surface protein 

C, also known as 

choline-binding 

protein 

A (CbpA) 

Bound to the cell 

wall via PCho 

moiety 

• Protects against the complement system of the 

host 

• Binds to receptors such as the human polymeric 

immunoglobulin A (IgA) 

• during colonization and invasion the 

nasopharynx 

• Cell adhesion and colonization of nasopharynx 

Pneumococcal 

surface adhesin 

A (PsaA) 

Surface of the cell 

wall 

 

 

• Transports magnesium and zinc into the 

cytoplasm of the bacteria 

• Enhances invasion of epithelial cells during 

nasopharynx colonization 

Other choline-

binding 

proteins: LytB, 

LytC, CbpC, 

CbpG 

Bound to the cell 

wall via 

PCho moiety 

• Promote bacterial colonization of the 

nasopharynx 

• Modify proteins on cell surfaces and allows for 

binding to host cell receptors 

• Important for host cell recognition 

Non-classical 

surface proteins 

Surface of the cell 

wall 

• Act as adhesins 

• Promote immune system evasion by inhibiting 

complement 

• Controls inflammation and affects cytokine 

production 

Pili Cell surface • Promotes adherence and colonization of the 

epithelial cells within 

• the nasopharynx 

• Inhibits phagocytosis by immune cells 

Bacteriocin Produced and 

secreted 

by the bacterium 

• Inhibits the growth of competing bacterial cells 

Neuraminidase Cell wall bound • Degrades mucus 

• Promotes growth and survival 

• Enhances cell adherence 

Biofilm 

formation 

capability 

 • Helps to reduce bacterial recognition by the host 

immune system 

• Reduces the impact of antimicrobial agents on 

bacteria 

IgA protease Secreted by the 

bacteria into 

the extracellular 

environment 

• Breaks down IgA during mucosal infections 

Lipoteichoic 

acid 

Membrane bound • Causes inflammation 
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1.1.3. Diseases caused by S. pneumoniae 

Pneumococci can cause both life threatening invasive and severe or milder mucosal 

infections. S. pneumoniae causes more than 50% of bacterial meningitis in the USA (25, 

26) and it is predominantly seen in young children. Bacteremia refers to bacterial invasion 

of the blood. By colonizing the middle ear, it can cause otitis media (OM). According to 

CDC data, approximately 60% of young children would have at least one episode, but at 

least 40% of children have recurrent forms, thus acute otitis media (AOM) is the number 

one reason for antibiotic prescription in childhood  (26). S. pneumoniae can be responsible 

also for sinusitis and pneumonia. Pneumococcus is the leading etiological agent of 

community acquired pneumonia (CAP) in the USA and worldwide (26). In Europe, an 

average of 6.4 invasive pneumococcal disease (IPD) cases per 100000 population 

occurred in 2018 (27).  

1.1.4. Antibiotic resistance 

The first penicillin-resistant strains were recorded in the 1970s (28). A significant 

proportion of S. pneumoniae is showing intermediate level resistance to penicillin (0.06 

mg/L < MIC ≤ 2 mg/L) but some strains can fall into the resistant category (MIC >2 

mg/L). Penicillin resistance is related to structurally modified penicillin-binding proteins 

of S pneumoniae. The modified proteins allow peptidoglycan synthesis despite the 

presence of penicillin. However, treatment can still be successful with higher dose 

penicillin and cephalosporins. S. pneumoniae can also acquire resistance to erythromycin, 

tetracycline, fluoroquinolones, trimethoprim/sulfamethoxazole (TMP/SMX). 

Vancomycin can be added to the therapy if necessary (29). 

1.1.5. Vaccination 

B cell immunity is important against encapsulated bacteria. B cell responses are T cell 

dependent mainly, but responses to polysaccharides are T- independent, therefore 

memory B cells are not developed. As a result, polysaccharide vaccines are poorly 

immunogenic under two years of age. With conjugation methods, where the 

polysaccharide antigen is linked with a protein carrier, T cells are involved into the 

immune response thus polysaccharide-specific memory B cells are generated even in 

young children (30, 31). 
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Complement and spleen also has a crucial role in protection against encapsulated bacteria. 

Spleen facilitates phagocytosis and produces opsonins and components of the 

complement pathway. Asplenic or hyposplenic individuals (e.g., post-splenectomy, sickle 

cell disease) are therefore at much higher risk of a serious infection. Therefore, 

vaccination is highly recommended for individuals with impaired splenic function as well 

(32). 

The currently marketed 23-valent pneumococcal polysaccharide vaccine (PPV23) has 

been available since 1983. It contains purified polysaccharides from 23 of the currently 

known more than 95 serotypes (Table 2) (33). 

Due to non-immunogenic effect of PPV23 under two years of age, pneumococcal 

conjugated vaccines (PCVs) were developed (Table 2). First, PCV7 (4, 6B, 9V, 14, 18C, 

19F, 23F) was implemented in 2000 in the USA, after conducting a milestone clinical 

trial in which 89% efficacy against the seven vaccine serotypes was shown (34). The 

chosen seven serotypes were associated with the majority of invasive diseases in the USA 

that time and were typically antibiotic resistant (35, 36). 

Routine use of PCV7 resulted in a sharp decrease in PCV7 serotypes among invasive 

diseases, but on the other hand, an increased incidence of non-PCV7 types, especially 

19A was observed (37-39). This vaccination-induced selective pressure lead to the need 

to widen the spectrum of PCVs. Higher valent PCV formulations (PCV10 and PCV13) 

were intended to target the residual burden of invasive pneumococcal disease, non-

invasive infections (pneumonia and otitis media) and infections caused by non-PCV7 

serotypes. These higher valency PCV vaccines were first introduced in Germany within 

Europe (PCV10 in April 2009 and PCV13 in December 2009) and subsequently in other 

countries (40). 

In Hungary, PCV7 became available in 2005 and in 2008 vaccination became freely 

available for children <2 years. In 2009, vaccination was officially recommended; it was 

replaced by PCV13 in 2010, which was then made mandatory in July 2014 in a 2 + 1 

scheme (41, 42). From 2009 onwards, the vaccination rate has quickly raised to >80% 

and now is close to 100%, according to the latest available data (43, 44). 
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Nonetheless, the dynamic serotype rearrangement of pneumococci did not stop, therefore 

further extension of the included serotypes is continuously required. New 15-valent and 

20-valent conjugated vaccines are in the pipeline, with the following additional planned 

serotypes: 8, 10A, 11A, 12F, 15B, 22F, 33F (45, 46). 

The burden of invasive pneumococcal disease among older children and adults who did 

not receive PCV has also fallen markedly in the context of routine pediatric vaccination 

programs. This herd-protection effect is the result of reduced transmission and carriage 

of vaccine type pneumococci in the community (38, 47). 

Table 2. Pneumococcal serotypes included in the licensed pneumococcal vaccines (33, 

40) 

Vaccine Manufacturer Serotypes Type of vaccine 

PPV23 (Pneumovax 

23)® 

MSD 1, 2, 3, 4, 5, 6B, 7F, 

8, 9N, 9V, 10A, 

11A, 12F, 14, 15B, 

17F, 18C, 19F, 19A, 

20, 22F, 23F, 33F 

polysaccharide 

PCV7 (Prevenar) ® Pfizer 4, 6B, 9V, 14, 

18C,19F, 23F 

conjugated 

PCV10 (Synflorix) ® GSK 4, 6B, 9V, 14, 

18C,19F, 23F, 1, 5, 

7F 

conjugated 

PCV13 (Prevenar 

13) ® 

Pfizer 4, 6B, 9V, 14, 

18C,19F, 23F, 1, 3, 

5, 6A, 7F, 19A 

conjugated 
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1.2. S. aureus 

1.2.1. S. aureus in general 

S. aureus is a Gram-positive coccus of 1 

µm in size, forming grape-like clusters 

under the microscope. They are catalase 

and coagulase positive, β-hemolytic (i.e., 

completely hemolyze red blood cells on 

blood agar plate), and produce golden-

pigment (Figure 2) (2). 

 

1.2.2. Virulence factors 

Like many other bacteria that can cause invasive diseases, S. aureus also produces a 

polysaccharide capsule which inhibits phagocytosis. Capsule production by S. aureus was 

first described in 1931 by Gilbert (48). 

Catalase activity facilitates intracellular survival by breaking down hydrogen peroxide, a 

host defense mechanism (49). 

Coagulase has two types in S. aureus. One of them is the bound coagulase or clumping 

factor. Another type is the so called free coagulase. They catalyse the fibrinogenfibrin 

conversion, protecting it from phagocytosis (49).  

Several enzymes help the bacterium spreading: hyaluronidase disrupts proteoglycans in 

connective tissue; proteases destroy proteins; staphylokinase lyses formed fibrin clots; 

lipase degrades fats and oils. Lipase enzyme facilitates S. aureus colonization of 

sebaceous glands (49). 

Protein A is expressed on the surface of the bacteria. It has sites that bind the Fc receptors 

of immunoglobulin G (IgG) antibodies. This may protect S. aureus from opsonisation and 

phagocytosis (50). 

There are four types of hemolysins: alpha, beta, gamma and delta with cytolytic activity. 

Hemolysin-α and leukotoxin AB play a synergistic role in promoting macrophage 

dysfunction and eliciting cell death when S. aureus organizes as a biofilm (51). 

Figure 2. Culture of S. aureus on blood agar 

(Photo by E. Kovács) 
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Hemolysin-β is highly hemolytic towards erythrocytes in sheep, but not in rabbits. The 

difference in susceptibility for erythrocytes may be due to the different sphingomyelin 

contents of these cells since the toxin is also known as sphingomyelinase (52, 53). So far, 

four bi-component leukotoxins were described that are structurally similar to hemolysin-

α: Panton-Valentine Leukocidin (PVL), γ-hemolysin, leukotoxin ED and leukotoxin 

AB/GH. These are pore-forming toxins with different cell specificity, targeting 

leukocytes, neutrophils, monocytes, dendritic cells and red blood cells (54). PVL is 

present in a small percentage (approximately 5%) in clinical S. aureus strains, but it is 

strongly associated with community-acquired methicillin-resistant S. aureus (CA-

MRSA) strains (approximately 85%), particularly those causing pneumonia, and skin and 

soft tissue infections (54). 

Exfoliative toxins (type A, B, C and D), also known as epidermolytic toxins, are 

extremely specific serine proteases which cause the staphylococcal scalded skin 

syndrome (SSSS). Exfoliative toxins are “molecular scissors” associated with cleavage 

of keratinocytes junctions and cell-cell adhesions in the epidermis of the host which can 

induce skin peeling and blister formation (55). 

There are more than 23 staphylococcal superantigen toxins described, particularly the 

toxic shock syndrome toxin (TSST-1) and the staphylococcal enterotoxins (SEA to SEE, 

SEG to SEJ, SEL to SEQ and SER to SET), and 11 staphylococcal superantigen-like 

toxins (SEIK to SEIQ, SEIU to SEIX) (56-58). Superantigens are able to bind to major 

histocompatibility complex class II (MHC II) molecules on antigen presenting cells. This 

induces a massive T cell response and cytokine release, thereby causing generalized 

shock-like symptoms (e.g., high fever, rash, desquamation, vomiting, diarrhea, 

hypotension, and frequently can result in multiple organ failure) (59). 

1.2.3. Diseases caused by S. aureus 

Diseases can be separated into two groups. The first group comprises of exotoxin caused 

diseases, like gastroenteritis (food poisoning), toxic shock syndrome and SSSS. 

Gastroenteritis is manifested clinically as emesis with or without diarrhea. This condition 

is resulted by ingestion of one or more heat-stable staphylococcal enterotoxins on food. 

Fever and hypotension is rarely observed in cases of staphylococcal food poisoning. 
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Gastroenteritis caused by staphylococcal enterotoxins is self-limited and typically 

resolves within 24 to 48 h of onset (60). 

Toxic shock syndrome (TSS) is an acute and potentially fatal illness that is characterized 

by a high fever, diffuse erythematous rash, desquamation of the skin 1 to 2 weeks after 

onset (if not fatal before this time), hypotension and multisystem involvement. In the 

early 1980s, an epidemic of TSS occurred among young women in the United States. 

Nearly all of these cases were associated with menstruation, the use of tampons and 

vaginal or cervical colonization (61, 62). There are also important nonmenstrual subsets 

of TSS, including influenza-associated cases in which S. aureus superinfects tracheal 

lesions caused by the virus, as well as postsurgical TSS (63). Also in acquired immune 

deficiency syndrome (AIDS) patients, TSS was observed manifested as a recalcitrant, 

erythematous, desquamating disorder (64).  

SSSS is a syndrome characterized by skin exfoliation, but its early manifestations include 

fever, skin hypersensitivity, and erythema, followed by superficial fluid-filled blister 

formation and skin separation. If it affects only a restricted area it is called as bullous 

impetigo (65). 

The second group is caused by the direct organ invasion by S. aureus: pneumonia, 

meningitis, osteomyelitis, acute bacterial endocarditis, septic arthritis, skin infections, 

bacteremia, sepsis, urinary tract infection. 

In the industrialized world, the incidence of S. aureus bacteremia ranges from 10 to 30 

per 100,000 person per year (66). In the United States, the incidence of endocarditis was 

calculated to increase from 11.4 per 100,000 person-years in 1999 to 16.6 per 100,000 

person-years in 2006 with the increase of S. aureus driven endocarditis. S. aureus 

endocarditis was also associated with increased mortality compared to other causative 

pathogens (67-69). 

Impetigo is the most common bacterial skin infection of children (70). While S. aureus 

cellulitis most commonly involves the lower extremities, it may also involve other 

regions, including the upper extremities, abdominal wall, and face (71). There is a strong 

epidemiological association between PVL and abscesses and furuncles (72). A carbuncle 
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is a contiguous collection of two or more furuncles. It affects the surrounding skin and 

deep underlying subcutaneous tissue of the infected hair follicles (73). 

In Taiwan, a review of 53 patients with necrotizing fasciitis revealed that 38% of the 

infections were caused by S. aureus, 60% of which were caused by methicillin-resistant 

S. aureus (MRSA) (74). 

Pyomyositis is more typical in tropical countries. In temperate climates, it occurs 

primarily in children and in young adults and it was also reported in association with 

human immunodeficiency virus (HIV) (75, 76). 

Surgical site infections are also common among S. aureus infections. S. aureus is the most 

common cause of postoperative mediastinitis (77).  

Osteomyelitis is an infection of bone resulting in its inflammatory destruction, bone 

necrosis, and new bone formation. In Denmark, S. aureus caused 55% of vertebral 

osteomyelitis cases and the incidence of S. aureus vertebral osteomyelitis increased from 

1.6 to 2.5 per 100,000 person-years (78). 

Septic arthritis is quite rare in Western Europe but there is a higher incidence in 

socioeconomically disadvantaged populations (e.g., 29.1 per 100,000 person-years in 

aboriginal Australians) (79). 

S. aureus is particularly adept at prosthetic device infections due to its biofilm formation 

ability (80). 

Pneumonia, caused by S. aureus, was first described during the influenza pandemic in 

1918. Thereafter, it remained an infrequent but well-documented cause of CAP (81, 82). 

Recently, new clinical strains causing severe necrotizing pneumonia have emerged (83). 

S. aureus pneumonia or empyema may occur as a result of hematogenous spread from an 

infected cardiac valve or via local extension from another infected source (84). 

S. aureus is an uncommon cause of bacterial meningitis. It can be derived from a 

hematogenous spread of an S. aureus infection or a neurosurgical intervention (85, 86). 

S. aureus urinary tract infections are more common in patients with an indwelling urinary 

catheter (87). 
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1.2.4. Antibiotic resistance 

Penicillin resistance in S. aureus can occur in two different ways. One is producing β-

lactamase (penicillinase) enzyme which disrupts the β-lactam ring of the penicillin 

molecule, thereby inactivating β-lactam antibiotics (88, 89). Methicillin, oxacillin etc. are 

however penicillinase resistant penicillins. The other way is to have a novel, modified 

penicillin binding protein (PBP). PBP is also called transpeptidase and is responsible for 

cell wall formation due to its enzymatic activity however, penicillin inhibits this activity 

(90). The novel PBP, called PBP2a (encoded by mecA gene) is resistant to penicillinase-

resistant penicillins and all β-lactam antibiotics (91, 92). 

The first MRSA strain was reported in 1961 (93), two years after methicillin was 

introduced into clinical practice. The spread of MRSA may occur at least by two different 

mechanisms: spread of existing resistant clones and acquisition of staphylococcal cassette 

chromosome mec (SCCmec) by a methicillin-sensitive S. aureus (MSSA) strain. 

Sequencing of the region containing mecA revealed a distinct mobile genetic element  

(SCCmec), that is present in MRSA but absent in MSSA (94). In 2011, a new mecA gene 

homologue, mecALGA251, was found in isolates from both humans and animals. The 

International Working Group on the Classification of Staphylococcal Cassette 

Chromosome Elements renamed it to mecC (95). MecC occurs predominantly in a single 

lineage of MRSA in Europe with a very low prevalence (96). 

Originally, MRSA were limited to hospitals (hospital-associated MRSA (HA-MRSA)). 

These strains are resistant to multiple antibiotics, usually have large SCCmec elements 

and have sacrified virulence for high levels of resistance to β- lactams (97, 98). In the past 

two decades, CA-MRSA have emerged. These strains carry a small SCCmec cassette, are 

not resistant to multiple antibiotics and have enhanced virulence (99, 100). CA-MRSA 

typically express lower levels of resistance to β-lactams (98). Since the mid‑2000s, it has 

also been associated with livestock exposure (livestock-associated MRSA (LA‑MRSA)) 

(101). 

MRSA strains are usually multidrug resistant and vancomycin is one of the few antibiotics 

useful to treat MRSA infections. However, vancomycin resistance was already reported 

(102). 
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1.2.5. Vaccination 

Staphylococcal toxins are promising vaccine targets. Vaccines should induce antibody 

response to prevent bacterial adherence and allow the neutralization of the produced 

toxins. However, vaccine development against S. aureus is an extraordinary challenge as 

there is a large number of toxins and the expression of the toxins vary significantly with 

the bacterial genotype. Hence, a broad-spectrum anti-toxin vaccine would be needed 

(103). 

1.3. H. influenzae 

1.3.1. H. influenzae in general 

H. influenzae is a nonmotile Gram-negative 

coccobacillus which requires blood (hemin),- 

and nicotinamide adenine dinucleotide (NAD)-

containing medium for growth (Figure 3). 

Chocolate agar, where red blood cells are lysed 

by heat and therefore hemin and NAD (X and V 

factors) are released, is appropriate for culturing. 

It is catalase positive, sized approximately 0.3 

µm (104).  

 

1.3.2. Virulence factors 

Polysaccharide capsule is one of the most important virulence factors of H. influenzae 

and based on it we classify them into six serotypes (a-f). Of these, serotype b is mostly 

associated with invasive diseases, such as meningitis. Capsule prevents complement-

mediated killing and opsonization thus it protects the bacteria from phagocytosis. Unlike 

capsulated strains, the lack of a polysaccharide capsule on non-typable strains (non-

typable H. influenzae, NTHi) means the absence of ability to block some binding or 

deposition of host innate immune factors (105, 106). 

In NTHi, adhesion is achieved by two main groups of adhesion proteins - high molecular 

weight proteins (HMW1/HMW2) and H. influenzae adhesin (Hia). The level of 

expression of HMW1/HMW2 is associated with the development of OM in children and 

Figure 3. Culture of H. influenzae on 

chocolate agar plate (Photo by E. 

Kovács) 
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bronchitis in patients with chronic obstructive pulmonary disease (COPD). Hia analogue 

in encapsulated H. influenzae serotypes is Hsf adhesin (107).  

Haemophilus adhesion protein (Hap) mediates binding to epithelial cells, and is able to 

do this through binding to laminin, fibronectin, and collagen IV (108, 109). Hap is noted 

for acting in concert with protein E in order to bind laminin (110). The ABC transporter 

protein F also bind to host cells via laminin (111). Hap and protein E has a multitasking 

ability as they also play role in entry into human bronchial respiratory epithelial cells 

(112, 113). 

Protein D is a surface-exposed-associated glycerophosphodiester phosphodiesterase that 

is crucial for survival in the host, where it is able to bind to and facilitate entry into 

mononuclear cells (114). 

The pilus of NTHi, specifically the pilus tip, PilA, was recently shown to bind 

intercellular adhesion molecule 1 (ICAM1) on the surface of epithelial cells. Pili occur 

on NTHi as well as on the typeable strains, where the pili are able to bind mucin (115, 

116).  

Outer membrane proteins are six to eight in number. Some of them such as P2 and P6 are 

being intensively studied as antigens that may be included in vaccine preparations against 

nontypable strains. They contribute to the adhesion and invasion of host tissues. (117). 

Other outer membrane proteins, like porin P5 are able to bind human factor H, which 

enables it to avoid C3 complement deposition. P4 is able to use its vitronectin-binding 

ability to resist serum killing (118, 119). 

IgA1 protease inactivates human immunoglobulin A1 and facilitates the colonization of 

mucosae. The presence of a second IgA protease has been detected, more common in 

isolates from patients with COPD (120). 

Like all Gram-negative microorganisms, H. influenzae has a lipopolysaccharide layer in 

its cell wall, but it is with a shorter polysaccharide chain hence it is termed 

lipooligosaccharide (LOS). H. influenzae expresses host carbohydrate structures within 

the oligosaccharide portion of the LOS, including phosphorylcholine, N-acetyl-

lactosamine, paragloboside, and sialoparagloboside. The expression of these structures is 

a means of molecular mimicry for the bacterium, and may allow for the evasion of the 
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immune response or for the utilization of host receptors (121-124). The LOS is able to 

mediate entry into host cells via the platelet-activating factor receptor, causing 

remodeling of the cytoskeleton (125). Phosphorylcholine modulates the outer membrane 

and protects H. influenzae against IgG and consequently the bactericidal effects by 

complement activation (126). 

The NTHi strains can bind plasma proteins and then manipulate the host through bacterial 

surface– LOS interactions. Hence, this slows down and/or inhibits the host complement 

cascade preventing immune factor recognition (127-129). 

H. influenzae is able to form a protective biofilm that possibly enables it to cause either 

subsequent infections at later periods or disease recurrence/relapse (4, 130). 

1.3.3. Diseases caused by H. influenzae 

COPD and AOM are two important pathological conditions caused by H. influenzae in 

addition to sinusitis and conjunctivitis, that can also arise from colonization with this 

bacterium. For the very young and elderly, pneumonia and bacteremia are possible 

diseases caused by H. influenzae (131, 132). In 2016, 3 379 confirmed cases of invasive 

H. influenzae disease were reported in the EU/EEA, this means 0.7 cases per 100 000 

population. Meningitis occurred in 13% of the known clinical presentations and 1% was 

presented with both septicaemia and meningitis. Across serotypes, meningitis was the 

most common presentation for H. influenzae serotye b (Hib) and d (133). Epiglottitis is 

classically seen in older children between 2 and 7 years of age. In cases of suspected 

epiglottitis, direct laryngoscopy with placement of an endotracheal tube in a controlled 

environment is indicated, as sudden deterioration can occur (134). NTHi can be 

responsible of around 60% of AOM cases when taking into account recurrent episodes 

and seasonal variations. In 13-50% of COPD exacerbations, H. influenzae can be detected 

(135, 136). H. influenzae is regularly involved in acute exacerbations of cystic fibrosis 

(137). 

1.3.4. Antibiotic resistance 

Meningitis, acute epiglottitis and bacterial sepsis are rapidly fatal without antibiotic 

therapy. Ampicillin was used until resistance emerged. Currently, third generation 

cephalosporins are chosen in case of serious infections. 
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The most common antibiotic resistance mechanism is the plasmid-mediated production 

of β-lactamase of types TEM-1 and ROB-1, the affected strains are the so called β-

lactamase positive ampicillin-resistant strains (BLPAR) (138). The use of oral 

cephalosporins and amoxicillin-clavulanate has contributed to the spread of β-lactam 

resistance due to modification of penicillin-binding proteins (PBP3) resulting in β-

lactamase-non-producing ampicillin resistance (BLNAR) (139). Some strains of H. 

influenzae can produce β-lactamase, while showing resistance to amoxicillin/ clavulanic 

acid, and are called β-lactamase positive amoxicillin/clavulanic acid-resistant (BLPACR) 

(140). 

Resistance to TMP/SMX is quite common in H. influenzae and is due to increased 

production of dihydrofolate reductase with reduced affinity for trimethoprim (141). 

1.3.5. Vaccination 

Conjugated Hib vaccine is composed of the type b capsule and diphtheria toxoid. 

Similarly to the above seen pneumococcal conjugate vaccine, addition of protein toxin 

was necessary to activate T lymphocytes, this way T-cell dependent immune response is 

induced also in children under two years of age. Hib conjugated vaccine has been 

available since the late 1980s (142). In Hungary, Hib vaccination is mandatory in a 3+1 

scheme since 1999 (143). 

The first vaccine to protect against Hib diseases was introduced in the United States in 

1985, it was a pure polysaccharide vaccine; an improved, conjugated vaccine was 

licensed two years later. The conjugate vaccines differ by protein carrier, polysaccharide 

size, and method of chemical conjugation. The conjugate could be diphtheria toxoid, 

(diphtheria CRM197 protein), or meningococcal protein (144, 145). 

The efficacy of one of the conjugated vaccines (with meningococcal protein) for infants 

was demonstrated in a randomized, placebo-controlled double-blind trial performed 

among 3486 Navajo infants, half of whom were vaccinated at 2 and 4 months of age and 

the vaccine was licensed for use for infants beginning at 2 months of age in December 

1990 (146). Later on, the vaccine with diphtheria CRM197 protein conjugate was licensed 

to give the first dose in the age of 2 months (147, 148).  
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The incidence of Hib invasive disease among children aged 4 years or younger has 

declined by 98% in the USA by 1994-1995 (149). 

There was a placebo-controlled randomized clinical trial with oral NTHi vaccination in 

40-85 years COPD patients in 2011. The enteric-coated tablet contained a well defined 

formalin inactivated NTHi strain (HI-164). In the entire study population, there was no 

significant difference between placebo and active groups regarding NTHi colonisation. 

In patients aged <65 years, there was a 54% reduction in rate of exacerbations at the first 

end-point and 65% at the second end-point among active treatment patients. Furthermore, 

hospital admission rate decreased by 57% and hospitalized patients spent 60% less time 

in hospital. In the placebo group (patients <65 years) exacerbations occurred significantly 

higher. On the other hand, its safety is questionable as cardiac disorders occurred 

significantly higher in the vaccinated group. The results suggested that age influences the 

response to this vaccine and immune senescence is a more likely cause of apparent 

vaccine failure in the 65+ age group rather than different colonization rates in younger or 

older people (150). 

1.4. M. catarrhalis 

1.4.1. M. catarrhalis in general 

M. catarrhalis is a Gram-negative diplococcus 

with flattened abutting sides. Colonies on 

blood agar are nonhemolytic, round, opaque, 

convex, and snow white (Figure 4). The 

colony remains intact when pushed across the 

surface of the agar. It is oxidase, DNase 

positive, capable to reduce nitrate and nitrite 

as well as can hydrolyse trybutirin (151, 152). 

  

  

Figure 4. Culture of M. catarrhalis on 

chocolate agar plate (Photo by E. 

Kovács) 

 

 

DOI:10.14753/SE.2022.2609



23 

 

1.4.2. Virulence factors 

Ubiquitous surface protein A1 (UspA1) is an outer membrane protein that is involved in 

adherence to epithelial cells, the extracellular matrix and biofilm formation (153-156). 

The uspA2 locus can contain one of three mutually exclusive alleles known as uspA2, 

uspA2H and uspA2V, each encoding a different outer-membrane protein. Usp2A is the 

most prevalent with 72-77% of isolates followed by UspA2H with 15-21% and UspA2V 

with around 10%. They are all involved in serum resistance and adherence to the 

extracellular matrix, moreover UspA2H has a role in biofilm formation (153-155, 157-

162). 

M. catarrhalis immunoglobulin D-binding protein/ hemagglutinin (MID/Hag) is located 

in the outer membrane and mediates haemagglutination and non-immune binding of IgD 

by M. catarrhalis, while it also functions as an adhesin for cells derived from the human 

lung, middle ear and ciliated bronchial epithelium (163-165). 

Catarrhalis outer membrane protein B (CopB) is involved in iron acquisition and elicits a 

systemic humoral immune response (166, 167). 

CD and E porins are both outer membrane proteins (OmpCD and OmpE) and are involved 

in nutrient acquisition as well as adherence (168, 169). 

M. catarrhalis LOS is a surface-exposed glycolipid found in the outer membrane and is 

involved in adherence to and invasion of epithelial cells, and serum resistance (170, 171). 

There are three major serotypes of LOS (A, B and C) and they represent 95% of isolates 

(172). However, this antigen is not the best option as a vaccine candidate because the 

predominant antibody response to the LOS is toward the serospecific epitopes (173). 

1.4.3. Diseases caused by M. catarrhalis 

M. catarrhalis is the third most common pathogen associated with OM worldwide behind 

S. pneumoniae and NTHi and the second associated with exacerbations of COPD 

following NTHi, ranking equally with S. pneumoniae (174, 175). M. catarrhalis is a 

predominant pathogen in subacute or chronic sinusitis in children with respiratory allergy 

(176). Occasionally, M. catarrhalis can cause lower respiratory infections (laryngitis, 

tracheitis, bronchitis, pneumonia). Tracheobronchitis is a typical M. catarrhalis infection 
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with cough and purulent sputum. Pneumonia caused by M. catarrhalis tends to be a 

relatively mild disease. Its X-ray image shows mostly lower-lobe infiltrates (177, 178) 

Ocular infections, like conjunctivitis and keratitis can be attributed to this microorganism 

as well (179, 180). It has a role as a nosocomial pathogen, furthermore it can cause 

bacteremia and endocarditis (181, 182). Meningitis is rarely caused by M. catarrhalis and 

it occurs mostly among newborns (183). 

