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ABSTRACT 
 

Streptococcus pyogenes and Streptococcus pneumoniae are important human 

pathogens capable of causing invasive infections which need antimicrobial treatment. 

Aerococcus urinae is a rare and relatively unknown causative agent in invasive 

infections but its clinical importance is emerging. Antimicrobial susceptibility testing 

(AST) is a crucial method to study the usefulness of the clinically used antimicrobial 

drugs and to observe trends in the prevalence of the resistance or its emergence.  

This thesis project aimed to analyse the antimicrobial susceptibilities of S. 

pyogenes and S. pneumoniae towards commonly used antimicrobial drugs and to 

characterize both species to gain more understanding related to their resistance. The 

aim was also to study bacteraemic infections caused by A. urinae and to estimate the 

effectiveness of the given empiric cefuroxime treatment. In addition, the objective was 

to determine the in vitro susceptibility of A. urinae to benzylpenicillin, cefuroxime 

and ceftriaxone. 

Species identification was performed by latex agglutination (S. pyogenes), 

optochin susceptibility (S. pneumoniae) and/or MALDI-TOF MS (S. pneumoniae and 

A. urinae). Antimicrobial susceptibilities were determined by disk diffusion, gradient 

diffusion (Etest) and/or broth microdilution test (Sensititre) according to the EUCAST 

standards. S. pyogenes isolates were characterized by emm typing and resistance gene 

analysis was performed by multiplex PCR to detect ermB, ermTR, and/or mefA. S. 

pneumoniae isolates were serotyped. Clinical bacterial isolates were found from the 

laboratory database using WHONET or collected particularly for the study project. 

Clinical data from the patients were collected retrospectively. The patient catchment 

area was the Helsinki metropolitan area in southern Finland representing nearly a third 

of the Finnish population. Susceptibility and patient data were analysed statistically 

by SPSS. 

In this thesis project we described a skin and soft tissue infection epidemic in the 

adult population caused by macrolide and clindamycin resistant S. pyogenes emm33 

in 2012–2013. Emm33 is a rare and previously unknown emm type in Finland. 

Epidemic S. pyogenes emm33, a putative clone, harboured the ermTR and expressed a 

constitutive MLSB phenotype but was susceptible to telithromycin. S. pyogenes 

emm33 was also susceptible to tetracycline, doxycycline, levofloxacin, moxifloxacin, 

and vancomycin. Studied patients were mainly 41–60 years old and bacteraemic 

patients often had alcoholism and/or intravenous drug abuse. The clinicians in the 

HUS district were informed about the epidemic and advised in empirical treatment 

choices.  

We studied the susceptibility patterns of invasive and non-invasive S. pneumoniae 

isolates in 2009–2014 and showed that S. pneumoniae non-susceptibility to clinically 

important antimicrobial agents decreased significantly in the Helsinki metropolitan 

area during the four years after the 10-valent pneumococcal conjugate vaccinate 

(PCV10) implementation in 2010. This trend was seen especially in non-invasive 

isolates from <5 years old patients, where non-susceptibility decreased towards 

penicillin, erythromycin, clindamycin, tetracycline, and trimethoprim–

sulfamethoxazole. The proportion of multidrug resistant (MDR) isolates decreased 
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also significantly from 22% in 2009 to 6% in 2014 among these patients. S. 

pneumoniae serotype distributions showed that the number of the PCV10 serotypes 

decreased among invasive isolates. In contrast, the non-PCV10 serotypes increased 

among invasive isolates from ≥5 years old patients and of these, serotypes 19A (38%), 

3 (13%), and 6A (13%) were the most frequent. Especially 19A is associated with high 

prevalence of resistance therefore making the continuous surveillance of 

pneumococcus essential. 

We retrospectively studied 141 clinical A. urinae isolates and the clinical data of 

77 patients with bacteraemic A. urinae infection from 2013–2018. All A. urinae 

isolates were susceptible to benzylpenicillin (S ≤0.125, EUCAST breakpoints for 

aerococci) and cefuroxime (S ≤4, EUCAST PK/PD breakpoints) but 2–3% were 

resistant to ceftriaxone (R >2, EUCAST PK/PD breakpoints). Bacteraemic A. urinae 

patients were primarily elderly men harbouring several comorbidities. All but one 

patient was given antimicrobial therapy and the response was mainly good based on 

decreased fever and CRP. Thirty-day mortality was 17% and patients who died were 

on average older compared to survivors. Cefuroxime was the first empiric 

antimicrobial agent given to 87% of the patients and it was given equally often to 

patients who survived and did not survive. There were no differences between the 

cefuroxime MIC values of the survivors versus non-survivors. Based on these 

findings, A. urinae was clinically susceptible in vitro to cefuroxime and furthermore, 

empiric cefuroxime treatment likely covers bacteraemic infections caused by A. 

urinae. The results of this study made A. urinae more familiar to HUS district 

physicians and have improved the treatment of bacteraemic A. urinae patients.  
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TIIVISTELMÄ 
 

Streptococcus pyogenes ja Streptococcus pneumoniae ovat tärkeitä ihmisen 

patogeenejä, jotka voivat aiheuttaa invasiivisia infektioita, joiden hoitoon tarvitaan 

mikrobilääkkeitä. Aerococcus urinae on harvinainen ja suhteellisen tuntematon 

aiheuttaja invasiivisissa infektioissa, mutta sen kliininen merkitys on nousemassa. 

Mikrobilääkeherkkyystestaus on keskeinen menetelmä mikrobilääkkeiden 

hyödyllisyyden selvittämisessä sekä resistenssin esiintyvyyden ja ilmaantuvuuden 

tarkkailussa. 

Tämän väitöskirjan tavoitteena oli analysoida S. pyogenes- ja S. pneumoniae           

-bakteereiden herkkyyttä yleisesti käytetyille mikrobilääkkeille ja tutkia molempia 

lajeja tarkemmin resistenssiin liittyvien ilmiöiden ymmärtämiseksi. Lisäksi 

tavoitteena oli tutkia A. urinae -bakteerin aiheuttamia invasiivisia infektioita sekä 

niiden hoidossa käytetyn empiirisen kefuroksiimi-mikrobiläkkeen käyttökelpoisuutta. 

Myös A. urinae -bakteerin in vitro herkkyydet penisilliiniä, kefuroksiimia ja 

keftriaksonia kohtaan haluttiin selvittää. 

Bakteerilajit tunnistettiin agglutinaatiotestillä (S. pyogenes), optokiinitestillä (S. 

pneumoniae) ja/tai MALDI-TOF-massaspektrometrilla (S. pneumoniae ja A. urinae). 

Mikrobilääkeherkkyydet määritettiin kiekkodiffuusiomenetelmällä, gradientti-

diffuusiomenetelmällä (E-testi) ja/tai liemilaimennosmenetelmällä (Sensititre) 

EUCAST-standardia noudattaen. S. pyogenes -bakteerin jaotteluun käytettiin emm-

tyypitystä ja valittujen kantojen resistenssitekijät tutkittiin ermB-, ermTR- ja mefA-

alueet monistavan PCR:n avulla. S. pneumoniae -kannat serotyypitettiin. Kliiniset 

bakteerikannat haettiin laboratorion tietokannasta WHONET-ohjelman avulla tai 

kerättiin erityisesti tätä väitöskirjaprojektia varten. Potilaiden kliiniset tiedot haettiin 

retrospektiivisesti potilastietokannoista. Potilaat olivat kotoisin Etelä-Suomesta 

Helsingin seudulta, joka kattaa noin kolmanneksen koko Suomen väestöstä. 

Herkkyysmääritys- ja potilasdata analysoitiin SPSS-ohjelmalla. 

Tässä väitöskirjassa kuvattiin makrolidi- ja klindamysiiniresistentin S. pyogenes 

-bakteerin aiheuttama iho- ja pehmytkudosinfektioiden epidemia aikuisväestössä 

vuosina 2012–2013. Epidemian aiheutti harvinainen ja Suomessa aiemmin tuntematon 

emm33. Kanta oli fenotyypiltään konstitutiivinen MLSB ja sillä oli ermTR. 

Fenotyypistään huolimatta kanta oli herkkä telitromysiinille. Lisäksi se oli herkkä 

tetrasykliinille, doksisykliinille, levofloksasiinille, moksifloksasiinille ja vanko-

mysiinille. Suurin osa potilaista oli 41–60-vuotiaita ja alkoholismi ja/tai suonen-

sisäisten huumeiden käyttö oli yleistä invasiiviseen emm33 S. pyogenes -infektioon 

sairastuneilla. HUS-alueen kliinikoille tiedotettiin epidemiasta ja ohjeistettiin 

välttämään klindamysiiniä empiirisenä monoterapiana iho- ja pehmytkudos-

infektioiden hoidossa. 

Tutkimme invasiivisia ja ei-invasiivisia infektioita aiheuttaneiden S. pneumoniae 

-bakteerien mikrobilääkeherkkyydet vuosilta 2009–2014 ja havaitsimme, että 

pneumokokin herkkyystilanne Helsingin seudulla on merkittävästi parantunut 

rokotusohjelmaan vuonna 2010 käyttöönotetun 10-valenttisen pneumokokki-

konjugaattirokotteen (PCV10) myötä. Erityisen hyvin tämä oli nähtävissä pienten 

lasten (< 5 vuotta) ei-invasiivisissa kannoissa, joissa herkkyydeltään alentuneiden 
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kantojen määrä väheni selvästi penisilliiniä, erytromysiiniä, klindamysiiniä, 

tetrasykliiniä ja sulfa-trimetopriimia kohtaan. Myös moniresistenttien (MDR) 

pneumokokkikantojen määrä väheni tässä potilasryhmässä 22 %:sta 6 %:iin vuoteen 

2014 mennessä. PCV10-rokotteeseen kuuluvien serotyyppien määrä väheni 

invasiivisissa pneumokokkikannoissa sekä pienillä lapsilla (< 5 vuotta) että 

vanhemmilla potilailla (≥ 5 vuotta). PCV10-rokotteeseen kuulumattomien sero-

tyyppien määrä sen sijaan kasvoi ≥ 5-vuotiaiden invasiivisissa kannoissa. Näistä 

serotyypeistä meidän aineistossamme yleisin oli 19A (38 %) ja sitä seurasivat sero-

tyypit 3 (13 %) ja 6A (13 %). Serotyyppien 19A ja 6A pneumokokit ovat usein 

moniresistenttejä ja siksi pneumokokin herkkyys- ja serotyyppitilanteen kehittymistä 

on välttämätöntä edelleen seurata tiiviisti. 

Tutkimme vuosilta 2013–2018 retrospektiivisesti 141 kliinistä A. urinae                    

-bakteerikantaa ja 77 invasiiviseen A. urinae -infektioon sairastuneen potilaan kliiniset 

tiedot. Kaikki A. urinae -kannat olivat herkkiä penisilliinille (S ≤0,125, EUCAST-

tulkintarajat aerokokeille) ja kefuroksiimille (S ≤ 4, EUCAST:n PK/PD-tulkintarajat), 

mutta 2–3 % kannoista oli resistenttejä keftriaksonille (R > 2, EUCAST, PK/PD). 

Tutkimamme A. urinae -potilaat olivat suurelta osin ikääntyneitä miehiä, joilla oli 

useita oheissairauksia. Potilaiden hoidossa oli käytetty mikrobilääkkeitä yhtä tapausta 

lukuun ottamatta. Potilaiden vaste mikrobilääkehoidolle oli pääasiassa hyvä perustuen 

kuumeen ja CRP-arvon laskuun. 30 päivän kuolleisuus oli potilaskohortissamme 17 

% ja menehtyneet potilaat olivat keskimäärin vanhempia kuin hengissä selvinneet. 87 

% potilaista sai empiirisenä aloitushoitona kefuroksiimia, ja sen käyttö oli yhtä yleistä 

selviytyneiden ja menehtyneiden hoidossa. A. urinae -kantojen kefuroksiimi-MIC-

arvoissa ei havaittu eroja selviytyneiden ja menehtyneiden potilaiden välillä. 

Tutkimuksemme löydöksiin perustuen A. urinae -bakteeri on kliinisesti herkkä 

kefuroksiimille, ja sitä voidaan käyttää A. urinaen aiheuttaman kotisyntyisen 

invasiivisen bakteremia-infektion empiiriseen hoitoon. Tämän tutkimuksen tuloksia 

on hyödynnetty bakteremisten A. urinae -potilaiden hoidossa. 
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1. INTRODUCTION 
 

Antimicrobial resistance is currently a major threat to public health (WHO, 2015). 