1.4.4. Antibiotic resistance 

These bacteria produce β-lactamase and are thus resistant to penicillin. The first β-

lactamase positive strain was isolated in 1976 (184). Walker et al. followed antibiotic 

resistance patterns of M. catarrhalis in a single hospital over a ten-year period (1984-

1994). During this time, the rate of β-lactamase producing strains increased from 30 to 

96% (185). Beside the high prevalence of β-lactamase production, M. catarrhalis 

remained universally sensitive to most other antibiotics (186). 

β-lactamase is encoded by two different alleles, bro1 and bro2. The bro alleles differ by 

one amino acid, which has unknown significance, although bro2 has a 21 base pair 

deletion in its promoter region that results in decreased expression compared to bro1 and 

may account for differences in MIC values. MIC is usually higher for BRO-1 isolates 

than for BRO-2 (187, 188). 

1.4.5. Vaccination 

There are currently no vaccines licensed that specifically target M. catarrhalis, however 

there are numerous vaccine candidates. 

UspA2 was already applied in an NTHi-M. catarrhalis common vaccine clinical trial 

between 2015 and 2017. Three conserved proteins were selected from NTHi, a free 

recombinant protein D (PD) and a recombinant fusion protein combining protein E and 

Pilin A (PE-PilA) and UspA2 from M. catarrhalis. The multi-component vaccine showed 

acceptable safety, reactogenicity and immunogenicity in the study population who 

immunologically represented well the COPD patients: older adults with a smoking history 

(189). 

One possible solution for a future vaccine would be to have a mixture of different antigens 

that covers as broad range of circulating strains as possible. Another option may be to 
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identify and target key virulence factors involved in colonization or disease. In either 

case, further investigations are required for a better understanding of the link between 

virulence determinants and disease. The development of a M. catarrhalis vaccine could 

have far-reaching implications, reducing both infections by M. catarrhalis and co-

infections synergized by M. catarrhalis (190). 
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2. Objectives 

 The objective of this study was to survey the nasal carriage rates of four important 

respiratory pathogens (S. pneumoniae, S. aureus, M. catarrhalis and H. 

influenzae) in three different age groups of children attending communities, in 

2015-2016. This was the first time in Hungary to conduct a survey about the 

asymptomatic carriage of M. catarrhalis and H. influenzae. Besides their 

individual carriage rates, we could also examine the co-carriage of the four 

species. 

 We tried to specify certain risk factors for their nasal carriage as well as determine 

their antibiotic resistance. 

 Serotype distribution was also investigated where applicable. The aim of this 

study was to follow the effects of the pneumococcal conjugate vaccine on 

pneumococcal serotype replacement, as well as on the carriage prevalence of the 

other three species. Hungary is a good model for vaccine efficacy monitoring as 

it is a country with a very strict vaccination policy, unlike some European 

countries which have a significant level of vaccine sceptics. 

 Genetic relatedness was determined for all H. influenzae and S. aureus isolates 

and some selected serotypes of S. pneumoniae to gain an insight into their clonal 

spread. In case of S. pneumoniae, four specific serotype 19F isolates were more 

closely analysed by multilocus sequence typing (MLST), as this type was 

represented in a surprisingly high proportion despite that it was already included 

in PCV7 it is due to its elevated capability to cause invasive diseases. 

 Clinical pneumococcal isolates were obtained from the same time period (2015-

2016) to compare serotype distribution and antibiotic resistance pattern of clinical 

and carried isolates. 

 Epidemiological surveys are valuable tools in predicting changes regarding 

dominant serotypes, genotypes in the near future, estimating their prevalence 

among invasive disease causing types. They can also provide crucial information 

facilitating prevention and control of diseases, such as vaccine development. 
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3. Materials and methods 

3.1. Study population  

3.1.1. Asymptomatic carriage screening 

In total, 580 asymptomatic children belonging to three different age groups were tested 

between March 2015 and May 2016. In total, the genders were absolutely equally 

represented with 288 males and 288 females. 

Children attending nurseries (1-3 years old) 

In three Hungarian cities, altogether 336 children were screened: Five nurseries were 

visited in Budapest (n=200), two nurseries in Székesfehérvár (n=50) and three in Pápa 

(n= 86). The gender rates were almost equal here: 159 boys and 173 girls. We did not 

have any data about four children. 

The three cities were chosen according the following criteria: Budapest is the capital city 

of Hungary with around 1.760.000 people based on data from 2015, Székesfehérvár is a 

chief county town (~98.000 people) and Pápa (~31.000 people) is a small town (191). 

Besides their population size, they are located in three different counties: Pest, Fejér and 

Veszprém. Furthermore, Pápa is my birth place.  

Children attending day-care centers (DCCs, 3-6 years old) 

Ten DCCs agreed to participate in the survey, nine from Pápa (n=135) and one from 

Budapest (n=51). This resulted 186 participating subjects. Regarding gender, 97 of them 

were boys and 89 were girls. 

Children attending primary school (6-13 years old) 

Samples were taken from 58 children (32 boys and 26 girls) in Pápa. 

3.1.2. Clinical pneumococcal isolates 

As a second part of the study, we obtained 146 clinical pneumococcal isolates from the 

Institute of Laboratory Medicine, Semmelweis University, Budapest in the same time 

frame. The samples derived from patients with manifest mucosal infections (sinusitis 

maxillaris acuta, bronchitis, pneumonia, conjunctivitis, COPD, AOM). The sample types 

were different: nasal swab n=81, tracheal/bronchial exudate / bronchoalveolar lavage / 

DOI:10.14753/SE.2022.2609



28 

 

sputum n=41, ear n=9, conjunctiva n=9, pleura/urine/abscess n=1 each, haemoculture 

n=3. The patients’ age varied between 0 and 89 years. A more precise age distribution is 

shown on Figure 5. The vast majority of patients were either under 4 years (n = 49) or 

over 50 years (n = 56). The average age of all patients was 31.9 years. We received pure 

cultures on blood agar plates after routine laboratory identification, with a designated 

laboratory number, hence the patients’ personal data was not available for us. 

To make them comparable with the carried pneumococcal isolates, we divided them into 

two age groups: 0-<7 years (27 males, 36 females) and ≥7 years (45 males, 38 females). 

 

Figure 5. Age distribution of the patients 

3.2. Specimen collection from carriers 

During screening, nasal samples were taken from both nostrils with sterile cotton swabs 

and inserted into active charcoal containing Amies transport media (Transwab, Medical 

Wire & Equipment, Corsham, UK). The swabs were transported to the microbiology 

laboratory within 24 hours. A questionnaire was filled in by the participants anonymously 

with questions related to risk factors, such as gender, previous antibiotic use, exposure to 

active or passive smoking, number of siblings, pneumococcal vaccination status. The 

number of ethical permit for this study is TUKEB 4-4/2009, issued by the Regional and 

Institutional Committee of Science and Research Ethics of Semmelweis University. Only 

those children were enrolled in the study, whose parents provided written informed 

consent on the child’s behalf. 
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3.3. Phenotypical identification 

The collected samples were inoculated onto Columbia blood agar plates (for S. 

pneumoniae and S. aureus) and onto vancomycin containing chocolate agar plates for the 

selective cultivation of H. influenzae and M. catarrhalis (Thermoscientific, Waltham, 

USA). Samples were incubated overnight at 37 °C in 5% CO2 atmosphere. Colonies 

showing typical phenotypes were chosen to produce pure cultures. These species-specific 

phenotypes were the following: In case of pneumococcus, the mucoid or flat colonies 

which were collapsed in the middle and showed α-haemolysis on blood agar were further 

tested for optochin sensitivity (5μg discs, Mast Group Ltd., Bootle, UK). S. aureus was 

suspected if the colony had a β-haemolytic zone and had a positive catalase and clump 

test (Pastorex Staph-Plus Kit, Bio-Rad, Marnes-la-Coquette, France). On the chocolate 

agar plates supplemented with X- and V-factors, the smooth, round, colorless or greyish 

colonies were identified as H. influenzae, subsequently confirmed with a positive catalase 

and oxidase test. M. catarrhalis often grew as a pure culture on the chocolate agar plates. 

The typical snow white colonies with irregular edge were able to show the “hockey puck 

sign” (i.e., sliding along the surface without hindrance if taken by an inoculation loop) 

and were oxidase positive. The phenotypically confirmed isolates were frozen and stored 

at -80˚C on cryobeads (Cryobank, Mast Group Ltd., Bootle, UK) until further testing. 

3.4. Genotypical identification 

Species specific gene targets were used to identify each species (Table 3). LytA encodes 

the autolysin which is a pneumococcus-specific virulence factor involved in autolysis 

(15). Exceptionally, lytA positivity can lead to false results because it can be detected in 

some closely related streptococcal species and in some cases, pneumococci can harbor a 

non-pneumococcal homologue of the lytA gene (192). NucA polymerase chain reaction 

(PCR) was applied to detect the thermostable nuclease of S. aureus. In an in-house duplex 

PCR, mecA primer pair was concomitantly added to the nucA PCR mix in order to screen 

for methicillin resistant isolates (193). OmpP2 (major outer membrane porin protein P2) 

is present in both capsulated and non-capsulated H. influenzae isolates which makes it 

available for identification (194). For the confirmation of M. catarrhalis, a specific 16S 

rRNA sequence was amplified as described by Hendolin at al (195). The primer pairs and 

amplification conditions are listed in Tables 3 and 4. 
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Table 3. Primers and amplified fragment length size of the identification PCR, bp: base 

pair; for: forward; rev: reverse 

 Primer Sequence (5’→3’) Amplicon 

size (bp) 

Reference 

S. 

pneumoniae 

lytA for CAACCGTACAGAATGAAGCGG 318 (15) 

 rev TTATTCGTGCAATACTCGTGCG    

S. aureus  nucA for ATGGACGTGGCTTAGCGTAT 193 (193) 

 rev TGACCTGAATCAGCGTTGTC   

mecA for CCCAATTTGTCTGCCAGTTT 538 (193) 

 rev ATCTTGGGGTGGTTACAACG   

H. 

influenzae 

ompP2 for ATAACAACGAAGGGACTAACG 1043 (194) 

 rev ACCTACACCCACTGATTTTTC   

M. 

catarrhalis 

16S 

rRNA 

for CCCATAAGCCCTGACGTTAC 235 (195) 

 rev CTACGCATTTCACCGCTACAC   

 

Table 4. PCR cycling conditions of the identification PCR 

lytA nucA, mecA 

Repeat Temperature Time Repeat Temperature Time 

1x 94°C 3 min 1x 94°C 3 min 

30x 94°C 1 min 30x 94°C 1 min 

54°C 1 min 54°C 1 min 

72°C 30 sec 72°C 30 sec 

1x 72°C 10 min 1x 72°C 10 min 

ompP2 16S rRNA 

Repeat Temperature Time Repeat Temperature Time 

1x 94°C 4 min 1x 63°C 3 min 

30x 94°C 1 min 38x 94°C 30 sec 

55°C 1 min 66°C 45 sec 

72°C 2 min 72°C 1 min 

1x 72°C 8 min 1x 72°C 5 min 
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3.4.1. Polymerase chain reaction (PCR) 

PCR was applied for multiple purposes, like species identification, serotyping if 

applicable as well as detection of antibiotic resistance genes. 

DNA template extraction 

From the pure culture of the isolates, a loopful (5 µl) was boiled in 200 µl sterile nuclease 

free distilled water for 15 minutes (99°C in the PCR machine). The suspension was 

vortexed briefly and centrifuged for 2 minutes at 7000 rpm (Hermle Z 160M centrifuge). 

Two µl of the supernatant was used in the PCR reaction as DNA template. 

PCR mix 

Table 5 details the components of the mix. DNA template was added to the aliquoted 23 

µl mix last. 

Table 5. Components of the PCR mix 

Ingredients Volume for 1 reaction 

DreamTaq Green PCR Master Mix 

(Thermo Scientific, Waltham, USA) 

12.5 µl 

primer for* 0.5 µl 

primer rev* 0.5 µl 

Water, nuclease-free 9 µl 

DNA template 2.5 µl 

Total 25 µl 

* Concentration of primers was 50 pmol/μl in every case 

In case of multiplex PCR, further 0.5 µl of both the other forward and reverse primers 

were added, so an equivalent volume of distilled water was subtracted from the total 

reaction volume of 25 µl. 

PCR cycle 

The specific cycling conditions were listed at every single reaction in Table 4. We used a 

GeneAmp PCR System 9700 (PE Applied Biosystem). 
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Agarose gel electrophoresis and analysis 

1.5% agarose gel was prepared with 1x TEA buffer (for solutions see the end of this 

chapter). 10 μl of each sample was aliquoted into the gel and run alongside with the 

GeneRuler 100 bp DNA Ladder (Thermoscientific, Waltham, USA) mixed with 6X DNA 

Loading Dye as a molecular size marker in every case. The electrophoresis was performed 

under 100 V for 36 min. With Eco Safe Nucleic Acid Staining Solution (Pacific Image 

Electronics, Torrance, Canada) the gels were stained and a photo was taken by digital 

camera (Figure 6). 

3.5. Serotyping 

3.5.1. S. pneumoniae 

First latex agglutination was used to determine the serotype or the serogroup. The 

Pneumotest Latex Kit (Statens Serum Institut, Copenhagen, Denmark) consists of 14 

pooled antisera (A-I and P-T). According the manufacturer’s instruction, the chessboard 

system should be applied starting with A-I pools and if there is a positive reaction it 

defines the next one from the P-T list (Figure 7). The agglutination reaction must be 

evaluated within 5-10 seconds, otherwise it can be a result of false positivity. PCR was 

used to confirm the serotypes (e.g. agglutination was positive for B and R, see Figure 7), 

and if only serogroup could be determined (e.g. H and S pools gave positive result) PCR 

helped to specify the serotype (Table 6). Serotyping primers for the PCR reaction were 

described by the CDC and others (196-198). 

C+  C-                                    M 

500 bp 

lytA 318 bp  

Figure 6. A representative gel image of lytA PCR (Photo by E. Kovács) 

C+ positive control, C- negative control, M marker 
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Figure 7. The chessboard system of the Pneumotest Latex Kit 

  

Table 6. Serotype specific primer pairs and amplicon size for pneumococcus serotyping 

PCR 

Serotypes and 

primers 

 

Sequence (5’→3’) Amplicon 

size (bp) 

Ref. 

1 for GGAGACTACTAAATTGTAATACTAACACAGCG  99 (196) 

rev CAAGGATGAATAAAGTAAACATATAATCTC  

3 for TTGTTTTTTGTCTTTATTCTTATTCGTTGG  818 (196) 

rev TTGTTTTTTGTCTTTATTCTTATTCGTTGG  

4 for CTGTTACTTGTTCTGGACTCTCGTTAATTGG  430 (196) 

rev GCCCACTCCTGTTAAAATCCTACCCGCATTG  

5 for GAGACGTCTTTGGGGCATAA  366 (197) 

rev GCGGAAACGATGAGAAGAAG  

6 

A/B/C/D  

for CGACGTAACAAAGAACTAGGTGCTGAAAC  220 (196) 

rev AAGTATATAACCACGCTGTAAAACTCTGAC  

7C/B/40 for CTATCTCAGTCATCTATTGTTAAAGTTTACGACGGGA 260 (198) 

rev GAACATAGATGTTGAGACATCTTTTGTAATTTC 

7F for TGACTGCAAGTGTTTCAATGG 528 (197) 

rev CGTTTCCAAAAATTCCTCCA 

9V for AGAGGAGTTCAATCGCCAGA  242 (197) 

rev ATCGGTTCCCCAAGATTTTC 

10A for GGTGTAGATTTACCATTAGTGTCGGCAGAC 628 (198) 

rev GAATTTCTTCTTTAAGATTCGGATATTTCTC 

10F/10C

/33C 

for GGAGTTTATCGGTAGTGCTCATTTTAGCA 248 (198) 

rev CTAACAAATTCGCAACACGAGGCAACA 

12/44/46 for GCAACAAACGGCGTGAAAGTAGTTG 376 (198) 

rev CAAGATGAATATCACTACCAATAACAAAAC 

11A/F/D for CGAAATATCGCCATTCATCA 379 (197) 

rev TCAACAGCAACTGTGCCACT 

13 for ACGACTTGGAAGTGCTGCTT 308 (197) 
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rev CCAAAAACAAAATCGCTGGA 

14 for GTCTGTTTATTCTATATACAAAGAGGCTCC 268 (196) 

rev GCATTGCTACAATCGCTATACTAGATATGC 

15A/F for CATTTGCACCCTGACTTCAC 409 (197) 

rev GTCCCGCAAACTCTGTCCTA 

15B/C for TGTTCAAAGAGGCGCTAATG 493 (197) 

rev TGTTCTGATTCCTGCTCCAA 

16F for GAATTTTTCAGGCGTGGGTGTTAAAAG 717 (198) 

rev CAGCATATAGCACCGCTAAGCAAATA 

18C for GCCGTGGGAAGCTTATTTTT 285 (197) 

rev CCTGCCTAAAGGCAACAATG 

19A for GTTAGTCCTGTTTTAGATTTATTTGGTGATGT 478 (196) 

rev GAGCAGTCAATAAGATGAGACGATAGTTAG 

19F for CACCTAATTTTAATACTGAGGTTAAGATTGC 408 (196) 

rev CATAGGCTATCAGAATTTTAATAATATCTTGC 

20 for ATCAGGAATACGCCAATCAA 195 (197) 

rev ATCGGTAATGCAAAGCCAAC 

23A for GATTTGGAGCGGATCGATTA 823 (198) 

rev AATGGGTAATGGAGGGGAGT 

23B for CCACAATTAGCGCTATATTCATTCAATCG 199 (198) 

rev GTCCACGCTGAATAAAATGAAGCTCCG 

23F for GTAACAGTTGCTGTAGAGGGAATTGGCTTTTC 384 (196) 

rev CACAACACCTAACACACGATGGCTATATGATTC 

24A/B/F for GCTCCCTGCTATTGTAATCTTTAAAGAG 99 (198) 

rev GTGTCTTTTATTGACTTTATCATAGGTCGG  

25F/25A

/38 

for CGTTCTTTTATCTCACTGTATAGTATCTTTATG 574 (198) 

rev ATGTTTGAATTAAAGCTAACGTAACAATCC 

33F  

 

for TCCCCAACGGTTTATGTGTT 171 (197) 

rev CAATGCAAGGCTCAATACCA 

35B for GATAAGTCTGTTGTGGAGACTTAAAAAGAATG 677 (198) 

rev CTTTCCAGATAATTACAGGTATTCCTGAAGCAAG 

35F/47F for GAACATAGTCGCTATTGTATTTTATTTAAAGCAA 517 (198) 

rev GACTAGGAGCATTATTCCTAGAGCGAGTAAACC 

42/35A/ 

35C 

for TCCCTTTTTCAGACGTAGCC 492 (197) 

rev CAAGAAATTGATCCGCTTGGT 

9N/L for GAACTGAATAAGTCAGATTTAATCAGC 516 (198) 

rev ACCAAGATCTGACGGGCTAATCAAT 

21 for CTATGGTTATTTCAACTCAATCGTCACC 192 (198) 

rev GGCAAACTCAGACATAGTATAGCATAG 

31 for GGAAGTTTTCAAGGATATGATAGTGGTGGTGC 701 (198) 

rev CCGAATAATATATTCAATATATTCCTACTC 

33F/33A

/37 

for GAAGGCAATCAATGTGATTGTGTCGCG 338 (198) 

rev CTTCAAAATGAAGATTATAGTACCCTTCTAC 

34 for GCTTTTGTAAGAGGAGATTATTTTCACCCAAC 408 (198) 

rev CAATCCGACTAAGTCTTCAGTAAAAAACTTTAC 

39 for TCATTGTATTAACCCTATGCTTTATTGGTG 98 (198) 

rev GAGTATCTCCATTGTATTGAAATCTACCAA 

for: forward primer, rev: reverse primer bp: base pair 

 

Difficult strains were sent either to the German National Reference Centre for 

Streptococci (GNRCS), Aachen (to Dr. Mark van der Linden), or the National Public 
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Health Center, Budapest (to Dr. Tamás Tirczka), where the gold standard capsule 

swelling method was applied for exact serotype determination. 

3.5.2. H. influenzae 

For the capsular typing of H. influenzae, the capsule producing capability was 

demonstrated first by PCR. Isolates which carried the capsular gene bexA were further 

tested to distinguish serotypes (a-f) also by PCR as reported by Falla et al (105). Table 7 

and 8 show the used primer pairs and PCR cycling conditions. 

Table 7. Primer pairs used to determine capsule production capability (bexA) and to 

distinguish the six serotypes 

Primer Sequence (5’→3’) Amplicon 

size (bp) 

bexA for CGTTTATATGATGTTGATCCTGAA 343 

rev TGTCCATATCTTCAAAATGGTG 

serotype a for CTACTCATTGCAGCATTTGC 250 

rev GAATATGACCTGATCTTCTG 

serotype b for GCGAAAGTGAACTCTTATCTCTC 482 

rev GCTTACGCTTCTATCTCGGTGAT 

serotype c for TCTGTGTAGATGATGGTTCA 250 

rev CAGAGGCAAGCTATTAGTGA 

serotype d for TGATGACCGATACAACCTGT 146 

rev TCCACTCTTCAAACCATTCT 

serotype e for GGTAACGAATGTAGTGGTAG 1350 

rev GCTTTACTGTATAAGTCTAG 

serotype f for GCTACTATCAAGTCCAAATC 450 

rev CGCAATTATGGAAGAAAGCT 

for: forward primer, rev: reverse primer bp: base pair 

Table 8. Amplifying conditions of bexA PCR and the serotype PCR of H. influenzae 

Repeat Temperature Time 

1x 94°C 3 min 

25x 94°C 1 min 

60°C 1 min 

72°C 1 min 

1x 72°C 10 min 
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3.5.3. M. catarrhalis 

Serotypes A, B and C were differentiated based on the method reported by Edwards et al 

(199). For B and C we have designed new primer pairs because the original primers did 

not work properly, the PCR reaction did not result any products. Besides, the expected 

amplicon sizes were shortened this way (3.3 kbp→1488 bp and 4.3 kbp→2485 bp) and a 

shorter fragment is amplified with a higher efficiency (Table 9). Due to a homologous 

DNA sequence in both serotypes, the same forward and reverse primer could be applied 

to identify them in the same reaction. The only difference could be noted in the length of 

the PCR products. Table 10 contains the detailed PCR settings. 

Table 9. Serotyping primers of M. catarrhalis and the expected amplicon size 

Primer Sequence (5’→3’) Amplicon 

size (bp) 

Reference 

serotype A for ATCCTGCTCCAACTGACTTTC 1932 (199) 

rev CATCAAAAACCCCCCTACC  

serotype B for ACTGCCTGTGGCTTTATGCT 1488 own design 

rev TCGAAGACGCACTTTAGCTG  

serotype C for ACTGCCTGTGGCTTTATGCT 2485 own design 

rev TCGAAGACGCACTTTAGCTG  

for: forward primer, rev: reverse primer bp: base pair 

Table 10. PCR cycling conditions of M. catarrhalis serotyping 

Repeat Temperature Time 

1x 94°C 3 min 

25x 94°C 1 min 

53.1°C 1 min 

72°C 4 min 

1x 72°C 10 min 

 

3.6. Antibiotic susceptibility testing 

Basically, agar dilution method was used to determine the MIC of all isolates. The 

following antibiotics were tested, where appropriate: penicillin, ampicillin, amoxicillin-

clavulanic acid, oxacillin, cefotaxime, imipenem, tetracycline, erythromycin, 

clindamycin, gentamicin, ciprofloxacin, levofloxacin, moxifloxacin, vancomycin, 

mupirocin and TMP/SMX (Bio-Rad). First, a 0.5 McFarland bacterial suspension was 

prepared with sterile physiological saline from pure bacterial culture using a VITEK 

Densichek machine (Biomérieux, Marcy l'Etoile, France). Then 10 μl of each bacterial 
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suspension was inoculated onto Mueller-Hinton agar plates (for S. aureus) or Mueller-

Hinton agar plates (Thermoscientific, Waltham, USA) supplemented with 5% horse 

blood and 20mg/L NAD (for the other three species) using an A400 Multipoint Inoculator 

(AQS Manufacturing Ltd., Southwater, UK). The plates contained antibiotics in an 

ascending order. After ON incubation at 37°C, MIC values were determined visually as 

per EUCAST (European Committee on Antimicrobial Susceptibility Testing) guidelines 

(Figure 8), results were interpreted based on the EUCAST breakpoints (200). Control 

strains of ATCC (American Type Culture Collection) 49619 (for S. pneumoniae), ATCC 

29213 (for S. aureus), ATCC 49766 (for H. influenzae and M. catarrhalis) were tested as 

well, and antibiotic free growth controls were also applied. 

 

Figure 8. Agar dilution 

method. Plates contain 

0.06 mg/L and 0.125 

mg/L cefotaxime and 

each spot represent a 

different M. catarrhalis 

isolate. Some strains did 

not grow under higher antibiotic concentration (Photo by E. Kovács) 

3.6.1. Testing macrolide resistance mechanisms in S. pneumoniae 

Macrolide resistant isolates were checked for four resistance genes (ermA, ermB, ermTR, 

mefE/A) by PCR (Table 11). The same cycling parameters were applied for all four 

reactions (Table 12). Mef primer pair was designed to be able to amplify both mef(E) and 

mef(A) due to common nucleotide sequences. Mef(E) and mef(A) were distinguished by 

restriction digestion with BamHI enzyme (ThermoScientific, Waltham, Massachusetts, 

USA) as described by Oster et al.: there is no restriction site in mef(E) gene and two 

fragments (281 bp and 65 bp) are generated in case of mef(A). The reaction composition 

can be found in Table 13 resulting a total volume of 30 μl. The mix was then incubated 

at 37°C for 30 minutes and gel electrophoresis was performed in a 1.5% agarose gel 

(Sigma-Aldrich, USA). 
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Table 11. Primer pairs of erm/mef PCR and the amplified fragment length 

Primer Sequence (5’→3’) Amplicon 

size (bp) 

Reference 

ermA for TCTAAAAAGCATGTAAAAGAA 645 (201) 

rev CTTCGATAGTTTATTAATATTAGT 

ermB for GAAAAAGTACTCAACCAAATA 639 (201) 

rev AGTAACGGTACTTAAATTGTTTAC 

ermTR for ACAGAAAAACCCGAAAAATACG 679 (202) 

rev TGGGATAATTTATCAAGATCAG 

mef for AGTATCATTAATCACTAGTGC 346 (201) 

rev TTCTTCTGGTACTAAAAGTGG 

for: forward primer, rev: reverse primer bp: base pair 

Table 12. The cycling conditions of the erm/mef PCR 

Repeat Temperature Time 

1x 93°C 3 min 

35x 93°C 1 min 

52 °C 1 min 

72°C 1 min 

1x 72°C 5 min 

 

Table 13. The digestion mix composition to distinguish mef(E) and mef(A) 

Mix Volume 

PCR product 

FastDigest BamHI enzyme 

FastDigest Buffer 

Nuclease free distilled water 

10 μl 

1 μl 

2 μl 

17 μl 

Total 30 μl 

 

3.6.2. Testing for cefoxitin and mupirocin resistance in S. aureus 

As stated in the EUCAST guidelines, cefoxitin disc diffusion is more reliable to predict 

methicillin resistance. The S. aureus isolates with an oxacillin MIC ≥0.25 mg/L were also 

screened with 30 μg cefoxitin discs (Bio-Rad). As described before, a 0.5 McFarland 

suspension was spread evenly on the surface of Mueller-Hinton agar plates then a disc 

was placed on it. After ON incubation at 37°C, inhibitory zone diameter was read. 

Mupirocin susceptibility of S. aureus isolates was tested by gradient strips (E-test) 

(Liofilchem, Roseto degli Abruzzi, Italy). 
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Mupirocin resistant S. aureus isolates were further investigated by PCR to distinguish 

low-level and high-level resistance (Table 14). For detecting low-level resistance, we 

amplified the ileS gene which is coding isoleucyl-tRNA synthetase and can be found in 

every S. aureus isolates but the mupirocin resistant isolates contain point mutations (203). 

The ileS PCR products were purified by the QIAquick PCR purification kit (Qiagen, 

Germany) and sent for sequencing to BIOMI Ltd., Gödöllő, Hungary. The sequences 

were compared to that of a mupirocin sensitive reference strain, ATCC 25923 (GenBank 

accession no. CP009361.1) using BLAST. To confirm high-level resistance, we looked 

for the presence of the plasmid-encoded mupA gene (204). We used the originally 

described cycling condition for both PCR reaction (Table 15 and 16). 

Table 14. Primer pairs used to distinguish low and high level mupirocin resistance in S. 

aureus 

Primer Sequence (5’→3’) Amplicon 

size (bp) 

Reference 

ileS for AAAGAGAAGCGAAAGACTTACTACCAG 790 (203) 

rev AAGATTGGTGCTAACAACTTCGTCATA own 

design 

mupA for TATATTATGCGATGGAAGGTTGG 458 (204) 

 rev AATAAAATCAGCTGGAAAGTGTTG 

for: forward primer, rev: reverse primer bp: base pair 

Table 15. ileS PCR settings 

Repeat Temperature Time 

1x 94°C 3 min 

30x 94°C 1 min 

52°C 1 min 

72°C 1 min 

1x 72°C 10 min 

 

Table 16. mupA PCR settings 

Repeat Temperature Time 

1x 95°C 3 min 

35x 95°C 30 s 

57°C 60 s 

72°C 30 s 

1x 72°C 10 min 
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3.6.3. Testing for beta-lactamase production in H. influenzae 

Tests based on a chromogenic cephalosporin like nitrocefin can be used to detect the beta-

lactamase production. Therefore, ampicillin resistant H. influenzae isolates were tested 

using nitrocefin discs (Sigma-Aldrich, St. Louis, USA). Nitrocefin has a beta-lactam ring 

which rapidly turns from yellow to red due to hydrolysis by beta-lactamase. The process 

is to smear one or two colonies onto the disc on a microscope slide and wait for the colour 

change. It usually occurs within five minutes, but in some rare cases it can take up to 60 

minutes. 

3.7. Pulsed-field gel electrophoresis (PFGE) 

PFGE was used to get information about the clonal relatedness of S. pneumoniae, S. 

aureus and H. influenzae isolates. We followed the protocols described by Szabó et al., 

Hall et al. and Saito et al., respectively (205-207). 

3.7.1. Chromosomal DNA preparation 

S. pneumoniae and S. aureus were grown on 5% blood containing Columbia agar plates 

whereas H. influenzae on chocolate agar plates. Then a cell suspension was made in 200 

μl cell suspension buffer (S. pneumoniae, H. influenzae) or in 200 μl EC lysis buffer (S. 

aureus). This suspension was mixed with 200 μl 2% chromosomal-grade low-melting 

agarose (Bio-Rad), poured into plug molds and solidified at 4°C for 15-20 minutes. 

Chromosomal DNA was purified in two lysis steps (Table 17). S. pneumoniae and H. 

influenzae plugs were incubated in the appropriate lysis-1 buffer at 37°C for 3 hours and 

subsequently ON at 54°C in lysis-2 buffer. S. aureus plugs were first incubated at 37°C 

for 1 h in lysis-1 buffer and then at 54°C for 3 h in lysis-2 buffer. 

Table 17. Composition of Lysis-1 and Lysis-2 buffer in case of S. pneumoniae, S. aureus 

and H. influenzae  

 Lysis-1 buffer for 1 plug  Lysis-2 buffer for 1 plug 

Ingredient 

(conc.) 

Volume Ingredient 

(conc.) 

Volume 

S. 

pneumoniae 

EC lysis buffer 3 ml ES lysis buffer 3 ml 

Lysozyme  

(20 μg/ml) 

150 μl Proteinase K 

(20 mg/ml) 

20 μl 

mutanolysine 2 μl   

RNase A  

(25 μg/ml) 

20 μl   
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S. aureus EC lysis buffer 1.5 ml ESTN buffer 1.5 ml 

Lysostaphin  

(1 mg/ml) 

16.7 μl Proteinase K 

(20 mg/ml) 

10 μl 

Lysozyme  

(20 mg/ml) 

20 μl   

H. influenzae EC lysis buffer 1 ml ESTN buffer 1 ml 

Lysozyme  

(20 mg/ml) 

20 μl Proteinase K 

(20 mg/ml) 

10 μl 

 

The plugs were washed three times in 1 ml TE buffer at room temperature for 30 min 

each. At the fourth time, the plugs were cut into half and the digestion started immediately 

or they were stored at 4°C in TE buffer until further usage. 

3.7.2. Digestion 

Half of the plugs were digested with 15 U FastDigest SmaI enzyme (Thermo Fisher 

Scientific, Waltham, USA) for 30 min at 25°C (Table 18). 

Table 18. Composition of the restriction digestion solution for PFGE 

Restriction mix Volume for 1/2 plug 

Water, nuclease-free 133.5 μl 

10X FastDigest buffer or 

10X FastDigest Green buffer 

15 μl 

SmaI enzyme 1.5 μl 

Total 150 μl 

 

3.7.3. Gel electrophoresis 

The digested plugs were washed with distilled water and were placed in the pockets of a 

1% pulsed-field certified agarose gel (Bio-Rad, USA) prepared in 0.5x TBE buffer. To 

separate DNA fragments by their size, CHEF-DR® II apparatus (Bio-Rad, USA) was 

used. The temperature was kept constantly at 14°C, the pulse times were increased in two 

blocks, see details in Table 19. 

Table 19. Settings of PFGE gel electrophoresis 

Parameter  Block-1 Block-2 

Initial time: 5 s  15 s  

Final time: 15 s 60 s 

Running time: 10 h 11 h 

Voltage: 6 V/cm (~ 200 V) 6 V/cm (~ 200 V) 
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CHEF DNA Size Standard Lambda Ladder (Bio-rad, Budapest, Hungary) was used in 

three lanes of every gel as a molecular weight control. The marker required a special 

pretreatment before use, according the manufacturer’s instructions. Briefly, they were cut 

to the required size to fit the sample wells using a razor blade. Then three pieces were 

placed separately into Eppendorf tubes covered with 200 µl of 0.5x TBE buffer and 

incubated at 45°C for 10 minutes to get ready to use. 

3.7.4. Gel analysis 

The gels were stained with GelRed (Biotium, USA) and a photograph was taken by a 

digital camera. The analysis of the PFGE profiles (normalisation, gel comparison and 

dendrogram creation) was performed with the BioNumerics software version 2.5 

(Applied Maths, Sint-Martens-Latem, Belgium) applying unweighted pair group method 

using arithmetic averages (UPGMA) and the different bands similarity coefficient, with 

a band position tolerance of 2.0%. During interpretation, the Tenover’s criteria (208) and 

the suggested designation by van Belkum et al. (209) were applied. 

3.8. Multi-locus sequence typing (MLST) 

Based on the PFGE dendrogram of S. pneumoniae isolates, four of them were chosen to 

perform MLST. According to the instructions of the MLST website (210), internal 

fragments of seven housekeeping genes were amplified by PCR except for recP, where 

the recP reverse primer was modified by us (Table 20). The products were purified by 

the QIAquick PCR purification kit (QIAGEN, Hilden, Germany) and sent for sequencing 

to the BIOMI Ltd., Gödöllő, Hungary. The allele sequences were compared to the MLST 

database and the sequence types were identified. The sequenced seven house-keeping 

genes were: AroE (shikimate dehydrogenase), gdh (glucose-6-phosphate 

dehydrogenase), gki (glucose kinase), recP (transketolase), spi (signal peptidase I), xpt 

(xanthine phosphoribosyltransferase), ddl (D-alanine-D-alanine ligase). 
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Table 20. S. pneumoniae MLST primer pairs and the expected amplicon size 

Primer Sequence (5’→3’) Amplicon 

size (bp) 

aroE for GCCTTTGAGGCGACAGC 479 

rev TGCAGTTCA(G/A)AAACAT(A/T)TTCTAA 

gdh for ATGGACAAACCAGC(G/A/T/C)AG(C/T)TT 659 

rev GCTTGAGGTCCCAT(G/A)CT(G/A/T/C)CC 

gki for GGCATTGGAATGGGATCACC 626 

rev TCTCCCGCAGCTGACAC 

recP  for GCCAACTCAGGTCATCCAGG 572 

rev TGCCAACCGTAGGCATTGTAAC 

spi for TTATTCCTCCTGATTCTGTC 560 

rev GTGATTGGCCAGAAGCGGAA 

xpt for TTATTAGAAGAGCGCATCCT 572 

rev AGATCTGCCTCCTTAAATAC 

ddl for TGC(C/T)CAAGTTCCTTATGTGG 514 

rev CACTGGGT(G/A)AAACC(A/T)GGCAT 

for: forward primer, rev: reverse primer, bp: base pair 

 

3.9. Statistical analysis 

The Fisher’s exact test of independence was employed to determine statistical 

significance due to the small numbers. Applying a 95% confidence interval, p value < 

0.05 was considered significant. 

3.10. Solutions  

All chemicals were ordered from Sigma-Aldrich Company Ltd. (Poole, Dorset, UK). 

They were dissolved in distilled water and the pH was adjusted where necessary. The 

solutions (Table 21) were finally sterilised by autoclave. TE, TEA and TBE buffers were 

prepared from commercial powder mixtures (Biocenter, Szeged, Hungary). 
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Table 21. Ingredients of different solutions used in PCR or PFGE reactions 

Solution Ingredients 

1x TEA buffer 20 mM EDTA, 40 mM TRIS, 57.1 ml/L 

glacial acetic acid 

EC lysis buffer 1 M NaCl, 100 mM EDTA, 6 mM TRIS, 

0.5% Brij58, 0.2% deoxycholate, 0.5% N-

lauroyl sarcosine; pH=7.6 

ESTN buffer 20 mM NaCl, 100 mM EDTA, 10 mM 

TRIS, 1% N-lauroyl sarcosine; pH=8.0 

TE buffer 1 mM EDTA, 10 mM TRIS; pH=7.5 

0.5x TBE buffer 1.25 mM EDTA, 45 mM TRIS, 45 mM 

boric acid 
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4. Results 

4.1. Carriage rate 

Usually, we had a mixed bacterium flora on the blood agar plates, while the chocolate 

agar plates were sometimes empty and sometimes a pure (H. influenzae or M. catarrhalis) 

culture was detectable. Out of the 580 screened children, 442 (76.2%) carried at least one 

of the four bacterial species. There was a clear age related bacterial prevalence: M. 

catarrhalis, S. pneumoniae and H. influenzae carriage decreased with age, meanwhile S. 

aureus prevalence showed an inverse tendency as shown on Figure 9. S. aureus carriage 

was 11.3% (n=38) in nurseries, 30.1% in DCCs (n = 56) and it peaked with 50.0% (n = 

29) in primary school. A more specific age for highest carriage ratio could not be 

determined, as it was constantly ≥50% in the 9-13 years old children. The other three 

bacteria were more prevalent among younger children. The carriage rates in the three 

different age groups were 48.8% (n = 164), 21.5% (n = 40) and 6.9% (n = 4) for S. 

pneumoniae; 60.1% (n = 202), 37.6% (n = 70) and 15.5% (n = 9) for M. catarrhalis; 

34.2% (n = 115), 19.9% (n = 37) and 0.0% (n = 0) for H. influenzae, respectively. Further 

refining the age, both M. catarrhalis and S. pneumoniae reached the peak at 1-2 years, 

whereas the highest rate of H. influenzae was observed among three years old children 

(37.3%, n=55). From that point, H. influenzae rate decreased until 0.0% by the age of 

seven years and it remained absent in older age groups. 

 

Figure 9. Prevalence of the four bacterial species  
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We have determined the single and multiple colonization patterns among the three 

institute types as summarized in Table 21. Multiple carriage occurred more frequently 

without S. aureus which was most obvious in case of triple and double carriage (Figure 

10a and 10b). During statistical analysis, we found a significant negative association 

between S. aureus and S. pneumoniae or M. catarrhalis, and it was nearly significant with 

H. influenzae. On the other hand, positive association existed between S. pneumoniae-H. 

influenzae, S. pneumoniae-M. catarrhalis and H. influenzae-M. catarrhalis (Table 22). 

Neither positive nor negative correlation was found between VT pneumococci and the 

other three species. 

Table 21. Nasal colonization patterns of the four respiratory pathogens among different 

age groups 

 Nurseries (1-3y)  

n=336 

DCCs (3-6y) 

n=186 

Primary school (6-13y) 

n=58 

Non-carriers 54 (16.1%) 60  (32.3%) 24  (41.4%) 

Carriers 282 (83.9%) 126  (67.7%) 34  (58.6%) 

Carriers of one 

pathogen 

109 (32.4%) 71 (38.2%) 28 (48.3%) 

S. aureus  10 (3.0%) 30 (16.1%) 24 (41.4%) 

S. pneumoniae 26 (7.7%) 9 (4.8%) 1 (1.7%) 

M. catarrhalis 54 (16.1%) 28 (15.1%) 3 (5.2%) 

H. influenzae 19 (5.7%) 4 (2.2%) 0 (0.0%) 

Carriers of two 

pathogens 

111 (33.0%) 38 (20.4%) 4 (6.9%) 

S. pneumoniae + 

S. aureus 

2 (0.6%) 3 (1.6%) 0 (0.0%) 

S. pneumoniae + 

M. catarrhalis 

61 (18.2%) 8 (4.3%) 1 (1.7%) 

S. pneumoniae + 

H. influenzae 

17 (5.1%) 5 (2.7%) 0 (0.0%) 

M. catarrhalis + 

H. influenzae 

20 (6.0%) 9 (4.8%) 0 (0.0%) 

S. aureus + M. 

catarrhalis 

8 (2.4%) 10 (5.4%) 3 (5.2%) 

S. aureus + H. 

influenzae 

3 (0.9%) 3 (1.6%) 0 (0.0%) 

Carriers of three 

pathogens 

60 (17.9%) 12 (6.5%) 2 (3.4%) 

M. catarrhalis + 

H. influenza + S. 

pneumoniae 

47 (14.0%) 7 (3.8%) 0 (0.0%) 

S. pneumoniae + 

S. aureus + M. 

catarrhalis 

6 (1.8%) 1 (0.5%) 2 (3.4%) 
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S. pneumoniae + 

S. aureus + H. 

influenzae 

3 (0.9%) 2 (1.1%) 0 (0.0%) 

S. aureus + M. 

catarrhalis + H. 

influenzae 

4 (1.2%) 2 (1.1%) 0 (0.0%) 

       

Carriers of four 

pathogens 

2 (0.6) 5 (2.7%) 0 (0.0%) 

 

 

Figure 10a. Triple carriage prevalence  

  

Figure 10b. Double carriage prevalence  
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Table 22. Co-carriage association between the four species 

 S. aureus p-

value 

H. influenzae p-

value 

M. catarrhalis p-value 

Carriers 

n (%) 

Non-carriers 

n (%) 

 Carriers 

n (%) 

Non-carriers 

n (%) 

 Carriers 

n (%) 

Non-carriers 

n (%) 

 

S. pneumoniae carriers n=208 26 (12.5) 182 (87.5) 1.252x

10-4 (S) 

88 (42.3) 120 (57.7) 4.300x

10-11 

(S) 

140 (67.3) 68  

(32.7) 
1.077x10-11 

(S) 

S. pneumoniae non-carriers 

n=372 

97  

(26.1) 

275 (73.9) 64 (17.2) 308 (82.8) 141 (37.9) 231 (62.1) 

VT S. pneumoniae carriers n=13 2  

(15.4) 

11  

(84.6) 

0.745  

(NS) 

6  

(46.2) 

7  

(53.8) 

0.772  

(NS) 

9 (69.2)  4  

(30.8) 

0.879 (NS) 

NVT  

S. pneumoniae carriers n=195 

24 (12.3) 

 

171 (87.7) 82 (42.1) 113 (57.9) 131 (67.2) 64  

(32.8) 

S. aureus carriers n=123 - - - 24 (19.5) 99 (80.5) 0.057 

(NS) 

43 (35.0) 80 (65.0) 7.455x10-4 

(S) S. aureus non-carriers n=457 - - 128 (28.0) 329 (72.0) 238 (52.1) 219 (47.9) 

H. influenzae carriers n=152 - - - - - - 96 (63.2) 56 (36.8) 2.397x10-5 

(S) H. influenzae non-carriers n=428 - - - - 185 (43.2) 243 (56.8) 

 

*VT: vaccine type 

*NVT: non-vaccine type 

 

4.2. Risk factors 

Various risk factors were analysed individually in each age group of asymptomatic children and we made a comparison with the cumulative 

data as well. As mentioned before, the questionnaires were missing in case of four children attending nurseries. Table 23 shows the age-

specific results of the Fisher’s exact test and Table 24 shows the cumulative results. 
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Based on our statistics, M. catarrhalis was not influenced by any of the investigated factors. Regarding gender, boys seemed to be colonized 

with S. aureus more frequently in the primary school group. Furthermore, having siblings was associated positively with S. aureus carriage 

in the summarized group. However, antibiotic exposure in the past two weeks affected negatively its carriage (cumulative data). Taking 

antibiotics also reduced H. influenzae carriage (but only in DCC group). Finally, passive smoking was negatively associated with S. 

pneumoniae carriage. 

Table 23. Statistical analysis of the risk factors which may have an influence on carriage  

Risk factor 

 

 

Patho-

gen 

Nurseries (1-3y) n=332* p-value DCCs (3-6y)  

n=186 

p-value Primary school (6-13y) 

n=58 

p-value 

Carriers 

(%) 

NCs 

(%) 

 Carriers 

(%) 

NCs 

(%) 

 Carriers 

(%) 

NCs 

(%) 

 

Gender male S. p. 

S. a. 

M. c. 

H. i. 

78 (49.1) 

18 (11.3) 

92 (57.9) 

61 (38.4) 

81 (50.9) 

141 (88.7) 

67 (42.1) 

98 (61.6) 

1.000 (NS) 

1.000 (NS) 

0.502 (NS) 

0.132 (NS) 

20 (20.6) 

29 (29.9) 

34 (35.1) 

19 (19.6) 

77 (79.4) 

68 (70.1) 

63 (64.9) 

78 (80.4) 

0.859 (NS) 

1.000 (NS) 

0.454 (NS) 

1.000 (NS) 

3 (9.4) 

21 (65.6) 

4 (12.5) 

0 (0.0) 

29 (90.6) 

11 (34.4) 

28 (87.5) 

32 (100.0) 

0.620 (NS) 

0.017 (S) 

0.717 (NS) 

- 

Gender female S. p. 

S. a. 

M. c. 

H. i. 

84 (48.6) 

20 (11.6) 

107 (61.8) 

52 (30.1) 

89 (51.4) 

153 (88.4) 

66 (38.2) 

121 (69.9) 

20 (22.5) 

27 (30.3) 

36 (40.4) 

18 (20.2) 

69 (77.5) 

62 (69.7) 

53 (59.6) 

71 (79.8) 

1 (3.8) 

8 (30.8) 

5 (19.2) 

0 (0.0) 

25 (96.2) 

18 (69.2) 

21 (80.8) 

26 (100.0) 

Having siblings S. p. 

S. a. 

M. c. 

H. i. 

95 (49.0) 

21 (10.8) 

114 (58.8) 

63 (32.5) 

99 (51.0) 

173 (89.2) 

80 (41.2) 

131 (67.5) 

1.000 (NS) 

0.728 (NS) 

0.650 (NS) 

0.483 (NS) 

31 (23.7) 

43 (32.8) 

51 (38.9) 

28 (21.4) 

100 (76.3) 

88 (67.2) 

80 (61.1) 

103 (78.6) 

0.330 (NS) 

0.226 (NS) 

0.621 (NS) 

0.547 (NS) 

3 (5.8) 

26 (50.0) 

8 (15.4) 

0 (0.0) 

49 (94.2) 

26 (50.0) 

44 (84.6) 

52 (100.0) 

0.362 (NS) 

1.000 (NS) 

1.000 (NS) 

- 

Not having 

siblings 

S. p. 

S. a. 

M. c. 

H. i. 

67 (48.6) 

17 (12.3) 

85 (61.6) 

50 (36.2) 

71 (51.4) 

121 (87.7) 

53 (38.4) 

88 (63.8) 

9 (16.4) 

13 (23.6) 

19 (34.5) 

9 (16.4) 

46 (83.6) 

42 (76.4) 

36 (65.5) 

46 (83.6) 

1 (16.7) 

3 (50.0) 

1 (16.7) 

0 (0.0) 

5 (83.3) 

3 (50.0) 

5 (83.3) 

6 (100.0) 

Vaccinated 

with Prevenar 

13 

S. p. 

S. a. 

M. c. 

H. i. 

139 (50.2) 

33 (11.9) 

163 (58.8) 

96 (34.7) 

138 (49.8) 

244 (88.1) 

114 (41.2) 

181 (65.3) 

0.302 (NS) 

0.649 (NS) 

0.452 (NS) 

0.643 (NS) 

33 (21.7) 

47 (30.9) 

57 (37.5) 

31 (20.4) 

119 (78.3) 

105 (69.1) 

95 (62.5) 

121 (79.6) 

1.000 (NS) 

0.683 (NS) 

1.000 (NS) 

0.816 (NS) 

1 (3.8) 

13 (50.0) 

3 (11.5) 

0 (0.0) 

25 (96.2) 

13 (50.0) 

23 (88.5) 

26 (100.0) 

0.620 (NS) 

1.000 (NS) 

0.495 (NS) 

- 
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Not vaccinated 

with Prevenar 

13 

S. p. 

S. a. 

M. c. 

H. i. 

23 (41.8) 

5 (9.1) 

36 (65.5) 

17 (30.9) 

32 (58.2) 

50 (90.9) 

19 (34.5) 

38 (69.1) 

7 (20.6) 

9 (26.5) 

13 (38.2) 

6 (17.6) 

27 (79.4) 

25 (73.5) 

21 (61.8) 

28 (82.4) 

3 (9.4) 

16 (50.0) 

6 (18.8) 

0 (0.0) 

29 (90.6) 

16 (50.0) 

26 (81.3) 

32 (100.0) 

Antibiotic 

exposure in the 

past two weeks 

S. p. 

S. a. 

M. c. 

H. i. 

46 (43.8) 

7 (6.7) 

65 (61.9) 

41 (39.0) 

59 (56.2) 

98 (93.3) 

40 (38.1) 

64 (61.0) 

0.239 (NS) 

0.066 (NS) 

0.632 (NS) 

0.213 (NS) 

3 (9.7) 

7 (22.6) 

10 (32.3) 

1 (3.2) 

28 (90.3) 

24 (77.4) 

21 (67.7) 

30 (96.8) 

0.095 (NS) 

0.394 (NS) 

0.548 (NS) 

0.012 (S) 

0 (0.0) 

2 (33.3) 

2 (33.3) 

0 (0.0) 

6 (100.0) 

4 (66.7) 

4 (66.7) 

6 (100.0) 

1.000 (NS) 

0.670 (NS) 

0.231 (NS) 

- 

No antibiotics S. p. 

S. a. 

M. c. 

H. i. 

116 (51.1) 

31 (13.7) 

134 (59.0) 

72 (31.7) 

111 (48.9) 

196 (86.3) 

93 (41.0) 

155 (68.3) 

37 (23.9) 

49 (31.6) 

60 (38.7) 

36 (23.2) 

118 (76.1) 

106 (68.4) 

95 (61.3) 

119 (76.8) 

4 (7.7) 

27 (51.9) 

7 (13.5) 

0 (0.0) 

48 (92.3) 

25 (48.1) 

45 (86.5) 

52 (100.0) 

Passive 

exposure to 

smoking 

S. p. 

S. a. 

M. c. 

H. i. 

35 (44.9) 

6 (7.7) 

47 (50.3) 

25 (32.1) 

43 (55.1) 

72 (92.3) 

31 (39.7) 

53 (67.9) 

0.440 (NS) 

0.310 (NS) 

1.000 (NS) 

0.785 (NS) 

14 (18.2) 

26 (33.8) 

34 (44.2) 

17 (22.1) 

63 (81.8) 

51 (66.2) 

43 (55.8) 

60 (77.9) 

0.372 (NS) 

0.418 (NS) 

0.128 (NS) 

0.578 (NS) 

2 (9.5) 

11 (52.4) 

4 (19.0) 

0 (0.0) 

19 (90.5) 

10 (47.6) 

17 (81.0) 

21 (100.0) 

0.615 (NS) 

1.000 (NS) 

0.710 (NS) 

- 

No passive 

exposure to 

smoking 

S. p. 

S. a. 

M. c. 

H. i. 

127 (50.0) 

32 (12.6) 

152 (59.8) 

88 (34.6) 

127 (50.0) 

222 (87.4) 

102 (40.2) 

166 (65.4) 

26 (23.9) 

30 (27.5) 

36 (33.0) 

20 (18.3) 

83 (76.1) 

79 (72.5) 

73 (67.0) 

89 (81.7) 

2 (5.4) 

18 (48.6) 

5 (13.5) 

0 (0.0) 

35 (94.6) 

19 (51.4) 

32 (86.5) 

37 (100.0) 

Total number 

of carriers and 

NCs 

S. p. 

S. a. 

M. c. 

H. i. 

162 (48.8) 

38 (11.4) 

199 (59.9) 

113 (34.0) 

170 (51.2) 

294 (88.6) 

133 (40.1) 

219 (66.0) 

 40 (21.5) 

56 (30.1) 

70 (37.6) 

37 (19.9) 

146 (78.5) 

130 (69.9) 

116 (62.4) 

149 (80.1) 

 4 (6.9) 

29 (50.0) 

9 (15.5) 

0 (0.0) 

54 (93.1)  

29 (50.0) 

49 (84.5) 

58 (100.0) 

 

*: Data of four children attending nursery were missing 

NC, non-carrier 

DCC, day-care centre 
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Table 24. Cumulative table of correlation between carriage and possible risk factors 

Risk factor 

 

Pathogen Screened children (1-13y) n=576* p-value 

Carriers (%) NCs (%) 

Gender male S. p. 

S. a. 

M. c. 

H. i. 

101 (35.1) 

68 (23.6) 

130 (45.1) 

80 (27.8) 

187 (64.9) 

220 (76.4) 

158 (54.9)  

208 (72.2) 

0.794 (NS) 

0.222 (NS) 

0.156 (NS) 

0.393 (NS) 

Gender 

female 

S. p. 

S. a. 

M. c. 

H. i. 

105 (36.5) 

55 (19.1) 

148 (51.4) 

70 (24.3) 

183 (63.5) 

233 (80.9) 

140 (48.6) 

218 (75.7) 

Having 

siblings 

S. p. 

S. a. 

M. c. 

H. i. 

129 (34.2) 

90 (23.9) 

173 (45.9) 

91 (24.1) 

248 (65.8)  

287 (76.1) 

204 (54.1) 

286 (75.9) 

0.315 (NS) 

0.043 (S) 

0.136 (NS) 

0.163 (NS) 

Not having 

siblings 

S. p. 

S. a. 

M. c. 

H. i. 

77 (38.7) 

33 (16.6) 

105 (52.8) 

59 (29.6) 

122 (61.3) 

166 (83.4)  

94 (47.2) 

140 (70.4) 

Antibiotic 

exposure in 

the past two 

weeks 

S. p. 

S. a. 

M. c. 

H. i. 

49 (34.5) 

16 (11.3) 

77 (54.2) 

42 (29.6) 

93 (65.5) 

126 (88.7) 

65 (45.8) 

100 (70.4) 

0.763 (NS) 

0.001 (S) 

0.122 (NS) 

0.272 (NS) 

 

 

 

No 

antibiotics 

S. p. 

S. a. 

M. c. 

H. i. 

157 (36.2) 

107 (24.7) 

201 (46.3) 

108 (24.9) 

277 (63.8) 

327 (75.3)  

233 (53.7) 

326 (75.1) 

Passive 

exposure to 

smoking 

S. p. 

S. a. 

M. c. 

H. i. 

51 (29.0) 

43 (24.4) 

85 (48.3) 

42 (23.9) 

125 (71.0)  

133 (75.6) 

91 (51.7) 

134 (76.1) 

0.030 (S) 

0.270 (NS) 

1.000 (NS) 

0.471 (NS) 

No passive 

exposure to 

smoking 

S. p. 

S. a. 

M. c. 

H. i. 

155 (38.8) 

80 (20.0) 

193 (48.3) 

108 (27.0) 

245 (61.3) 

320 (80.0) 

207 (51.8) 

292 (73.0) 

Total number 

of carriers 

and NCs 

S. p. 

S. a. 

M. c. 

H. i. 

206 (35.8) 

123 (21.4) 

278 (48.3) 

150 (26.0) 

370 (64.2) 

453 (78.6) 

298 (51.7)  

426 (74.0) 

 

*: Data of four children attending nursery were missing 

NC: non-carrier 
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4.3. Serotyping results and vaccination status 

4.3.1. S. pneumoniae 

Altogether, 208 pneumococcus carriers were identified, but in the case of two girls (from 

nursery and DCC), double carriage was detected (all non-PCV serotypes: 31 + 23B and 

15C + 23A) therefore the total number of the isolates was 210. The PCV13 vaccination 

rate was high based on the questionnaires: 83.4% in nurseries, 81.7% in DCCs, 44.8% in 

primary school. As PPV23 is an optional vaccine, its frequency was much lower: 6.9%, 

8.6% and 5.2%, respectively. PCV13 serotypes were hardly present in the three groups: 

4.8% (19F, 19A), 9.8% (19F, 9V) and 25.0% (7F), while PPV23 serotypes were more 

prevalent: 34.5% (15B, 11A, 10A, 9N, 33F, 22F), 39.0% (11A, 15B, 10A, 17F) and 0.0% 

(Table 25). The leading serotypes were 15B (17.0%) in nurseries and 11A (26.8%) in 

DCCs. Out of the four isolates in primary school, two was serotype 37 and one of them 

was 7F which were missing from the other two groups. An increasing prevalence with 

age was observed in case of serotype 23B (2.4% in nurseries, 9.8% in DCCs and 25.0% 

among school children), serotype 11A (6.7% in nurseries vs. 26.8% in DCCs) and 6C 

(1.8% vs. 9.8%), while 15B and 24F showed decreasing tendencies (17.0% vs. 4.9% and 

11.5% vs. 0.0%, respectively). Comparing nurseries and DCCs, both PCV13 (4.8% vs. 

9.8%) and PPV23 (34.5% vs. 39.0%) coverage was higher in DCCs.  

We divided the clinical specimens into two groups: deriving from patients <7 years (P1) 

and ≥7 years (P2) to make an easier comparison between carriers of the same age group 

and to monitor the patients (P2) who were probably not vaccinated against 

pneumococcus. This comparison can be found in Table 26. Even though there were only 

83 isolates in P2, we identified 28 different serotypes, mostly non-vaccine types (NVTs, 

38.6%) but PCV13 and PPV23 coverage was of a similar magnitude (32.5% and 28.9%). 