Human population will face severe consequences if bacterial infections are no longer 

curable with antimicrobial drugs, and preventive prophylaxis used in surgery or in 

cancer chemotherapy becomes ineffective. Antimicrobial susceptibility testing (AST) 

plays a central role in studying and surveilling antimicrobial resistance and therefore 

the work conducted in clinical microbiology laboratories is a cornerstone to fight 

against antimicrobial resistance (van Belkum et al., 2019). 

Streptococcus pyogenes and Streptococcus pneumoniae are major human 

bacterial pathogens and antimicrobial drugs are essential to treat infections caused by 

these agents (Brooks & Mias, 2018; Henningham et al., 2012). Although these 

bacterial species have been studied extensively from the late 19th century, there is still 

a lot that is not well understood. Emerging antimicrobial resistance must continuously 

be followed up to know which antimicrobials are effective against these pathogens. 

Aerococcus urinae, on the other hand, is a minor pathogen and quite poorly studied. 

It is able to cause invasive infections like S. pyogenes and S. pneumoniae, and due to 

the accumulation of knowledge about aerococci, their clinical significance is rising 

(Rasmussen, 2016). More understanding is needed concerning the bacteraemic 

infections caused by A. urinae and how antimicrobial treatment works on this 

pathogen. 

The questions asked in this thesis project arose from practical observations and 

problems met in clinical microbiology laboratory work. Clindamycin is an important 

drug used in various indications for the treatment of infections caused by S. pyogenes. 

In 2012, S. pyogenes showed exceptionally high resistance to clindamycin (23%) in 

the Helsinki metropolitan area compared to previous years (3%). This finding needed 

further research and answers concerning underlying resistance mechanisms and 

susceptibility patterns. The antimicrobial resistance of S. pneumoniae towards 

generally used antimicrobials had worsened year by year in Finland before a 10-valent 

pneumococcal conjugate vaccine (PCV10) was introduced into the Finnish childhood 

vaccination programme in 2010 (Gunell, 2012). How did this vaccination affect the 

resistance patterns of S. pneumoniae?  

In Finland, second-generation cephalosporin cefuroxime is the most common 

empirically given antimicrobial agent for community-acquired bacteraemic infections 

(HUS, 2016; OYS, 2020; TAYS, 2019), also in cases caused by A. urinae. However, 

the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 

guideline does not include clinical breakpoints for aerococci and cefuroxime. Is A. 

urinae susceptible to cefuroxime in vitro? Is cefuroxime an adequate regimen for the 

treatment of bacteraemic A. urinae infections? 

This thesis project aimed to analyse the changes in antimicrobial susceptibility of 

S. pyogenes and S. pneumoniae towards commonly used antimicrobials and to 

characterize both pathogens to understand the phenomenon behind the resistance more 

deeply.  In addition, the aim was to study in vitro susceptibility of A. urinae, 

bacteraemic infections caused by this pathogen, and to evaluate the clinical response 

to the antimicrobials used. In this thesis project, phenotypic antimicrobial 
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susceptibility testing was the principal method used to study antimicrobial resistance 

among three Gram-positive invasive infections causing bacterial species with a goal 

to contribute to patient treatment and to work against the emerging resistance problem. 
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2. REVIEW OF THE LITERATURE 
 

2.1. Bacterial species of the study: their significance as 
pathogens, and clinical background 
 

2.1.1. STREPTOCOCCUS PYOGENES 
 

Streptococcus pyogenes or group A streptococcus (GAS) is an important human 

pathogen and around half a million people worldwide die each year from infections 

caused by this bacterium (Carapetis et al., 2005). Streptococcal diseases have been 

recognized for centuries but S. pyogenes was first isolated in 1884 (Evans, 1936). S. 

pyogenes colonize the human throat and/or skin and is a frequent causative agent in 

throat and skin infections, but it is also capable of causing invasive diseases like 

bacteraemia, cellulitis, and necrotizing fasciitis (Henningham et al., 2012). 

S. pyogenes is a Gram-positive, catalase negative, β-hemolytic coccus appearing 

in long chains. The traditional Lancefield grouping based on the differences in 

streptococcal cell wall polysaccharides (groups A, B, C, D, F, and G) is still wildly 

used for identification of streptococci  despite the emergence of matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) 

techniques in bacterial identification (Clark et al., 2013; Cunningham, 2000).  

S. pyogenes harbors the M protein in the cell surface with a major virulence factor 

function including phagocytosis inhibition, adherence promotion, and overcoming the 

innate immunity (Smeesters et al., 2010). A model of three representative M proteins 

is shown in Figure 1. M protein genes (emms) are used to divide S. pyogenes isolates 

into different genotypes or emm types for molecular epidemiology studies (Facklam 

et al., 1999). M-protein is also an important target for vaccine development against S. 

pyogenes infections (McMillan et al., 2013).  

Particular S. pyogenes emm types have been linked to local epidemics (Metzgar 

et al., 2010; Worthing et al., 2020), macrolide resistance (Grivea et al., 2020; Koh & 

Kim, 2010; Michos et al., 2016), and tissue-specific infections (McMillan et al., 2013; 

Pato et al., 2018; Strus et al., 2017). Erythromycin resistance has been associated with 

many different emm types like 4, 6, 12, and 28, however, not all associations agree 

between different studies (Kim & Yong Lee, 2004; Silva-Costa et al., 2012; Southon 

et al., 2020). In addition, the emm type has not always been a predictor of erythromycin 

resistance (Montes et al., 2014). Nevertheless, it seems that certain emm types often 

cover the majority of the resistant S. pyogenes isolates suggesting clonal spreading.  
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Figure 1.  A model of S. pyogenes representative M proteins M5, M80, and M77. The M proteins 
are fibrillar coiled-coil dimers that consist of conserved and variable regions with a 
domain that spans the cell wall. The size of the mature form of M protein is variable, 
ranging from 229 to 509 amino acid residues. The amino acid scale in the picture is 
directional. Pattern A-C isolates are mainly associated with throat infections whereas 
pattern D isolates are primarily recovered from skin infections. Pattern E isolates are 
so called generalists found both in throat and skin infections. M protein gene (emm) 
typing region of each M protein are shown. Adapted from McMillian et al., 2013.  

2.1.2. STREPTOCOCCUS PNEUMONIAE 
 

Streptococcus pneumoniae or pneumococcus was isolated in 1881 and it has been 

studied extensively ever since (AlonsoDeVelasco et al., 1995). S. pneumoniae is able 

to colonize the upper human respiratory tract, and young children are typical carriers 

and reservoirs in the human population (Bogaert et al., 2004). In addition to being a 

normal member of the microbiota, pneumococcus is a major pathogen in humans 

causing respiratory tract infections as well as invasive infections such as bacteraemia 

and meningitis (Brooks & Mias, 2018). Pneumonia and acute otitis media in small 

children are common type of infections caused by this pathogen. Despite advances in 

modern medicine, diseases caused by S. pneumoniae still kill nearly one million young 

children (<5 years) each year, especially in developing countries (O'Brien et al., 2009).  

S. pneumoniae is a Gram-positive coccus appearing in pairs or short chains. 

Pneumococcus is α-hemolytic, and the colony morphology is typically button-like or 

mucoid (Sadowy & Hryniewicz, 2020). Traditionally, optochin susceptibility or bile 

solubility test has been used to identify pneumococcus, but MALDI-TOF MS 

techniques are also implemented to an increasing extent despite the occasional 

problems with misidentification (Clark et al., 2013; Sadowy & Hryniewicz, 2020; van 

Prehn et al., 2016).  
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The polysaccharide  capsule is the main virulence factor and an important surface 

structure of S. pneumoniae (AlonsoDeVelasco et al., 1995). The capsule protects the 

bacterium from the host immune system, mediates colonization, and reduces the 

exposure to antimicrobial agents (Mitchell & Mitchell, 2010; Nelson et al., 2007). At 

least 100 different capsule serotypes are currently known (Ganaie et al., 2020). 

Although there are numerous different serotypes, not all are as clinically significant 

(Geno et al., 2015). Capsule serotypes that cause the majority of invasive disease are 

used in pneumococcal conjugate vaccines (PCVs) (Hausdorff et al., 2000). There are 

currently four different conjugate vaccines available, namely 7-valent pneumococcal 

conjugate vaccine (PCV7) including serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, 10-

valent pneumococcal conjugate vaccine (PCV10) including PCV7 serotypes + 1, 5, 

and 7F, 13-valent pneumococcal conjugate vaccine  including PCV10 serotypes + 3, 

6A, and 19A, and 15-valent pneumococcal conjugate vaccine (PCV15) including 

PCV13 serotypes + 11A and 22F (Geno et al., 2015; Lee et al., 2019).  

The global introduction of PCVs into national childhood vaccination programs 

has led to favorable results in terms of both a reduction in the burden of pneumococcal 

disease and resistance, especially among young children (Hauser et al., 2016; 

Hjálmarsdóttir et al., 2020; Jokinen et al., 2015). Reduction in vaccine-type S. 

pneumoniae carriage in PCV10 vaccinated children and their older (non-vaccinated) 

siblings has also been demonstrated (Palmu et al., 2017). However, there is also 

evidence that the prevalence of non-susceptible S. pneumoniae has remained high in 

the post-vaccine era due to circulating resistant non-vaccine serotype isolates 

(Setchanova et al., 2017). Interestingly, according to a large meta-analysis covering 

over 300,000 pediatric S. pneumoniae isolates world-wide, the introduction of any 

PCV product has led to a significant absolute reduction in the proportion of penicillin, 

macrolide, tetracycline, sulfamethoxazole–trimethoprim, and third-generation 

cephalosporin resistance in S. pneumoniae (Andrejko et al., 2021).  

 

2.1.3. AEROCOCCUS URINAE 
 

The genus Aerococcus was described in 1953 and the species A. urinae forty years 

later in 1992 (Aguirre & Collins, 1992; Williams et al., 1953). Aerococci are Gram-

positive, catalase negative, and arrange in clusters, therefore having similar properties 

to both streptococci and staphylococci (Williams et al., 1953). On blood agar, 

aerococci produce greening hence resembling α-hemolytic streptococci. In clinical 

microbiology laboratories, the introduction of MALDI-TOF MS techniques has 

significantly improved the correct identification of aerococci, A. urinae included 

(Opota et al., 2016; Senneby et al., 2016).  

As part of the normal human microbiota, A. urinae has been found at least in the 

urinary tract (Hilt et al., 2014). The gastrointestinal tract has also been suggested to be 

a normal habitat for A. urinae (Narayanasamy et al., 2017; Senneby et al., 2016). The 

significance of A. urinae as a causative organism in a wide variety of infections is 

emerging (Rasmussen, 2016). A. urinae has been shown to cause urinary tract 

infections and invasive infections such as bacteraemia and infective endocarditis 

especially in elderly patients (de Jong et al., 2010; Shelton-Dodge et al., 2011; 
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Sunnerhagen et al., 2016; Yasukawa et al., 2014). However, the incidence of the A. 

urinae infections is considered relatively low, bacteraemic infections appearing at 

highest in 14 cases per 1,000 000 inhabitants annually (Senneby et al., 2016). 

The virulence factors of aerococci are scarcely known. A. urinae has been shown 

to have the ability to aggregate human platelets and to form biofilms, properties that 

are potentially important in pathogenesis (Shannon et al., 2010). In addition, surface 

proteins of A. urinae have been studied, and aerococcal surface proteins (Asps) with 

an LPXTG-motif (important also in the virulence of Streptococcus pyogenes and 

Staphylococcus aureus) have been recognized and proposed to play a role in A. urinae 

pathogenesis (Senneby et al., 2019).  

 

2.2. Clinically relevant antimicrobial agents targeting 
streptococci and aerococci, and associated resistance 
topics 
 

Antimicrobial agents or more precisely antibacterials (term antibiotics also commonly 

used) are used to treat infections caused by bacteria.  A huge number of different 

antimicrobials have been found against bacteria and their basic idea is their selective 

toxicity: antimicrobials are harmful to prokaryotic bacterial cells but not effective 

against eukaryotic human cells. Antimicrobial agents target many bacterial cell 

structures and can be divided into five categories based on their mechanism of action. 

These are antimicrobial agents targeting cell-wall synthesis, protein synthesis, nucleic 

acid synthesis, and folic acid synthesis, in addition to substances that damage the 

plasma membrane. This section introduces clinically-important antimicrobial agents 

used to treat infections caused by S. pyogenes, S. pneumoniae, and A. urinae, focusing 

on the agents that were studied in this thesis. 