In P1, NVTs were absolutely dominant with 60.3%, whereas PCV13 and PPV23 

serotypes distributed almost equally: 17.5% and 22.2%. The diversity of serotypes was 

smaller here in P1, comparable to that found among carriers (19 and 23 different types, 

respectively).  

Carriers <7 years showed a spectacular tendency in vaccine coverage rate: only 5.8% for 

PCV13, 35.4% for PPV23 and 58.7% for NVT. 19F was represented in all three groups 

as a prominent PCV13 serotype, whereas serotype 3 was completely absent among 

carriers. On the other hand, type 3 was the leading serotype in older patients (15.7%) 
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explaining the high PCV13 coverage. Among PPV23 serotypes, 15B was the most 

frequent among carriers (14.6%) and in P1 (9.5%) whereas in P2 it had only 2.4%. 

Interestingly, 11A was the leading PPV23 serotype in P2 (12.0%) and it was the second 

leading in P1 (7.9%) and in carriers (10.7%). Absolutely different NVTs were specific in 

each group: 24F (9.2%), 35F (8.3%) 15C (7.3%) and 23A (6.8%) among carriers, 23B 

(22.2%) in P1, 15A (8.4%) and NT (7.2%) in P2, respectively. The serotype distribution 

in ranking order is depicted on Figure 11a, 11b and 11c for each category. 

 

Table 25. PCV13, PPV23 and NVT serotype distribution among the three groups 

Serotype Nurseries (1-3y) 

n=165 (%) 

DCCs (3-6y) 

n=41 (%) 

Primary school (6-13y) 

n=4 (%) 

PCV13 

serotypes 

   

7F 0 (0.0) 0 (0.0) 1 (25.0) 

9V 0 (0.0) 1 (2.4) 0 (0.0) 

19A 1 (0.6) 0 (0.0) 0 (0.0) 

19F 7 (4.2) 3 (7.3) 0 (0.0) 

PPV23 

serotypes 

   

9N 5 (3.0) 0 (0.0) 0 (0.0) 

10A 9 (5.5) 2 (4.9) 0 (0.0) 

11A 11 (6.7) 11 (26.8) 0 (0.0) 

15B 28 (17.0) 2 (4.9) 0 (0.0) 

17F 0 (0.0) 1 (2.4) 0 (0.0) 

22F 1 (0.6) 0 (0.0) 0 (0.0) 

33F 3 (1.8) 0 (0.0) 0 (0.0) 

NVT 

serotypes 

   

6C 3 (1.8) 4 (9.8) 0 (0.0) 

15A 10 (6.1) 0 (0.0) 0 (0.0) 

15C 12 (7.3) 3 (7.3) 0 (0.0) 

21 3 (1.8) 0 (0.0) 0 (0.0) 

23A 14 (8.5) 0 (0.0) 0 (0.0) 

23B 4 (2.4) 4 (9.8) 1 (25.0) 

24F 19 (11.5) 0 (0.0) 0 (0.0) 

31 0 (0.0) 3 (7.3) 0 (0.0) 

34 5 (3.0) 1 (2.4) 0 (0.0) 

35B 7 (4.2) 3 (7.3) 0 (0.0) 

35F 16 (9.7) 1 (2.4) 0 (0.0) 

37 0 (0.0) 0 (0.0) 2 (50.0) 

38 4 (2.4) 0 (0.0) 0 (0.0) 

NT 3 (1.8) 2 (4.9) 0 (0.0) 

Total 

PCV13 

8 (4.8) 4 (9.8) 1 (25.0) 
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Total 

PPV23 

57 (34.5) 16 (39.0) 0 (0.0) 

Total NVT 100 (60.6) 21 (51.2) 3 (75.0) 

n: number of isolates 

 

Table 26. Serotype comparison of carriers, patients <7 years and patients ≥7 years old 

Serotype carriers <7 y (n=206) 

(%) 

patients <7 y (n=63) 

(%) 

patients ≥7y (n=83) 

(%) 

PCV13 serotypes    

1 0 (0.0) 0 (0.0) 1 (1.2) 

3 0 (0.0) 5 (7.9) 13 (15.7) 

6A 0 (0.0) 0 (0.0) 1 (1.2) 

6B 0 (0.0) 0 (0.0) 1 (1.2) 

9V 1 (0.5) 0 (0.0) 1 (1.2) 

19A 1 (0.5) 2 (3.2) 2 (2.4) 

19F 10 (4.9) 3 (4.8) 7 (8.4) 

23F 0 (0.0) 1 (1.6) 1 (1.2) 

PPV23 serotypes    

8 0 (0.0) 0 (0.0) 2 (2.4) 

9N 5 (2.4) 0 (0.0) 4 (4.8) 

10A 11 (5.3) 3 (4.8) 4 (4.8) 

11A 22 (10.7) 5 (7.9) 10 (12.0) 

15B 30 (14.6) 6 (9.5) 2 (2.4) 

17F 1 (0.5) 0 (0.0) 1 (1.2) 

22F 1 (0.5) 0 (0.0) 1 (1.2) 

33F 3 (1.5) 0 (0.0) 0 (0.0) 

NVT serotypes    

6C 7 (3.4) 0 (0.0) 1 (1.2) 

15A 10 (4.9) 3 (4.8) 7 (8.4) 

15C 15 (7.3) 1 (1.6) 1 (1.2) 

16F 0 (0.0) 1 (1.6) 2 (2.4) 

19C 0 (0.0) 0 (0.0) 1 (1.2) 

21 3 (1.5) 5 (7.9) 0 (0.0) 

23A 14 (6.8) 1 (1.6) 1 (1.2) 

23B 8 (3.9) 14 (22.2) 3 (3.6) 

24F 19 (9.2) 5 (7.9) 1 (1.2) 

31 3 (1.5) 2 (3.2) 3 (3.6) 

34 6 (2.9) 2 (3.2) 0 (0.0) 

35B 10 (4.9) 1 (1.6) 3 (3.6) 

35F 17 (8.3) 2 (3.2) 1 (1.2) 

38 4 (1.9) 0 (0.0) 2 (2.4) 

NT 5 (2.4) 1 (1.6) 6 (7.2) 

Total PCV13 12 (5.8) 11 (17.5) 27 (32.5) 

Total PPV23 73 (35.4) 14 (22.2) 24 (28.9) 

Total NVT 121 (58.7) 38 (60.3) 32 (38.6) 

n: number of isolates 
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Figure 11a. Serotype distribution among carriers <7 years. Yellow columns, PCV13 

serotypes; green columns, additional PPV23 serotypes; blue columns, NVTs. 
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Figure 11b. Serotype distribution among patients <7 years. Yellow columns, PCV13 

serotypes; green columns, additional PPV23 serotypes; blue columns, NVTs 
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Figure 11c. Serotype distribution among patients ≥7 years. Yellow columns, PCV13 

serotypes; green columns, additional PPV23 serotypes; blue columns, NVTs 
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H. influenzae was not isolated in primary school children. In DCCs (n=37), 33 isolates 
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also serotype A was the most prevalent in nurseries with 89.1% (n=180), followed by B 

and C with 9.4% (n=19) and 1.0% (n=2). The remaining 1 isolate (0.5%) was NT. 

4.4. Antibiotic susceptibility 

4.4.1. S. pneumoniae 

Full susceptibility was observed against imipenem and vancomycin, even among clinical 

isolates. Susceptibility results of isolates of carriers <7 years, P1 and P2 are compared in 

Table 27. In general, carriage isolates were the most susceptible and P2 isolates were the 

most resistant. This tendency was observed for all tested antibiotics. Penicillin resistant 

isolates were not found. Low level of intermediate resistance was observed: 13.1%, 

17.5% and 25.3%. Regarding fluoroquinolones, 100% susceptibility was measured 

among carriers. In case of young patients, 4.8% of the isolates were resistant to 

levofloxacin, 7.9% to moxifloxacin. These percentages were almost doubled in P2 group: 

8.4% and 14.5%. Erythromycin resistance was 17.5%, 19.0% and 28.9% in the three 

groups, respectively. The macrolide resistant isolates (n=36 among carriers, n=12 in P1 

and n=24 in P2) were further checked for erm(B) and mef genes. Erm(B) was detected in 

38 cases which showed MLSB phenotype: high MIC values for both erythromycin and 

clindamycin. Mef(E) was found in 29 cases which had lower MIC values (8–16 mg/L) for 

erythromycin and were susceptible to clindamycin, corresponding the classic M 

phenotype. In addition, both genes were present in three cases (one strain each of serotype 

19A, 19F and NT). The serotype specific resistance distribution complemented with 

erm(B), mef(E) positivity is shown in Table 28. Erythromycin resistance was higher in 

the DCC group (29.3%) than in the nursery group (14.5%). This is due to the different 

serotype distribution because 11A was more prevalent in the DCC group (11/165 in 

nurseries vs. 11/41 in DCCs) and this type contributed significantly to erythromycin 

resistance. Besides 11A (always M phenotype), 19F, 15A, 15C and 19A (MLSB type) 

were the major macrolide resistant serotypes. Serotype 3, 10A, 23A, 23B, 24F, 35B and 

35F isolates were sensitive mostly to all tested antibiotics. The four pneumococcus 

isolates from primary school were sensitive to all drugs except for one isolate (serotype 

23 B) being intermediate resistant to penicillin. 

  

DOI:10.14753/SE.2022.2609



59 

 

Table 27. Antibiotic susceptibility of pneumococcal isolates in three groups: carriers, 

patients <7 years and patients ≥7 years old 

  MIC range MIC50 MIC90 S (%) I (%) R (%) 

Penicillin Carriers <7y <0.015-2 0.03  0.25 86.9 13.1 0.0 

 Patients <7y <0.015-2 <0.015  0.25 82.5 17.5 0.0 

 Patients ≥7y <0.015-2 <0.015  0.5 74.7 25.3 0.0 

Cefotaxime Carriers <7y <0.004-1 0.03  0.125 96.1 3.9 0.0 

 Patients <7y 0.008-2 0.03 0.25 95.2 4.8 0.0 

 Patients ≥7y <0.004-2 0.03 1 86.7 8.4 4.8 

Imipenem Carriers <7y <0.004-0.5 0.015  0.06 100.0 0.0 0.0 

 Patients <7y 0.008-2 0.06 0.5 100.0 0.0 0.0 

 Patients ≥7y <0.004-2 0.06 1 100.0 0.0 0.0 

Erythromycin Carriers <7y <0.06->256 0.125  32 81.1 1.5 17.5 

 Patients <7y <0.06->256 0.125 256 81.0 0.0 19.0 

 Patients ≥7y <0.06->256 0.125 256 69.9 1.2 28.9 

Clindamycin Carriers <7y <0.5->128 <0.5 <0.5 92.2 0.0 7.8 

 Patients <7y <0.5->128 <0.5 64 85.7 0.0 14.3 

 Patients ≥7y <0.5->128 <0.5 128 83.1 0.0 16.9 

Levofloxacin Carriers <7y <0.5-2 1 2 100.0 0.0 0.0 

 Patients <7y <0.5->4 1 2 95.2 0.0 4.8 

 Patients ≥7y <0.5->4 1 2 91.6 0.0 8.4 

Moxifloxacin Carriers <7y <0.03-0.5 0.25 0.25 100.0 0.0 0.0 

 Patients <7y 0.125->0.5 0.25 0.5 92.1 0.0 7.9 

 Patients ≥7y <0.03->0.5 0.25 >0.5 85.5 0.0 14.5 

Vancomycin Carriers <7y <0.125-1 0.5 1 100.0 0.0 0.0 

 Patients <7y 0.25-1 0.5 1 100.0 0.0 0.0 

 Patients ≥7y <0.125-2 0.5 1 100.0 0.0 0.0 
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Table 28. Antibiotic susceptibility among the most frequent/important pneumococcal serotypes, including the detected macrolide resistance 

genes  

Serotype (n) Penicillin (n) Cefotaxime (n) Erythromycin (n) Clindamycin (n) ermB/mefE Levofloxacin (n) Moxifloxacin (n) 

15B (38) 84.2% (32) S 

15.8% (6) I 

100.0% (38) S 86.8% (33) S 

13.2% (5) R 

86.8% (33) S 

13.2% (5) R 

n=5 ermB 100.0% (38) S 100.0% (38) S 

11A (37) 94.6% (35) S 

5.4% (2) I 

100.0% (37) S 54.1% (20) S 

45.9 (17) R 

100.0% (37) S n=17 mefE 100.0% (37) S 94.6% (35) S 

5.4% (2) R 

24F (25) 96.0% (24) S 

4.0% (1) I 

96.0% (24) S 

4.0% (1) I 

100.0% (25) S 100.0% (25) S - 96.0% (24) S 

4.0% (1) R 

96.0% (24) S 

4.0% (1) R 

23B (25) 68.0% (17) S 

32.0% (8) I 

96.0% (24) S 

4.0% (1) I 

96.0% (24) S 

4.0% (1) R 

100.0% (25) S n=1 mefE 100.0% (25) S 100.0% (25) S 

19F (20) 75.0% (15) S 

25.0% (5) I 

85.0% (17) S 

15.0% (3) I 

25.0% (5) S 

75.0% (15) R 

45.0% (9) S 

55.0% (11) R 

n=10 ermB 

n=4 mefE 

n=1 ermB+mefE 

95.0% (19) S 

5.0% (1) R 

95.0% (19) S 

5.0% (1) R 

15A (20) 65.0% (13) S 

35.0% (7) I 

100.0% (20) S 55.0% (11) S 

45.0% (9) R 

60.0% (12) S 

40.0% (8) R 

n=8 ermB 

n=1 mefE 

100.0% (20) S 100.0% (20) S 

35F (20) 100.0% (20) S 100.0% (20) S 100.0% (20) S 100.0% (20) S - 100.0% (20) S 95.0% (19) S 

5.0% (1) R 

3 (18) 88.9% (16) S 

11.1% (2) I 

88.9% (16) S 

5.6% (1) I 

5.6% (1) R 

100.0% (18) S 100.0% (18) S - 94.4% (17) S 

5.6% (1) R 

88.9% (16) S 

11.1% (2) R 

10A (18) 100.0% (18) S 94.4% (17) S 

5.6% (1) R 

94.4% (17) S 

5.6% (1) R 

94.4% (17) S 

5.6% (1) R 

n=1 ermB 88.9% (16) S 

11.1% (2) R 

88.9% (16) S 

11.1% (2) R 

15C (17) 100.0% (17) S 100.0% (17) S 76.5% (13) S 

23.5% (4) R 

82.4% (14) S 

17.6% (3) R 

n=2 ermB 100.0% (17) S 100.0% (17) S 

23A (16) 100.0% (16) S 100.0% (16) S 100.0% (16) S 100.0% (16) S - 100.0% (16) S 100.0% (16) S 

NT (14) 64.3% (9) S 

35.7% (5) I 

85.7% (12) S 

14.3% (2) I 

42.9% (6) S 

57.1% (8) R 

64.3% (9) S 

35.7% (5) R 

n=6 ermB 

n=1 mefE 

n=1 ermB+mefE 

100.0% (14) S 100.0% (14) S 

35B (14) 35.7% (5) S 

64.3% (9) I 

57.1% (8) S 

35.7% (5) I 

7.1% (1) R 

92.9% (13) S 

7.1% (1) I 

100.0% (14) S - 92.9% (13) S 

7.1% (1) R 

92.9% (13) S 

7.1% (1) R 

21 (8) 87.5% (7) S 

12.5% (1) I 

100.0% (8) S 100.0% (8) S 100.0% (8) S - 87.5% (7) S 

12.5% (1) R 

75.0% (6) S 

25.0% (2) R 

19A (5) 60.0% (3) S 

40.0% (2) I 

80.0% (4) S 

20.0% (1) I 

40.0% (2) S 

60.0% (3) R 

40.0% (2) S 

60.0% (3) R 

n=2 ermB 

n=1 ermB+mefE 

100.0% (5) S 100.0% (5) S 
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4.4.2. S. aureus  

MRSA was not identified at all which was also confirmed by mecA negativity and 

cefoxitin screening. Regarding vancomycin, 100% sensitivity was measured. Table 29 

shows the summarized antibiotic susceptibility data for S. aureus, H. influenzae and M. 

catarrhalis. Penicillin resistance was very high in all three groups: 73.7% in nurseries, 

76.8% in DCCs and 82.8% in primary school, respectively. The second highest resistance 

rate was measured for erythromycin, but it was only 12.2%. 

On the contrary, gentamicin resistance was absent only among the youngest children. 

Only one isolate appeared to be ciprofloxacin resistant (MIC = 2 mg/L) which was 

obtained from a child in the nursery group. Three isolates showed mupirocin resistance, 

all of them originated from DCCs in Pápa. This corresponds to a 2.4% prevalence in total, 

and 5.4% among the DCCs. As all of them expressed high level resistance (MIC 

>1024mg/L), all three possessed the mupA gene and none of them had point mutations in 

the ileS gene.  

4.4.3. H. influenzae 

Nine isolates in the nursery group (7.8%) and one from DCC (2.7%) were ampicillin 

resistant (Table 29). All 10 strains had a MIC value >8mg/L, but all were susceptible to 

amoxicillin/ clavulanic acid. This refers to beta-lactamase production which was 

confirmed by a positive nitrocefin disc test in every case. For cefotaxime and 

fluoroquinolons, 100% sensitivity was observed. Macrolide resistance was found in both 

groups, a bit higher percentage in case of DCCs: erythromycinR 1.7% vs. 8.1%; 

azithromycinR 8.7% vs. 10.8%. The highest resistance was detected for TMP/SMX 

(11.3% in the nurseries and 24.3% in the DCCs). To highlight the nine serotypeable 

isolates, all of them were fully susceptible to all tested antibiotics. 

4.4.4. M. catarrhalis 

In general, 100% sensitivity was documented in the case of amoxicillin-clavulanic acid, 

cefotaxime and moxifloxacin (Table 29). Additionally, primary school isolates were fully 

sensitive to all tested antibiotics. Only five isolates, all deriving from nurseries, were 

levofloxacin resistant, but only with low MIC values: 5mg/L (n=4) and 0.25mg/L (n=1). 

Non-susceptibility to macrolides and TMP/SMX was also below 5% and always with low 

MIC values. 
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Table 29. Summarized antibiotic susceptibility data for S. aureus, H. influenzae and M. 

catarrhalis 

Bacteria (n) and 

antibiotics 

MIC range 

(mg/L) 

MIC50 

(mg/L) 

MIC90 

(mg/L) 

S (%) I (%) R (%) 

S. aureus 

(n=123) 

      

Penicillin <0.03-256 8 64 22.8 0.0 77.2 

Oxacillin 0.06-0.5 0.25 0.5 100.0 0.0 0.0 

Tetracycline 0.25->4 0.5 1 98.4 0.0 1.6 

Erythromycin 0.19->256 0.19 >256 87.8 0.0 12.2 

Clindamycin 0.094-1 0.094 0.25 99.2 0.0 0.8 

Gentamicin 0.5-4 1 1 95.1 0.0 4.9 

Ciprofloxacin 0.25-2 0.5 1 99.2 0.0 0.8 

Mupirocin <0.03-

>1024 

0.06 0.06 97.6 0.0 2.4 

Vancomycin 1-2 1 2 100.0 0.0 0.0 

H. influenzae 

(n=152) 

      

Ampicillin 0.25->8 1 1 93.4 0.0 6.6 

Amoxicillin-

clavulanic acid 

0.125-0.75 0.5 0.5 100.0 0.0 0.0 

Cefotaxime 0.008-0.06 0.015 0.06 100.0 0.0 0.0 

Levofloxacin <0.004-

0.125 

0.008 0.015 100.0 0.0 0.0 

Moxifloxacin <0.004-0.5 0.03 0.06 100.0 0.0 0.0 

Erythromycin <0.25-32 8 16 96.7 0.0 3.3 

Azithromycin 0.06-8 2 4 90.8 0.0 9.2 

TMP/SMX 0.008->32 0.03 >32 85.5 0.0 14.5 

M. catarrhalis 

(n=281) 

      

Amoxicillin-

clavulanic acid 

<0.06-0.38 0.094 0.25 100.0 0.0 0.0 

Cefotaxime <0.004-1 0.25 0.5 100.0 0.0 0.0 

Levofloxacin 0.015-0.5 0.03 0.06 98.2 0.0 1.8 

Moxifloxacin 0.06-0.25 0.06 0.125 100.0 0.0 0.0 

Erythromycin <0.125-16 0.25 0.25 96.1 2.5 1.4 

Azithromycin <0.06-8 0.06 0.06 97.9 0.4 1.8 

TMP/SMX 0.015-2 0.125 0.25 98.9 0.4 0.7 
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4.5. Genotyping results 

4.5.1. S. pneumoniae 

Interestingly, fully identical PFGE profiles of clinical and carried isolates were found in 

case of serotypes 11A, 19A and 19F, despite the fact that there was sometimes one year 

difference between the sampling dates of the similar pairs (Figure 12). 

 

Figure 12. Identical restriction pattern of clinical and carried isolates among serotypes 

11A, 19A and 19F. 

Regarding serotype 3, half of the isolates were indistinguishable (sharing the same 

pattern) and the rest of the clinical isolates were also closely or possibly related. Besides 

their general susceptibility to antibiotics, the two penicillin intermediate isolates (16744, 

52128) did not belong to the same clone (Figure 13). 

 

Figure 13. PFGE pattern of serotype 3 isolates 
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The restriction pattern of serotype 19A isolates was very variable (Figure 14). Only the 

above mentioned clinical and carried isolates were identical. The least related isolate 

(8754) had the same pattern as a previously isolated strain (M41/2), originating also from 

a carriage study in 2010 (37), which turned out to belong to the worldwide circulating 

resistant ST320 clone (Figure 15). Not only their SmaI restriction pattern but their MIC 

values were identical as well. In addition, isolate 8754 expressed erm(B) and mef(E) genes 

together. 

 

Figure 14. PFGE pattern of serotype 19A isolates 

 

Figure 15. Two ST320 isolates of serotype 19A 

Genetic relatedness of serotype 19F is described on Figure 16. Their PFGE patterns 

showed three major clusters which corresponded well with their antibiotic sensitivity. The 

penicillin susceptible and high level macrolide and lincosamide resistant isolates formed 

the first and largest cluster, all of them deriving from Budapest. The second, smaller 

cluster comprised of fully susceptible isolates. Finally, cluster 3 contained only clinical 

isolates which had penicillin intermediate level resistance and low level erythromycin 

resistance, with one exception. Isolate 57103 (the only strain with elevated penicillin MIC 

and MLSB phenotype) stood alone in a separate subcluster. One representative of each 

three clusters and this latter strain (indicated with bold face and underlining) were chosen 

for MLST analysis. Based on this, cluster 1 strains belonged to ST179, cluster 2 to ST180. 

Isolate 57103 proved to be a member of the ST320 sequence type. Similarly to the 

previously mentioned ST320 isolate among serotype 19A isolates, 57103 also possessed 

erm(B) and mef(E) genes. The MLST type of the other cluster 3 isolate was ST651. ST651 
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belongs to the same clonal complex as ST320 (CC-271) which means they differ only in 

one out of the seven housekeeping loci according to the BURST algorithm (211, 212).  

 

Figure 16. PFGE dendrogram of serotype 19F strains 

Figure 17 shows the digestion pattern of serotype 11A isolates. Two major clusters could 

be detected: The first one indicated with red square, containing isolates representing M 

phenotype, the second one in the blue square, comprising of sensitive isolates. The 

members of the first cluster derived from Pápa, whereas the second cluster included both 

clinical and carried isolates from Pápa and Budapest. 
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Figure 17. PFGE dendrogram of the serotype 11A pneumococcal isolates 

Serotype 15C isolates deriving from the same institutes showed close relatedness (e.g. 

BT189, BT87 and BT97 or PP55 and PP103) as it can be seen on Figure 18. However, 

sometimes isolates even from different cities had indistinguishable pattern (e.g. 6/3/2 and 

PP7 from Budapest and Pápa).  

 

Figure 18. PFGE dendrogram of the serotype 15C pneumococcal isolates 
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Serotype 15A was a really diverse group (Figure 19). The biggest cluster (squared with 

red), consisting of carried isolates from Budapest, showed full susceptibility except for 

BT175 (M phenotype). PP89 and K3/1 (indicated with blue) were identical, however, 

they derived from Pápa and Székesfehérvár, respectively. Between the red and blue 

groups, four indistinguishable or closely related clinical isolates, having MLSB 

phenotype, are found. The last group (indicated with purple) contained two pairs of 

related isolates each of carried (BT98, BT78) and clinical (36535, 14589) ones. 

 

Figure 19. PFGE dendrogram of the serotype 15A pneumococcal isolates 

4.5.2. S. aureus  

One of the S. aureus isolates could not be digested by SmaI enzyme consequently, hence 

only 122 PFGE patterns were available for comparison. High-grade diversity can be seen 

on Figure 20 with many smaller clusters comprising of 2-5 members. Identical isolates 

from the same town as well as from different towns were observed, two examples of them 

is marked with blue.  

Attention should be payed to the three mupirocin resistant isolates from which two of 

them had the very same pattern and their antibiotic resistance pattern completely 

correlates with this partition (Figure 21). The third isolate (PP264) had a slightly modified 

PFGE and antibiotic profile (it was sensitive to erythromycin) but this was also in close 

relationship with the other two. It is supported by the information that all three isolates 

derived from Pápa, but the third one from a different DCC. 
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Figure 20. PFGE dendrogram of all S. aureus isolates from this study 
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Figure 21. PFGE pattern of the three mupirocin resistant S. aureus isolates 

4.5.3. H. influenzae 

Out of the 143 isolates, two could not be digested by SmaI, hence only 141 strains were 

available for PFGE analysis. NTHi and typable isolates are shown on two separate 

figures. NTHi isolates differed a lot genetically, only a few major clusters could be 

determined (Figure 22). Within these clusters, closely or possibly related isolates could 

be found. Regarding the origin of isolates, the clusters are variable, isolates from the three 

different towns belonged to the same group. However, the absolute indistinguishable 

isolates always came from the same place except for one perfect match in the second 

squared group: identical isolates derived from Pápa and Budapest as well. 
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Figure 22. PFGE dendrogram of the NTHi isolates  
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Four of the seven H. influenzae serotype f isolates – originating from the same DCC – 

were indistinguishable (Figure 23), furthermore, their MIC values were the same. The 

other three strains were possibly related according to Tenover’s criteria which were 

collected not only in different institutes but in different towns. The serotype e isolates 

differed only in one band so they were closely related (Figure 23). 

 

Figure 23. PFGE pattern of the serotype f and e H. influenzae isolates 
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5. Discussion 

5.1. Carriage rate 

In our study, we had the opportunity to screen the carriage rates of four respiratory tract 

pathogens in different age groups. S. aureus was the only bacterium of which prevalence 

increased by age: 11.3% in nurseries, 30.1% in DCCs and 50.0% in primary school. On 

the contrary, the prevalence of the other three species decreased by age. A survey 

conducted in the Czech Republic among 3-6 years old children, had similar age-related 

observation: According to their results, children under 4 years tended to carry S. 

pneumoniae more frequently, while S. aureus colonization was higher among older 

children (>4 years). The carriage of H. influenzae and M. catarrhalis declined with age, 

similar to our data (213). In a Belgian study, younger age (under 4 years) was positively 

associated with M. catarrhalis and negatively associated with S. aureus carriage (214). 

S. pneumoniae reaches the peak incidence during the first three years of life, based on the 

results of Bogaert et al (55% among 3 years old children). After a gradual decrease by 

age, carriage rate stabilizes at around 8% after the age of 10 years (215). Our study fits 

well with the literature: S. pneumoniae carriage peaked at 48.8% in 1-3 years old children, 

decreased to 21.5% among 3-6 years old children and further to 6.9% in the oldest age 

group. 

Regarding S. aureus, a peak incidence was found at the age of 11 years (~50%) by Bogaert 

et al. which correlates well with our results (215, 216). In younger age groups, about 20-

40% prevalence can be measured: 19.4% was reported in children under 5 years in 

Uganda (217), 13.5% in two years old children in the Netherlands (218), 35% in India 

(among children aged 1-6 years) (219).  

Asymptomatic carriage data are available from previous Hungarian studies as well. 

Between 2009 and 2011, 878 DCC-attending healthy children were screened, S. aureus 

nasal carriage was found to be 21.3% (193). In 2012, 1390 children attending DCCs in 

Szolnok were tested. There, the overall carriage rate was notably higher: 34.1% (220). 

We measured 30.1% in our current survey. 
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Before PCV7 was introduced (in 2009-2010), 34.1% pneumococcal colonization was 

detected in Hungary and still 32.5% in 2011-2012 (early post-PCV7 era). This value 

dropped by 2015-2016 to 21.5% in the same age group (37). 

Concluding from the previous Hungarian data, S. aureus carriage remained stable over 

the tested 7-year period, while S. pneumoniae decreased. 

In case of H. influenzae, 35.5% carriage rate was observed among 0–6 years old children 

in Japan (221), 15.6% among preschool children (aged 5–6 years) in Turkey (222) and 

24.9% in DCC children in the Czech Republic (213). Our corresponding percentages were 

34.2% in nurseries and 19.9% in DCCs. No isolates were found in primary school. A 

Kenyan work reported also a very low prevalence in the age group of 10-19 years (4/104; 

3.8%) (223). 

Decreasing tendency was observed for M. catarrhalis carriage, 60.1%, 37.6% and 15.5% 

in nurseries, DCCs and primary school, respectively. Similar rates were observed in Japan 

in children <6 years old (58.1%) (221). In Turkey, 23.9% was reported among 6–10 years 

old children (224). 3-6 years old children were involved in the Czech and the Belgian 

surveys where 16.0% and 41.9% were found (213, 214). 

Only a few European research groups reported about carriage rates in adulthood. A S. 

aureus nasal carriage rate of 27.3% was detected in Norwegian adults (225), and 37.4% 

in Switzerland (226). A study, conducted in Germany showed that it was still 28.5% 

among the elderly (≥65 years) (227). In the very same study, H. influenzae was found in 

only 1.9% of all participants and S. pneumoniae was not detected at all. Low colonization 

rate was also described among Swedish adults: 0.8% for S. pneumoniae, 2.7% for H. 

influenzae and 1.9% for M. catarrhalis, respectively (228). 

Besides Europe, also low percentages were measured for S. pneumoniae and H. influenzae 

carriage among adults in Africa. S. pneumoniae rate decreased from 7.8% (20-29 years) 

further to 3.2% (30-49 years), but it slightly increased again above 50 years of age (4.7%). 

In the same age groups, 3.9%, 1.1% and 2.8% was measured for H. influenzae (223). 

Prevalence of S. aureus carriage was 28.8% among healthy adults (≥20 years) in Vietnam 

and 11.7% was measured for M. catarrhalis in Yemen (229, 230). 

DOI:10.14753/SE.2022.2609



74 

 

5.2. Effect of vaccination 

5.2.1. Effect of PCVs on other species 

The effect of PCVs on other members of the nasal flora can be estimated by long-term 

pneumococcal carriage surveillances. In the Netherlands, 11 months old, 24 months old 

children and their parents were followed-up: a significant decline in S. pneumoniae 

colonization was established when testing after 4.5 years post-PCV7 in all groups. 

Simultaneously, prevalence of S. aureus, H. influenzae and M. catarrhalis significantly 

increased. Seven years after the implementation of PCV7, pneumococcal carriage level 

was lower than at the beginning of the study but the ratios of the other three species started 

to decline from this point (231, 232). Official national support of vaccination with PCV7 

resulted an elevated carriage of H. influenzae and M. catarrhalis among DCC children in 

Japan (221). Although S. pneumoniae carriage rate was not different after immunization 

with PCV7, H. influenzae and M. catarrhalis were more frequently isolated from the 

nasopharynx of children diagnosed with acute otitis media in the USA (233). It is a 

limitation of our study that we cannot assess the indirect effect of PCV13 vaccination 

regarding H. influenzae and M. catarrhalis as we do not have base-line data from the pre-

PCV13 era in Hungary. 

5.2.2. Effect of PCVs on S. pneumoniae serotype distribution 

As described by many authors, PCV vaccines cause a marked shift in pneumococcal 

serotype distribution (231, 234, 235). The ratio of PCV13 serotypes clearly decreased in 

parallel to the increasing PCV vaccination rates in Hungary. Before the introduction of 

the conjugate vaccines, 57.3% was measured, later it dropped to 32.5% in the post-PCV7-

pre-PCV13 era (37). In the current study, a further spectacular decrease was observed: 

the PCV13 serotype prevalence was only 9.8% in DCCs and 4.8% in nurseries. There 

were only four PCV13 serotypes (19F, 19A, 9V, 7F) which were present in the tested 

population and 19F was the most dominant (10/13). The frequently antibiotic resistant 

19A serotype, which can pose a serious threat, was hardly present before PCV7 

vaccination began (1.4%) then it rapidly became the dominant type (11.5%) in the post-

PCV7 era (2011–2012) (37). After this rise, it seems to have fallen back by now to as low 

as 0.5% among carriers <7 years due to the extended coverage of PCV13 vaccine. 

Serotype 3, 6A, 6B or 23F have completely vanished by now. In the pre-PCV13 era, 

serotype 3 and 6A contributed significantly to the high PCV13 coverage, with a 
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prevalence of ~5-7% each (37). Their disappearance is very important, as they have a 

high potential to cause invasive diseases. On the contrary, the replacing new serotypes 

have a low invasive potential (236-239). PPV23 serotypes were more prevalent, out of 

them, 15B (17.0% in the nurseries) and 11A (26.8% in the DCCs) were the leading ones. 

According to the annual European Centre for Disease prevention and Control (ECDC) 

reports, 11A was one of the top ten IPD causing serotypes in the timeframe of our study 

(2015-2016) (240). By 2018, 11A was displaced from this ranking (27). 

Clinical isolates had a higher PCV13 coverage: 17.5% in P1 and 32.5% in P2. This 

reflects well that PCV13 has a delayed effect on clinical isolates while the vaccine has a 

direct protecting effect on asymptomatic carriers resulting a faster serotype replacement 

(241). The most outstanding example is the presence of serotype 3 in P1 (7.9%) and P2 

(15.7%). This serotype was ranking number one among IPD in Europe in 2014, but 

serotype 8 overtook the first place by 2015. Serotype 3 still kept the second place 

according to the latest available ECDC data. Serotype 3 is found predominantly in the 

elderly (27). 6A (1.2% in P2), 6B (1.2% in P2) and 23F (1.6% in P1 and 1.2% in P2) were 

also present among clinical isolates representing PCV13 serotypes. 

23B dominated in P1 (22.2%) as a replacing NVT followed by 15B (9.5%). In P2, 11A 

was the most frequent NVT (12.0%) followed by 15A (8.4%). 23B and 15A are also 

found in the list of most common serotypes responsible for IPD (27). 

Worryingly, 19F was represented in a bigger proportion both in the carried and clinical 

groups (4.9% in carriers, 4.8% in P1 and 8.4% in P2). It was unexpected based on the 

previous Hungarian results: in 2009–2010, i.e. in the pre-PCV7 era (when the average 

PCV7 vaccination of the enrolled children was only 16.4%), 19F was present at 9.6%. 

Between 2010 and 2012, as the vaccination rate increased to 46.0%, significantly lower 

19F rate (1.7%) was found (p = 5.0 * 10-7) (37). But it seems to creep back again. Similar 

results were found in the USA. In St. Louis, n=11/88 serotype 19F was identified, despite 

high vaccine uptake (86.7%). In Alaska, 19F ratio significantly increased among 5-17 

years old children from 2008-2009 (0.3%) to 2011-2012 (4.8%). This leads us to conclude 

that certain serotypes, like 19F, can persist even among vaccinated children. One of the 

reason for this phenomenon can be a vaccine failure in cases of IPD (242). An alternative 

explanation could be the emergence of novel MLST genotypes (such as ST9074 in case 
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of 19F) among circulating pneumococcal isolates which have successfully filled the 

vacated niche caused by the disappearance of other vaccine types. Probably, the re-

emergence of 19F is related more to pathogen-associated virulence factors rather than 

host immune response, because higher rates are confined to certain geographical regions. 

All ten carried 19F isolates in our surveillance derived from two institutes. It is also 

hypothesized that a higher antibody concentration is required for the protection against 

these new types (243).  

5.3. H. influenzae serotype distribution 

Hib was not found throughout our study. It is not surprising as Hib vaccine was 

implemented more than 20 years ago. In 2016, type b was only represented in 5.8% (half 

of the cases occurring in ≥25 years old patients), whereas 77.7% of H. influenzae invasive 

disease was caused by NTHi followed by serotype f (11.3%) and e (2.7%) in the European 

Economic Area (133). This ratio is mirrored in our carriage study: NTHi dominated both 

in nurseries (95.7%) and DCCs (89.2%). The remaining proportion was serotype f in 

DCCs (10.8%), whereas in the nurseries it was divided between serotype f (2.6%) and e 

(1.7%). Regarding carriage in other countries, where Hib was already implemented, 

serotype b also disappeared from carriage (221, 244). Camilli et al. identified only NTHi 

in children <6 years old in Italy in 2012. Besides serotype replacement, the epidemiology 

of H. influenzae invasive disease also changed in the affected age group. It means that 

currently adults suffer from invasive disease caused by H. influenzae rather than children 

(245). 

In Hungary, 0-8 cases of Haemophilus-meningitis were reported annually between 2001 

and 2014 (246). Serotypes are only known for a low number of cases (Table 30). 

 

Table 30. Annually reported meningitis purulenta cases caused by H. influenzae 

year number of cases serotypes (where known) 

2000 13  

2001 5  

2002 5  

2003 2   

2004 3   

2005 2  

2006 0  
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2007 2 b (n=1) 

2008 6 f (n=2) 

NTHi (n=2) 

2009 3 f (n=1) 

2010 5  

2011 8  

2012 4 e (n=1) 

f (n=1) 

2013 2 NTHi (n=2) 

2014 3  

 

5.4. M. catarrhalis serotype distribution 

According to Blakeway et al., A, B, C and NT serotypes are present usually in the 

following range: 60–75 %, 20–30 %, 2–6 % and approximately 5 %, respectively (190). 

This correlates well with our findings. Serotype A dominated in all three age groups 

(100% in primary school, 68.6% in DCCs and 89.1% in nurseries. Serotype B was the 

second most prevalent with 18.6% in DCCs and 9.4% in nurseries. Serotype C was 

represented in 2.9% and 1.0%, and finally 10.0% and 0.5% of the strains were NT. 

5.5. Relationship between the investigated species 

As the most common co-carried pair was S. pneumoniae and M. catarrhalis, not 

surprisingly there was a positive association between them, in accordance for instance 

with a Japanese publication (221). However, they found no correlation between S. 

pneumoniae - H. influenzae and H. influenzae-M. catarrhalis co-carriage, as we did in 

our study. It was described that M. catarrhalis is more often a co-infecting agent in otitis 

media besides S. pneumoniae and H. influenzae (247, 248). Their mutual co-colonization 

in the nasopharynx enhances the risk of otitis media development compared to a single 

infection (249). Synergistic interactions are assumed between these three bacteria: the β-

lactamase produced by M. catarrhalis can protect susceptible S. pneumoniae and H. 

influenzae strains from β-lactam antibiotics (250-252). Another way of their collaboration 

is that outer membrane vesicles produced by M. catarrhalis can inhibit the complement-

dependent killing of H. influenzae (253). Pneumococci can increase resistance of M. 

catarrhalis to macrolides in polymicrobial biofilms, while H. influenzae promotes M. 

catarrhalis presence via interspecies quorum signaling (250, 252). 

A definite negative interaction was described by several authors between S. pneumoniae 

and S. aureus (254, 255). Several mechanisms can stand in the background: natural 
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competition for the niche, or the production of hydrogen peroxidase (H2O2) by S. 

pneumoniae which is lethal for S. aureus (256). This inverse relationship can be due to 

bacterial interference or a consequence of confounding effects like age, as S. aureus 

distribution shows a mirror image compared to that of S. pneumoniae (254). Regev-

Yochay published an especially interesting negative association between PCV-7 VT 

strains and S. aureus co-carriage. In contrast, our results showed no difference in the co-

carriage of S. aureus and VT or NVT pneumococci (15.4% versus 12.3%). Another 

confounding factor was demonstrated by Reddinger et al. First, it was shown that the two 

species can form a stable biofilm both individually and together. Single-species studies 

confirmed that both bacteria are capable to disperse from the biofilm in response to 

physiological changes. However, if the dual-species biofilm was exposed to influenza A 

virus infection, only S. pneumoniae could disperse from it whereas S. aureus dispersal 

was inhibited. Furthermore, an in vivo mouse model supported these findings. They 

infected the nasopharynx of mice artificially with the two bacteria and 48 hours later with 

influenza A virus. The majority of mice developed secondary pneumococcal pneumonia 

(62.5%), only 12.5% had staphylococcal pneumonia and pneumonia was always 

monomicrobial. Therefore, it could be concluded that S. pneumoniae reduces the 

pathogenic potential of S. aureus (257). In the previous Hungarian studies, also a negative 

relationship was published: examining altogether 2268 children attending DCCs, only 

7.1% of the children proved to be double carriers (258). 

In our study, S. aureus had a statistically significant negative correlation with M. 

catarrhalis and nearly significant with H. influenzae carriage. Pettigrew et al. and van 

den Bergh et al. reported negative association between S. aureus and H. influenzae among 

6-36 months old children (259, 260). Moreover, van den Bergh et al. found also a negative 

association between S. aureus and M. catarrhalis (259).  

Out data suggest that in the ever dynamic system of synergistic and competitive 

relationships among members of the microflora, three bacteria (S. pneumoniae, H. 

influenzae and M. catarrhalis) can easily share the niche, but all of them compete with S. 

aureus. 
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5.6. Risk factors 

Significant association was found between male gender and S. aureus carriage in the 

primary school group. Males seemed to carry more frequently S. aureus in a U.S. survey 

with nearly 10000 participants (261). S. aureus was also more prevalent among males in 

Germany, though not significantly (227).  In one of the former Hungarian S. aureus 

surveys, only one risk factor reached the level of significance: boys had a higher 

colonization rate (220). Summarizing all data, two more predictor variables influenced 

the carriage: having siblings had an enhancing effect while antibiotic exposure in the past 

two weeks had a negative effect. It is quite obvious that the more S. aureus colonized 

person lives in the same household, the bigger is the likelihood for a successful 

transmission (262). A Greek survey described that infants were more frequently colonized 

if they had many siblings or a carrier mother (263). Antibiotic exposure affected 

negatively the S. aureus and H. influenzae carriage in our study. Antibiotic use can 

support the selection and emergence of antibiotic resistant bacteria and it can also lead to 

the eradication of susceptible isolates (264-267).  

Both active and passive smokers are at increased risk of respiratory infections (268, 269). 

In a former Hungarian paper, carriers of serotype 19A were exposed to passive smoking 

in a much higher percent (49.2%) than non-carriers (39.2%), however it was not 

statistically significant based on the Chi-square test (p=0.139) (37). Of note, the opposite 

effect of passive smoking was mentioned in a Belgian study where parental smoking was 

negatively associated with pneumococcal carriage of 6-30 months old infants (270). 

5.7. Antibiotic sensitivity 

5.7.1. S. pneumoniae 

Among carried isolates, penicillin, cefotaxime and ciprofloxacin resistant isolates were 

not found. Higher values were measured in a Turkish work where 6–10 years old school 

children were tested: 7%, 7.5% and 1% were found to be resistant to the mentioned three 

antibiotics (224). Similarly, erythromycin and clindamycin resistance was higher with 

42% and 34%, while our corresponding figures were 17.5% and 7.8%. 

The results of the Czech study are rather similar to ours: no penicillin and cefotaxime 

resistance was found. They measured lower penicillin intermediate resistance (3.0%) 

compared to the current study (13.1%) (213). 
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The antibiotic susceptibility of carried isolates is typically lower compared to clinical 

strains. In the current study, a clear increasing gradient in resistance could be observed 

from the carriers towards P1 and P2 (carriers < P1 < P2) in case of macrolides and 

fluoroquinolones (Table 27). Furthermore, we compared our results to nationwide clinical 

data (inpatients and outpatients), based on several thousands of isolates each year and 

collected by the National Bacteriological Surveillance Management Team of the National 

Public Health Center in 2015-2016 (271). As seen on Figure 24, P1 and P2 results stand 

closer to inpatient and outpatient values. Not surprisingly, isolates deriving from 

inpatients showed higher resistance rates compared to outpatient isolates, with the 

exception of clindamycin. While we found no penicillin resistant isolates in any of the 

investigated groups, 2.5–4.3% resistance among non-invasive pneumococci was reported 

nationwide. 

 

Figure 24. Antibiotic resistance rates of carried (n=206) versus clinical S. pneumoniae 

isolates from Hungary, in the period of 2015-2016. 

P1 (n=63) and P2 (n=83) obtained in this study; outpatient and inpatient data taken from 

the annual resistance reports of the National Public Health Center 

In a previous Hungarian study conducted between 2010 and 2012, carried isolates were 

also more sensitive than clinical isolates and also higher rates were observed among 

hospitalized patients (272). Comparing carried isolates from the period of 2010-2012 and 

from this study (2015-2016), we can detect a decrease in resistance to penicillin (0.3% 
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vs. 0.0%), clindamycin (17.3% vs. 7.8%) and levofloxacin (4.4% vs. 0.0%). These 

findings could probably be related to the drastic vaccine-driven serotype rearrangement, 

as resistance is serotype specific and the newly emerging serotypes are mostly more 

susceptible. PCVs were designed to include the most prevalent serotypes among invasive 

diseases, and some of these turned out to be associated with high resistance levels (such 

as 19A). Serotype-linked resistance is supported by the fact that in the DCC group, 

erythromycin resistance was significantly higher (29.3%) than in the nursery group 

(14.5%) which can be associated with the bigger proportion of 11A isolates at the DCCs, 

always displaying the M resistance phenotype.  

5.7.2. S. aureus 

In the current study, as always before, vancomycin resistance was not detected. On the 

other hand, whereas 100% mupirocin sensitivity was measured previously in our 

surveillance studies between 2009-2011 and in 2012 (193, 220), now three S. aureus 

isolates were resistant (2.4% of all strains). The penicillin resistance was somewhat lower 

now (only 77.2%) compared to the figures from the old studies (91-92%). We did not find 

any MRSA isolates in this study; in 2012, 4/476 isolates (0.8%) proved to be MRSA. The 

ciprofloxacin resistance was accordingly low (only 0.8%). Compared to the data 

measured in 2012, erythromycin resistance increased slightly (10.3% versus 12.2%) but 

clindamycin resistance dropped significantly (from 9.5% to 0.8%), which can be 

attributed to the high proportion of M type serotype 11A strains. Tetracycline resistance 

remained low (3.4% versus 1.6%).  

Annual nationwide resistance rates of clinical strains are provided by the National Public 

Health Center (271) also for S. aureus, so we could make a comparison. Similarly to the 

pneumococci, the carried isolates displayed much lower resistance compared to the 

clinical ones, with the exception of mupirocin and gentamicin (Figure 25). For instance, 

erythromycin resistance of clinical outpatients S. aureus isolates was 22–24% in 2015-

2016, while only 12.2% for our strains; or tetracycline resistance was 7.2–8.2% in 

outpatients, and only 1.6% in this study. According to the expectations, both oxacillin and 

ciprofloxacin resistance was significantly higher among inpatients, due to the higher 

prevalence of MRSAs. 
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Figure 25. Antibiotic resistance rates of carried (n=123) versus clinical S. aureus isolates 

from Hungary, in the period of 2015-2016. Nationwide resistance data were obtained 

from the National Public Health Center annual reports.  

Among children attending 16 DCCs in the Czech Republic, no MRSA was found either. 

Their erythromycin and clindamycin resistance rates were very low (2.8% and 0.0%, 

respectively) (213). 

As a result of the increasing pressure to prevent MRSA infections - as mupirocin is the 

major agent used worldwide for nasal MRSA decolonization -, mupirocin resistance 

started emerging in several countries (273). 

5.7.3. H. influenzae 

Carried H. influenzae were less resistant compared to Hungarian clinical isolates from the 

same time period (Figure 26) (271). For instance, ampicillin resistance was 6.6% in this 

study, while it was twice as high for clinical isolates (13.8%). Levofloxacin, moxifloxacin 

and amoxicillin-clavulanic acid resistance were present only among disease causing 

strains (0.7% 0.7% and 5.8%). Only the TMP-SMX resistance found in our study was 

closer to the clinical values (14.5% versus 18.6%). Usually, β-lactam resistance in this 

bacterium is mediated by the production of β-lactamases, but an altered penicillin-binding 

protein can also result in a lower affinity to β-lactams. These are the so called BLNAR 

strains (274). In this study, none of the ten ampicillin-resistant isolates were BLNAR.  
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Figure 26. Antibiotic resistance rates of carried (n=152) versus clinical H. influenzae 

isolates from Hungary, in the period of 2015-2016. Nationwide resistance data were 

obtained from the National Public Health Center annual reports.  

In the Czech surveillance, the authors published very similar figures to ours. The 

amoxicillin resistance was 4.6% in their study and all isolates were susceptible to 

amoxicillin-clavulanic acid and fluoroquinolones. TMP-SMX resistance rate was also 

very close to ours with 12.0% (213). 

Torun et al. measured twice as high resistance rates for both ampicillin (12.9%) and TMP-

SMX (28.6%) among asymptomatic children in Turkey compared to our values, (224). 

and 0.9% of their isolates were resistant to the ampicillin-sulbactam combination. Only 

fluoroquinolone susceptibility was 100%. 

In parallel with the implementation of Hib vaccine, ampicillin and chloramphenicol 

resistance decreased in India where most invasive H. influenzae infections were caused 

by type b in the 1990s (275). 

5.7.4. M. catarrhalis 

The contrast between the resistance of carried and clinical M. catarrhalis isolates was 

even more marked than for the other species. The erythromycin and TMP-SMX resistance 

of our strains was only 1.4% and 0.7%, compared to the equivalent values of 11.3% and 

13.8% in clinical isolates (Figure 27). Only levofloxacin resistance was a bit higher 

among carriers (1.8% versus 0.3%) but we detected no moxifloxacin resistance (271). 
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In the Turkish study in which 6–10 years old school children were screened, although all 

M. catarrhalis isolates were also susceptible to amoxicillin-clavulanic acid, but 

significantly higher TMP-SMX resistance was determined (20%), even higher than in the 

Hungarian clinical isolates (224). 

M. catarrhalis strains isolated in the Czech DCCs showed slightly higher TMP-SMX 

resistance (5.3%) compared to our study, but none of the Czech isolates were 

erythromycin resistant (213). 

 

 

Figure 27. Antibiotic resistance rates of carried (n=281) versus clinical M. catarrhalis 

isolates from Hungary, in the period of 2015-2016. Nationwide resistance data were 

obtained from the National Public Health Center annual reports. 

5.8. Genotyping results 

5.8.1. S. pneumoniae 

When comparing the PFGE restriction patterns of the isolates belonging to the same 

serotypes, identical patterns were detected among clinical and carried strains in case of 

serotypes 11A, 19A, 19F. Moreover, there was up to one year difference regarding time 

of isolation between the corresponding pairs. This means that some stable clones might 

circulate over a long time in the Hungarian population. 
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Serotype 3 was only present among patients but not among asymptomatic carriers. Their 

genetic diversity was really low, half of the isolates had indistinguishable banding pattern. 

This suggest that one dominant clone and its closely related variants circulate in the 

country. 

Among the five 19A isolates, we found one belonging to the ST320 clone. Curiously, also 

among the 19F isolates we found one ST320 strain, as confirmed by MLST. Both of them 

had high-level erythromycin, clindamycin resistance and were penicillin intermediate 

resistant. Furthermore, both of them expressed erm(B) and mef(E) genes. These are 

characteristic features of members of the Taiwan19F-14 clone (ST236), a well-known 

international, multiresistant linage which was the ancestor of ST320 in the pre-PCV7 era 

(276). According to Pillai et al. and Hsieh et al. a capsular switch event between the PCV7 

type 19F and the PCV13 type 19A after PCV7 implementation (277, 278) has lead to the 

current dominance of 19A within ST320 (279, 280).  

The incidence of invasive pneumococcal disease IPD due to serotype 19A increased from 

0.8 to 2.5 cases per 100,000 population between 1998 and 2005 in the USA. 

Simultaneously, penicillin resistant 19A incidence increased from 6.7% to 35% among 

IPD cases. Of these, 73.5% belonged to the CC320 (281). In Barcelona, ST320 appeared 

first in 2005 among OM isolates and had a rapid expansion: during the period of 2002-

2006, only 22.2% of 19A isolates belonged to ST320, while between 2007 and 2011 this 

number was 72.7% (282). Similarly, in Asian countries, ST320 dominance was observed 

during 2008 and 2009. Altogether 1637 S. pneumoniae isolates were collected in ten 

different countries in Asia and 91 proved to be serotype 19A. Out of these, 46 (51.1%) 

was ST320 deriving from Hong Kong, India, Korea, Malaysia, Saudi Arabia and Taiwan. 

ST320 isolates were mostly multidrug resistant and showed significantly higher 

resistance rates than other STs to cefuroxime, clindamycin, and TMP/SMX. Interestingly, 

it was predominant even in countries with no or low coverage of PCV7 indicating that 

that its emergence and dissemination was due to more than just vaccine selection pressure 

in Asian countries (283). Antibiotic overuse may explain the expansion of this multidrug 

resistant clone event before PCV7 introduction (284). 

Another noteworthy clonal complex is CC180, which is mainly associated with serotype 

3 (285). Controversially, serotype 3 ST180 is significantly associated with asymptomatic 
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carriage but also with high-case fatality rates when causing infection (286, 287). This 

phenomenon was already recognized in the early 20th century regarding serotype 3 (288). 

We had some serotype 19F ST180 strains, which - similarly to serotype 3 strains in 

general - were fully susceptible to all tested antibiotics (Figure 16). ST180 was already 

identified among 19F strains in Germany, however, it remained a predominantly a 

serotype 3 associated sequence type (289). We hypothesize that a capsular switching 

event might have occurred in the past between serotype 19F and serotype 3 – ST180 

strains, which could explain the re-emergence of serotype 19F among carried isolates, 

despite the fact that it is a PCV-7 serotype. The identical PFGE banding pattern of some 

selected serotype 3 and 19F isolates supports this hypothesis (Figure 28), but it obviously 

requires further investigation. 

 

Figure 28. Identical PFGE pattern of selected serotype 3 and 19F isolates, where the two 

19F isolates belong to ST180 sequence type. 

Not surprisingly, we could observe that in the same DCC/nursery, isolates belonging to 

the same serotype shared the same PFGE pattern (e.g. in case of 19F, 11A and 15A 

strains, larger identical groups were detected while among 15C strains only some pairs 

were identical). This is probably due to the close contact between the children and it also 

confirms frequent bacterial transmission among children. However, we have examples 

for the opposite as well, i.e. identical serotypes with unrelated pulsotypes. Identical clones 

were found sometimes in different cities, e.g. among 15A isolates deriving form 

Székesfehérvár and Pápa, or 15C isolates deriving form Budapest and Pápa. 

5.8.2. S. aureus 

Related strains were often present within the same DCC/nursery but also identical strains 

could be isolated far from each other both in time and place. Bonness et al. detected 

identical strains deriving from the same children’s nose and hand, also among parents and 
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their children which provides an evidence that carriage on skin plays a major role in 

transmission (290). 

The nearly identical pulsotype of the three mupirocin resistant strains can also allude to 

the clonal spread within the same community, or in the same town (in case of PP264).  

5.8.3. H. influenzae 

The capsulated types of H. influenzae are usually less diverse genotypically than the 

NTHi isolates, this is evidenced by MLST and ribotyping as well in the literature (291-

294). This correlates well with our results, however, we had only seven serotypeable 

isolates. Among NTHi, a bigger genetic richness could be detected based on PFGE 

results, even within the same institute. That is comparable with the serotypeable isolates’ 

profile as the four indistinguishable serotype f isolates derived from the same DCC and 

the other three from three different places and the two serotype e isolates derived from 

the same nursery but differed only in one band.  
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6. Conclusions 

In this study, we have screened children belonging to three different age groups, for the 

carriage of four respiratory pathogen bacteria. In the same time period (2015-2016), 

clinical pneumococcal isolates were obtained as well. Due to the strict Hungarian 

vaccination policy – PCV13 and Hib are mandatory vaccines – we hardly found PCV13 

serotype pneumococcal isolates: its prevalence was 4.8% in nurseries and 9.8% in DCCs, 

represented only by serotypes 19F, 19A and 9V. On the contrary, among patients the 

PCV13 coverage was higher with 17.5% (P1) and 32.5% (P2).  

Among the clinical strains, we have found two ST320 isolates belonging to two different 

serotypes (19A and 19F), both of them expressing erm(B) and mef(E). 

Among S. pneumoniae isolates, penicillin intermediate resistance was observed: 13.1%, 

17.5% and 25.3% among carriers, patients <7 y and patients >7 y, respectively. Compared 

to a previous Hungarian carriage study, the lower levels of resistance to certain antibiotics 

like penicillin, clindamycin and levofloxacin are probably due to the vaccine-driven 

serotype rearrangement as resistance is serotype specific and the newly emerging 

serotypes are mostly more susceptible. 

Multiple carriage occurred more frequently without S. aureus. During statistical analysis, 

we found a significant negative association between S. aureus and S. pneumoniae or M. 

catarrhalis, and it was nearly significant with H. influenzae. On the other hand, positive 

association existed between S. pneumoniae-H. influenzae, S. pneumoniae-M. catarrhalis 

and H. influenzae-M. catarrhalis. 

MRSA strains were not found during our survey. Among H. influenzae strains, NTHi 

dominated, only a few f and e serotypes were identified, but not b. Among M. catarrhalis 

strains, serotype A was the leading type in all age groups, followed by B and C. 

Male gender was identified as a possible risk factor for S. aureus colonization as it was 

also published previously in Hungary. Passive smoking affected the S. pneumoniae 

carriage negatively, while antibiotic exposure seemed to reduce both S. pneumoniae and 

H. influenzae colonization. 

Out of the three mupirocin resistant S. aureus isolates, two shared the very same PFGE 

pattern deriving from the same DCC. The third one with a slightly modified pattern, 

derived also from Pápa but from another DCC. 
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The following new findings could be established in this dissertation: 

 This is the first study in Hungary investigating the asymptomatic carriage of H. 

influenzae and M. catarrhalis 

 This is the first study in Hungary investigating the asymptomatic carriage of four 

respiratory pathogens together 

 Carriage prevalence of bacteria changes along with the age of children 

 Carriage prevalence of S. aureus shows an inverse pattern compared to the 

carriage of the other three investigated species  

 The pneumococcal vaccination had caused a drastic serotype arrangement within 

the pneumococcal population, the most important changes being the following: 

o Serotypes 3 and 6A have completely disappeared from carriage in 

Hungary 

o Serotype 3 is still the leading serotype among elderly patients 

o Serotype 19A shows decreasing tendency while serotype 19F seems to 

re-appear 

o The replacing non-vaccine types (NVTs) have low invasive potential and 

lower proportion of antibiotic resistance 

 The pneumococcal vaccination also had an effect on the prevalence of the other 

carried bacterial species 

 The clinical pneumococcal isolates respond with delay to the selection pressure 

of conjugate vaccines 

 No MRSAs were found among the carried S. aureus isolates 

 All four species were more susceptible to the tested antibiotics compared to 

clinical isolates from Hungary in the same time period 

 The two Gram-negative species were basically more sensitive than the two Gram-

positive ones 

 There were examples for the presence of isolates belonging to the same PFGE 

clone in different cities, indicating that certain clones have spread in a larger 

geographical area 
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 Some clones (e.g. pneumococcal ST320) could be detected already several years 

ago in previous carriage studies, indicating the long-term circulation of certain 

successful clones in Hungary 
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7. Summary 

S. pneumoniae, S. aureus, H. influenzae and M. catarrhalis can cause a wide range of 

infections. However, they are often carried asymptomatically. Thus, carrier children are 

significant sources of infections in the surrounding population.  