 

2.2.1. CELL-WALL SYNTHESIS INHIBITORS AND Β-LACTAM RESISTANCE 
 

A bacterial cell wall composed of peptidoglycan is an excellent target for an 

antimicrobial agent because this structure is completely absent from human cells. β-

lactams (benzylpenicillin, second-generation cephalosporin cefuroxime, and third-

generation cephalosporin ceftriaxone in this study) and glycopeptides (vancomycin) 

are the major drug classes targeting cell-wall synthesis. In general, β-lactams inhibit 

the activity of the transpeptidase enzymes also called the penicillin binding proteins 

(PBPs) that are essential for peptidoglycan biosynthesis (Lima et al., 2020). β-lactams 

block the formation of the peptide cross-links and acts as covalent inhibitors of 

peptidoglycan synthesis leading to bacterial lysis (Cochrane & Lohans, 2020). 

Bacterial species have a wide variety of PBPs depending on the fine structure of 

each peptidoglycan. For example, S. pneumoniae is known to harbor six different 

PBPs and alterations in PBP1a, PBP2x, and PBP2b has been shown to play the major 

role in β-lactam resistance development (Barcus et al., 1995; Nagai et al., 2002; 

Sauvage et al., 2008). Altered PBPs develop through mosaic changes in the genes 

encoding these proteins. The PBP mosaicism originates from horizontal gene transfer. 
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Notably, the expression of β-lactamases (typical for Gram-negative bacteria) or 

additional low-affinity PBPs has not been described for S. pneumoniae (Zapun et al., 

2008).  

Increasing numbers of penicillin non-susceptible S. pneumoniae has been a global 

concern for a while (Kim et al., 2016). The European Centre for Disease Prevention 

and Control (ECDC) together with the World Health Organization (WHO) have 

gathered comprehensive surveillance data from Europe concerning penicillin non-

susceptibility in invasive S. pneumoniae isolates (ECDC, 2022). According to this 

report, the proportion of penicillin non-susceptible isolates is between 5–49% in most 

European countries. The incidence of ceftriaxone non-susceptibility in S. pneumoniae 

has been seldomly reported but recent studies indicate that 4–20% of the isolates are 

ceftriaxone non-susceptible (Feshchenko et al., 2016; Setchanova et al., 2017). 

Currently β-lactam resistance is rare in S. pyogenes, and it seems that elevated 

minimal inhibitory concentrations values (MICs) are observed rather than true clinical 

resistance (Vannice et al., 2020). A recent study showed that mutations in S. pyogenes 

PBPs are very infrequent, supporting clinical findings that S. pyogenes is susceptible 

to β-lactams (Hayes et al., 2020). Apparently, the changes in S. pyogenes PBPs lead 

to a significant fitness cost.  

A. urinae is considered to be penicillin susceptible (Rasmussen, 2016). Yet, there 

are some reports of penicillin resistant isolates (Sierra-Hoffman et al., 2005; 

Yasukawa et al., 2014) but the precise MIC values and interpretation criteria used are 

lacking making it difficult to evaluate these results. Cephalosporin resistance in A. 

urinae has been reported for example to ceftriaxone and ceftibuten (Humphries & 

Hindler, 2014; Lupo et al., 2014; Oskooi et al., 2018). In these studies, ceftriaxone 

MIC was at highest 8 mg/L and ceftibuten MIC >32 mg/L. However, the probable 

underlying β-lactam resistance mechanisms of A. urinae are unknown. 

Glycopeptides act through binding to the terminal D-alanyl-D-alanine moiety of 

an intermediate structure in the peptidoglycan construction process and thus sterically 

obstructing the activity of PBPs cross-linking (Stogios & Savchenko, 2020). S. 

pneumoniae, S. pyogenes, and A. urinae are generally susceptible to vancomycin 

although vancomycin tolerance preceding actual resistance was described in S. 

pneumoniae already two decades ago (Karaman et al., 2020; Novak et al., 1999; 

Rasmussen, 2016). A recent study from Iran reported vancomycin resistance in 1.7% 

of S. pneumoniae isolates (Khademi & Sahebkar, 2021) but the actual MIC values or 

used methods were not described therefore leaving the significance of the finding 

unclear. 

 

2.2.2. PROTEIN SYNTHESIS INHIBITORS AND RELATED RESISTANCE: 
MACROLIDES, KETOLIDES, LINCOSAMIDES, AND TETRACYCLINES 
 

Antimicrobial agents that target bacterial protein synthesis act by blocking the action 

of ribosomes. Bacterial ribosomes consist of two subunits, the 50S and 30S 

ribonucleoproteins, whereas eukaryotic cell ribosomes consist of 60S and 40S 

subunits, so they are structurally different. (Kozak, 1983). Antimicrobials against 

bacterial ribosomes are divided into 50S inhibitors and 30S inhibitors. Macrolides 
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(erythromycin and azithromycin), ketolides (telithromycin), and lincosamides 

(clindamycin) are 50S inhibitors whereas tetracyclines (tetracycline and doxycycline) 

inhibit the 30S ribosome subunit (Kohanski et al., 2010; Nguyen & Chung, 2005).  

Macrolides and ketolides act by occupying the site within the nascent peptide exit 

tunnel of the 23S ribosomal ribonucleic acid (rRNA) in the 50S subunit selectively 

interfering with the production of certain proteins (Vázquez-Laslop & Mankin, 2018). 

Macrolides have also been shown to inhibit ribosome assembly and to promote 

ribosome frameshifting (Dinos, 2017) indicating that these antimicrobials act on 

ribosomes in many ways. Ketolides have shown greater ribosomal binding affinity 

compared to macrolides due to an additional domain binding site (Hansen et al., 1999). 

Bacteria can achieve resistance towards macrolides and lincosamides by several 

mechanism. Two common mechanisms are to pump the antimicrobial agent outside 

the cell or to reduce the binding affinity of the drug. Macrolides can be removed from 

the cell either by altering the membrane permeability or via efflux pumps (Dinos, 

2017). In streptococci, macrolide efflux pump (Mef) encoded by mefA provoke so 

called M phenotype conferring resistance to many macrolides but not to clindamycin 

(Sutcliffe et al., 1996). However, the macrolide resistance phenotype can be variable 

between clinical isolates as described in Table 1.  

 

Table 1.  Genotypes and phenotypes of erythromycin (ery), azithromycin (azithro), clindamycin 
(clinda), and telithromycin (telithro) resistance in streptococci (Leclercq, 2002; 
Tamayo et al., 2005). 

      Phenotype of resistance   

Mechanism Gene class Phenotype Ery or azithro Clinda Telithro 

Efflux mefA1) M3) I or R S S 

Ribosomal            

 methylation erm2) Inducible MLSB
4) I or R S or R S or I or R 

    Constitutive MLSB  R R S or I or R 
1) Macrolide efflux A gene  
2) Erythromycin resistance methylase gene 
3) Macrolide efflux pump  
4) Macrolides, lincosamides, and streptogramin B  

 

Important target site modification by ribosomal methylation is due to erythromycin 

resistance methylase genes (erms) of which erythromycin resistance methylase B gene 

(ermB) and erythromycin resistance methylase TR gene (ermTR) (a subclass of ermA) 

are mainly found in streptococci (Roberts et al., 1999). The activity of the Erm leads 

to conformational change in the 23S rRNA thus preventing the binding of the drug 

(Leclercq, 2002). Because the binding sites of macrolides, lincosamides, and 

streptogramin B in 23S rRNA overlap, resistance can be achieved simultaneously for 

the three groups of drugs referred to as the macrolides, lincosamides, and 

streptogramin B (MLSB) phenotype (Leclercq, 2002). Furthermore, MLSB resistance 

can be inducible or constitutive. In inducible resistance, a macrolide inducer is needed 

to encode the methylase whereas in constitutive resistance, the methylase is active 
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regardless of any inducer (Dinos, 2017). Due to the complicated appearance of 

ribosomal methylation, the actual resistance pattern of clinical isolates harboring erms 

can be variable (Table 1). In streptococci, ermB or ermTR harboring isolates can show 

either inducible or constitutive MLSB resistance (Littauer et al., 2006; Van Eldere et 

al., 2005). 

The prevalence of macrolide and lincosamide non-susceptibility in S. pneumoniae 

has been 21–44% and 17–36%, respectively, in different European countries (Alfayate 

Miguélez et al., 2020; Setchanova et al., 2017; Stacevičienė et al., 2016). Interestingly, 

decreased erythromycin resistance for S. pyogenes has been reported in many 

European countries attributed to lesser macrolide consumption, decline in resistant 

emm clones, and acquired immunity to the major resistant clones (d'Humieres et al., 

2012; Montes et al., 2014). The prevalence of macrolide and lincosamide resistance 

in S. pyogenes have been around 3–7% and 1–3%, respectively (d'Humieres et al., 

2012; Farmand et al., 2012; Montes et al., 2014). However, studies including only 

pediatric patients probably underestimate the overall resistance prevalence because at 

least erythromycin resistance numbers can be higher in adults (Montes et al., 2014).   

The data concerning the specific mechanism of telithromycin resistance is limited 

but due to similarities with macrolide structure and mechanism of action, there is 

suggested similarity with macrolide resistance (Nguyen & Chung, 2005). 

Telithromycin resistance has been generated experimentally in S. pneumoniae by 

mutations in ribosomal proteins L4 and L22, and in 23S rRNA domains II or V 

(Leclercq & Courvalin, 2002). Nevertheless, clinical telithromycin resistance remains 

rare in S. pneumoniae (Karlowsky et al., 2018; Kim et al., 2016). Telithromycin 

resistance in S. pyogenes in ten European countries showed an overall resistance rate 

of 5%, yet there were big differences between the countries (Richter et al., 2008). 

Telithromycin resistance has been associated with constitutively expressed ermA or 

ermB (Roberts, 2008). However, there are some ermB harboring isolates showing low 

telithromycin MICs (Richter et al., 2008) and notably, S. pneumoniae harboring ermB 

are mostly telithromycin susceptible (Jenkins & Farrell, 2009). 

Tetracyclines act by binding to highly conserved 16S rRNA in the 30S subunit 

and therefore block the access of aminoacyl-transfer RNA to the ribosome during the 

peptide chain elongation process (Grossman, 2016). Tetracycline resistance can arise 

by several mechanisms. In streptococci, these include binding site mutations and 

tetracycline-specific ribosomal protection. The ribosomal protection proteins are 

encoded by several tetracycline resistance genes (tets) and they apparently cause an 

allosteric disruption of the tetracycline binding site thus releasing the tetracycline 

molecule from the ribosome (Roberts, 2005). The tets have been associated with 

transposons and plasmids which may also carry other antimicrobial resistance genes 

(Roberts, 2005). For example, Tetracycline resistance gene O (tetO) and tetracycline 

resistance gene M (tetM) have been found in tetracycline resistant streptococci and the 

presence of tetO has also been linked to erms suggesting that these resistance elements 

can be transferred horizontally together (Giovanetti et al., 2003; Luna & Roberts, 

1998).  
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Recently, tetracycline non-susceptibility in S. pneumoniae has been reported quite 

infrequently in European region but at least in Bulgaria, 37% prevalence has been 

shown (Setchanova et al., 2017). In Spain, the proportion of tetracycline resistant S. 

pneumoniae isolates was 27% among healthy children (Alfayate Miguélez et al., 

2020). 

 

2.2.3. DEOXYRIBONUCLEIC ACID (DNA) SYNTHESIS INHIBITORS AND 
FLUOROQUINOLONE RESISTANCE 

 
Fluoroquinolones (levofloxacin and moxifloxacin) target two bacterial enzymes, DNA 

gyrase and DNA topoisomerase, which are essential in bacterial DNA replication, 

mediating DNA supercoiling and chromosome segregation (Bush et al., 2020; Kim et 

al., 2016). Whether the primary target of the agent is topoisomerase or gyrase depends 

on the bacterial species and the susceptibility of these targets are variable (Kohanski 

et al., 2010). Levofloxacin seems to target primarily topoisomerase IV, and the main 

target of moxifloxacin appears to be DNA gyrase (Smith et al., 2002). Studies with 

ciprofloxacin resistant S. pneumoniae isolates indicated that topoisomerase IV is the 

primary target of ciprofloxacin, yet additional mutations in gyrase A enhanced the 

resistance (Munoz & De La Campa, 1996). 