In this study, 580 asymptomatic children in three age categories were screened in 

Hungary in 2015-2016, and 210 S. pneumoniae, 123 S. aureus, 152 H. influenzae and 281 

M. catarrhalis strains were isolated in total. 

We observed a typical age-related carriage: S. pneumoniae, H. influenzae and M. 

catarrhalis were more prevalent in the first years of life and started disappearing with 

age, whereas S. aureus showed an inverse pattern. 

Fortunately, some vaccines are already available against the most invasive types of these 

bacteria, namely PCV13, PPV23 and Hib. In Hungary, PCV13 and Hib are mandatory 

childhood vaccines. Due to the vaccination pressure, some non-vaccine types became 

predominant, indicating the need for further, higher-valent vaccines. The leading 

serotypes in carriage were 15B and 11A, the latter also being frequent among clinical 

isolates. Luckily, both serotypes are included both in the PPV23 vaccine, as well as the 

future 20-valent conjugated vaccine. H. influenzae serotype b was not found at all. 

Among S. pneumoniae isolates, penicillin resistance was not detected. Only some 

penicillin intermediate resistance was observed. Regarding S. aureus, the increasing 

number of MRSA challenges worldwide the antibiotic treatment. Luckily, no MRSA 

isolates were found in our study. On the other hand, high-level mupirocin resistance was 

observed in three cases. As mupirocin is the major agent for nasal MRSA decolonisation, 

this can be of worry. H. influenzae and M. catarrhalis were typically sensitive to the tested 

antibiotics. Amoxicillin-clavulanic acid resistance was not detected at all. 

It is always worth to follow epidemiological changes among carried isolates to predict 

emergence of disease causing types. Our results suggest that clinical pneumococcal 

isolates respond with a delay to the selection pressure of vaccination, concluding that the 

effects are reflected first in carriage. Continuous follow up on carriage is required to 

estimate long-term vaccine efficacy, to identify replacing types, their antibiotic resistance 

and to screen the successful clones, as well as the vaccines’ effect on other species of the 

normal flora. 

DOI:10.14753/SE.2022.2609



92 

 

8. Összefoglalás 

A S. pneumoniae, S. aureus, H. influenzae és M. catarrhalis sokféle fertőzést okozhat. 

Ennek ellenére gyakran tünetmentesen kolonizálják a légutak nyálkahártyáját, ami miatt 

a hordozó gyerekek jelentős forrásai lehetnek a környezetükben kialakuló fertőzéseknek. 

Vizsgálataink során három korcsoportba tartozó 580 tünetmentes gyerek orrmintáját 

gyűjtöttük be 2015-2016 során és összesen 210 S. pneumoniae, 123 S. aureus, 152 H. 

influenzae és 281 M. catarrhalis törzset izoláltunk. 

A hordozás tipikus életkori függést mutatott: míg a S. pneumoniae, H. influenzae és M. 

catarrhalis gyakrabban kolonizáltak a fiatalabb korosztályban és később csökkent a 

gyakoriságuk, addig az S. aureus éppen fordított tendenciát mutatott. 

Szerencsére a leginvazívabb típusok ellen már kifejlesztettek védőoltásokat (PCV13, 

PPV23, Hib). Magyarországon a PCV13 és a Hib kötelező gyerekkori védőoltások. A 

védőoltások hatására néhány nem vakcina típus vált meghatározóvá, ezáltal kijelölve az 

utat új, több szerotípust is magában foglaló vakcinák fejlesztésére. A hordozásban a 15B 

és a 11A voltak vezető helyen, az utóbbi a klinikai izolátumok között is dominált. 

Szerencsére mindkét szerotípus része mind a PPV23-nak, mind a nemsokára megjelenő 

új PCV20 oltásnak. A H. influenzae törzsek között egyáltalán nem találtunk b szerotípust. 

Penicillin rezisztens S. pneumoniae izolátumot nem találtunk, mérsékelt érzékenységű 

törzseket is csak kis számban. Az MRSA világszerte kihívást jelent az antibiotikum 

terápiát illetően. Szerencsére a jelen felmérésben egyáltalán nem találtunk MRSA-t. 

Ugyanakkor három mupirocin-rezisztens törzset is izoláltunk magas MIC értékekkel.  

Mivel a mupirocin az egyik fő dekolonizáló ágens MRSA ellen, ez aggodalomra adhat 

okot. A H. influenzae és M. catarrhalis izolátumok sokkal érzékenyebbek voltak a tesztelt 

antibiotikumokra. Amoxicillin-klavulánsav rezisztenciát egyáltalán nem detektáltunk. 

Mindig megéri követni az epidemiológiai változásokat a hordozásban, hiszen így 

megjósolhatók a jövőbeli domináns, betegségeket okozó típusok. Az eredményeink azt 

sugallják, hogy a klinikai pneumococcus izolátumok késéssel reagálnak a védőoltások 

szelekciós hatására. Következetesen, a vakcinák hatása először a hordozásban mutatkozik 

meg. Folyamatos monitorozás szükséges a hosszú távú vakcina hatásosság 

megítéléséhez, fontos nyomon követni az új, domináns típusokat és a sikeres genetikai 

vonalakat, és meghatározni ezek antibiotikum rezisztenciáját valamint a vakcinák más, 

normál flóra fajokra gyakorolt hatását. 

DOI:10.14753/SE.2022.2609



93 

 

9. References 

1. Vaneechoutte M, Verschraegen G, Claeys G, Weise B, Van den Abeele AM. (1990) 

Respiratory tract carrier rates of Moraxella (Branhamella) catarrhalis in adults and 

children and interpretation of the isolation of M. catarrhalis from sputum. J Clin 

Microbiol. 28(12):2674-80. 

2. Götz F, Bannerman T, Schleifer KH. (2006) The Genera Staphylococcus and 

Macrococcus. Prokaryotes; 4:5-75 

3. Facklam R. (2002) What happened to the streptococci: overview of taxonomic 

and nomenclature changes. Clin Microbiol Rev. 15(4):613-30. 

4. Tikhomirova A, Kidd SP. (2013) Haemophilus influenzae and Streptococcus 

pneumoniae: living together in a biofilm. Pathog Dis. 69(2):114-26. 

5. Thigpen MC, Whitney CG, Messonnier NE, Zell ER, Lynfield R, Hadler JL, 

Harrison LH, Farley MM, Reingold A, Bennett NM, Craig AS, Schaffner W, Thomas A, 

Lewis MM, Scallan E, Schuchat A. (2011) Bacterial meningitis in the United States, 

1998-2007. N Engl J Med. 364(21):2016-25. 

6. Ejlertsen T, Thisted E, Ebbesen F, Olesen B, Renneberg J.(1994) Branhamella 

catarrhalis in children and adults. A study of prevalence, time of colonisation, and 

association with upper and lower respiratory tract infections. J Infect. 29(1):23-31. 

7. Bochud PY, Eggiman P, Calandra T, Van Melle G, Saghafi L, Francioli P. (1994) 

Bacteremia due to viridans streptococcus in neutropenic patients with cancer: clinical 

spectrum and risk factors. Clin Infect Dis. 18(1):25-31. 

8. Douglas CW, Heath J, Hampton KK, Preston FE. (1993) Identity of viridans 

streptococci isolated from cases of infective endocarditis. J Med Microbiol. 39(3):179-

82. 

9. Keith ER, Podmore RG, Anderson TP, Murdoch DR. (2006) Characteristics of 

Streptococcus pseudopneumoniae isolated from purulent sputum samples. J Clin 

Microbiol. 44(3):923-7. 

10. Rolo D, S Simões A, Domenech A, Fenoll A, Liñares J, de Lencastre H, Ardanuy 

C, Sá-Leão R. (2013) Disease isolates of Streptococcus pseudopneumoniae and non-

typeable S. pneumoniae presumptively identified as atypical S. pneumoniae in Spain. 

PLoS One. 8(2):e57047. 

DOI:10.14753/SE.2022.2609



94 

 

11. Lund E, Henrichsen J. (1978) Laboratory Diagnosis, serology and  epidemiology 

of Streptococcus pneumoniae. Methods Microbiol. 12: 241-62. 

12. Richter SS, Heilmann KP, Dohrn CL, Riahi F, Beekmann SE, Doern GV.(2008) 

Accuracy of phenotypic methods for identification of Streptococcus pneumoniae isolates 

included in surveillance programs. J Clin Microbiol. 46(7):2184-8. 

13. Kellogg JA, Bankert DA, Elder CJ, Gibbs JL, Smith MC. (2001) Identification of 

Streptococcus pneumoniae revisited. J Clin Microbiol. 39(9):3373-5. 

14. McAvin JC, Reilly PA, Roudabush RM, Barnes WJ, Salmen A, Jackson GW, 

Beninga KK, Astorga A, McCleskey FK, Huff WB, Niemeyer D, Lohman KL. (2001) 

Sensitive and specific method for rapid identification of Streptococcus pneumoniae using 

real-time fluorescence PCR. J Clin Microbiol. 39(10):3446-51. 

15. Nagai K, Shibasaki Y, Hasegawa K, Davies TA, Jacobs MR, Ubukata K, 

Appelbaum PC. (2001) Evaluation of PCR primers to screen for Streptococcus 

pneumoniae isolates and beta-lactam resistance, and to detect common macrolide 

resistance determinants. J Antimicrob Chemother. 48(6):915-8. 

16. Morrison KE, Lake D, Crook J, Carlone GM, Ades E, Facklam R, Sampson JS. 

(2000) Confirmation of psaA in all 90 serotypes of Streptococcus pneumoniae by PCR 

and potential of this assay for identification and diagnosis. J Clin Microbiol. 38(1):434-

7. 

17. Maiden MC. (2006) Multilocus sequence typing of bacteria. Annu Rev Microbiol. 

60:561-88. 

18. Kapatai G, Sheppard CL, Al-Shahib A, Litt DJ, Underwood AP, Harrison TG, Fry 

NK. (2016) Whole genome sequencing of Streptococcus pneumoniae: development, 

evaluation and verification of targets for serogroup and serotype prediction using an 

automated pipeline. PeerJ. 4:e2477. 

19. Jedrzejas MJ. (2001) Pneumococcal virulence factors: structure and function. 

Microbiol Mol Biol Rev. 65(2):187-207 

20. Geno KA, Gilbert GL, Song JY, Skovsted IC, Klugman KP, Jones C, Konradsen 

HB, Nahm MH. (2015) Pneumococcal Capsules and Their Types: Past, Present, and 

Future. Clin Microbiol Rev. 28(3):871-99. 

DOI:10.14753/SE.2022.2609



95 

 

21. Siira L, Kaijalainen T, Lambertsen L, Nahm MH, Toropainen M, Virolainen A. 

(2012) From Quellung to multiplex PCR, and back when needed, in pneumococcal 

serotyping. J Clin Microbiol. 50(8):2727-31. 

22. Eichmann K, Krause RM. (2013) Fred Neufeld and pneumococcal serotypes: 

foundations for the discovery of the transforming principle. Cell Mol Life Sci. 

70(13):2225-36. 

23. Wyres KL, Lambertsen LM, Croucher NJ, McGee L, von Gottberg A, Liñares J, 

Jacobs MR, Kristinsson KG, Beall BW, Klugman KP, Parkhill J, Hakenbeck R, Bentley 

SD, Brueggemann AB. (2013) Pneumococcal capsular switching: a historical perspective. 

J Infect Dis. 207(3):439-49. 

24. Brooks LRK, Mias GI. (2018) Virulence and Host Immunity: Aging, Diagnostics, 

and Prevention. Front Immunol. 9:1366. 

25. Centers for Disease Control Prevention. (2021) Bacterial Meningitis. 

26. Centers for Disease Control Prevention. (2020) Pneumococcal Disease.  

27. European Centre for Disease Prevention and Control. (2020) Invasive pneumococcal 

disease. Annual epidemiological report for 2018. ECDC, Stockholm.  

28. van der Poll T, Opal SM. (2009) Pathogenesis, treatment, and prevention of 

pneumococcal pneumonia. Lancet. 374(9700):1543-56. 

29. Woodhead M, Blasi F, Ewig S, Garau J, Huchon G, Ieven M, Ortqvist A, Schaberg 

T, Torres A, van der Heijden G, Read R, Verheij TJM. (2011) Guidelines for the 

management of adult lower respiratory tract infections--full version. Clin Microbiol 

Infect. 17 Suppl 6:E1-59. 

30. Rijkers GT, Sanders LA, Zegers BJ. (1993) Anti-capsular polysaccharide 

antibody deficiency states. Immunodeficiency. 5(1):1-21. 

31. Meyer M, Gahr M. Immunological principles of polysaccharide-protein conjugate 

vaccination. (1993) Monatsschr Kinderheilkd. 141(10):770-6 

32. Price VE, Dutta S, Blanchette VS, Butchart S, Kirby M, Langer JC, Ford-Jones 

EL. (2006) The prevention and treatment of bacterial infections in children with asplenia 

or hyposplenia: practice considerations at the Hospital for Sick Children, Toronto. Pediatr 

Blood Cancer. 46(5):597-603. 

33. Grabenstein JD, Klugman KP. (2012) A century of pneumococcal vaccination 

research in humans. Clin Microbiol Infect. 18 Suppl 5:15-24. 

DOI:10.14753/SE.2022.2609



96 

 

34. Black S, Shinefield H, Fireman B, Lewis E, Ray P, Hansen JR, Elvin L, Ensor 

KM, Hackell J, Siber G, Malinoski F, Madore D, Chang I, Kohberger R, Watson W, 

Austrian R, Edwards K. (2000) Efficacy, safety and immunogenicity of heptavalent 

pneumococcal conjugate vaccine in children. Northern California Kaiser Permanente 

Vaccine Study Center Group. Pediatr Infect Dis J. 19(3):187-95. 

35. Tyrrell GJ, Lovgren M, Chui N, Minion J, Garg S, Kellner JD, Marrie TJ. (2009) 

Serotypes and antimicrobial susceptibilities of invasive Streptococcus pneumoniae pre- 

and post-seven valent pneumococcal conjugate vaccine introduction in Alberta, Canada, 

2000-2006. Vaccine. 27(27):3553-60. 

36. Hausdorff WP, Bryant J, Paradiso PR, Siber GR. (2000) Which pneumococcal 

serogroups cause the most invasive disease: implications for conjugate vaccine 

formulation and use, part I. Clin Infect Dis. 30(1):100-21. 

37. Tóthpál A, Laub K, Kardos S, Tirczka T, Kocsis A, van der Linden M, Dobay O. 

(2016) Epidemiological analysis of pneumococcal serotype 19A in healthy children 

following PCV7 vaccination. Epidemiol Infect. 144(7):1563-73. 

38. Miller E, Andrews NJ, Waight PA, Slack MP, George RC. (2011) Herd immunity 

and serotype replacement 4 years after seven-valent pneumococcal conjugate vaccination 

in England and Wales: an observational cohort study. Lancet Infect Dis. 11(10):760-8. 

39. Isaacman DJ, McIntosh ED, Reinert RR. (2010) Burden of invasive pneumococcal 

disease and serotype distribution among Streptococcus pneumoniae isolates in young 

children in Europe: impact of the 7-valent pneumococcal conjugate vaccine and 

considerations for future conjugate vaccines. Int J Infect Dis. 14(3):e197-209. 

40. Weil-Olivier C, van der Linden M, de Schutter I, Dagan R, Mantovani L. (2012) 

Prevention of pneumococcal diseases in the post-seven valent vaccine era: a European 

perspective. BMC Infect Dis. 12:207. 

41. Epinfo. (2009) Pneumococcal vaccination in Europe. Epinfo. 16:141-8. 

42. Epinfo. (2014) Methodological letter of the National Center  for Epidemiology about 

the vaccines in 2014. Epinfo. 21 (special issue). 

43. Epinfo. (2009) Pneumococcal vaccination data in Hungary as in August 2009. Epinfo. 

16: 487-92 

44. Epinfo. (2016) Accomplishment of vaccines, 2015. Epinfo. 23:369-81. 

DOI:10.14753/SE.2022.2609



97 

 

45. United States Patent Application. (2015) Immunogenic compositions comprising 

conjugeted capsular saccharide antigens and uses thereof. [available from: 

https://patents.google.com/patent/WO2015110941A3/en] 

46. Klein NP, Peyrani P, Yacisin K, Caldwell N, Xu X, Scully IL, Scott DA, Jansen 

KU, Gruber WC, Watson W. (2021) A phase 3, randomized, double-blind study to 

evaluate the immunogenicity and safety of 3 lots of 20-valent pneumococcal conjugate 

vaccine in pneumococcal vaccine-naive adults 18 through 49 years of age. Vaccine. 

39(38):5428-35 

47. Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, Reingold 

A, Thomas A, Schaffner W, Craig AS, Smith PJ, Beall BW, Whitney CG, Moore MR. 

(2010) Sustained reductions in invasive pneumococcal disease in the era of conjugate 

vaccine. J Infect Dis. 201(1):32-41. 

48. Gilbert I. (1931) Dissociation in an Encapsulated Staphylococcus. J Bacteriol. 

21(3):157-60. 

49. Todar KG. Staphylococcus aureus and Staphylococcal Disease In: Todar KG 

(edit.), Todar’s online textbook of bacteriology. Madison, University of Wisconsin 2007. 

[available from http://www.textbookofbacteriology.net] 

50. Lowy FD. (1998) Staphylococcus aureus infections. N Engl J Med. 339(8):520-

32. 

51. Scherr TD, Hanke ML, Huang O, James DB, Horswill AR, Bayles KW, Fey PD, 

Torres VJ, Kielian T. (2015) Staphylococcus aureus biofilms induce macrophage 

dysfunction through leukocidin AB and alpha-toxin. mBio. 6(4). 

52. Glenny AT, Stevens MF. (1935) Staphylococcus toxins and antitoxins. The 

Journal of Pathology and Bacteriology; 40:201-10. 

53. Doery HM, Magnusson BJ, Gulasekharam J, Pearson JE. (1965) The properties 

of phospholipase enzymes in staphylococcal toxins. J Gen Microbiol. 40(2):283-96. 

54. Yoong P, Torres VJ. (2013) The effects of Staphylococcus aureus leukotoxins on 

the host: cell lysis and beyond. Curr Opin Microbiol. 16(1):63-9. 

55. Nishifuji K, Sugai M, Amagai M. (2008) Staphylococcal exfoliative toxins: 

"molecular scissors" of bacteria that attack the cutaneous defense barrier in mammals. J 

Dermatol Sci. 49(1):21-31. 

DOI:10.14753/SE.2022.2609



98 

 

56. Lina G, Bohach GA, Nair SP, Hiramatsu K, Jouvin-Marche E, Mariuzza R. (2004) 

Standard nomenclature for the superantigens expressed by Staphylococcus. J Infect Dis. 

189(12):2334-6. 

57. Ono HK, Omoe K, Imanishi K, Iwakabe Y, Hu DL, Kato H, Saito N, Nakane A, 

Uchyama T, Shinagawa K. (2008) Identification and characterization of two novel 

staphylococcal enterotoxins, types S and T. Infect Immun. 76(11):4999-5005. 

58. Wilson GJ, Seo KS, Cartwright RA, Connelley T, Chuang-Smith ON, Merriman 

JA, Guinane CM, Park JY, Bohach GA, Schlievert PM, Morrison WI, Fitzgerald JR. 

(2011) A novel core genome-encoded superantigen contributes to lethality of community-

associated MRSA necrotizing pneumonia. PLoS Pathog. 7(10):e1002271. 

59. Marrack P, Kappler J. (1990) The staphylococcal enterotoxins and their relatives. 

Science. 248(4956):705-11. 

60. Spero L, Morlock BA, Metzger JF. (1978) On the cross-reactivity of 

staphylococcal enterotoxins A, B, and C. J Immunol. 120(1):86-9. 

61. Altemeier WA, Lewis SA, Schlievert PM, Bergdoll MS, Bjornson HS, Staneck 

JL, Crass BA. (1982) Staphylococcus aureus associated with toxic shock syndrome: 

phage typing and toxin capability testing. Ann Intern Med. 96(6 Pt 2):978-82. 

62. Reingold AL, Broome CV, Gaventa S, Hightower AW. (1989) Risk factors for 

menstrual toxic shock syndrome: results of a multistate case-control study. Rev Infect 

Dis. 11 Suppl 1:S35-41; discussion S-2. 

63. MacDonald KL, Osterholm MT, Hedberg CW, Schrock CG, Peterson GF, Jentzen 

JM, Leonard SA, Schlievert PM. (1987) Toxic shock syndrome. A newly recognized 

complication of influenza and influenzalike illness. JAMA. 257(8):1053-8. 

64. Cone LA, Woodard DR, Byrd RG, Schulz K, Kopp SM, Schlievert PM. (1992) A 

recalcitrant, erythematous, desquamating disorder associated with toxin-producing 

staphylococci in patients with AIDS. J Infect Dis. 165(4):638-43. 

65. Bukowski M, Wladyka B, Dubin G. (2010) Exfoliative toxins of Staphylococcus 

aureus. Toxins (Basel). 2(5):1148-65. 

66. Laupland KB, Lyytikäinen O, Søgaard M, Kennedy KJ, Knudsen JD, Ostergaard 

C, Galbraith JC, Valiquette L, Jacobsson G, Collignon P, Schønheyder HC. (2013) The 

changing epidemiology of Staphylococcus aureus bloodstream infection: a multinational 

population-based surveillance study. Clin Microbiol Infect. 19(5):465-71. 

DOI:10.14753/SE.2022.2609



99 

 

67. Federspiel JJ, Stearns SC, Peppercorn AF, Chu VH, Fowler VG. (2012) Increasing 

US rates of endocarditis with Staphylococcus aureus: 1999-2008. Arch Intern Med. 

172(4):363-5. 

68. Miro JM, Anguera I, Cabell CH, Chen AY, Stafford JA, Corey GR, Olaison L, 

Eykyn S, Hoen B, Abrutyn E, Raoult D, Bayer A, Fowler VG. (2005) Staphylococcus 

aureus native valve infective endocarditis: report of 566 episodes from the International 

Collaboration on Endocarditis Merged Database. Clin Infect Dis. 41(4):507-14. 

69. Thuny F, Di Salvo G, Disalvo G, Belliard O, Avierinos JF, Pergola V, Rosenberg 

V, Casalta JP, Gouvernet J, Derumeaux G, Iarussi D, Ambrosi P, Calabró R, Riberi A, 

Collart F, Metras D, Lepidi H, Raoult D, Harle JR, Weiller PJ, Cohen A, Habib G. (2005) 

Risk of embolism and death in infective endocarditis: prognostic value of 

echocardiography: a prospective multicenter study. Circulation. 112(1):69-75. 

70. Bangert S, Levy M, Hebert AA. (2012) Bacterial resistance and impetigo 

treatment trends: a review. Pediatr Dermatol. 29(3):243-8. 

71. Seltz LB, Smith J, Durairaj VD, Enzenauer R, Todd J. (2011) Microbiology and 

antibiotic management of orbital cellulitis. Pediatrics. 127(3):e566-72. 

72. Shallcross LJ, Fragaszy E, Johnson AM, Hayward AC. (2013) The role of the 

Panton-Valentine leucocidin toxin in staphylococcal disease: a systematic review and 

meta-analysis. Lancet Infect Dis. 13(1):43-54. 

73. Stulberg DL, Penrod MA, Blatny RA. (2002) Common bacterial skin infections. 

Am Fam Physician. 66(1):119-24. 

74. Lee YT, Lin JC, Wang NC, Peng MY, Chang FY. (2007) Necrotizing fasciitis in 

a medical center in northern Taiwan: emergence of methicillin-resistant Staphylococcus 

aureus in the community. J Microbiol Immunol Infect. 40(4):335-41. 

75. Martínez-Aguilar G, Avalos-Mishaan A, Hulten K, Hammerman W, Mason EO, 

Kaplan SL. (2004) Community-acquired, methicillin-resistant and methicillin-

susceptible Staphylococcus aureus musculoskeletal infections in children. Pediatr Infect 

Dis J. 23(8):701-6. 

76. Al-Tawfiq JA, Sarosi GA, Cushing HE. (2000) Pyomyositis in the acquired 

immunodeficiency syndrome. South Med J. 93(3):330-4. 

DOI:10.14753/SE.2022.2609



100 

 

77. Nakamura T, Daimon T, Mouri N, Masuda H, Sawa Y. (2014) Staphylococcus 

aureus and repeat bacteremia in febrile patients as early signs of sternal wound infection 

after cardiac surgery. J Cardiothorac Surg. 9:80. 

78. Kehrer M, Pedersen C, Jensen TG, Lassen AT. (2014) Increasing incidence of 

pyogenic spondylodiscitis: a 14-year population-based study. J Infect. 68(4):313-20. 

79. Morgan DS, Fisher D, Merianos A, Currie BJ. (1996) An 18 year clinical review 

of septic arthritis from tropical Australia. Epidemiol Infect. 117(3):423-8. 

80. Fitzpatrick F, Humphreys H, O'Gara JP. (2005) The genetics of staphylococcal 

biofilm formation--will a greater understanding of pathogenesis lead to better 

management of device-related infection? Clin Microbiol Infect. 11(12):967-73. 

81. Chickering HT, Park JH. (1919) Staphylococcus aureus pneumonia. JAMA; 

72(9):617-626. 

82. Wallace HJ. (1937) Specimen from a case of staphylococcal pneumonia. Proc R 

Soc Med. 30(7):885-6. 

83. Gillet Y, Issartel B, Vanhems P, Fournet JC, Lina G, Bes M, Vandenesch F, 

Piémont Y, Brousse N, Floret D, Etienne J. (2002) Association between Staphylococcus 

aureus strains carrying gene for Panton-Valentine leukocidin and highly lethal necrotising 

pneumonia in young immunocompetent patients. Lancet. 359(9308):753-9. 

84. Oki T, Funai K, Sekihara K, Shimizu K, Shiiya N. (2013) Refractory methicillin-

resistant Staphylococcus aureus empyema invasion from a cervical abscess: report of a 

case. Kyobu Geka. 66(9):852-4. 

85. Teh BW, Slavin MA. (2012) Staphylococcus aureus meningitis: barriers to 

treatment. Leuk Lymphoma. 53(8):1443-4. 

86. Pintado V, Pazos R, Jiménez-Mejías ME, Rodríguez-Guardado A, Gil A, García-

Lechuz JM, Cabellos C, Chaves F, Domingo P, Ramos A, Pérez-Cecilia E, Domingo D. 

(2012) Methicillin-resistant Staphylococcus aureus meningitis in adults: a multicenter 

study of 86 cases. Medicine (Baltimore). 91(1):10-7. 

87. Muder RR, Brennen C, Rihs JD, Wagener MM, Obman A, Stout JE, Yu VL. 

(2006) Isolation of Staphylococcus aureus from the urinary tract: association of isolation 

with symptomatic urinary tract infection and subsequent staphylococcal bacteremia. Clin 

Infect Dis. 42(1):46-50. 

DOI:10.14753/SE.2022.2609



101 

 

88. Kirby WM. (1944) Extraction of a highly potent penicillin inactivator from 

penicillin resistant Staphylococci. Science. 99(2579):452-3. 

89. Bondi A, Dietz CC. (1945) Penicillin resistant staphylococci. Proc Soc Exp Biol 

Med. 60:55-8. 

90. Ghuysen JM. (1994) Molecular structures of penicillin-binding proteins and beta-

lactamases. Trends Microbiol. 2(10):372-80. 

91. Hartman BJ, Tomasz A. (1984) Low-affinity penicillin-binding protein associated 

with beta-lactam resistance in Staphylococcus aureus. J Bacteriol. 158(2):513-6. 

92. Chambers HF. (1999) Penicillin-binding protein-mediated resistance in 

pneumococci and staphylococci. J Infect Dis. 179 Suppl 2:S353-9. 

93. Jevons M. (1961) “Celbenin”-resistant Staphylococci.: Br Med J. 1(5219):124-5. 

94. Ito T, Katayama Y, Hiramatsu K. (1999) Cloning and nucleotide sequence 

determination of the entire mec DNA of pre-methicillin-resistant Staphylococcus aureus 

N315. Antimicrob Agents Chemother. 43(6):1449-58. 

95. Ito T, Hiramatsu K, Tomasz A, de Lencastre H, Perreten V, Holden MT, Coleman 

DC, Goering R, Giffard PM, Skov RL, Zhang K, Westh H, O'Brien F, Tenover FC, 

Oliveira DC, Boyle-Vavra S, Laurent F, Kearns AM, Kreiswirth B, Ko KS, Grundmann 

H, Sollid JE, John JF, Daum R, Soderquist B, Buist G. (2012) Guidelines for reporting 

novel mecA gene homologues. Antimicrob Agents Chemother. 56(10):4997-9. 

96. Paterson GK, Harrison EM, Holmes MA. (2014) The emergence of mecC 

methicillin-resistant Staphylococcus aureus. Trends Microbiol. 22(1):42-7. 

97. Chambers HF, Deleo FR. (2009) Waves of resistance: Staphylococcus aureus in 

the antibiotic era. Nat Rev Microbiol. 7(9):629-41. 