Fluoroquinolone resistance is frequently mediated by mutations in topoisomerase 

IV subunit C gene (parC) encoding topoisomerase IV and/or DNA gyrase subunit A 

gene (gyrA) encoding gyrase, resulting in altered protein with reduced drug binding 

(Hooper & Jacoby, 2016). However, mutations in topoisomerase IV subunit E gene 

(parE) and/or DNA gyrase subunit B gene (gyrB) have also been described (Park et 

al., 2016; Weigel et al., 2001). Fluoroquinolone resistance can also arise due to 

increased expression of efflux transporters resulting in decreased intracellular drug 

accumulation (Hooper & Jacoby, 2016). In streptococci, at least S. pneumoniae has 

been shown to harbor some efflux pumps (Boncoeur et al., 2012; Gill et al., 1999). 

Fluoroquinolone resistance is rare in S. pyogenes (Imöhl & van der Linden, 2015; 

Montes et al., 2014; Yan et al., 2000). The resistance prevalence has remained low 

(<3%) also for S. pneumoniae (Beheshti et al., 2020; Domenech et al., 2014; 

Feshchenko et al., 2016), although increasing resistance trends for ciprofloxacin and 

levofloxacin have been reported (Ceyssens et al., 2016).  

  

2.2.4. ANTIMICROBIALS TARGETING FOLIC ACID SYNTHESIS, AND 
ANTIFOLATE RESISTANCE 
 

Bacteria need folic acid to synthesize purine nucleotides (building blocks for RNA 

and DNA) and the amino acids histidine and methionine. Folic acid is synthesized via 

the folate pathway and important enzymes catalyzing these reactions are 

dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) (Estrada et al., 

2016). Human cells obtain folic acid from dietary substances therefore making the 

folate pathway of bacteria a relevant target for antimicrobial agents. Trimethoprim and 

sulfamethoxazole are folic acid synthesis inhibitors and broadly used in combination.  
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Trimethoprim resistance in S. pneumoniae occurs due to an alteration of the DHFR 

enzyme encoded by the chromosomal dihydrofolate reductase A gene (folA) and it has 

been reported that a single amino acid change in this enzyme is sufficient to cause 

resistance (Adrian & Klugman, 1997; Kim et al., 2016). However, additional multiple 

amino acid changes in the DHFR enzyme result in elevated trimethoprim MIC values 

suggesting that multiple mutations in the folA enhance trimethoprim resistance 

(Maskell et al., 2001). Sulfonamide resistance is commonly associated with certain 

insertion mutations within the chromosomal dihydrofolate reductase P gene (folP) 

encoding the DHPS enzyme (Kim et al., 2016).  Mutations in both folA and folP were 

observed in trimethoprim-sulfamethoxazole resistant S. pneumoniae isolates (Safari et 

al., 2021). 

Variability in S. pneumoniae non-susceptibility to trimethoprim-

sulfamethoxazole is considerable depending on the country. For example, in Lithuania 

27% of the studied S. pneumoniae isolates showed non-susceptibility to trimethoprim-

sulfamethoxazole compared to 45% in Bulgaria and 61% in the Ukraine (Feshchenko 

et al., 2016; Setchanova et al., 2017; Stacevičienė et al., 2016).  

 

2.3. Considerations about antimicrobial susceptibility 
testing (AST) 
 

AST is an essential mission in clinical microbiology laboratories. Based on AST it is 

possible to treat infected patients with suitable antimicrobial drugs, to de-escalate or 

escalate therapy, and to monitor the emergence and selection of resistant pathogens in 

individual patients. AST results can be used to monitor local antimicrobial 

susceptibility patterns to guide empirical choices in antimicrobial therapy. In addition, 

AST has a key role in epidemiological studies to estimate resistance prevalence, origin 

and spread. The effectiveness of preventative action can be assessed using AST. 

Antimicrobial susceptibility in bacteria can be detected using growth-based 

phenotypic and/or molecular genotypic testing methods (van Belkum et al., 2019). 

Phenotypic susceptibility testing methods detect the arrest of bacterial growth in the 

presence of antimicrobial drug, and are based on the MIC value of an antimicrobial 

agent for the studied bacterium (Kahlmeter, 2015). In genotypic testing, the presence 

of resistance genes or genetic mutations are identified (van Belkum et al., 2019). 

Genotypic resistance may not always lead to phenotypic resistance. 

Clinical breakpoints or interpretative criteria are essential for phenotypic testing 

to define susceptibility and resistance to antibacterial agents (Turnidge & Paterson, 

2007). A clinical breakpoint is MIC value or an inhibition zone diameter that makes 

the distinction between isolates where there is a high likelihood of antimicrobial 

therapy success compared to those where treatment likely fails (Kahlmeter, 2015). 

Clinical breakpoint setting includes data input from many sources (Kahlmeter, 2015; 

Turnidge & Paterson, 2007). Wild-type MIC distributions and epidemiological cut-off 

values (ECOFFs) must be determined. Knowledge about in vitro resistance markers 

related to resistance mechanisms, and antimicrobial dosing including 

pharmacodynamic (PD) and pharmacokinetic (PK) aspects are needed. In addition, 
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data from different clinical trials are required, where for example MICs of infecting 

bacteria are compared to treatment outcomes. 

The MIC distribution for a collection of isolates without detectable acquired 

resistance is described as the wild-type MIC distribution. Within the wild-type MIC 

distributions the range of MICs varies due to technical variation within and between 

the performing laboratories, and because of biological differences in the susceptibility 

among the tested isolates (EUCAST, 2022). ECOFF is used to define the upper end of 

the wild-type MIC distribution and is essential in clinical breakpoint setting. However, 

there is no given relationship between ECOFFs and clinical breakpoints apart from 

the rule that clinical breakpoints should not divide the wild-type distributions 

(Kahlmeter & Turnidge, 2022). 

If a certain bacterium lacks the species-specific clinical breakpoints, PK/PD or 

non-species-related breakpoints can be used (EUCAST, 2021). In PK/PD breakpoints 

in vivo data from animal model studies have been extrapolated to humans by using 

statistical or mathematical techniques (Turnidge & Paterson, 2007). Notably, when 

setting zone diameter breakpoints, the relationship between MICs and zone diameters 

should be established (Turnidge & Paterson, 2007).  

The commonly used phenotypic antimicrobial susceptibility tests include gradient 

diffusion and broth dilution methods (macro and microdilution), disk diffusion test, 

and automated instrument systems (Jorgensen & Ferraro, 2009). They all measure the 

antimicrobial susceptibility based on different techniques, and the used mediums, 

inoculum size, and incubation conditions vary. Also, different concentrations of 

antimicrobials are employed. Given the wide variability in susceptibility testing 

methods, it is not straightforward to compare the results obtained with different 

methods. Moreover, the interpretation of the susceptibility result may have been made 

on the basis of different criteria. Nevertheless, much work has been done to harmonize 

susceptibility testing (Brown et al., 2015). Globally, there are two important agents 

involved, EUCAST and the Clinical and Laboratory Standards Institute (CLSI). In 

Finland, clinical microbiology laboratories follow the EUCAST standards (Gunell, 

2012). 

Importantly, EUCAST changed the definitions of the susceptibility testing 

interpretation categories in 2019 (EUCAST, 2022). The definitions for susceptible (S) 

and resistant (R) remained essentially the same but the I category shifted from 

‘intermediate resistant’ to ‘susceptible, increased exposure’. This change altered 

markedly the nature of the I category. Bacterial isolates previously in categories I and 

R could be coupled as non-susceptible but according to the new definition isolates are 

only susceptible (S and I) or resistant (R). Furthermore, the term non-susceptible refers 

only to resistant isolates when applying the EUCAST new definition.  This creates 

some confusion in epidemiological studies. For example, S. pneumoniae isolates 

representing benzylpenicillin MIC values >0.06 mg/L (R >2 mg/L for indications 

other than meningitis) have generally been referred to as ‘penicillin non-susceptible’ 

(Hipp & Burckhardt, 2019; Hjálmarsdóttir et al., 2020) but when applying the new 

definitions from EUCAST there is susceptible I category up to 2 mg/L. Interestingly, 

a new term has been adapted to describe isolates presenting  ‘resistant’ and 

‘susceptible, increased exposure’ categories, namely non-wild type (ECDC, 2022). 
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Noteworthy, CLSI has its own interpretive categories: susceptible, susceptible-dose 

dependent, intermediate, resistant, and nonsusceptible, including specific definitions 

for each category (CLSI, 2022), making the global comparing of the susceptibility 

studies potentially complicated. 
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3. AIMS OF THE STUDY 
 

The aims of this thesis project were to analyse the changes in antimicrobial resistance 

of Streptococcus pyogenes and Streptococcus pneumoniae towards commonly used 

antimicrobial drugs in the past and to further characterize both species by emm-typing 

and serotyping, respectively. Another objective was to study the clinical course of 

bacteraemic infections caused by Aerococcus urinae and to estimate the effectiveness 

of the used antimicrobials. 

 

Specific research questions were:  

 

i. Is exceptionally high macrolide and clindamycin resistance of S. pyogenes 

caused by a specific emm type during 2012–2013 in the Helsinki 

metropolitan area? (I) 

ii. What is the underlying resistance mechanism and susceptibility pattern 

behind the macrolide and clindamycin resistance? (I) 

iii. What are the patient characteristics in bacteraemic, skin, and soft tissue 

infections caused by macrolide and clindamycin resistant S. pyogenes? (I) 

iv. How did the national PCV10 affect the antimicrobial resistance of S. 

pneumoniae towards commonly used antimicrobials in the Helsinki 

metropolitan area? (II) 

v. Are there differences in antimicrobial susceptibility trends between invasive 

and non-invasive S. pneumoniae isolates from young children (<5 years) 

and from older patients (≥5 years)? (II) 

vi. Is there a change seen in the S. pneumoniae serotype distribution in severe 

cases due to PCV10 implementation? (II) 

vii. Are A. urinae isolates susceptible towards benzylpenicillin, cefuroxime, 

and ceftriaxone? (III) 

viii. What are the patient characteristics in bacteraemic A. urinae infections? 

(III) 

ix. What is the course of the bacteraemic infections caused by A. urinae and 

are these infections cured properly by cefuroxime treatment? (III) 
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4. SUMMARY OF MATERIALS AND METHODS 
 

4.1. Isolates and species identification (I, II, III) 
 

The clinical bacterial isolates used in this thesis are described in Table 2. The isolates 

were mainly found from the laboratory database using WHONET software. Two sets 

of isolates were collected besides the routine work: S. pyogenes isolates during March 

2013 and A. urinae isolates in November–December 2017. Isolates were classed as 

invasive if they were isolated from blood or cerebrospinal fluid and non-invasive if 

isolated from other parts of the body. 

 

Table 2.  Clinical bacterial isolates and their origin, numbers, and isolation periods. In Study II 
isolates were further divided into age groups of <5 and 5≥ years old. 

Study Species Isolated from No. of isolates Time period 

I S. pyogenes Skin and soft tissue 1656 Years 2012–2013 

    Skin and soft tissue1) 45 March 2013 

    Blood 109 Years 2012–2013 

    Blood, skin, and soft tissue2) 1479 Years 2010–2011 

    Throat3) 18 036 Years 2012–2013 

II S. pneumoniae Blood and cerebrospinal fluid4) 1254 Years 2009–2014 

         <5 years 131   

         ≥5 years 1123   

    From other body sites5) 3040 Years 2009–2014 

         <5 years 1075   

         ≥5 years 1965   

    Non-invasive MDR isolates1) 82 Years 2009–2014 

III A. urinae Blood 81 Years 2013–2018 

    Urine1) 60 Nov–Dec 2017 
1) A collected subset; MDR=multidrug resistant  
2) Used as base line data to compare erythromycin and clindamycin susceptibilities of the study years 
3) Only erythromycin and clindamycin susceptibilities were analysed 
4) Invasive isolates  
5) Non-invasive isolates, e.g., from the ear, eye, nose, throat, maxillary sinus, trachea, bronchus, sputum, 
or abscess 

 

S. pyogenes isolates were identified by β-haemolytic (catalase negative) colonies on 

sheep blood agar and using Lancefield grouping latex agglutination (Latex Reagent 

A, Oxoid Ltd, Basingstoke, Hants, England). Optochin susceptibility testing and/or 

MALDI-TOF MS (VITEK MS MALDI-TOF, bioMérieux SA, Marcy l’Etoile, 

France) was used to identify S. pneumonae isolates. For unculturable invasive S. 

pneumoniae isolates nucleic acid-based detection methods [AccuProbe or lytA-

specific polymerase chain reaction (PCR)] were used (McAvin et al., 2001). A. urinae 

species were identified exclusively with MALDI-TOF MS. 
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4.2. Susceptibility testing methods and studied 
antimicrobial agents (I, II, III) 
 

Generally acknowledged methods according to the EUCAST standard were used to 

study antimicrobial susceptibilities. Antimicrobial agents and susceptibility tests used 

in this thesis are summarized in Table 3. A McFarland 0.5 inoculum was used for all 

tests. For disk diffusion (Oxoid, Cambridge, UK) and gradient diffusion (Etest, 

BioMérieux SA, Marcy I’Etoile, France) methods Müller–Hinton fastidious agar 

(MH-F) with 5% defibrinated horse blood and 20 mg/L β-Nicotinamide adenine 

dinucleotide was used. Incubation was performed at 35 ± 1 °C in 5% CO2 for 16–20 

h. If insufficiently grown, A. urinae isolates were re-incubated up to 40–44 h. Broth 

microdilution (BMD) (Sensititre Streptococcus species STP6F plate) was performed 

using Müller–Hinton broth with lysed horse blood (Thermo Fisher Scientific) and 

incubated for 24 h at 35 °C. Disk diffusion tests and gradient diffusion tests were 

performed at Helsinki University Hospital Laboratory (HUSLAB) and broth 

microdilution tests at the Clinical Microbiology in Tykslab, Turku. 

In Studies I and II the term non-susceptible was used for isolates belonging to the 

susceptibility categories I and/or R based on the old EUCAST definition for I 

(intermediate resistant). In Study III the new definition for I (susceptible, increased 

exposure) (EUCAST, 2022) was implemented. 

In Study I the susceptibility for erythromycin and clindamycin was routinely 

determined using the double disk diffusion method. Additional gradient diffusion and 

disk diffusion tests were performed for a subset of clindamycin-resistant blood, skin, 

and soft tissue S. pyogenes isolates. Breakpoints from the EUCAST 2013 standard 

were used to interpret the susceptibility results. 

In Study II susceptibility testing was performed routinely for all isolates. 

Benzylpenicillin susceptibility was screened using an oxacillin disk and the 

susceptibility was verified with the gradient diffusion test for isolates that showed a 

zone diameter <20 mm. The disk diffusion test was the primary method used. Gradient 

diffusion tests were performed for benzylpenicillin and ceftriaxone for majority of the 

invasive isolates and for non-invasive isolates showing <20 mm in the oxacillin disk 

test. The EUCAST standard 2014 breakpoints were used. An isolate was considered 

multidrug resistant (MDR) if it was non-susceptible (I or R) to benzylpenicillin and 

resistant to a minimum of two other antimicrobial classes (i.e., erythromycin, 

telithromycin, clindamycin, tetracycline and/or levofloxacin, moxifloxacin and/or 

trimethoprim-sulfamethoxazole) in addition to β-lactams. 
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Table 3. Studied antimicrobial agents and used susceptibility testing methods of each study. 

Study Species Agent Susceptibility testing method 

I S. pyogenes Erythromycin Disk diffusion, and gradient diffusion 

    Azithromycin Gradient diffusion  

    Telithromycin Disk diffusion 

    Clindamycin1) Disk diffusion, and gradient diffusion 

    Tetracycline Gradient diffusion  

    Doxycycline Gradient diffusion  

    Levofloxacin Gradient diffusion  

    Moxifloxacin Gradient diffusion  

    Vancomycin Gradient diffusion  

II S. pneumoniae Erythromycin Disk diffusion 

    Telithromycin Disk diffusion 

    Clindamycin Disk diffusion 

    Tetracycline Disk diffusion 

    Levofloxacin Disk diffusion 

    Moxifloxacin Disk diffusion 

    Benzylpenicillin2) Gradient diffusion3) 

    Ceftriaxone Disk diffusion; gradient diffusion3) 

    Trim-sulfa4) Disk diffusion 

III A. urinae Benzylpenicillin Disk diffusion, gradient diffusion, and BMD5) 

    Cefuroxime Disk diffusion, gradient diffusion, and BMD5) 

    Ceftriaxone Disk diffusion, gradient diffusion, and BMD5) 
1) Inducible clindamycin resistance was studied by antagonism of clindamycin activity by erythromycin 
2) Susceptibility to benzylpenicillin was screened using oxacillin disk 
3) Used only for invasive or non-invasive isolates if suspected non-susceptibility to benzylpenicillin  
4) Trimethoprim-sulfamethoxazole 
5) Broth microdilution 

 

In Study III all isolates were tested in parallel by three susceptibility methods solely 

for the research project. Disk diffusion and gradient diffusion tests were performed in 

duplicate. Benzylpenicillin susceptibility was interpreted according to the EUCAST 

2020 breakpoints for A. urinae. EUCAST PK-PD breakpoints were used for 

cefuroxime and ceftriaxone. 

 

4.3. M-protein gene (emm) typing (I) 
 

In all, 109 S. pyogenes isolates from blood and 45 S. pyogenes isolates from skin and 

soft tissue infections were emm typed at the National Institute for Health and Welfare 

(THL). Emm typing was performed according to the guidelines provided by Centres 

for Disease Control and Prevention as described previously (Siljander et al., 2008). 
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4.4. Resistance gene analysis (I) 
 

The DNA of the clindamycin and erythromycin resistant S. pyogenes isolates (n=27) 

was extracted by boiling a single colony 15 min in 100 μl of tris-

ethylenediaminetetraacetic acid (TE) buffer and centrifugated at 13,000 rpm for 2 min. 

The presence of ermB, ermTR, and mefA was detected by multiplex PCR, as describe 

previously (Jalava & Marttila, 2004). 

 

4.5. Serotyping (II) 
 

Altogether 1158 S. pneumoniae isolates from blood and cerebrospinal fluid were 

serotyped at THL by multiplex PCR, latex agglutination, 

counterimmunoelectrophoresis, or the Quellung reaction (Siira et al., 2012). In 

addition, all available non-invasive MDR S. pneumoniae isolates (n = 84) were 

serotyped by multiplex PCR, supplemented with the Quellung reaction when 

necessary. 

 

4.6. Patient data collection (I, II, III) 
 

Clinical patient data was collected retrospectively from existing databases. All patients 

were from the Helsinki metropolitan area. Patient cases including demographics were 

searched using WHONET 5.6 software (WHO Collaborating Centre for Surveillance 

of Antimicrobial Resistance, Boston, MA). For Study I, electronic medical records of 

the patients with positive S. pyogenes blood culture result during the years 2012–2013 

were reviewed to identify underlying conditions and possible common exposure 

between the patients. Patients were also divided into 9 age groups from 0 to 100 years 

to assess the age distribution of clindamycin resistance. In Study II patients were 

divided into two age groups (≤5 years, and >5 years). Severe cases included all 

invasive S. pneumoniae isolates in addition to a subset of non-invasive MDR S. 

pneumoniae isolates. For Study III, the available medical records of patients with 

positive A. urinae blood culture result from the years 2013–2018 were reviewed to 

study the underlying diseases and symptoms. Also, the antimicrobial treatment and 

30-day mortality were recorded and the findings from laboratory and imaging were 

evaluated. All studies were approved by HUS and Study III also by the City of 

Helsinki. 

 

4.7. Statistical tests (I, II, III) 
 

Susceptibility and patient data were processed in Excel (Microsoft Corporation, 

Redmond, USA). Statistical analyses were performed using SPSS for Windows 

statistical package (SPSS Inc., Chicago, IL) (Study I), SPSS Statistics ver. 22.0 (IBM 

Co., Armonk, NY, USA) (Study II) and SPSS Statistics ver. 25.0 (Study III). A p-

value less than 0.05 was considered statistically significant. 
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Study I: Fisher’s exact test, Chi-square test, independent sample t-test, Mann–Whitney 

U-test, or analysis of variance was used to analyse and compare the data. Risk factors 

were identified by Logistic regression analysis.  

Study II: The Chi-square test was used to estimate the differences in the 

antimicrobial non-susceptibility or serotype distribution for the study years (2009–

2014).  

Study III: The incidence between the study years (2013–2018) was studied with 

the Chi-square test. Independent sample t-test was used for constant variables and 

Mann–Whitney U-test for categorical variables and for small sample sizes. Gradient 

diffusion and broth microdilution were compared using Wilcoxon signed-rank test and 

Pearson correlation. The association between cefuroxime and benzylpenicillin 

susceptibility results was evaluated with Pearson correlation.  
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5. SUMMARY OF THE RESULTS  
 

This section introduces the essential results and findings from the original publications 

(I, II, III) that are needed to answer the research questions provided in section 3 (Aims 

of the study). 

 

5.1. The description of the epidemic caused by 
clindamycin resistant S. pyogenes (I) 
 

During the years 2012–2013 a total of 1,765 S. pyogenes isolates were identified from 

blood, skin, and soft tissue cultures in the Helsinki metropolitan area. Among these 

isolates the proportion of clindamycin resistance was 23% (199/866) in 2012 and 17% 

(153/899) in 2013. In the two previous years the corresponding proportions were 

significantly lower: 3% (22/745) in 2010 and 3% (24/734) in 2011 (p<0.001 for both). 

The proportion of erythromycin non-susceptible (I and R) isolates in 2012 and in 2013 

were 22% (191/866) and 17% (152/899), respectively, compared to 4% (26/745) in 

2010 and 5% (33/734) in 2011 (p<0.001 for both). Figure 2 shows how the proportion 

of clindamycin resistant isolates distributed throughout the years 2012–2013. 

Erythromycin non-susceptibility followed these numbers quite strictly. The increase 

in clindamycin resistance started early in the year 2012 and reached the highest peak 

in October 2012 when almost half (49%, 40/82) of the isolates were resistant. After 

that clindamycin resistance decreased gradually. At the end of 2013 a further 12% 

(40/80) of the isolates were clindamycin resistant. 

 

 

Figure 2.  The proportion of clindamycin and erythromycin non-susceptible S. pyogenes 
isolates from skin, soft tissue, and blood during the years 2012–2013. R=resistant, 
I=intermediate resistant (old EUCAST definition). Adapted from Study I. 
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By contrast to the skin, soft tissue, and blood findings, throat S. pyogenes isolates 

remained mainly susceptible during the study years. Among the throat isolates 

clindamycin resistance and erythromycin non-susceptibility was 3% in 2012 

(233/8,953 and 278/9,083, respectively). Nearly the same percentages were observed 

in 2013: 3% (278/8,953) of the throat isolates were clindamycin resistant and 4% 

(391/9,083) were erythromycin non-susceptible. 

 

5.2. M-protein gene (emm) types and the resistance 
mechanism behind clindamycin resistance (I) 
 

There were 109 bacteraemic S. pyogenes cases during the years 2012–2013 and these 

isolates represented 19 different emm types introduced in Table 4. Fourteen blood 

isolates were resistant to clindamycin and of these 12 were emm33.  

Table 4.  M-protein gene (emm) types of the bacteraemic S. pyogenes isolates. 

emm type Number of isolates Resistant to clindamycin 

1 9 - 

1.61 2 - 

 3.1 1 - 

4 4 - 

12 7 - 

22 1 - 

 25.1 1 - 

28 32 1 isolate 

 28.12 1 - 

33 12 12 isolates 

44 2 - 

58 1 - 

66 8 - 

 69.1 1 - 

77 1 - 

89 22 1 isolate 

106 1 - 

111.2 1 - 

119.1 2 - 

Total 109 14 

 

A subgroup of 43 S. pyogenes from skin and soft tissue (isolated in March 2012) 

included 13 different emm types described in Table 5. Of these 43 isolates 13 showed 

resistance to clindamycin of which 11 were emm33.  
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Table 5.  M-protein gene (emm) types of the skin and soft tissue S. pyogenes isolates. 

emm type Number of isolates Resistant to clindamycin 

1 2 - 

4 3 - 

11 2 1 isolate 

12 1 - 

28 9 - 

33 11 11 isolates 

60.6 1 - 

66 2 - 

89 8 - 

92 1 1 isolate 

104 1 - 

118 1 - 

119.1 1 - 

Total 43 13 

 

Altogether 23 S. pyogenes emm33 types were found from the blood, skin, and soft 

tissue isolates. They all showed constitutive MLSB phenotype and harbored the 

ermTR. They shared also similar antimicrobial susceptibility pattern described in 

Table 6. 

Table 6.  Antimicrobial susceptibilities of M-protein gene type 33 (emm33) S. pyogenes (n=23). 