98. Rudkin JK, Edwards AM, Bowden MG, Brown EL, Pozzi C, Waters EM, Chan 

WC, Williams P, O'Gara JP, Massey RC. (2012) Methicillin resistance reduces the 

virulence of healthcare-associated methicillin-resistant Staphylococcus aureus by 

interfering with the agr quorum sensing system. J Infect Dis. 205(5):798-806. 

99. Malachowa N, DeLeo FR. (2010) Mobile genetic elements of Staphylococcus 

aureus. Cell Mol Life Sci. 67(18):3057-71. 

100. DeLeo FR, Otto M, Kreiswirth BN, Chambers HF. (2010) Community-associated 

meticillin-resistant Staphylococcus aureus. Lancet. 375(9725):1557-68. 

DOI:10.14753/SE.2022.2609



102 

 

101. Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. (2005) Methicillin-resistant 

Staphylococcus aureus in pig farming. Emerg Infect Dis. 11(12):1965-6. 

102. Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, Tenover FC. (1997) 

Methicillin-resistant Staphylococcus aureus clinical strain with reduced vancomycin 

susceptibility. J Antimicrob Chemother. 40(1):135-6. 

103. Oliveira D, Borges A, Simões M. (2018) Toxins and their molecular activity in 

infectious diseases. Toxins (Basel). 10(6). 

104. Thjötta T, Avery OT. (1921) Studies on bacterial nutrition: II. growth accessory 

substances in the cultivation of hemophilic bacilli. J Exp Med. 34(1):97-114. 

105. Falla TJ, Crook DW, Brophy LN, Maskell D, Kroll JS, Moxon ER. (1994) PCR 

for capsular typing of Haemophilus influenzae. J Clin Microbiol. 32(10):2382-6. 

106. Wenger JD. (1998) Epidemiology of Haemophilus influenzae type b disease and 

impact of Haemophilus influenzae type b conjugate vaccines in the United States and 

Canada. Pediatr Infect Dis J. 17(9 Suppl):S132-6. 

107. Grass S, Buscher AZ, Swords WE, Apicella MA, Barenkamp SJ, Ozchlewski N, 

St Geme JW. (2003) The Haemophilus influenzae HMW1 adhesin is glycosylated in a 

process that requires HMW1C and phosphoglucomutase, an enzyme involved in 

lipooligosaccharide biosynthesis. Mol Microbiol. 48(3):737-51. 

108. Fink DL, Green BA, St  Geme JW. (2002) The Haemophilus influenzae Hap 

autotransporter binds to fibronectin, laminin, and collagen IV. Infect Immun. 70(9):4902-

7. 

109. Fink DL, Buscher AZ, Green B, Fernsten P, St  Geme JW. (2003) The 

Haemophilus influenzae Hap autotransporter mediates microcolony formation and 

adherence to epithelial cells and extracellular matrix via binding regions in the C-terminal 

end of the passenger domain. Cell Microbiol. 5(3):175-86. 

110. Hallström T, Singh B, Resman F, Blom AM, Mörgelin M, Riesbeck K. (2011) 

Haemophilus influenzae protein E binds to the extracellular matrix by concurrently 

interacting with laminin and vitronectin. J Infect Dis. 204(7):1065-74. 

111. Jalalvand F, Su YC, Mörgelin M, Brant M, Hallgren O, Westergren-Thorsson G, 

Singh B, Riesbeck K. (2013) Haemophilus influenzae protein F mediates binding to 

laminin and human pulmonary epithelial cells. J Infect Dis. 207(5):803-13. 

DOI:10.14753/SE.2022.2609



103 

 

112. Ikeda M, Enomoto N, Hashimoto D, Fujisawa T, Inui N, Nakamura Y, Suda T, 

Nagata T. (2015) Nontypeable Haemophilus influenzae exploits the interaction between 

protein-E and vitronectin for the adherence and invasion to bronchial epithelial cells. 

BMC Microbiol. 15:263. 

113. Kenjale R, Meng G, Fink DL, Juehne T, Ohashi T, Erickson HP, Waksman G, St 

Geme JW. (2009) Structural determinants of autoproteolysis of the Haemophilus 

influenzae Hap autotransporter. Infect Immun. 77(11):4704-13. 

114. Ruan MR, Akkoyunlu M, Grubb A, Forsgren A. (1990) Protein D of Haemophilus 

influenzae. A novel bacterial surface protein with affinity for human IgD. J Immunol. 

145(10):3379-84. 

115. Novotny LA, Bakaletz LO. (2016) Intercellular adhesion molecule 1 serves as a 

primary cognate receptor for the Type IV pilus of nontypeable Haemophilus influenzae. 

Cell Microbiol. 18(8):1043-55. 

116. Kubiet M, Ramphal R, Weber A, Smith A. (2000) Pilus-mediated adherence of 

Haemophilus influenzae to human respiratory mucins. Infect Immun. 68(6):3362-7. 

117. Chang A, Kaur R, Michel LV, Casey JR, Pichichero M. (2011) Haemophilus 

influenzae vaccine candidate outer membrane protein P6 is not conserved in all strains. 

Hum Vaccin. 7(1):102-5. 

118. Langereis JD, de Jonge MI, Weiser JN. (2014) Binding of human factor H to outer 

membrane protein P5 of non-typeable Haemophilus influenzae contributes to 

complement resistance. Mol Microbiol. 94(1):89-106. 

119. Su YC, Mukherjee O, Singh B, Hallgren O, Westergren-Thorsson G, Hood D, 

Riesbeck K. (2016) Haemophilus influenzae P4 interacts with extracellular matrix 

proteins promoting adhesion and serum resistance. J Infect Dis. 213(2):314-23. 

120. Murphy TF, Lesse AJ, Kirkham C, Zhong H, Sethi S, Munson RS. (2011) A clonal 

group of nontypeable Haemophilus influenzae with two IgA proteases is adapted to 

infection in chronic obstructive pulmonary disease. PLoS One. 6(10):e25923. 

121. Mandrell RE, Apicella MA. (1993) Lipo-oligosaccharides (LOS) of mucosal 

pathogens: molecular mimicry and host-modification of LOS. Immunobiology. 187(3-

5):382-402. 

DOI:10.14753/SE.2022.2609



104 

 

122. Moran AP, Prendergast MM, Appelmelk BJ. (1996) Molecular mimicry of host 

structures by bacterial lipopolysaccharides and its contribution to disease. FEMS 

Immunol Med Microbiol. 16(2):105-15. 

123. Risberg A, Masoud H, Martin A, Richards JC, Moxon ER, Schweda EK. (1999) 

Structural analysis of the lipopolysaccharide oligosaccharide epitopes expressed by a 

capsule-deficient strain of Haemophilus influenzae Rd. Eur J Biochem. 261(1):171-80. 

124. Risberg A, Alvelius G, Schweda EK. (1999) Structural analysis of the 

lipopolysaccharide oligosaccharide epitopes expressed by Haemophilus influenzae strain 

RM.118-26. Eur J Biochem. 265(3):1067-74. 

125. Holmes KA, Bakaletz LO. (1997) Adherence of non-typeable Haemophilus 

influenzae promotes reorganization of the actin cytoskeleton in human or chinchilla 

epithelial cells in vitro. Microb Pathog. 23(3):157-66. 

126. Clark SE, Snow J, Li J, Zola TA, Weiser JN. (2012) Phosphorylcholine allows for 

evasion of bactericidal antibody by Haemophilus influenzae. PLoS Pathog. 

8(3):e1002521. 

127. Langereis JD, Stol K, Schweda EK, Twelkmeyer B, Bootsma HJ, de Vries SP, 

Burghout P, Diavatopoulos DA, Hermans WM. (2012) Modified lipooligosaccharide 

structure protects nontypeable Haemophilus influenzae from IgM-mediated complement 

killing in experimental otitis media. mBio. 3(4):e00079-12. 

128. Langereis JD, Weiser JN. (2014) Shielding of a lipooligosaccharide IgM epitope 

allows evasion of neutrophil-mediated killing of an invasive strain of nontypeable 

Haemophilus influenzae. mBio. 5(4):e01478-14. 

129. Ho DK, Ram S, Nelson KL, Bonthuis PJ, Smith AL. (2007) lgtC expression 

modulates resistance to C4b deposition on an invasive nontypeable Haemophilus 

influenzae. J Immunol. 178(2):1002-12. 

130. Langereis JD, Hermans PW. (2013) Novel concepts in nontypeable Haemophilus 

influenzae biofilm formation. FEMS Microbiol Lett. 346(2):81-9. 

131. Van Eldere J, Slack MP, Ladhani S, Cripps AW. (2014) Non-typeable 

Haemophilus influenzae, an under-recognised pathogen. Lancet Infect Dis. 14(12):1281-

92. 

132. Langereis JD, de Jonge MI. (2015) Invasive Disease Caused by Nontypeable 

Haemophilus influenzae. Emerg Infect Dis. 21(10):1711-8. 

DOI:10.14753/SE.2022.2609



105 

 

133. European Centre for Disease Prevention and Control. (2018) Haemophilus 

influenzae. Annual epidemiological report for 2016. ECDC, Stockholm. 

134. McVernon J, Moxon R, Heath P, Ramsay M, Slack M. (2003) Haemophilus 

influenzae type b epiglottitis. Article gives timely lesson. BMJ. 326(7383):284. 

135. Barkai G, Leibovitz E, Givon-Lavi N, Dagan R. (2009) Potential contribution by 

nontypable Haemophilus influenzae in protracted and recurrent acute otitis media. Pediatr 

Infect Dis J. 28(6):466-71. 

136. Sethi S. (2004) Bacteria in exacerbations of chronic obstructive pulmonary 

disease: phenomenon or epiphenomenon? Proc Am Thorac Soc. 1(2):109-14. 

137. Rajan S, Saiman L. (2002) Pulmonary infections in patients with cystic fibrosis. 

Semin Respir Infect. 17(1):47-56. 

138. Jacobs MR, Felmingham D, Appelbaum PC, Grüneberg RN, Group AP. (2003) 

The Alexander Project 1998-2000: susceptibility of pathogens isolated from community-

acquired respiratory tract infection to commonly used antimicrobial agents. J Antimicrob 

Chemother. 52(2):229-46. 

139. Dabernat H, Delmas C, Seguy M, Pelissier R, Faucon G, Bennamani S, Pasquier 

C. (2002) Diversity of beta-lactam resistance-conferring amino acid substitutions in 

penicillin-binding protein 3 of Haemophilus influenzae. Antimicrob Agents Chemother. 

46(7):2208-18. 

140. Matic V, Bozdogan B, Jacobs MR, Ubukata K, Appelbaum PC. (2003) 

Contribution of beta-lactamase and PBP amino acid substitutions to 

amoxicillin/clavulanate resistance in beta-lactamase-positive, amoxicillin/clavulanate-

resistant Haemophilus influenzae. J Antimicrob Chemother. 52(6):1018-21. 

141. de Groot R, Chaffin DO, Kuehn M, Smith AL. (1991) Trimethoprim resistance in 

Haemophilus influenzae is due to altered dihydrofolate reductase(s). Biochem J. 274 ( Pt 

3):657-62. 

142. Kelly DF, Moxon ER, Pollard AJ. (2004) Haemophilus influenzae type b 

conjugate vaccines. Immunology. 113(2):163-74. 

143. VACSATC. Introduction of vaccines and their main changes in Hungary. [available 

from: http://www.oltasbiztonsag.hu] 

144. Shapiro ED, Ward JI. (1991) The epidemiology and prevention of disease caused 

by Haemophilus influenzae type b. Epidemiol Rev. 13:113-42. 

DOI:10.14753/SE.2022.2609



106 

 

145. Cochi SL, Broome CV, Hightower AW. (1985) Immunization of US children with 

Hemophilus influenzae type b polysaccharide vaccine. A cost-effectiveness model of 

strategy assessment. JAMA. 253(4):521-9. 

146. Santosham M, Wolff M, Reid R, Hohenboken M, Bateman M, Goepp J, Cortese 

M, Sack D, Hill J, Newcomer W. (1991) The efficacy in Navajo infants of a conjugate 

vaccine consisting of Haemophilus influenzae type b polysaccharide and Neisseria 

meningitidis outer-membrane protein complex. N Engl J Med. 324(25):1767-72. 

147. Haemophilus b conjugate vaccines for prevention of Haemophilus influenzae type 

b disease among infants and children two months of age and older. Recommendations of 

the immunization practices advisory committee (ACIP). (1991) MMWR Recomm Rep. 

40(RR-1):1-7.  

148. American Academy of Pediatrics Committee on Infectious Diseases: 

Haemophilus influenzae type b conjugate vaccines: recommendations for immunization 

of infants and children 2 months of age and older: update. (1991) Pediatrics. 88(1):169-

72.  

149. Adams WG, Deaver KA, Cochi SL, Plikaytis BD, Zell ER, Broome CV, Wenger 

JD, Stephens DS, Farley MM, Harvey C, Stull T, Istre GR, McNabb SJN, Archer P, 

Strack J, Facklam RR, Pigott N, Bosley G, Elliott JA, Franklin R, Ransom R, Hightower 

A, Reingold A, Anderson G, Stone E, Lefkowitz L, Griffin MR, Taylor JA, Rados M, 

Zenker P, Simphee LMK. (1993) Decline of childhood Haemophilus influenzae type b 

(Hib) disease in the Hib vaccine era. JAMA. 269(2):221-6. 

150. Clancy RL, Dunkley ML, Sockler J, McDonald CF. (2016) Multi-site placebo-

controlled randomised clinical trial to assess protection following oral immunisation with 

inactivated non-typeable Haemophilus influenzae in chronic obstructive pulmonary 

disease. Intern Med J. 46(6):684-93. 

151. Singh S, Cisera KM, Turnidge JD, Russell EG. (1997) Selection of optimum 

laboratory tests for the identification of Moraxella catarrhalis. Pathology. 29(2):206-8. 

152. Speeleveld E, Fossépré JM, Gordts B, Van Landuyt HW. (1994) Comparison of 

three rapid methods, tributyrine, 4-methylumbelliferyl butyrate, and indoxyl acetate, for 

rapid identification of Moraxella catarrhalis. J Clin Microbiol. 32(5):1362-3. 

DOI:10.14753/SE.2022.2609



107 

 

153. Lafontaine ER, Cope LD, Aebi C, Latimer JL, McCracken GH, Hansen EJ. (2000) 

The UspA1 protein and a second type of UspA2 protein mediate adherence of Moraxella 

catarrhalis to human epithelial cells in vitro. J Bacteriol. 182(5):1364-73. 

154. Tan TT, Nordström T, Forsgren A, Riesbeck K. (2005) The respiratory pathogen 

Moraxella catarrhalis adheres to epithelial cells by interacting with fibronectin through 

ubiquitous surface proteins A1 and A2. J Infect Dis. 192(6):1029-38. 

155. Tan TT, Forsgren A, Riesbeck K. (2006) The respiratory pathogen moraxella 

catarrhalis binds to laminin via ubiquitous surface proteins A1 and A2. J Infect Dis. 

194(4):493-7. 

156. Pearson MM, Laurence CA, Guinn SE, Hansen EJ. (2006) Biofilm formation by 

Moraxella catarrhalis in vitro: roles of the UspA1 adhesin and the Hag hemagglutinin. 

Infect Immun. 74(3):1588-96. 

157. Verhaegh SJC, Streefland A, Dewnarain JK, Farrell DJ, van Belkum A, Hays JP. 

(2008) Age-related genotypic and phenotypic differences in Moraxella catarrhalis isolates 

from children and adults presenting with respiratory disease in 2001-2002. Microbiology 

(Reading). 154(Pt 4):1178-84. 

158. Verhaegh SJC, Snippe ML, Levy F, Verbrugh HA, Jaddoe VWV, Hofman A, 

Moll HA, van Belkum A, Hays JP. (2011) Colonization of healthy children by Moraxella 

catarrhalis is characterized by genotype heterogeneity, virulence gene diversity and co-

colonization with Haemophilus influenzae. Microbiology (Reading). 157(Pt 1):169-78. 

159. Aebi C, Lafontaine ER, Cope LD, Latimer JL, Lumbley SL, McCracken GH, 

Hansen EJ. (1998) Phenotypic effect of isogenic uspA1 and uspA2 mutations on 

Moraxella catarrhalis 035E. Infect Immun. 66(7):3113-9. 

160. Pearson MM, Hansen EJ. (2007) Identification of gene products involved in 

biofilm production by Moraxella catarrhalis ETSU-9 in vitro. Infect Immun. 75(9):4316-

25. 

161. Singh B, Al-Jubair T, Voraganti C, Andersson T, Mukherjee O, Su YC, Zipfel P, 

Riesbeck K. (2015) Moraxella catarrhalis binds plasminogen to evade host innate 

immunity. Infect Immun. 83(9):3458-69. 

162. Hill DJ, Whittles C, Virji M. (2012) A novel group of Moraxella catarrhalis UspA 

proteins mediates cellular adhesion via CEACAMs and vitronectin. PLoS One. 

7(9):e45452. 

DOI:10.14753/SE.2022.2609



108 

 

163. Pearson MM, Lafontaine ER, Wagner NJ, St  Geme JW, Hansen EJ. (2002) A hag 

mutant of Moraxella catarrhalis strain O35E is deficient in hemagglutination, 

autoagglutination, and immunoglobulin D-binding activities. Infect Immun. 70(8):4523-

33. 

164. Holm MM, Vanlerberg SL, Sledjeski DD, Lafontaine ER. (2003) The Hag protein 

of Moraxella catarrhalis strain O35E is associated with adherence to human lung and 

middle ear cells. Infect Immun. 71(9):4977-84. 

165. Balder R, Krunkosky TM, Nguyen CQ, Feezel L, Lafontaine ER. (2009) Hag 

mediates adherence of Moraxella catarrhalis to ciliated human airway cells. Infect 

Immun. 77(10):4597-608. 

166. Aebi C, Stone B, Beucher M, Cope LD, Maciver I, Thomas SE, McCracken GH, 

Sparling PF, Hansen EJ. (1996) Expression of the CopB outer membrane protein by 

Moraxella catarrhalis is regulated by iron and affects iron acquisition from transferrin and 

lactoferrin. Infect Immun. 64(6):2024-30. 

167. Helminen ME, Maciver I, Paris M, Latimer JL, Lumbley SL, Cope LD, 

McCracken GH Hansen EJ. (1993) A mutation affecting expression of a major outer 

membrane protein of Moraxella catarrhalis alters serum resistance and survival in vivo. J 

Infect Dis. 168(5):1194-201. 

168. Murphy TF, Brauer AL, Yuskiw N, Hiltke TJ. (2000) Antigenic structure of outer 

membrane protein E of Moraxella catarrhalis and construction and characterization of 

mutants. Infect Immun. 68(11):6250-6. 

169. Murphy TF, Kirkham C, Lesse AJ. (1993) The major heat-modifiable outer 

membrane protein CD is highly conserved among strains of Branhamella catarrhalis. Mol 

Microbiol. 10(1):87-97. 

170. Spaniol V, Heiniger N, Troller R, Aebi C. (2008) Outer membrane protein UspA1 

and lipooligosaccharide are involved in invasion of human epithelial cells by Moraxella 

catarrhalis. Microbes Infect. 10(1):3-11. 

171. Peng D, Hong W, Choudhury BP, Carlson RW, Gu XX. (2005) Moraxella 

catarrhalis bacterium without endotoxin, a potential vaccine candidate. Infect Immun. 

73(11):7569-77. 

DOI:10.14753/SE.2022.2609



109 

 

172. Vaneechoutte M, Verschraegen G, Claeys G, Van Den Abeele AM. (1990) 

Serological typing of Branhamella catarrhalis strains on the basis of lipopolysaccharide 

antigens. J Clin Microbiol. 28(2):182-7. 

173. Rahman M, Holme T. (1996) Antibody response in rabbits to serotype-specific 

determinants in lipopolysaccharides from Moraxella catarrhalis. J Med Microbiol. 

44(5):348-54. 

174. Ngo CC, Massa HM, Thornton RB, Cripps AW. (2016) Predominant bacteria 

detected from the middle ear fluid of children experiencing otitis media: a systematic 

review. PLoS One. 11(3):e0150949. 

175. Sethi S, Murphy TF. (2008) Infection in the pathogenesis and course of chronic 

obstructive pulmonary disease. N Engl J Med. 359(22):2355-65. 

176. Goldenhersh MJ, Rachelefsky GS, Dudley J, Brill J, Katz RM, Rohr AS, Spector 

SL, Siegel SC, Summanen P, Baron EJ, Finegold S. (1990) The microbiology of chronic 

sinus disease in children with respiratory allergy. J Allergy Clin Immunol. 85(6):1030-9. 

177. Nicotra B, Rivera M, Luman JI, Wallace RJ. (1986) Branhamella catarrhalis as a 

lower respiratory tract pathogen in patients with chronic lung disease. Arch Intern Med. 

146(5):890-3. 

178. Sy MG, Robinson JL. (2010) Community-acquired Moraxella catarrhalis 

pneumonia in previously healthy children. Pediatr Pulmonol. 45(7):674-8. 

179. Macsai MS, Hillman DS, Robin JB. (1988) Branhamella keratitis resistant to 

penicillin and cephalosporins. Case report. Arch Ophthalmol. 106(11):1506-7. 

180. Abbott M. (1992) Neisseriaceae and Moraxella sp.: the role of related 

microorganisms associated with conjunctivitis in the newborn. Int J STD AIDS. 3(3):212-

3. 

181. Qin L, Masaki H, Gotoh K, Furumoto A, Terada M, Watanabe K, Watanabe H. 

(2009) Molecular epidemiological study of Moraxella catarrhalis isolated from 

nosocomial respiratory infection patients in a community hospital in Japan. Intern Med. 

48(10):797-803. 

182. Stefanou J, Agelopoulou AV, Sipsas NV, Smilakou N, Avlami A. (2000) 

Moraxella catarrhalis endocarditis: case report and review of the literature. Scand J Infect 

Dis. 32(2):217-8. 

DOI:10.14753/SE.2022.2609



110 

 

183. Siwakoti S, Bajracharya S, Adhikaree N, Sah R, Rajbhandari RS, Khanal B. 

(2019) Early-onset neonatal meningitis caused by an unusual pathogen. Case Rep Pediatr. 

2019:4740504. 

184. Wallace RJ, Steingrube VA, Nash DR, Hollis DG, Flanagan C, Brown BA, Labidi 

A, Weaver RE. (1989) BRO beta-lactamases of Branhamella catarrhalis and Moraxella 

subgenus Moraxella, including evidence for chromosomal beta-lactamase transfer by 

conjugation in B. catarrhalis, M. nonliquefaciens, and M. lacunata. Antimicrob Agents 

Chemother. 33(11):1845-54. 

185. Walker ES, Neal CL, Laffan E, Kalbfleisch JH, Berk SL, Levy F. (2000) Long-

term trends in susceptibility of Moraxella catarrhalis: a population analysis. J Antimicrob 

Chemother. 45(2):175-82. 

186. Deshpande LM, Sader HS, Fritsche TR, Jones RN. (2006) Contemporary 

prevalence of BRO beta-lactamases in Moraxella catarrhalis: report from the SENTRY 

antimicrobial surveillance program (North America, 1997 to 2004). J Clin Microbiol. 

44(10):3775-7. 

187. Bootsma HJ, van Dijk H, Verhoef J, Fleer A, Mooi FR. (1996) Molecular 

characterization of the BRO beta-lactamase of Moraxella (Branhamella) catarrhalis. 

Antimicrob Agents Chemother. 40(4):966-72. 

188. Schmitz FJ, Beeck A, Perdikouli M, Boos M, Mayer S, Scheuring S, Köhrer K, 

Verhoef J, Fluit AC. (2002) Production of BRO beta-lactamases and resistance to 

complement in European Moraxella catarrhalis isolates. J Clin Microbiol. 40(4):1546-8. 

189. Van Damme P, Leroux-Roels G, Vandermeulen C, De Ryck I, Tasciotti A, Dozot 

M, Moraschini L, Testa M, Arora AK. (2019) Safety and immunogenicity of non-typeable 

Haemophilus influenzae-Moraxella catarrhalis vaccine. Vaccine. 37(23):3113-22. 

190. Blakeway LV, Tan A, Peak IRA, Seib KL. (2017) Virulence determinants of 

Moraxella catarrhalis: distribution and considerations for vaccine development. 

Microbiology. 163(10):1371-84. 

191. Population of Hungary. [availabe from: http://nepesseg.com] 

192. Simões AS, Tavares DA, Rolo D, Ardanuy C, Goossens H, Henriques-Normark 

B, Linares J, de Lencastre H, Sá-Leão R. (2016) lytA-based identification methods can 

misidentify Streptococcus pneumoniae. Diagn Microbiol Infect Dis. 85(2):141-8. 

DOI:10.14753/SE.2022.2609



111 

 

193. Laub K, Tóthpál A, Kardos S, Dobay O. (2017) Epidemiology and antibiotic 

sensitivity of Staphylococcus aureus nasal carriage in children in Hungary. Acta 

Microbiol Immunol Hung. 64(1):51-62. 

194. Hobson RP, Williams A, Rawal K, Pennington TH, Forbes KJ. (1995) Incidence 

and spread of Haemophilus influenzae on an Antarctic base determined using the 

polymerase chain reaction. Epidemiol Infect. 114(1):93-103. 

195. Hendolin PH, Paulin L, Ylikoski J. (2000) Clinically applicable multiplex PCR 

for four middle ear pathogens. J Clin Microbiol. 38(1):125-32. 

196. Brito DA, Ramirez M, de Lencastre H. (2003) Serotyping Streptococcus 

pneumoniae by multiplex PCR. J Clin Microbiol. 41(6):2378-84. 

197. Tóthpál A. (2014) Epidemiological analysis of carried Streptococcus pneumoniae 

among healthy children attending communities. [available from: 

http://old.semmelweis.hu/wp-content/phd/phd_live/vedes/export/tothpaladrienn.d.pdf] 

198. Centers for Disease Control and Prevention. (2014) List of oligonucleotide 

primers used in 41 conventional multiplex PCR assays for pneumococcal serotype 

deduction of 71 serotypes.  

199. Edwards KJ, Schwingel JM, Datta AK, Campagnari AA. (2005) Multiplex PCR 

assay that identifies the major lipooligosaccharide serotype expressed by Moraxella 

catarrhalis clinical isolates. J Clin Microbiol. 43(12):6139-43. 

200. The European Committee on Antimicrobial Susceptibility Testing. (2021) 

Breakpoint tables for interpretation of MICs and zone diameters. Version 11.0  

201. Sutcliffe J, Grebe T, Tait-Kamradt A, Wondrack L. (1996) Detection of 

erythromycin-resistant determinants by PCR. Antimicrob Agents Chemother. 

40(11):2562-6. 

202. Tait-Kamradt A, Davies T, Cronan M, Jacobs MR, Appelbaum PC, Sutcliffe J. 

(2000) Mutations in 23S rRNA and ribosomal protein L4 account for resistance in 

pneumococcal strains selected in vitro by macrolide passage. Antimicrob Agents 

Chemother. 44(8):2118-25. 

203. Antonio M, McFerran N, Pallen MJ. (2002) Mutations affecting the Rossman fold 

of isoleucyl-tRNA synthetase are correlated with low-level mupirocin resistance in 

Staphylococcus aureus. Antimicrob Agents Chemother. 46(2):438-42. 

DOI:10.14753/SE.2022.2609



112 

 

204. Anthony RM, Connor AM, Power EG, French GL. (1999) Use of the polymerase 

chain reaction for rapid detection of high-level mupirocin resistance in staphylococci. Eur 

J Clin Microbiol Infect Dis. 18(1):30-4. 

205. Szabó J, Dombrádi Z, Dobay O, Orosi P, Kónya J, Nagy K, Rozgonyi F. (2009) 

Phenotypic and genetic characterisation of methicillin-resistant Staphylococcus aureus 

strains isolated from the university hospitals of Debrecen. Eur J Clin Microbiol Infect 

Dis. 28(2):129-36. 

206. Hall LM, Whiley RA, Duke B, George RC, Efstratiou A. (1996) Genetic 

relatedness within and between serotypes of Streptococcus pneumoniae from the United 

Kingdom: analysis of multilocus enzyme electrophoresis, pulsed-field gel 

electrophoresis, and antimicrobial resistance patterns. J Clin Microbiol. 34(4):853-9. 

207. Saito M, Umeda A, Yoshida S. (1999) Subtyping of Haemophilus influenzae 

strains by pulsed-field gel electrophoresis. J Clin Microbiol. 37(7):2142-7. 

208. Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, 

(1995) Swaminathan B. Interpreting chromosomal DNA restriction patterns produced by 

pulsed-field gel electrophoresis: criteria for bacterial strain typing. J Clin Microbiol. 

33(9):2233-9. 

209. van Belkum A, Tassios PT, Dijkshoorn L, Haeggman S, Cookson B, Fry NK, 

Fussing V, Green J, Feil E, Gerner-Smidt P, Brisse S, Struelens M. (2007) Guidelines for 

the validation and application of typing methods for use in bacterial epidemiology. Clin 

Microbiol Infect. 13 Suppl 3:1-46. 

210. Jolley KA, Bray JE, Maiden MCJ. (2018) Open-access bacterial population 

genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome 

Open Res 3:124 

211. Xu X, Cai L, Xiao M, Kong F, Oftadeh S, Zhou F, Gilbert GL. (2010) Distribution 

of serotypes, genotypes, and resistance determinants among macrolide-resistant 

Streptococcus pneumoniae isolates. Antimicrob Agents Chemother. 54(3):1152-9. 

212. Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG. (2004) eBURST: inferring 

patterns of evolutionary descent among clusters of related bacterial genotypes from 

multilocus sequence typing data. J Bacteriol. 186(5):1518-30. 