Antimicrobial agent S/R1) MIC range (mg/l)2) 

Clindamycin  R >256 

Erythromycin R 2–8 

Azithromycin R 12–>256 

Telithromycin S  3) 

Tetracycline  S  0.25–1.0 

Doxycycline S  0.125–0.38 

Levofloxacin S  0.25–0.75 

Moxifloxacin S  0.064–0.19 

Vancomycin S  0.38–0.75 
1) S=susceptible, R=resistant 
2) Performed by gradient diffusion; MIC=minimal inhibitory concentration 
3) Performed by disk diffusion (zone diameters: 27–38 mm) 

 

  



35 
 

5.3. Patients with clindamycin resistant S. pyogenes 
infections (I) 
 

The distribution of the clindamycin susceptible and resistant S. pyogenes isolates 

(years 2012–2013) divided in to 9 age groups is shown in Figure 3. The clindamycin 

resistance was highest in the age groups 41–50 (35%, 84/238) and 51–60 years old 

(36%, 64/179). Clindamycin resistance was rare amongst ≤16 years old (2%, 12/569). 

The bacteraemic patients with clindamycin resistant S. pyogenes are characterized in 

Table 7. They were on average 57 years old (range 22–83). Among these cases, 

alcoholism and intravenous drug abuse associated with emm33 S. pyogenes 

bacteraemia (p<0,001 and p<0,01, respectively) compared to other emm types (non-

emm33 types, n=97). The majority (10/12) of the bacteraemic patients harboring 

emm33 S. pyogenes had an infection focus on the skin. Table 8 describes the 

characteristics of the patients with skin and soft tissue infection caused by clindamycin 

resistant S. pyogenes. These patients were on average 41 years old (range 18–87) and 

skin was infection focus in nearly all emm33 cases (10/11). 

 

 

Figure 3.  The number of the clindamycin susceptible (S) and resistant (R) isolates among skin, 
soft tissue, and bacteraemic infections grouped by patient age. Adapted from Study 
I.  
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Table 7.  Characteristics of the bacteraemic cases with clindamycin resistant S. pyogenes 
(n=14). 

Gender Age emm1)  Infection Cutaneous Alcoholism Intravenous 

  (years) type focus infection   drug abuse 

Female 43 33 Skin Cellulitis/Erysipelas Yes Yes 

Male  71 33 Skin Necrotizing fasciitis Yes No 

Male 52 33 Unknown Unknown Yes No 

Female 22 33 Skin Cellulitis/Erysipelas Yes Yes 

Male 27 33 Skin Cellulitis/Erysipelas Yes Yes 

Female 76 33 Skin Cellulitis/Erysipelas No No 

Female 78 33 Skin Necrotizing fasciitis No No 

Male 46 33 Skin Cellulitis/Erysipelas Yes No 

Male 54 33 Skin Cellulitis/Erysipelas Yes No 

Male 45 33 Skin Cellulitis/Erysipelas No Yes 

Male 57 33 Skin Necrotizing fasciitis Yes No 

Female 80 33 Unknown Unknown No No 

Female 68 28 Other2) No No No 

Female 83 89 Unknown No No No 
1) emm = M-protein gene 
2) Gynecological 

 

 

Table 8.  Characteristics of the skin and soft tissue cases with clindamycin resistant S. 
pyogenes (n=13). 

Gender Age (years) emm1) type Infection focus 

Female 87 33 Decubital wound, sacrum 

Male 38 33 Auricular canal 

Male 44 33 Suppurative wounds, foot, and elbow 

Female 34 33 Postoperative wound infection, gynecological 

Female 55 33 Postoperative wound infection, ankle 

Male 48 33 Abscess, finger 

Male 18 33 Impetigo, perioral 

Male 47 33 Postoperative wound infection, finger 

Female 22 33 Abscess, leg 

Female 40 33 Nasal discharge 

Male 20 33 Impetigo, foot 

Male 63 11 Penile sores 

Male 21 92 Suppurative wound, heel 
1) emm = M-protein gene 
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5.4. The changes in antimicrobial susceptibility of S. 
pneumoniae after the 10-valent pneumococcal 
conjugate vaccine (PCV10) (II) 
 

Altogether 4294 S. pneumoniae isolates were identified at HUSLAB during the years 

2009–2014 and of these 3040 were non-invasive (isolated mainly from the respiratory 

tract, ears, and eyes) and 1254 invasive (isolated mainly from the blood). The 

susceptibility data and the proportion of non-susceptible isolates was analysed in four 

subgroups: invasive isolates from <5 years old patients (Figure 4), invasive isolates 

from ≥5 years (Figure 5), non-invasive isolates from <5 years (Figure 6) and non-

invasive isolates from ≥5 years (Figure 7).  

 

 

Figure 4.  The yearly proportion of non-susceptible invasive S. pneumoniae isolates among the 
<5 years old patients. There was no significant difference between the study years 
for any of the studied antimicrobials. R=resistant, I=intermediate resistant (old 
EUCAST definition). Adapted from Study II. 
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Figure 5.  The yearly proportion of non-susceptible invasive S. pneumoniae isolates from the 
≥5 years old patients. The proportion of erythromycin and telithromycin non-
susceptible isolates decreased significantly during the study period. R=resistant, 
I=intermediate resistant (old EUCAST definition). Adapted from Study II. 

 

 

Figure 6.  The yearly proportion of non-susceptible non-invasive S. pneumoniae isolates among 
the <5 years old patients. A significant decrease was observed for all antimicrobials 
studied. R=resistant, I=intermediate resistant (old EUCAST definition). Adapted from 
Study II. 
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Figure 7.  The yearly proportion of non-invasive non-susceptible S. pneumoniae isolates from 
the ≥5 years old patients. A declining trend was observed in erythromycin and 
trimethoprim–sulfamethoxazole non-susceptibility. R=resistant, I=intermediate 
resistant (old EUCAST definition). Adapted from Study II. 

The decreasing trend in the proportion of non-susceptible isolates was most prominent 

in non-invasive isolates from <5 years old patient shown in Figure 6. The difference 

between the study years was significant for all the studied antimicrobial agents 

(p≤0.001). In 2014, four years after the vaccine implementation, the proportion of non-

susceptible non-invasive isolates from <5 years old patients were 13% for penicillin, 

16% for erythromycin, 6% for clindamycin, 7% for tetracycline, and 16% for 

trimethoprim–sulfamethoxazole.  

A declining trend was also seen in erythromycin and trimethoprim–

sulfamethoxazole non-susceptibility (p=0.006 and p<0.001, respectively) for the non-

invasive ≥5 years old patients shown in Figure 7. Among the invasive isolates, there 

were no similar declining trends in antimicrobial non-susceptibility, apart from the ≥5 

years old group where the proportion of erythromycin and telithromycin non-

susceptibility decreased significantly (p<0.001 for both) as shown in Figure 5. The 

proportion of penicillin, erythromycin, and clindamycin non-susceptible isolates 

among <5 years invasive isolates were higher compared to non-invasive isolates (25%, 

38% and 38%, respectively) in 2014. In general, the prevalence of non-susceptibility 

was low for levofloxacin (0% in 2014), moxifloxacin (1.6% in 2014), and ceftriaxone 

(0.6% in 2014) among invasive isolates. 

The proportion of the MDR S. pneumoniae isolates in each subgroup throughout 

the study years are presented in Table 9. The proportion of the MDR isolates decreased 

significantly among the non-invasive <5 years old patients: in 2009 22% of the isolates 

were MDR whereas in 2014 the proportion was only 6% (p<0.001). No statistically 

significant changes in MDRs were observed in the other subgroups. 
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Table 9.  The annual proportion of the multidrug resistant (MDR)1) S. pneumoniae isolates 
divided to invasive and non-invasive isolates and to two age groups (<5 and ≥5 years 
old).  

MDR Age 2009 2010 2011 2012 2013 2014 

Invasive <5  9%  11%  7%  15% 0% 25%  

    (3/33) (4/37) (2/27)  (2/13) (0/13) (2/8) 

  ≥5 4% 8% 4% 6% 4% 2% 

    (8/195) (16/200) (7/162) (11/182) (7/184) (3/200) 

Non-invasive <5 22% 20% 16% 12% 7% 6% 

    (49/221) (40/203) (33/209) (19/162) (11/161) (7/119) 

  ≥5 11% 17% 16% 18% 10% 11% 

    (43/374) (54/315) (49/306) (59/336)  (33/321) (34/313) 
1) MDR definition: non-susceptible (I or R) to benzylpenicillin and resistant (R) to a minimum of two 
other antimicrobial classes aside from β-lactams. I=intermediate resistant (old EUCAST definition). 

 

5.5. S. pneumoniae serotype distribution in severe cases 
(II) 
 

The serotype distributions of the studied invasive S. pneumoniae isolate groups during 

the study years (2009–2014) are presented in Figures 8–10. Figure 8 shows how the 

proportion of the PCV10 serotypes decreased significantly among invasive isolates in 

the <5 years age group from 70% (21/30) in 2009 to 13% (1/8) in 2014 (p<0.001). At 

the same period, the number of non-PCV10 serotypes remained constant. A decreasing 

number in the PCV10 serotypes was also seen among invasive isolates in the ≥5 years 

age group (Figure 9): in 2009 the proportion of the PCV10 isolates was 63% (112/177) 

compared to 28% (52/183) in 2014 (p<0.001). In contrast, the proportion of the non-

PCV10 serotypes increased from 37% (65/177) in 2009 to 72% (131/183) in 2014 

(p<0.001).  

Among invasive isolates from <5 years old, serotype 19A was the most common 

non-PCV10 serotype (38%, 15/39) followed by serotypes 3 (13%, 5/39) and 6A (13%, 

5/39). Comparably in the ≥5 years old group the most frequent non-PCV10 serotype 

was 3 (23%, 115/501) followed by 22F (16%, 79/501) and 19A (12%, 61/501) and all 

these serotypes showed an increasing trend. 
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Figure 8.  The serotype distribution of the invasive S. pneumoniae isolates in the <5 years age 
group divided to 10-valent pneumococcal conjugate vaccine (PCV10) serotypes and 
serotypes not included in the PCV10 vaccine (non-PCV10 serotypes). The proportion 
of PCV10 serotypes decreased significantly during the study period. Adapted from 
Study II. 

 

 

Figure 9.  The serotype distribution of the invasive S. pneumoniae isolates in the ≥5 years age 
group divided to 10-valent pneumococcal conjugate vaccine (PCV10) serotypes and 
serotypes not included in the PCV10 vaccine (non-PCV10 serotypes). The proportion 
of PCV10 serotypes decreased significantly during the study period but at the same 
time, the proportion of non-PCV10 serotypes increased. Adapted from Study II. 
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The studied non-invasive MDR isolates (n=84) represent a subset of S. pneumoniae 

isolates gathered from the years 2009–2014 for serotyping. This subset included 15% 

of all MDR isolates from the study period. Due to small isolate numbers both age 

groups (<5 and ≥5 years old) were analysed together. Figure 10 shows the serotype 

distribution on this study population. The proportion of PCV10 serotypes (19F, 6B, 

14, and 23F) declined from 82% (18/22) in 2009 to 33% (2/6) in 2014 (p<0.001). The 

serotype 19F was the most frequent PCV10 serotype found among these isolates. The 

number of non-PCV10 serotypes (19A, 15A, and 23A) remained rather stable. 

 

 

 

Figure 10.  The serotype distribution of the non-invasive multidrug resistant (MDR) S. 
pneumoniae isolates divided in the 10-valent pneumococcal conjugate vaccine 
(PCV10) serotypes and serotypes not included in the PCV10 vaccine (non-PCV10 
serotypes). The proportion of PCV10 serotypes decreased significantly. 

5.6. A. urinae in vitro susceptibility towards 
benzylpenicillin, cefuroxime, and ceftriaxone (III) 
 

The susceptibilities of A. urinae towards benzylpenicillin, cefuroxime and ceftriaxone 

were studied in parallel by gradient diffusion, broth microdilution, and disk diffusion. 

The minimal inhibitory concentrations obtained by gradient diffusion and broth 

microdilution are presented in Tables 10 and 11, respectively. All studied isolates 

showed susceptibility to benzylpenicillin (EUCAST breakpoints for aerococci, S 

≤0.125), and to cefuroxime (EUCAST PK-PD breakpoints, S ≤4). According to 

gradient diffusion, 92% (129/140) of the isolates were S to ceftriaxone, 6% (8/140) 

were I and 2% (3/140) were R (EUCAST PK-PD breakpoints, S ≤1, R >2). Broth 

microdilution gave slightly more I and R interpretations: 87% (121/139) of the isolates 

were S, 10% (14/139) were I and 3% (4/139) were R.  
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Table 10.  The number of A. urinae minimal inhibitory concentrations (MICs) by the gradient 
diffusion test (blood and urine isolates). 

MIC  Antimicrobial agent   

(mg/l) Benzylpenicillin Cefuroxime Ceftriaxone 

≤0.008 19     

0.012 15 1   

0.016 34 1 1 

0.023 37     

0.032 25 2 2 

0.047 7   2 

0.064 2 10 4 

0.094 1 9 6 

0.125 1 13 13 

0.19   40 13 

0.25   24 26 

0.38   21 24 

0.5   9 18 

0.75   7 8 

1.0   3 12 

1.5     4 

2.0   1 4 

3.0     2 

32     1 

 

Table 11.  The number of A. urinae minimal inhibitory concentrations (MICs) by broth 
microdilution (blood and urine isolates). 

MIC Antimicrobial agent   

 (mg/L) Benzylpenicillin Cefuroxime Ceftriaxone 

≤0.03 121     

0.06 13     

0.12 5   371) 

0.25     21 

0.5   962) 36 

1   28 27 

2   12 14 

>2     4 

4   3   
1) The MIC value is ≤0.12 
2) The MIC value is ≤0.5 
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The zone diameters obtained for benzylpenicillin by the disk diffusion test were 26–

47 mm, all interpreted as susceptible according to EUCAST breakpoints for aerococci 

(S ≥21 mm). Zone diameters for cefuroxime were 24–47 mm and for ceftriaxone 23–

47 mm. The benzylpenicillin and cefuroxime zone diameter correlation was highly 

significant (0.924, p<0.001). 

 

5.7. The characterization of bacteraemic A. urinae 
patients, the course of the infection, and cefuroxime as 
a treatment choice for such infections (III)  
 

In the six-year study period (2013–2018) 94 patients were diagnosed with A. urinae 

bacteraemia. Of these cases 77 (82%) were studied comprehensively. In addition to A. 

urinae, 27% (21/77) of the patients had one or multiple other bacterium species in 

their blood cultures. These included Gram-negative bacilli (Escherichia coli, 

Klebsiella pneumoniae, Proteus mirabilis), Gram-positive cocci (Staphylococcus 

aureus, Enterococcus faecalis, Streptococcus anginosus group, Streptococcus 

agalactiae, coagulase negative staphylococcus), Gram-positive bacilli (lactobacillus, 

Actinotignum schaalii) and anaerobes (Bacteroides fragilis group, Peptinophilus 

asaccharolyticus). 

A. urinae was found from the urine sample of 8% (6/77) of the patients and 14% 

(11/77) harbored other urinary tract pathogens (E. coli, K. pneumoniae, K. oxytoga, P. 

mirabilis, Enterobacter cloacae, Enterococcus faecium, or S. agalactiae). Mixed 

growth (>2 bacterium species without any predominant primary uropathogen) was 

reported for 26% (20/77) of the patients. Nearly half (44%, 34/77) lacked the urine 

bacterial culture or the urine sample was taken after antimicrobial treatment had 

already started. 

Table 12 summarizes the main findings concerning the patients’ underlying 

diseases, signs, and symptoms. The majority of the patients were elderly and male. All 

patients had one or several underlying conditions of which cardiovascular disease and 

urologic/nephrologic disorder were the most common. When admitted to hospital, 

fever (≥38°C) and urinary tract symptoms were frequent. Seventeen patients died 

within 30 days after the infection onset, and they were on average 8 years older 

compared to survivors (p=0.018).  
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Table 12.  Characteristics of the bacteraemic A. urinae patients. Adapted from Study III. 

Characteristics  
No. of patients 

(n=77) 

Mean age in years (range) 80 (47–98) 

Male gender 61 (79%) 

Underlying diseasea)   

     Cardiovascular diseases 65 (84%) 

     Urologic or nephrologic disorder 57 (74%) 

     Neurologic disorder 51 (66%) 

     Other malignancy (current or past) 13 (17%) 

     Diabetes 16 (21%) 

Signs and symptoms (on admittance)a)   

     Fever (≥38°C)b) 63 (82%) 

     Urinary tract symptoms 45 (58%) 

     Functional decline 31 (40%) 

     Cognitive decline 15 (19%) 

     Gastrointestinal symptoms 21 (27%) 

     Cardiac symptoms 11 (14%) 

     Articular symptoms  5 (6%) 

30-day mortalityc) 17 (22%)  
a) No significant differences between died and survived patients 
b) Mentioned in the preliminary report or measured during hospitalization 
c) Patients who died were significantly older than survivors (p=0.018) 

 

The prominent clinical and laboratory findings are presented in Table 13. Fever and 

increased signs of inflammation [C-reactive protein (CRP) and total white blood cell 

count] were common on arrival at the hospital. Inflammatory markers continued to 

rise over the next four days, but on days 5–9, both CRP and total white blood cell 

counts had decreased. Fever reduced likewise: on days 5–9, only four patients still had 

a fever. However, the inflammatory markers decreased slower among patients who 

died compared to the survivors. Patients who died had on average 53 mg/l higher CRP 

on days 5–9 compared to survivors (p=0.003). Similarly, the mean total blood white 

cell count was higher among non-survivors (11.7 E9/l versus 8.9 E9/l, p=0.02).  

Nearly all patients (76/77) were given antimicrobial therapy. Most of them (87%, 

66/76) received cefuroxime as the first empirical antimicrobial agent and the typical 

dose used was 1.5 grams three times per day intravenously. Both survivors and non-

survivors received cefuroxime as an initial agent equally (88% versus 82%, 

respectively, p=0.537). On the fifth day after hospitalization, 22 patients still received 

cefuroxime and of these, 91% (20/22) survived. Cefuroxime MIC values were equal 

between the survivors and non-survivors (for gradient diffusion p=0.339; for broth 

microdilution p=0.100). 
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Table 13.  The initial clinical and laboratory findings of the bacteraemic A. urinae patients and the 
follow-up data. Adapted from Study III. 

Finding Initial in day 0a) Days 0–4 Days 5–9 

Fever ≥38°C 45/77 (58%) - 4/73 (5%) 

Mean CRPb), mg/L (range) 94 (<3–416)  185 (25–466) 53 (<3–278)c) 

Mean leucocyte, E9/L (range) 12.2 (1.3–40.2) 17.3 (2.0–40.8) 9.4 (4.5–22.4)c) 

Response to therapyd) - - 60/65 (92%)e) 
a) The initial finding is the first parameter measured after hospitalization 
b) C-reactive protein 
c) Significantly higher in patients who died within 30 days 
d) Feverless and CRP decreased ≥10% 
e) Complete data (CRP value or temperature °C) was missing from 12 patients 
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6. DISCUSSION 
 

In this thesis, antimicrobial susceptibility testing was used as the main research 

method in three different clinical settings to study antimicrobial resistance of S. 

pyogenes, S. pneumoniae and A. urinae – three Gram-positive bacteria that cause 

invasive infections. The dissertation answered questions regarding the antimicrobial 

susceptibility of these pathogens and the usefulness of clinically important 

antimicrobial drugs. 

We described a local outbreak of skin and soft tissue infection including invasive 

cases in the adult population caused by S. pyogenes emm33 during 2012–2013 in the 

Helsinki metropolitan area. S. pyogenes emm33 harbored the ermTR and was resistant 

to clindamycin and macrolides. As described in previous studies, S. pyogenes is able 

to cause local epidemics associated with elevated erythromycin resistance. In New 

Zealand, S. pyogenes emm81 harboring ermTR, resistant both to erythromycin and 

clindamycin, caused an invasive disease outbreak in elderly care facility (Worthing et 

al., 2020). The S. pyogenes emm33 type has previously been linked to infections of 

intravenous drug users in 2003–2004 in the United Kingdom but it was not a 

particularly common emm type in that study (Lamagni et al., 2008). In our patient 

cohort, the primary infection focus of S. pyogenes emm33 was mostly skin and an 

association to alcohol and intravenous drug abuse was established. However due to 

the low patient number, these associations should be considered as merely directional. 

A relatively large study (n=320) of skin and soft tissue infections caused by S. 

pyogenes in Portugal showed that emm89 was the most prevalent emm type and only 

one isolate representing emm33 was found (Pato et al., 2018). Yet, emm33 is a member 

of the emm superfamily D pattern associated to skin infections (McMillan et al., 2013) 

explaining our results that increased erythromycin and clindamycin resistance was 

seen in skin and soft tissue infections but not in throat infections. 

All S. pyogenes emm33 isolates in our study showed constitutive MLSB 

phenotype with an identical antimicrobial susceptibility pattern being resistant to 

erythromycin, azithromycin, and clindamycin, and susceptible to telithromycin, 

tetracycline, doxycycline, levofloxacin, moxifloxacin, and vancomycin. Shared 

resistance gene and antimicrobial susceptibility pattern indicate that emm33 isolates 

probably belong to the same clone, but this should be confirmed e.g., by whole-

genome sequencing. As described in the literature, many kinds of mechanisms affect 

macrolide and lincosamide resistance. It has been stated that telithromycin is 

ineffective against macrolide resistant S. pyogenes (Bemer-Melchior et al., 2000), but 

this appears to be true only for some constitutively expressed ermB harboring isolates. 

Furthermore, S. pyogenes with inducible ermTR have shown susceptibility to 

telithromycin (Giovanetti et al., 2000). In our study telithromycin susceptibility was 

studied only by disk diffusion. A gradient diffusion test with MIC values would have 

given more precise data but the interpretation would not change.  The mechanisms 

behind telithromycin resistance still need unraveling.  

There is evidence that tetracycline resistance elements can be transferred 

horizontally with ermA (Giovanetti et al., 2003). Tetracycline resistance has also been 

described previously in inducible ermTR S. pyogenes isolates in Finland (Kataja et al., 
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1999). Obviously, S. pyogenes emm33 lacked any tetracycline resistance elements. 

And the fact that this putative clone was susceptible to fluoroquinolones and 

vancomycin is in line with the observations that resistance in S. pyogenes towards 

these groups of antimicrobial drugs is generally rare (Karaman et al., 2020). 

Only a small subset of the S. pyogenes isolates from the skin and soft tissue 

infections (n=45) was collected and emm typed although they represented nearly 80% 

of the isolates of the collection period. Hence it is possible that additional clindamycin 

resistant emm types was missed or the proportional number of the other two 

clindamycin resistant emm types found (emm11 and emm92) was actually higher. 

However, all (n=109) invasive S. pyogenes isolates of the study period were emm 

typed and vast majority (12/14) of the clindamycin resistant isolates were emm33. In 

addition, emm11 and emm92 were absent in invasive isolates. The only two other 

clindamycin resistant invasive emm types were emm28 and emm89. These emm types 

were found also from the skin and soft tissue isolates but they were all clindamycin 

susceptible.  

Where the S. pyogenes emm33 came from and why it disappeared, remain 

unanswered questions. Was the emergence a result of serotype diversification (Aziz 

& Kotb, 2008) where a previously less virulent serotype was converted to a highly 

virulent one? Obviously, this putative clone was effective in spreading and infecting 

the adult population. Whether S. pyogenes emm33 acquired new genes that improved 

their fitness to infect humans should be investigated further. Meanwhile we can only 

speculate on how the epidemic actually originated and spread. It would be interesting 

to simulate how the epidemic spread across the Helsinki metropolitan area. Was there 

a specific direction inside the area for example from south to east or was the spreading 

originating from a specific hot spot where large numbers of people were moving, for 

example on their way to work or at a large shopping center? The associations between 

S. pyogenes emm types, resistance mechanisms and effective spreading have been 

studied extensively. Notably, the whole-genome sequencing techniques or virulence 

factor analysis offers more diverse insights to study S. pyogenes outbreaks compared 

to just emm typing (Kozińska & Sitkiewicz, 2020; Worthing et al., 2020). Although 

quite sophisticated research has been performed to analyse the rise and persistence of 

global S. pyogenes clone M1T1 (Aziz & Kotb, 2008), the question still arises that is 

there some additional and so far, unknown mechanisms related to successful action of 

the easily spreading S. pyogenes clones? 

We showed that the non-susceptibility of S. pneumoniae to clinically relevant 

antimicrobial agents decreased significantly during 2009–2014 in the Helsinki 

metropolitan area after the PCV10 introduction into the Finnish childhood vaccination 

programme in 2010. This was particularly evident in non-invasive isolates from <5 

years old patients, consistently with previous findings (Hauser et al., 2016). In 

addition, the proportion of MDR isolates decreased from 22% in 2009 to 6% in 2014 

among these patients. In the other patient groups, no statistical changes were observed 

concerning MDR isolate prevalence. Non-susceptibility of non-invasive isolates to 

erythromycin, tetracycline, and trimethoprim–sulfamethoxazole decreased in older 

patients (≥5 years old) suggesting a likely indirect effect of the PCV10. 
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We found that the number of S. pneumoniae PCV10 serotypes diminished among 

invasive isolates from the younger patients (<5 years) but non-PCV10 serotypes 

appeared steadily during the study period. Similar trends have been shown in Brazil 

among <2 years old children (dos Santos et al., 2013). In our study population, PCV10 

serotypes decreased also in invasive isolates from the older patients (≥5 years) but at 

the same time, non-PCV10 serotypes increased reflecting the serotype replacement 

phenomenon which is well established in many studies (Løchen et al., 2020; Palmu et 

al., 2017; Weil-Olivier et al., 2012). Interestingly, the three most frequent non-PCV10 

serotypes in this group were 19A, 3 and 22F, and these would all be covered by PCV15 

as would the second most frequent serotype 6A among <5 years old. Currently, in 

2022, PCV10 (Synflorix) is still used in the Finnish childhood vaccination programme 

and PCV13 (Prevenar 13) is given free of charge only to patients who have received 

a stem cell transplant (THL, 2022). 