213. Zemlicková H, Urbásková P, Adámková V, Motlová J, Lebedová V, Procházka 

B. (2006) Characteristics of Streptococcus pneumoniae, Haemophilus influenzae, 

DOI:10.14753/SE.2022.2609



113 

 

Moraxella catarrhalis and Staphylococcus aureus isolated from the nasopharynx of 

healthy children attending day-care centres in the Czech Republic. Epidemiol Infect. 

134(6):1179-87. 

214. Jourdain S, Smeesters PR, Denis O, Dramaix M, Sputael V, Malaviolle X, van 

melderen L, Vergison A. (2011) Differences in nasopharyngeal bacterial carriage in 

preschool children from different socio-economic origins. Clin Microbiol Infect. 

17(6):907-14. 

215. Bogaert D, De Groot R, Hermans PW. (2004) Streptococcus pneumoniae 

colonisation: the key to pneumococcal disease. Lancet Infect Dis. 4(3):144-54. 

216. Bogaert D, van Belkum A, Sluijter M, Luijendijk A, de Groot R, Rümke HC, 

Verbrugh HA, Hermans PWM. 2004) Colonisation by Streptococcus pneumoniae and 

Staphylococcus aureus in healthy children. Lancet. 363(9424):1871-2. 

217. Kateete DP, Asiimwe BB, Mayanja R, Mujuni B, Bwanga F, Najjuka CF, 

Källander K, Rutebemberwa E. (2019) Nasopharyngeal carriage, spa types and antibiotic 

susceptibility profiles of Staphylococcus aureus from healthy children less than 5 years 

in Eastern Uganda. BMC Infect Dis. 19(1):1023. 

218. Lebon A, Moll HA, Tavakol M, van Wamel WJ, Jaddoe VW, Hofman A, 

Verbrugh HA, van Belkum A. (2010) Correlation of bacterial colonization status between 

mother and child: the Generation R Study. J Clin Microbiol. 48(3):960-2. 

219. Dey S, Rosales-Klintz S, Shouche S, Pathak JP, Pathak A. (2013) Prevalence and 

risk factors for nasal carriage of Staphylococcus aureus in children attending anganwaries 

(preschools) in Ujjain, India. BMC Res Notes. 6:265. 

220. Laub K, Tóthpál A, Kovács E, Sahin-Tóth J, Horváth A, Kardos S, Dobay O. 

(2018) High prevalence of Staphylococcus aureus nasal carriage among children in 

Szolnok, Hungary. Acta Microbiol Immunol Hung. 65(1):59-72. 

221. Oikawa J, Ishiwada N, Takahashi Y, Hishiki H, Nagasawa K, Takahashi S, 

Watanabe M, Chang B, Kohno Y. (2014) Changes in nasopharyngeal carriage of 

Streptococcus pneumoniae, Haemophilus influenzae and Moraxella catarrhalis among 

healthy children attending a day-care centre before and after official financial support for 

the 7-valent pneumococcal conjugate vaccine and H. influenzae type b vaccine in Japan. 

J Infect Chemother. 20(2):146-9. 

DOI:10.14753/SE.2022.2609



114 

 

222. Oguzkaya-Artan M, Baykan Z, Artan C. (2007) Carriage rate of Haemophilus 

influenzae among preschool children in Turkey. Jpn J Infect Dis.  60(4):179-82. 

223. Abdullahi O, Nyiro J, Lewa P, Slack M, Scott JA. (2008) The descriptive 

epidemiology of Streptococcus pneumoniae and Haemophilus influenzae nasopharyngeal 

carriage in children and adults in Kilifi district, Kenya. Pediatr Infect Dis J. 27(1):59-64. 

224. Torun MM, Namal N, Demirci M, Bahar H. (2009) Nasopharyngeal carriage and 

antibiotic resistance of Haemophilus influenzae, Streptococcus pneumoniae and 

Moraxella catarrhalis in healthy school children in Turkey. Indian J Med Microbiol. 

27(1):86-8. 

225. Skråmm I, Moen AE, Bukholm G. (2011) Nasal carriage of Staphylococcus 

aureus: frequency and molecular diversity in a randomly sampled Norwegian community 

population. APMIS. 119(8):522-8. 

226. Mertz D, Frei R, Periat N, Zimmerli M, Battegay M, Flückiger U, Widmer AF. 

(2009) Exclusive Staphylococcus aureus throat carriage: at-risk populations. Arch Intern 

Med. 169(2):172-8. 

227. Drayß M, Claus H, Hubert K, Thiel K, Berger A, Sing A, van der Linden M, Vogel 

U, Lâm TT. (2019) Asymptomatic carriage of Neisseria meningitidis, Haemophilus 

influenzae, Streptococcus pneumoniae, Group A Streptococcus and Staphylococcus 

aureus among adults aged 65 years and older. PLoS One. 14(2):e0212052. 

228. Gunnarsson RK, Holm SE, Söderström M. (1998) The prevalence of potential 

pathogenic bacteria in nasopharyngeal samples from healthy children and adults. Scand J 

Prim Health Care. 16(1):13-7. 

229. Van Nguyen K, Zhang T, Thi Vu BN, Dao TT, Tran TK, Thi Nguyen DN, Thi 

Tran HK, Thi Nguyen CK, Fox A, Horby P, Wertheim H. (2014) Staphylococcus aureus 

nasopharyngeal carriage in rural and urban northern Vietnam. Trans R Soc Trop Med 

Hyg. 108(12):783-90. 

230. Sehgal SC, al Shaimy I. (1994) Moraxella catarrhalis in upper respiratory tract of 

healthy Yemeni children/adults and paediatric patients: detection and significance. 

Infection. 22(3):193-6. 

231. Spijkerman J, Prevaes SM, van Gils EJ, Veenhoven RH, Bruin JP, Bogaert D, 

Wijmenga-Monsuur AJ, van den Dobbelsteen GPJM, Sanders EAM. (2012) Long-term 

DOI:10.14753/SE.2022.2609



115 

 

effects of pneumococcal conjugate vaccine on nasopharyngeal carriage of S. pneumoniae, 

S. aureus, H. influenzae and M. catarrhalis. PLoS One. 7(6):e39730. 

232. Bosch AATM, van Houten MA, Bruin JP, Wijmenga-Monsuur AJ, Trzciński K, 

Bogaert D, Rots NY, Sanders EAM. (2016) Nasopharyngeal carriage of Streptococcus 

pneumoniae and other bacteria in the 7th year after implementation of the pneumococcal 

conjugate vaccine in the Netherlands. Vaccine. 34(4):531-9. 

233. Revai K, McCormick DP, Patel J, Grady JJ, Saeed K, Chonmaitree T. (2006) 

Effect of pneumococcal conjugate vaccine on nasopharyngeal bacterial colonization 

during acute otitis media. Pediatrics. 117(5):1823-9. 

234. Tocheva AS, Jefferies JM, Rubery H, Bennett J, Afimeke G, Garland J, 

Christodoulides M, Faust SN, Clarke SC. (2011) Declining serotype coverage of new 

pneumococcal conjugate vaccines relating to the carriage of Streptococcus pneumoniae 

in young children. Vaccine. 29(26):4400-4. 

235. Fleming-Dutra KE, Conklin L, Loo JD, Knoll MD, Park DE, Kirk J, Goldblatt D, 

Whitney CG, O'Brien KL. (2014) Systematic review of the effect of pneumococcal 

conjugate vaccine dosing schedules on vaccine-type nasopharyngeal carriage. Pediatr 

Infect Dis J. 33 Suppl 2:S152-60. 

236. van Hoek AJ, Andrews N, Waight PA, George R, Miller E. (2012) Effect of 

serotype on focus and mortality of invasive pneumococcal disease: coverage of different 

vaccines and insight into non-vaccine serotypes. PLoS One. 7(7):e39150. 

237. Sugimoto N, Yamagishi Y, Hirai J, Sakanashi D, Suematsu H, Nishiyama N, 

Koizumi Y, Mikamo H. (2017) Invasive pneumococcal disease caused by mucoid 

serotype 3 Streptococcus pneumoniae: a case report and literature review. BMC Res 

Notes. 10(1):21. 

238. Lindstrand A, Galanis I, Darenberg J, Morfeldt E, Naucler P, Blennow M, Alfvén 

T, Henriques-Normark B, Örtqvist A. (2016) Unaltered pneumococcal carriage 

prevalence due to expansion of non-vaccine types of low invasive potential 8 years after 

vaccine introduction in Stockholm, Sweden. Vaccine. 34(38):4565-71. 

239. Varon E, Cohen R, Béchet S, Doit C, Levy C. (2015) Invasive disease potential 

of pneumococci before and after the 13-valent pneumococcal conjugate vaccine 

implementation in children. Vaccine. 33(46):6178-85. 

DOI:10.14753/SE.2022.2609



116 

 

240. European Centre for Disease Prevention and Control. (2018) Invasive 

pneumococcal disease. Annual epidemiological report for 2016. ECDC, Stockholm. 

241. Tóthpál A, Laub K, Kardos S, Nagy K, Dobay O. (2014) Vaccine coverage of 

invasive and carried Streptococcus pneumoniae isolates in Hungary. LAM; 24(04):180-

5. 

242. Oligbu G, Hsia Y, Folgori L, Collins S, Ladhani S. (2016) Pneumococcal 

conjugate vaccine failure in children: A systematic review of the literature. Vaccine. 

34(50):6126-32. 

243. Gounder PP, Bruden D, Rudolph K, Zulz T, Hurlburt D, Thompson G, Bruce MG, 

Hennessy TW. (2018) Re-emergence of pneumococcal colonization by vaccine serotype 

19F in persons aged ≥5 years after 13-valent pneumococcal conjugate vaccine 

introduction-Alaska, 2008-2013. Vaccine. 36(5):691-7 

244. Camilli R, Vescio MF, Giufrè M, Daprai L, Garlaschi ML, Cerquetti M, Pantosti 

A. (2015) Carriage of Haemophilus influenzae is associated with pneumococcal 

vaccination in Italian children. Vaccine. 33(36):4559-64. 

245. Dworkin MS, Park L, Borchardt SM. (2007) The changing epidemiology of 

invasive Haemophilus influenzae disease, especially in persons > or = 65 years old. Clin 

Infect Dis. 44(6):810-6. 

246. Epinfo. (2012-2016) Epidemiological situation in Hungary, 2001-2014. Epinfo. 

19(3); 22(2); 22(3); 23(2) special issues 

247. Sillanpää S, Oikarinen S, Sipilä M, Kramna L, Rautiainen M, Huhtala H, 

Aittoniemi J, Laranne J, Hyöty H, Cinek O. (2016) Moraxella catarrhalis Might Be More 

Common than Expected in Acute Otitis Media in Young Finnish Children. J Clin 

Microbiol. 54(9):2373-9. 

248. Broides A, Dagan R, Greenberg D, Givon-Lavi N, Leibovitz E. (2009) Acute otitis 

media caused by Moraxella catarrhalis: epidemiologic and clinical characteristics. Clin 

Infect Dis. 49(11):1641-7. 

249. Ruohola A, Pettigrew MM, Lindholm L, Jalava J, Räisänen KS, Vainionpää R, 

Waris M, Tähtinen PA, Laine MK, Lahti E, Ruuskanen O, Huovinen P. (2013) Bacterial 

and viral interactions within the nasopharynx contribute to the risk of acute otitis media. 

J Infect. 66(3):247-54. 

DOI:10.14753/SE.2022.2609



117 

 

250. Perez AC, Pang B, King LB, Tan L, Murrah KA, Reimche JL, Wren JT, 

Richardson SH, Ghandi U, Swords WE. (2014) Residence of Streptococcus pneumoniae 

and Moraxella catarrhalis within polymicrobial biofilm promotes antibiotic resistance and 

bacterial persistence in vivo. Pathog Dis. 70(3):280-8. 

251. Budhani RK, Struthers JK. (1998) Interaction of Streptococcus pneumoniae and 

Moraxella catarrhalis: investigation of the indirect pathogenic role of beta-lactamase-

producing moraxellae by use of a continuous-culture biofilm system. Antimicrob Agents 

Chemother. 42(10):2521-6. 

252. Armbruster CE, Hong W, Pang B, Weimer KE, Juneau RA, Turner J, Swords WE. 

(2010) Indirect pathogenicity of Haemophilus influenzae and Moraxella catarrhalis in 

polymicrobial otitis media occurs via interspecies quorum signaling. mBio. 1(3): e00102-

10. 

253. Tan TT, Morgelin M, Forsgren A, Riesbeck K. (2007) Haemophilus influenzae 

survival during complement-mediated attacks is promoted by Moraxella catarrhalis outer 

membrane vesicles. J Infect Dis. 195(11):1661-70. 

254. Regev-Yochay G, Dagan R, Raz M, Carmeli Y, Shainberg B, Derazne E, Rahav 

G, Rubinstein E. (2004) Association between carriage of Streptococcus pneumoniae and 

Staphylococcus aureus in Children. JAMA. 292(6):716-20. 

255. Pericone CD, Overweg K, Hermans PW, Weiser JN. (2000) Inhibitory and 

bactericidal effects of hydrogen peroxide production by Streptococcus pneumoniae on 

other inhabitants of the upper respiratory tract. Infect Immun. 68(7):3990-7. 

256. Regev-Yochay G, Trzcinski K, Thompson CM, Malley R, Lipsitch M. (2006) 

Interference between Streptococcus pneumoniae and Staphylococcus aureus: In vitro 

hydrogen peroxide-mediated killing by Streptococcus pneumoniae. J Bacteriol. 

188(13):4996-5001. 

257. Reddinger RM, Luke-Marshall NR, Sauberan SL, Hakansson AP, Campagnari 

AA. (2018) Streptococcus pneumoniae modulates Staphylococcus aureus biofilm 

dispersion and the transition from colonization to invasive disease. MBio. 9(1):e02089-

17. 

258. Laub K. (2017) The epidemiology of Staphylococcus aureus nasal carriage in 

preschool children and university students in Hungary. [available from: 

DOI:10.14753/SE.2022.2609



118 

 

http://old.semmelweis.hu/wp-

content/phd/phd_live/vedes/export/menyhartlaubkrisztina.e.pdf] 

259. van den Bergh MR, Biesbroek G, Rossen JW, de Steenhuijsen Piters WA, Bosch 

AA, van Gils EJ, Wang X, Boonacker CWB, Veenhoven RH, Bruin JP, Bogaert D, 

Sanders EAM. (2012) Associations between pathogens in the upper respiratory tract of 

young children: interplay between viruses and bacteria. PLoS One. 7(10):e47711. 

260. Pettigrew MM, Gent JF, Revai K, Patel JA, Chonmaitree T. (2008) Microbial 

interactions during upper respiratory tract infections. Emerg Infect Dis. 14(10):1584-91. 

261. Graham PL, Lin SX, Larson EL. (2006) A U.S. population-based survey of 

Staphylococcus aureus colonization. Ann Intern Med. 144(5):318-25. 

262. Mollema FP, Richardus JH, Behrendt M, Vaessen N, Lodder W, Hendriks W, 

Verbrugh HA, Vos MC. (2010) Transmission of methicillin-resistant Staphylococcus 

aureus to household contacts. J Clin Microbiol. 48(1):202-7. 

263. Chatzakis E, Scoulica E, Papageorgiou N, Maraki S, Samonis G, Galanakis E. 

(2011) Infant colonization by Staphylococcus aureus: role of maternal carriage. Eur J Clin 

Microbiol Infect Dis. 30(9):1111-7. 

264. Noble WC, Williams RE, Jevons MP, Shooter RA. (1964) Some aspects of nasal 

carriage of Staphylococci. J Clin Pathol. 17:79-83. 

265. Varon E, Levy C, De La Rocque F, Boucherat M, Deforche D, Podglajen I, Navel 

M, Cohen R. (2000) Impact of antimicrobial therapy on nasopharyngeal carriage of 

Streptococcus pneumoniae, Haemophilus influenzae, and Branhamella catarrhalis in 

children with respiratory tract infections. Clin Infect Dis. 31(2):477-81. 

266. Ghaffar F, Muniz LS, Katz K, Reynolds J, Smith JL, Davis P, Friedland IR, 

McCracken GH. (2000) Effects of amoxicillin/clavulanate or azithromycin on 

nasopharyngeal carriage of Streptococcus pneumoniae and Haemophilus influenzae in 

children with acute otitis media. Clin Infect Dis. 31(4):875-80. 

267. Moreillon P. (1994) The efficacy of amoxycillin/clavulanate (Augmentin) in the 

treatment of severe staphylococcal infections. J Chemother. 6 Suppl 2:51-7. 

268. Bagaitkar J, Demuth DR, Scott DA. (2008) Tobacco use increases susceptibility 

to bacterial infection. Tob Induc Dis. 4:12. 

269. Greenberg D, Givon-Lavi N, Broides A, Blancovich I, Peled N, Dagan R. (2006) 

The contribution of smoking and exposure to tobacco smoke to Streptococcus 

DOI:10.14753/SE.2022.2609



119 

 

pneumoniae and Haemophilus influenzae carriage in children and their mothers. Clin 

Infect Dis. 42(7):897-903. 

270. Wouters I, Van Heirstraeten L, Desmet S, Blaizot S, Verhaegen J, Goossens H, 

van Damme P, Malhotra-Kumar S, Theeten H. (2018) Nasopharyngeal s. pneumoniae 

carriage and density in Belgian infants after 9 years of pneumococcal conjugate vaccine 

programme. Vaccine. 36(1):15-22. 

271. National Bacteriological Surveillance Management Team: NBS Annual reports. 

(2015-2016) National Center for Epidemiology, Budapest, Hungary. 

272. Tóthpál A, Kardos S, Laub K, Nagy K, Tirczka T, van der Linden M, Dobay O. 

(2015) Radical serotype rearrangement of carried pneumococci in the first 3 years after 

intensive vaccination started in Hungary. Eur J Pediatr. 174(3):373-81. 

273. Lee AS, Macedo-Vinas M, François P, Renzi G, Vernaz N, Schrenzel J, Pittet D, 

Harbarth D. (2011) Trends in mupirocin resistance in meticillin-resistant Staphylococcus 

aureus and mupirocin consumption at a tertiary care hospital. J Hosp Infect. 77(4):360-2. 

274. Parr TR, Bryan LE. (1984) Mechanism of resistance of an ampicillin-resistant, 

beta-lactamase-negative clinical isolate of Haemophilus influenzae type b to beta-lactam 

antibiotics. Antimicrob Agents Chemother. 25(6):747-53. 

275. John TJ, Cherian T, Raghupathy P. (1998) Haemophilus influenzae disease in 

children in India: a hospital perspective. Pediatr Infect Dis J. 17(9 Suppl):S169-71. 

276. Farrell DJ, Jenkins SG, Brown SD, Patel M, Lavin BS, Klugman KP. (2005) 

Emergence and spread of Streptococcus pneumoniae with erm(B) and mef(A) resistance. 

Emerg Infect Dis. 11(6):851-8. 

277. Pillai DR, Shahinas D, Buzina A, Pollock RA, Lau R, Khairnar K, Wong A, 

Farrell DJ, Green K, McGreer A, Low DE. (2009) Genome-wide dissection of globally 

emergent multi-drug resistant serotype 19A Streptococcus pneumoniae. BMC Genomics. 

10:642. 

278. Hsieh YC, Lin TL, Chang KY, Huang YC, Chen CJ, Lin TY, Wang JT. (2013) 

Expansion and evolution of Streptococcus pneumoniae serotype 19A ST320 clone as 

compared to its ancestral clone, Taiwan19F-14 (ST236). J Infect Dis. 208(2):203-10. 

279. Tyrrell GJ. (2011) The changing epidemiology of Streptococcus pneumoniae 

serotype 19A clonal complexes. J Infect Dis. 203(10):1345-7. 

DOI:10.14753/SE.2022.2609



120 

 

280. Beall B, McEllistrem MC, Gertz RE, Wedel S, Boxrud DJ, Gonzalez AL, Medina 

MJ, Pai R, Thompson TA, Harrison LH, McGee L, Whitney CG. (2006) Pre- and 

postvaccination clonal compositions of invasive pneumococcal serotypes for isolates 

collected in the United States in 1999, 2001, and 2002. J Clin Microbiol. 44(3):999-1017. 

281. Moore MR, Gertz RE, Woodbury RL, Barkocy-Gallagher GA, Schaffner W, 

Lexau C, Gershman K, Reingold A, Farley M, Harrison LH, Hadler JL, Bennett NM, 

Thomas AR, McGee L, Pilishvili T, Bruegemann AB, Whitney CG, Jorgensen JH, Beall 

B. (2008) Population snapshot of emergent Streptococcus pneumoniae serotype 19A in 

the United States, 2005. J Infect Dis. 197(7):1016-27. 

282. Gene A, del Amo E, Iñigo M, Monsonis M, Pallares R, Muñoz-Almagro C. (2013) 

Pneumococcal serotypes causing acute otitis media among children in Barcelona (1992-

2011): emergence of the multiresistant clone ST320 of serotype 19A. Pediatr Infect Dis 

J. 32(4):e128-33. 

283. Shin J, Baek JY, Kim SH, Song JH, Ko KS. (2011) Predominance of ST320 

among Streptococcus pneumoniae serotype 19A isolates from 10 Asian countries. J 

Antimicrob Chemother. 66(5):1001-4. 

284. Janapatla RP, Hsu MH, Du JF, Hsieh YC, Lin TY, Chiu CH. (2010) Sequence 

types and antimicrobial susceptibility of invasive streptococcus pneumoniae isolates from 

a region with high antibiotic selective pressure and suboptimal vaccine coverage. Pediatr 

Infect Dis J. 29(5):467-9. 

285. Azarian T, Mitchell PK, Georgieva M, Thompson CM, Ghouila A, Pollard AJ, 

von Gottberg A, du Plessis M, Antonio M, Kwambana-Adams BA, Clarke SC, Everett 

D, Cornick J, SAdowy E, Hryniewicz W, Skoczynska A, Moisi JC, McGee L, Beall B, 

Metcalf BJ, Breiman RF, Ho PL, Reid R, O'Brien KL, Gladstone RA, Bentley SD, 

Hanage WP. (2018) Global emergence and population dynamics of divergent serotype 3 

CC180 pneumococci. PLoS Pathog. 14(11):e1007438. 

286. Brueggemann AB, Griffiths DT, Meats E, Peto T, Crook DW, Spratt BG. (2003) 

Clonal relationships between invasive and carriage Streptococcus pneumoniae and 

serotype- and clone-specific differences in invasive disease potential. J Infect Dis. 

187(9):1424-32. 

DOI:10.14753/SE.2022.2609



121 

 

287. Sjöström K, Spindler C, Ortqvist A, Kalin M, Sandgren A, Kühlmann-Berenzon 

S, Normark BH. (2006) Clonal and capsular types decide whether pneumococci will act 

as a primary or opportunistic pathogen. Clin Infect Dis. 42(4):451-9. 

288. Blake F. (1931) Observations On Pneumococcus Type III Pneumonia. Annals of 

Internal Medicaine; 5(6):673-86. 

289. Inverarity D, Lamb K, Diggle M, Robertson C, Greenhalgh D, Mitchell TJ, Smith 

A, Jefferies JMC, Clarke SC, McMenamin J, Edwards GFS. (2011) Death or survival 

from invasive pneumococcal disease in Scotland: associations with serogroups and 

multilocus sequence types. J Med Microbiol. 60(Pt 6):793-802. 

290. Bonness S, Szekat C, Novak N, Bierbaum G. (2008) Pulsed-field gel 

electrophoresis of Staphylococcus aureus isolates from atopic patients revealing presence 

of similar strains in isolates from children and their parents. J Clin Microbiol. 46(2):456-

61. 

291. Musser JM, Kroll JS, Granoff DM, Moxon ER, Brodeur BR, Campos J, Dabernat 

H, Frederiksen W, Hamel J, Hammond G. (1990) Global genetic structure and molecular 

epidemiology of encapsulated Haemophilus influenzae. Rev Infect Dis. 12(1):75-111. 

292. Schumacher SK, Marchant CD, Loughlin AM, Bouchet V, Stevenson A, Pelton 

SI. (2012) Prevalence and genetic diversity of nontypeable haemophilus influenzae in the 

respiratory tract of infants and primary caregivers. Pediatr Infect Dis J. 31(2):145-9. 

293. Musser JM, Barenkamp SJ, Granoff DM, Selander RK. (1986) Genetic 

relationships of serologically nontypable and serotype b strains of Haemophilus 

influenzae. Infect Immun. 52(1):183-91. 

294. Pickering J, Smith-Vaughan H, Beissbarth J, Bowman JM, Wiertsema S, Riley 

TV, Leach AJ, Richmond P, Lehman D, Kirkham LA. (2014) Diversity of nontypeable 

Haemophilus influenzae strains colonizing Australian Aboriginal and non-Aboriginal 

children. J Clin Microbiol. 52(5):1352-7. 

  

DOI:10.14753/SE.2022.2609



122 

 

10. List of publications 

10.1. Publications related to the topic of the thesis 

Kovács E., Sahin-Tóth J., Tóthpál A., Linden M., Tirczka T., Dobay O. (2020) Co-

carriage of Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influenzae 

and Moraxella catarrhalis among three different age categories of children in Hungary. 

PLOS ONE, 15:(2):e0229021 

Kovács E., Sahin-Tóth J., Tóthpál A., Kristóf K., Linden M., Tirczka T., Dobay O. 

(2019) Vaccine-driven serotype-rearrangement is seen with latency in clinical isolates: 

Comparison of carried and clinical pneumococcal isolates from the same time period in 

Hungary. Vaccine, 37(1):99-108 

10.2. Publications not related to the topic of the thesis 

Sahin-Tóth J., Kovács E., Tóthpál A., Juhász J., Forró B., Bányai K., Havril K., Horváth 

A., Ghidán Á., Dobay O. (2021) Whole genome sequencing of coagulase positive 

staphylococci from a dog-and-owner screening survey. PLOS ONE, 16:(1):e0245351 

Kovács E., Horváth A., Sahin-Tóth J., Kaptás Á., Huber A., Dobay O., Juhász E., 

Kristóf K. (2020) Tünetmentes meningococcus-hordozás felmérése Magyarországon 

egyetemisták és középiskolások körében. Gyermekgyógyászati Továbbképző Szemle, 

25(4):14-16 

Laub K., Tóthpál A., Kovács E., Sahin-Tóth J., Horváth A., Kardos S., Dobay O. (2018) 

High prevalence of Staphylococcus aureus nasal carriage among children in Szolnok, 

Hungary. Acta Microbiologica et Immunologica Hungarica, 65(1):59-72 

Laub K., Kristóf K., Tirczka T., Tóthpál A., Kardos S., Kovács E., Sahin-Tóth J., 

Horváth A., Dobay O. (2017) First description of a catalase-negative Staphylococcus 

aureus from a healthy carrier, with a novel nonsense mutation in the katA gene. 

International Journal of Medical Microbiology 307(8):431-434 

  

DOI:10.14753/SE.2022.2609



123 

 

11. Acknowledgement 

First, I would like to thank to Dr. Orsolya Dobay, my tutor, for her guidance and support 

during the last six years, which has enabled me to complete my Ph.D. studies. 

Secondly, I am grateful to Prof. Dóra Szabó for making the facilities available in the 

institute. 

I owe a debt of gratitude to my colleagues, Dr. Adrienn Tóthpál and Dr. Judit Sahin-Tóth 

for their help in my laboratory work. Noémi Uzsonyik also supported my research with 

thousands of culture media and other background activities. 

Special thanks to Dr. Katalin Kristóf for providing the clinical pneumococcal isolates 

from the Central Laboratory of Semmelweis University, Budapest. 

I would like to thank to Dr. Mark van der Linden from Aachen for serotyping the strains 

what I could not do and for his useful advises and to Dr. Tamás Tirczka from National 

Public Health Center also for his help in serotyping. 

I would like to thank every subject providing the nasal specimens. I am very grateful for 

all institutions for letting me perform the screening. 

Last but not least I would like to thank my Family for their continuous support during 

these meaningful years. 

This project was supported by the National Research, Development and Innovation 

Office/Hungarian Scientific Research Fund, grant number K108631. 

We acknowledge the use of the pneumococcal MLST database which is located at 

Imperial College London and is funded by the Wellcome Trust. 

 

  

DOI:10.14753/SE.2022.2609



124 

 

12. Appendix 

Szülői beleegyezés a mintavételhez 

Kérem a Tisztelt Szülőt, hogy nyilatkozzon a megfelelő szöveg aláhúzásával! 

 

GYERMEKEM ORRÁNAK SZŰRŐVIZSGÁLATÁHOZ  

HOZZÁJÁRULOK                                                                   NEM JÁRULOK HOZZÁ 

Gyermekem neve: …………………………………………………………………. 

Gyermekem neme:    fiú    lány 

Gyermekem életkora: ……………………………………………………………… 

Testvére(i):     van     nincs 

Ha van, hány testvére van: ………………………………………………………… 

Ha testvére van, ő közösségbe   jár    nem jár 

ha igen, az:     bölcsőde       óvoda         iskola         felsőfokú int. 

(kérjük aláhúzni) 

Gyermekem kapott-e Prevenar oltást? igen  nem  nem tudom 

Gyermekem kapott-e Pneumovax oltást? igen  nem  nem tudom 

Szokott-e középfülgyulladása lenni?  igen  nem 

Volt-e már súlyos tüdőgyulladása vagy agyhártyagyulladása? (A megfelelő aláhúzandó) 

Kapott-e antibiotikumos kezelést a megelőző 2 hónapban, ha igen: mit, mikor és miért?  

…………………………………………………………………………………………… 

Volt-e a gyermek kórházban az elmúlt 3 hónapban?    igen   nem 

Dohányoznak-e a családban?                              igen   nem 

Dátum: 

Szülő aláírása: 
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