We also studied the serotype distribution of non-invasive MDR isolates but 

notably only 10–20% of the annual proportion of the MDR isolates were covered. 

Nevertheless, the PCV10 serotypes seemed to decrease among these isolates too. In 

Bulgaria, the proportion of non-susceptible S. pneumoniae has remained high in the 

post-PCV10 vaccine era apparently due to the high prevalence of MDR-associated 

serotypes 19F, 19A, 6C, 15A, 6A, and 23A (Setchanova et al., 2017). However, in this 

study, the MDR was defined as non-susceptibility to three or more antimicrobial 

agents, all aged patients were studied together, and the study population was quite 

small (n=198) making it difficult to compare to our results. 

We had comprehensive antimicrobial susceptibly data covering both the invasive 

and non-invasive S. pneumoniae isolates collected from the southern Finland 

representing an area where almost a third of the Finnish population lives. The methods 

and guidelines related to diagnostics and treatment of pneumococcal disease stayed 

the same during the study period. Therefore, our results most probably reflects the 

changes caused by the introduction of the PCV10. The serotype data of invasive S. 

pneumoniae isolates was also comprehensive covering nearly all invasive isolates of 

the study period hence giving an objective view on the serotype evolution. However, 

only a small subset of the non-invasive MDR isolates were serotyped and whether the 

decline of the PCV10 serotypes among these isolates is actual would need more 

research. The methodological choice to separate patients into two age groups and to 

study invasive and non-invasive isolates separately gave evidence that the beneficial 

effects of PCV10 on reduced non-susceptibility of S. pneumoniae was most 

pronounced among the non-invasive isolates from the younger patients (<5 years).  

In our study all A. urinae isolates showed susceptibility to benzylpenicillin (S 

≤0.125) as is generally expected (Rasmussen, 2016). All isolates were also susceptible 

to cefuroxime (S ≤4), but we didn’t find other studies to compare these results. 2–3% 

of the studied isolates showed ceftriaxone resistance (R >2) which is in line with 

previous studies (Humphries & Hindler, 2014; Lupo et al., 2014). Notably, these 

studies used different interpretation criteria (CLSI breakpoints for viridans group 

streptococci, R ≥2) but both studies included isolates with ceftriaxone MIC >2. In our 

study population, one A. urinae isolate showed ceftriaxone MIC of 32 mg/L which is 

considerably higher compared to the other isolates. Notably, this isolate was 
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simultaneously susceptible to benzylpenicillin (MIC=0.064 mg/L) and cefuroxime 

(MIC=0.75 mg/L). Studies with S. pneumoniae have shown that amino acid 

substitutions in the active site of PBP2b are associated with penicillin resistance and 

alterations in PBP2x are linked to low-level resistance to cephalosporins (Nagai et al., 

2002). Furthermore, additional substitution in PBP1a elevated markedly the MICs of 

second-generation cephalosporins (e.g., cefuroxime, MIC ≥8 mg/L) but effects on 

third-generation cefditoren seemed moderate with MICs of 0.5–4 mg/L. However, 

penicillin susceptible isolates were also susceptible to cephalosporins. It has been also 

demonstrated that penicillin and ceftriaxone resistance levels in S. pneumoniae 

increased simultaneously due to concurrently accumulation of PBP mutations (Hsieh 

et al., 2013). The possibility that A. urinae can show resistance to ceftriaxone at the 

same time with susceptibility to penicillin and cefuroxime may indicate so far 

unknown PBP alterations or other mechanisms. 

Three independent susceptibility testing methods including duplicate testing 

(gradient diffusion and disk diffusion) was chosen to better estimate the reliability of 

the susceptibility results especially for cefuroxime and ceftriaxone which lack the 

clinical breakpoints for aerococci in the EUCAST standard. In general, all parallel 

gradient diffusion test MIC-values were in accordance within ± 1 dilution and the 

difference between the parallel zone diameters were at most 2 mm (data not shown). 

The gradient diffusion MIC distribution for cefuroxime followed the bell curve 

moderately and all isolates represented the wild-type according to EUCAST PK/PD 

breakpoints. However, for breakpoint setting, broth microdilution method is 

preferable (Kahlmeter, 2015) and our broth microdilution series contained 

unfortunately only four dilution steps making it difficult to properly estimate the shape 

of that MIC distribution. In addition, our results suggested that broth microdilution 

method gave on average higher results compared to gradient diffusion test which 

would contradict the use of gradient diffusion MIC distribution from this study in 

cefuroxime breakpoint setting for A. urinae (Kahlmeter, 2015). To set clinical 

breakpoints for A. urinae and cefuroxime, more isolates should be tested from 

different geographical areas and the obtained MIC distributions should be similar 

(EUCAST, 2022). More studies concerning the clinical outcome of the A. urinae 

bacteraemia treated with cefuroxime would also be needed and the ECOFF should be 

defined. Yet, the gradient diffusion and disk diffusion methods are the main 

susceptibility methods used in our laboratory and therefore served our purposes.   

Bacteraemic A. urinae patients were mostly elderly men suffering from multiple 

comorbidities and this is consistent with previous findings (Narayanasamy et al., 2017; 

Senneby et al., 2016). The urogenital tract was the likely infection focus on many 

patients but A. urinae grew only seldomly in urine samples, in accordance with a 

previous finding (Senneby et al., 2012). However, in our study nearly half of the cases 

lacked the urine sample or antimicrobial therapy had been started before the sample 

was taken possibly explaining the negligible urine sample findings.  Bacteraemic 

infections caused by A. urinae have previously shown to be polymicrobial appearance 

in 40% of cases (Yasukawa et al., 2014). In our patient cohort, almost one third of the 

patients had polymicrobial infections. Interestingly, patients survived polymicrobial 

infections as often as definitive A. urinae infections. In previous studies, the 30-day 
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mortality rate of bacteraemic aerococcal infections has been 6–17% (Senneby et al., 

2016; Tai et al., 2021) which is somewhat lower compared to our finding of 22% 

mortality. Notably, many factors can affect mortality and it is possible that 

retrospective studies miss factors that are associated with the death of individual 

patients. We could anyway show that mortality was enhanced by age as the patients 

who died were on average older compared to survivors. Furthermore, we did not find 

evidence that any underlying disease or symptom was associated with mortality.  

Bacteraemic A. urinae patients received antimicrobial treatment in all but one case 

and the treatment response was mainly good showed by decreased fever and CRP. 

Cefuroxime was the initial empirical antimicrobial given to most of the patients. The 

treatment outcome of the patients that received cefuroxime up to day 5 was favourable 

for nearly all patients (i.e., they survived). The cefuroxime MIC values of isolates 

from survivors and non-survivors were equal. Based on these findings, including the 

showed in vitro susceptibility of A. urinae to cefuroxime, we suggest that empirical 

cefuroxime treatment started for urinary tract-derived community-acquired 

bacteraemia covers A. urinae. Remarkably, cefuroxime would have treated many of 

the additional bacterial species recovered from the bacteraemic patients’ blood 

samples. Yet, in the antimicrobial stewardship and de-escalation perspectives, 

penicillin should be considered in definitive A. urinae bacteraemias when penicillin 

allergy is not a concern. In our patient cohort, ceftriaxone was used only for a couple 

of patients and therefore the treatment outcome of that agent could not be analysed.  

As described in the literature, aerococci are rare causative agents in bacteraemic 

infections (Senneby et al., 2016) and therefore the sample sizes in respective studies 

are generally quite small. Our patient cohort comprising retrospective data from 77 

patients representing 82% of the bacteraemic cases of the study period was 

comprehensive and the study population of 141 A. urinae isolates for susceptibility 

analysis was relatively large. MALDI-TOF MS is well validated for the species 

identification of aerococci and therefore our study most likely did not miss any 

bacteraemic cases caused by A. urinae. However, our study design was limited by its 

retrospective nature. Medical records were incomplete in many cases. 
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7. CONCLUSIONS AND FUTURE PROSPECTS 
 

In this thesis project, three Gram-positive, invasive infection-causing bacteria, and 

their antimicrobial susceptibilities were studied in clinical microbiology perspectives. 

Firstly, a skin, soft tissue, and blood infection epidemic caused by clindamycin 

resistant emm33 S. pyogenes with a rare emm type previously unknown in Finland was 

described. The underlying resistance mechanism and antimicrobial susceptibility 

pattern of this putative bacterium clone were resolved. Most importantly, the clinicians 

were informed about the epidemic and guided in empirical treatment choices. The 

precise events involved for a successful S. pyogenes clone to emerge, spread, and 

cause infection needs further studies. Despite the emergence of S. pyogenes macrolide 

and lincosamide non-susceptibility, this species seems to remain susceptible to β-

lactams – a reality that must be persistently surveyed. 

Secondly, the beneficial outcome of the PCV10 vaccine launched into Finnish 

childhood vaccination programme in 2010 was proved by illustrating a declining 

antimicrobial non-susceptibility trend of S. pneumoniae, especially among <5 years 

old children with non-invasive pneumococcal disease. This demonstrated that 

vaccination served well as preventive act to fight antimicrobial resistance in addition 

to reducing the disease burden caused by S. pneumoniae. However, we showed that 

serotype replacement has begun and resistant non-PCV10 serotypes like 19A are on 

the rise. Implementation of the PCV15 would cover most of the resistant non-PCV10 

serotypes observed in this study. Continuous surveillance of antimicrobial resistance 

and serotype distribution of S. pneumoniae is necessary to guide optimal treatment 

and estimate the effectiveness of the prevention strategies.  

Thirdly, the characteristics of the bacteraemic A. urinae patients including 

infection course were described and their antimicrobial treatment was evaluated, 

providing important data for Finland. A novel set of cefuroxime in vitro susceptibility 

data for A. urinae was introduced. Based on the findings from this study, A. urinae 

seems to be susceptible in vitro to cefuroxime and empirical cefuroxime treatment 

appears to cover community-acquired bacteraemic A. urinae infections. However, 

more international studies would be needed to set the clinical breakpoints for aerococci 

and cefuroxime. The possible resistance mechanisms behind ceftriaxone resistance 

should be investigated further for example with whole-genome sequencing. In 

addition, it would be interesting to examine if the Asp surface proteins or some other 

surface structures expressed by A. urinae could be used for typing purposes to 

characterize isolates more in detail. Necessarily, the results from this study helped 

clinicians in HUS to become more familiar with A. urinae, a rare pathogen, and have 

furthermore been utilized in patient treatment. 

Penicillin seems to be an adequate regimen to treat invasive infections caused by 

S. pyogenes, S. pneumoniae, and A. urinae if adequate susceptibility testing is applied. 

Cefuroxime and ceftriaxone are possible choices as well, but the decision should be 

based on susceptibility testing and de-escalation should be considered when 

appropriate. Macrolides and clindamycin can be used in certain indications at least in 

combination with other agents to cover S. pyogenes and S. pneumoniae if isolates show 

susceptibility. Whether macrolides and clindamycin are effective against A. urinae is 



53 
 

uncertain. Many studies have reported elevated erythromycin values (MIC >0.5 mg/L) 

in A. urinae (isolated from urine and/or blood) including MIC values >8 mg/L 

(Humphries & Hindler, 2014; Shelton-Dodge et al., 2011; Skov et al., 2001) indicating 

probable underlying resistance mechanisms.  

To conclude, antimicrobial susceptibility testing is essential for the selection of 

an effective drug for the treatment of bacterial infections and a cornerstone for 

empirical treatment. Global collaboration is required to set clinical breakpoints for rare 

pathogens. Continuous surveillance is called for to monitor possible changes in 

antimicrobial resistance. More research is needed to elucidate the underlying 

phenomena of resistance.  This will give us a better understanding of how bacteria 

work against antimicrobials and what the potential clinical consequences are. 
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